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Porous gold (PG) layers modified electrodes have emerged as valuable enzyme support to realize multiple enzyme-based
bioelectrochemical devices like biosensors, enzymatic fuel cells (EFCs), smart drug delivery devices triggered by enzyme
catalyzed reactions, etc. PG films can be synthesized by using different methods such as dealloying, electrochemical
(e.g., templated electrochemical deposition, self-templated electrochemical deposition etc.) self-assembly and sputter
deposition. Herein, all the recent findings about PG enzyme based-electrodes for biosensors and enzymatic fuel cells
(EFCs) development are discussed.
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All the recent findings about PG enzyme based-electrodes for biosensors and enzymatic fuel cells (EFCs) development
are discussed have been summarized.

| 1. Dehydrogenases

Recently, one- and multi-cofactor dehydrogenases like flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN)
and pyrroloquinoline quinone (PQQ) dependent dehydrogenases, containing sometimes an additional heme-based
electron transfer subunit, were demonstrated that can undergo direct electron transfer (DET) at several different electrode
platforms WEIE |n particular, Siepenkoetter and his coworkers reported on the covalent immobilization of fructose
dehydrogenase (FDH) onto nano-PG electrode, as shown in Figure 1.
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Figure 1. (A) Sputtered glass sheet with layers of titanium, pure gold and gold/silver alloy (bottom to top). (B) nano-PG
electrode surface post-dealloying by concentrated nitric acid. (C) Electrochemical reduction of 6-amino-2-Naphthoic
diazonium salt (ND) on the nano-PG surface utilizing a single scan and subsequent filling of the void spaces with 3-
mercaptopropionic acid (MPA). (D) Preparation of mercaptopropionic acid (MPA) SAM on nano-PG substrate by
immersion over night at 4 °C. (E) After adsorption of FDH on the two modified electrodes the enzyme was crosslinked
using N-cyclohexyl-N’-(2-morpholinoethyl) carbodiimide metho-p-toluenesulfonate (CMC). Reproduced with permission
from (2. Copyright Wiley, 2017.

FDH is a heterotrimeric membrane-bound enzyme complex, consisting of three subunits, especially subunit | (DHgpp),
which is the catalytic domain where D-fructose is involved in a 2H*/2e” oxidation to produce 5-dehydro-d-fructose, and
subunit Il (CYTgpy), which acts as a built-in electron transfer unit between DHppy and the electrode surface.BI4E |n this
paper, nano-PG was reported to be prepared through chemical dealloying of silver-gold alloy by using different
temperatures and dealloying times in order to obtain different pore size. Nano-PG electrodes with average pore sizes
ranging from 9 to 62 nm have been studied.[fl Indeed, the nano-PG electrode with an average pore size of 42 nm
produced the highest current densities. This platform was further used to develop a DET biosensor for the detection of
fructose exhibiting a sensitivity of 3.7 + 0.2 pA cm™2 mM™L, a limit of detection of 1.2 uM and an increased high thermal



(up to 35 °C) and storage stability (40% of initial activity retained after 6 days) mainly due to the porous structure
protecting the immobilized enzyme.

In our previous paper, we reported a self-templated electrodeposition of highly-PG obtained with a two-step method.!
The so nanostructured electrode was further modified with different self-assembled monolayers owing different functional
groups, namely —COOH (4-mercaptobenzoic acid), —OH (4-mercaptophenol) and —NH, (4-aminothiophenol) in order to
produce differently charged electrode surface for an effective immobilization of FDH through electrostatically driven
adsorption. The electrode modified with 4-mercaptophenol exhibited the largest catalytic current density (about 1000 pA
cm~2 in the presence of 10 mM fructose) due to the presence of —OH groups on the electrode surface, which stabilize and
orientate the enzyme layer on the electrode surface. The so modified electrode displayed excellent analytical features
such as a linear range between 0.05 and 5 mM, a sensitivity of 175 + 15 pA cm™2 mM™1, a detection limit of 0.3 pM, an
increased high thermal (up to 35 °C) and an extraordinary storage stability (90% retained activity over 90 days). In this
case, the protection of the enzyme layer is ensured from the large pores (almost 10 pm in diameter) and from their
nanostructures where the high number of enzyme molecules is effectively retained.

However, we should consider several examples where dehydrogenases have been immobilized onto PG base electrodes
in a mediated electron transfer (MET) architecture. In this regard, Ben-Ali et al. reported the development of a novel
electrochemical method for the deposition of highly ordered microporous gold nanostructure by using colloidal lattice as
templates because they can be produced with an almost perfect arrangement.[fl Afterwards, the colloidal lattice is
removed by using an appropriate solvent, which resulted in a really ordered microporous structure able to support the
mediated electron transfer of nicotinamide adenine dinucleotide (NAD)-dependent glucose dehydrogenase (GDH).[ The
electrode surface was further modified by using the layer-by-layer method alternating the mediator, the NAD™* cofactor and
the enzyme stabilized from the Nafion® membrane. It should also be mentioned the presence of an intermediate layer of
Ca?* between the mediator and NAD*, which is well known to enhance the kinetics of the electron transfer between NAD*
and the mediator. This supramolecular electrode architecture showed great electrocatalytic activity towards glucose
oxidation at relatively low overpotential (almost —100 mV vs. SCE).

In a similar approach, Szamocki and his coworkers reported the immobilization of NAD-dependent GDH onto highly
ordered macroporous gold electrode modified with (4-carboxy-2,5,7-trinitro-9-fluorenylidene)malononitrile (TNF) and
NAD*. The enzyme was cross-linked by using glutaraldehyde. GDH/NAD*/TNF/PG electrode displayed great
electrocatalytic cyclic voltammograms in presence of glucose.2d

Moreover, Xiao et al. reported the development of a symmetric supercapacitor/biofuel cell based on the electrodeposition
of a silver/gold alloy further chemically dealloyed. This PG electrode preparation method has been already deeply
discussed in the previous sections. In this study, they were able to support the MET of flavin adenine dinucleotide (FAD)-
dependent GDH through the electrodeposited poly(3,4-ethylenedioxythiophene) (PEDOT) and the redox polymer [Os(2,2'-

bipyridine),(polyvinylimidazole),oCI] /2

(Os(bpy)2PVI). The same electrode construction method has been employed for
the immobilization of the cathodic enzyme, namely bilirubin oxidase (BOx). This hybrid device allowed us to store in the
supercapacitor the energy yielded by the biofuel cell with an effective delivery of a high power pulse. Notably, it released a
pulse current density of 2 mA cm™2, which correspond to an instant maximum power density of 609 pW cm™2 (468 times

higher than that of the EFC).[24

Moreover, Salaj-Kosla et al. reported the immobilization of cellobiose dehydrogenase (CDH) 22 onto a similarly prepared
PG electrode. The enzyme was covalently cross-linked to an osmium-based redox polymer supporting its MET. 121141 The
so modified electrode showed great catalytic current towards lactose oxidation and an exceptionally poor operating
stability loosing 70% of the osmium redox polymer initially immobilized onto the electrode.

In our previous paper, we reported the self-templated electrodeposition of PG gold onto microneedle-based electrodes
(151 developing a minimally invasive biosensor for the detection of glucose based on MET of FAD-dependent GDH.18I[L7]
The highly porous gold surface of the microneedles was further modified by using 6-(ferrocenyl)hexanethiol (FcSH) as a
redox mediator and drop-casting the FAD-GDH enzyme solution, as schematically reported in Figure 2A,B. The
microneedle-based FcSH/FAD-GDH biosensor showed an extended linear range (0.1-10 mM), high sensitivity (50.86 pA
cm™2 mM™) and good storage stability (20% signal loss after 30 days).
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Figure 2. (A) Photo of four 4 x 4 microneedle arrays metallized with gold and silver and (B) schematic representation of
the highly porous gold (h-PG)/6-(ferrocenyl)hexanethiol (FcSH)/flavin adenine dinucleotide glucose dehydrogenase (FAD-
GDH)/Au microneedle-based glucose biosensor. Photograph of the contact lens encapsulated enzymatic fuel cell (EFC;
C) and testing setup (D). Figure 2A,B are reproduced with permission from X2, Copyright MDPI, 2019. Figure 2C,D are
reproduced with permission from 8. Copyright American Chemical Society, 2018.

| 2. Oxidases

The group of oxidases is another family of redox enzymes that has been successfully immobilized onto PG based
electrodes. Oxidases have been widely employed for the development of first generation (oxidation current is mainly
related with the oxidation/reduction of H,O, at the electrode) and second generation biosensors (the electrons are
shuttled from a mediator to the electrode).Du Toit and coworkers 2 reported on the potentiostatic self-templated
electrodeposition of highly PG layer by using two steps: (i) small hydrogen bubbling by applying —=0.7 V vs. SCE and (ii) a
vigorous hydrogen bubbling by applying -4 V vs. SCE. Afterwards, the authors explored two different immobilization
methods, one based on the electrodeposition of glucose oxidase (GOXx) by cycling the electrode between 0.42 and 0.6 V
vs. SCE, and the other one by simple adsorption of the enzyme onto the electrode surface. The first method resulted in a
more intimate contact between the redox enzyme and the pore internal surface enhancing by approximately 6 times the
glucose oxidation current compared to the electrode obtained through enzyme adsorption. The so modified electrode has
been reported either as first generation biosensor for glucose detection and as a bioanode of EFC.

Moreover, Szamocky et al. 22 reported on GOx immobilization onto a highly ordered macroporous electrode by
incorporating the enzyme into an electrodeposition paint (EDP). The electrodeposition paint is a copolymer of acrylic acid
and various acrylates (water soluble in the original form). By applying a sufficiently positive voltage to oxidize water, the
pH decreases locally, therefore the acrylic acid gets protonated forming a thin layer on the electrode and incorporating
GOx. The so prepared electrode showed great catalytic properties towards glucose oxidation, which is detected through
H,0, electrochemical oxidation at the electrode surface.

Furthermore, Sanzo et al. reported the immobilization of GOx onto a one-step self-templated PG electrode for the
development of a first generation glucose biosensor. GOx was easily immobilized through covalent cross-linking with
glutaraldehyde. The so modified electrode showed a higher sensitivity of 48.3 + 0.9 yA cm™? mM™! at 0.45 V vs. SCE
compared to a value of 24.6 + 1.3 pAcm™2 mM1 at 0.70 V vs. SCE obtained with bare Au electrodes.[23

Xiao et al. [2 reported the immobilization of lactate oxidase (LOX) onto nano-PG electrode (obtained through
electrodeposition and successive chemical dealloying) for the development of EFC onto contact lenses. After the
preliminary step, the PG electrode was further modified with an osmium redox polymer in order to promote the MET of
LOx, while BOx was immobilized in direct electron transfer.24 Once prepared, the electrodes were placed between two
contact lenses in order to obtain a flexible EFC, as displayed in Figure 2C,D. The EFC showed a maximum power density



of 1.7 £ 0.1 yW cm™2 and an open-circuit voltage of 380 + 28 mV in air-equilibrated artificial tears solution (containing
approximately 3 mM lactate). A good EFC operational stability could be observed retaining 20% of its initial power output
after 5.5 h maybe due to the protective effect of porous nanostructured electrodes.

| Heme Proteins

Cytochrome c (cyt c) has been widely used as a model protein that can undergo direct electron transfer onto self-
assembled monolayer (SAM) modified electrode.2 Cyt ¢ electrochemical behavior is greatly affected by the topography
of gold electrodes (enzyme immobilized through easy drop-casting). In particular, it was demonstrated that highly rough
gold surfaces could result in SAMs containing multiple defects, ensuring an increased cyt ¢ surface coverage. A PG
electrode modified with cyt ¢ covalently immobilized onto a mixed SAM showed a well-defined and almost symmetric
voltammogram (peak-to-peak separation AE, = 18 mV). The surface coverage of active cyt ¢ onto the modified electrode
was approximately 11 times higher than that achieved at a planar Au surface. The so prepared electrode showed an
extremely high operating stability with no decreases in the voltammetric response under continuous potential cycling (30
scans) in an aqueous buffer.

| 3. Multicopper Oxidases (MCOs)

Multicopper oxidases group (MCOs, e.g., laccase and bilirubin oxidase (BOx)) includes many enzymes able to reduce
dioxygen to water (four electrons) with the contemporary one-electron oxidation of an electron donor (e.g., catechol, 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), etc.).28] MCOs modified electrodes have been mainly used as
biocathodes of EFCs.”Z] MCOs contain four copper atoms: the T1 copper site acts as an electron acceptor (DET
configuration: electrons donated from the electrode and MET configuration: electrons donated from a diffusive or
immobilized mediator) while O, is reduced to H,O at the T2/T3 trinuclear copper cluster.28129 |n this regard, Lopez and
coworkers reported the immobilization of BOx onto nano-PG electrodes by using a potential pulse method.B2 The
potentials applied were selected based on the potential of zero charge (pzc), which resulted to be different for a
polycrystalline gold electrode and PG electrodes with different morphology, as reported in Figure 3. Indeed, the latter
resulted to be the critical factor for the determination of potential needed for the enzyme deposition. This method allowed
a selective orientation of BOx with the T1 site toward the electrode in order to be able to accept electrons directly from the
electrode (DET).BY Thus, the high values of current density related to dioxygen reduction could mainly be attributed to the
enhanced enzyme surface coverage and to the efficient enzyme orientation.
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Figure 3. Surface charge distribution pattern of (PBD 2XLL) Myrothecium verrucaria BOx (blue and red colors symbolize
positive and negative charges, respectively). Potential pulse-assisted immobilization approach at (A) planar gold and (B)
nano-PG electrodes. The green arrows indicate the changes in the potential pulses of below and above pzc values.
Reproduced with permission from 29, Copyright Elsevier Ltd., 2018.

In a similar approach, Salaj-Kosla et al. reported the immobilization of high potential laccase, namely Thrametes hirsuta
laccase, onto nano-PG electrode.[&] |n this case, the immobilization was initially performed through adsorption of the
enzyme into the porous structure, resulting in poor catalytic performance and a continuous leakage of the enzyme from
the electrode. Thus, the electrode surface was later stabilized by using epoxy-based polymers able to cross-link the
enzyme into the porous structure. However, the authors investigated also the resistivity of the enzyme modified electrode
towards two different inhibitors, namely fluoride and chloride. It should be mentioned that fluoride acts as a non-
competitive inhibitor by binding to the T2/T3 copper cluster, blocking the ET pathway from the T1 site to the T2/T3 cluster.
This results in the absence of the electrocatalytic wave typical for dioxygen reduction, even with a minimal presence of
fluoride. Conversely, chloride is considered a competitive inhibitor, which hinders the electron pathway between the
electron donors and the T1 site (DET: electrodes; MET: diffusive or immobilized mediator). In the latter case, the nano-PG
electrode was able to retain 50% of its initial activity after the addition of 150 mM of CI~, probably due to the intimate
contact between the enzyme and the pore surface.l22l Moreover, the electrode showed also a good thermal stability
gaining 40% of activity by increasing the temperature up to 37 °C. The last feature of this electrode opens some future
avenue for its employment in implantable devices. Moreover, the electrodes reported above have been successfully used
to develop glucose/O, or lactate/O, EFCs.[2!

| 4. Conclusions

PG electrodes have been proven to be a promising support for enzyme immobilization improving their response and
stability towards multiple enzyme-based bioelectrochemical applications (e.g., biosensors and biofuel cells). Notably, PG
modified electrodes exhibit four main advantages towards the development of enzyme-based devices, namely increasing
stability of the immobilized enzyme, enhanced electron transfer reaction rate, increasing stability of self-assembled
monolayers (SAMs) and hindering of surface biofouling. In particular, it was demonstrated that PG layers can increase the
stability of enzyme layers when exposed to high temperatures and organic solvents. Moreover, PG electrodes enhanced
the stability of SAMs allowing a stable covalent linking of redox enzymes. Finally, it was clearly demonstrated the
possibility to drastically increase the ET rate constants of immobilized redox enzymes as well as good anti-biofouling
properties.
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