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ABSTRACT

Direct electrochemical electron transfer (DET) of oxidoreductases has attracted increasing attention in
pure and applied bioelectrochemistry (e.g. biosensors and biofuel cells) over the last decades. We report
here a systematic study of DET-type bioelectrocatalysis of the membrane-bound redox enzyme fructose
dehydrogenase (FDH, Gluconobacter sp.), on variable-length and variably terminated thiol self-assembled
monolayers (SAMs) both on Au(111) and nanoporous gold (NPG) electrodes. FDH on Au(111) modified
by short-chain moderately hydrophilic 2-mercaptoethanol (BME) SAMs exhibits the highest DET activities
and largest DET-capable fraction. Fitting of theoretical polarization curves to the data and homology mod-
eling/docking of FDH offer further mechanistic insight. The dependence of the DET efficiency of FDH on
the length and differently terminated carbon chain is systematically presented. The decreased DET rate
with increasing chain length is associated with increasingly unfavourable long-range electron tunnelling,
and not with lowered enzyme loading. The porous structure of NPG is favorable for FDH bioelectrocatal-
ysis by improving both efficient enzyme orientation and operational stability. Overall, our study maps
systematically the controlled local environmental structural flexibility of the Au/SAM/enzyme/solution in-

terface, a paradigm for thiol modified surfaces in biosensors and bioelectronics.

© 2021 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Electron transfer (ET) between an electrode surface and the re-
dox/catalytic center(s) of oxidoreductases is one of the most im-
portant processes in enzyme bioelectronics including biosensors
and enzymatic biofuel cells (EBFCs) [1,2]. Two types of ET pro-
cesses have been studied over the past decades, mediated ET
(MET) and direct ET (DET) [3,4]. In MET, redox mediators with
suitable redox potentials shuttle electrons between the electrode
surface and the enzyme redox centers especially if the latter are
deeply buried inside the protein [5]. Appropriate enzyme orienta-
tion and high enzyme loading on the electrodes are, however, crit-
ical for the ET rate and catalytic current density in DET-type reac-
tions [6]. A wide range of enzymes capable of DET have been re-
ported [7-11]. The enzymes typically harbour cofactors or built-in
redox centers close to the protein surfaces, allowing efficient elec-
tron tunneling, if properly positioned on the electrode surface.

* Corresponding author.
E-mail address: xixiao@kemi.dtu.dk (X. Xiao).
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FDH (EC 1.1.99.11) from Gluconbacter japonicas (molecular mass:
~140 kDa), central in carbohydrate metabolism, consists of three
subunits: subunit I (67 kDa), subunit II (51 kDa) and subunit III
(20 kDa) [12]. Subunit I contains a flavin adenine dinucleotide
(FAD) cofactor as the catalytic center of two-electron D-fructose
oxidation into keto-D fructose. Subunit II holds three heme ¢ moi-
eties, serving as ET relays between external electron acceptors and
FAD, Scheme 1. Subunit III has no redox active centers and possi-
bly contributes to the structural integrity of the enzyme. FDH holds
promise for applications in bioelectrochemistry because of its oxy-
gen insensitivity, high catalytic performance, and long-time stabil-
ity under mild conditions [13,14]. It is widely accepted that the
DET pathway on the electrode involves only two hemes, heme 3c
and 2c, with the relatively low formal potentials (E°’) (ca. -0.01 and
0.06 V vs. Ag/AgCl at pH 5.5) [15], while the higher E°’ of 0.15 V
of the third heme, heme 1c, disfavors this heme group in the ET
sequence [12,16,17].

To achieve efficient DET of FDH, it is important to know the
character of the enzyme surface properties and engineer the elec-
trode surfaces for favourable enzyme orientation and distances be-

0013-4686/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Scheme 1. Schematic illustration of possible ET pathway from FAD in D-fructose to the electrode undergoing (a) DET and (b) MET. Eo’ (vs. Ag/AgCl) follows the sequence:

heme 3c (-0.01 V) < heme 2c (0.06 V) < heme 1c (0.15 V) < FcMeOH (0.23 V).

tween the heme relays and the electrode surfaces. However, the
crystal structure of FDH is still unknown, which poses a challenge
to full understanding of the enzyme function at the molecular
level. FDH is a membrane-bound enzyme with subunit Il anchored
to the membrane [6]. The amino acid sequence suggests the pres-
ence of a C-terminal hydrophobic region (CHR) of subunit II [18].
Several groups have suggested that a hydrophobic electrode surface
functionalized with anthracene or naphthoquinone is favourable
for DET of FDH [17,19], but favourable conductive supports with
hydrophilic radicals have been reported in other studies [20,21].
The isoelectric point (IEP) of FDH is estimated to be 6.59, lead-
ing to an overall positively charged surface in slightly acidic so-
lutions (pH 5.5 typical for FDH immobilization and testing) [22].
This is most likely the reason why several studies used negatively
charged surfaces to address the DET of FDH [11,22,23], but com-
parative studies using differently functionalized electrode surfaces
are clearly desirable.

Self-assembled molecular monolayers (SAMs) of thiol based
molecules on gold electrodes bound via Au-S bond formation,
are versatile by providing a variety of terminal groups, such as
carboxyl, hydroxyl and amino groups [24,25]. Differently charged
thiols (4-mercaptobenzoic acid (4-MBA), 4-mercaptophenol (4-
MPh), and 4-aminothiophenol (4-APh)) have been immobilized
on porous gold electrodes in studies of FDH electrocatalysis,
with an uncharged hydrophilic electrode surface with a hy-
droxyl group (4 MPh) found to display the highest DET cur-
rent density [22]. A similar study by Murata and associates re-
ported that FDH anchored on gold nanoparticles (AuNPs) func-
tionalized with 2-mercaptoethanol (BME) SAMs exhibits the high-
est current density in DET-type bioelectrocatalysis, exceeding
that of both 3-mercaptopropionic acid (MPA, negative) and 2-
aminoethanethiol (AET, positive) [25]. Kawai and associates also
found that the hydrophilic BME-modified electrode is more effi-
cient in DET than 2-mercaptoethane (ME)-modified hydrophobic
electrodes [26]. Among these reports, a moderately hydrophilic
surface with terminal hydroxyl groups is thus found to be opti-
mal. However, enzyme loading and the fraction of the total amount
of immobilized FDH enzyme capable of DET are not well docu-
mented. Xia and associatesinvestigated the relative activity of FDH
on Ketjen black electrodes modified with various methoxy aro-
matic amines, showing that similar enzyme loadings on different
electrodes were obtained [27]. It was proposed that the highest
DET activity obtained with a methoxy substituent could be at-
tributed to the most favourable enzyme surface orientation rather
than most favourable enzyme loading [27]. However, a systematic
understanding of factors underlying the observed or proposed su-
perior DET behavior is not available.

Introduction of nanomaterials into DET-type bioelectrochem-
istry represents other major progress over the last decades.
The utilization of nanomaterials, especially porous metallic or
semimetallic nanomaterials, improves both enzyme loading and
stability, facilitates productive enzyme orientation, and thus en-
hances the DET performance [10,28]. Funabashi and associates in-
vestigated MgO-templated porous carbons (MgOCs) with pore di-
ameters of 10, 20, 40, 100 nm for DET of FDH [29]. The size of
FDH is estimated to show efficient catalytic performance with the
pore diameters (20 and 40 nm), as more enzyme can permeate the
porous structure with pore sizes significantly wider than the en-
zyme size. FDH embedded in MgOCs with the smaller pore width
of 20 nm exhibits high stability, as narrow pores appear to re-
duce aggregation and collision of enzyme molecules. Nanoporous
gold (NPG) materials with average pore diameters ranging from 9-
62 nm for FDH immobilization under different de-alloying condi-
tions have been synthesized [23]. NPG with a moderate pore diam-
eter of 42 nm showed the best DET-type current density, probably
due to the highest enzyme loading. As long as the pore diameter is
larger than the enzyme, the smaller pore diameter leads to larger
surface area and higher enzyme loading. However, when the pore
diameter is smaller than the enzyme, NPG cannot load more en-
zyme molecules. NPG with a medium pore size therefore typically
offers the highest enzyme loading [28].

In this work, we have conducted systematic investigations both
of the effects of variable-length and variably terminated thiol
SAMs, and of NPG support compared to single-crystal Au(111)
structure in DET-type bioelectrocatalysis of FDH. Au(111)-electrodes
are convenient for mapping the kinetic mechanisms of the in-
terfacial DET processes in bioelectrocatalysis due to their low
background currents, well-defined atomically planar surfaces, and
relatively easy modification with thiol SAMs. Homology model-
ing/docking studies of FDH were conducted to rationalise in greater
detail, and at the molecular level, the interaction between the FDH
target enzyme molecule and the differently terminated SAMs. Fit-
ting of theoretical electrocatalytic profiles to the data was un-
dertaken for further mechanistic mapping. The catalytic prop-
erties were found to depend strongly both on the alkyl chain
length, with a significant decrease with increasing SAM carbon
chain length, and on the nature of the terminal group. Finally,
the porous NPG structure gives notably larger amounts of ac-
tive enzyme capable both of DET and of MET-type catalytic cur-
rent densities, as well as significantly higher operational stability
compared with Au(111)-electrodes. Such a comprehensive study,
involving most of the interfacial structure-functional properties
of a complex bioelectrochemical interface, has not been reported
before.
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2. Experimental section
2.1. Chemicals and materials

FDH from Gluconobacter sp. (EC 1.1.99.11, activity 145 U mg~1)
was from Sorachim Chemicals, Switzerland. Cysteamine hy-
drochloride (HS(CH;),NH,-HCI, MEA, > 98%), 2-mercaptoethanol
(HS(CH,),0H, BME, > 99.0%), 3-mercaptopropanoic acid
(HS(CH,),COO0H, MPA, > 99.0%), propanethiol (HS(CH,),CHs, PPT,
99%), 3-mercapto-1-propanol (HS(CH,)30H, 95%), 6-mercapto-1-
hexanol (HS(CH;)sOH, 97%), 9-mercapto-1-nonanol (HS(CH;)qOH,
96%), 11-mercapto-1-undecanol (HS(CH,);1OH, 97%), hydrochlo-
ride acid (HCl, 37%), sulfuric acid (H,SO4, 95-97%), citric acid
(HOC(COOH)(CH,COOH);, > 99.5%), sodium monohydrogen
phosphate dodecahydrate (NayHPO412H,0, > 99.0%), fructose
(> 99.0%), hydroxymethylferrocene (FcMeOH, 97%), Triton X-100
(~10% in H,0), potassium hexacyanoferrate(Ill) (Ks[Fe(CN)g],
99%), iron(Ill) sulfate (Fe(SO4)3, 97%), sodium dodecyl sulfate
(SDS, CH3(CH,);;0SO3Na, 98.5%) and phosphoric acid (H3POy,
85%) were all from Sigma-Aldrich, USA. 4-Mercapto-1-butanol
(HS(CH3)40H, > 94%), and 8-mercapto-1-octanol (HS(CH;)sOH,
98%) were from Santa Cruz Biotechnology, Inc. Nitric acid (HNOs,
70%) was from Fisher Scientificc UK. 100 mM Mocllvaine buffer
solution was prepared by mixing solutions of citric acid and
Na,HPO,4, with pH adjusted to 5.5. All chemicals were used as
received and all solutions prepared with Millipore water (18.2 MQ
cm).

2.2. Preparation of FDH modified bioelectrodes

Prior to modification, the treatments of Au(111) and NPG are
different but with the same purpose of creating clean surfaces, see
Supplementary Materials. Au(111) electrodes were quenched using
Millipore water saturated with hydrogen gas. NPG electrodes were
prepared by the dealloying method and further activated in H,SO4
solution. Quenched Au(111) electrodes or activated NPG electrodes
were then immersed into aqueous 3 mM MEA, BME, MPA or
PPT for about 20 h to form SAMs on the gold electrodes. SAMs
with variable-length thiols were formed by immersing quenched
Au(111)-electrodes in 3 mM HS(CH,),OH (n = 2-4, 6, 8, 9, 11)
ethanol solutions for 20 h. After soaking, the SAM functionalized
electrodes were rinsed several times with ethanol and Millipore
water. SAM modified Au(111) and NPG electrodes were then im-
mersed in either 80 pL 1.5 mg mL~! or 600 pL 0.6 mg mL~! FDH
solution in 100 mM pH5.5 Mcllvaine buffer, respectively, at 4 °C for
about 20 h.

2.3. Electrochemical characterization

Electrochemical testing was carried out using an Autolab
PGSTAT12 instrument (Eco Chemie, Switzerland) with a three-
electrode system. The FDH bioelectrode, a Pt wire, and a Ag/AgCl
electrode were the working, counter, and reference electrode, re-
spectively. CV and linear sweep voltammetry (LSV) of FDH modi-

Jiim (1+exp (% < (E-E7))) + klgi,; x exp( gt x (E - E7))
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potentials are referred to Ag/AgCl (sat. KCl). The current densities
of the FDH modified NPG electrodes were calculated based on the
geometric surface area of NPG, unless otherwise stated.

2.4. Assay of enzyme activity

50 mL Fe(Ill) sulfate-SDS buffer/Mcllvaine buffer was prepared
from 2.5 g Fe(Ill) sulfate, 1.5 g SDS and 4.75 mL H3PO4. The
FDH modified electrodes were immersed in a mixture of Mcll-
vaine buffer containing 0.1% Triton X-100 (0.7 mL) and 0.5 M fruc-
tose/Mcllvaine buffer (0.2 mL), and equilibrated at 37 °C for 5 min.
0.1 M K3[Fe(CN)g]/0.1 M Mcllvaine buffer (0.1 mL) was then added
to the mixture. After 10 min, Fe(Ill) sulfate-SDS buffer/Mcllvaine
buffer (0.5 mL) was added to the mixture to quench the biocat-
alytic reaction as SDS serves as an inhibitor of FDH, and further
incubated for 20 min to form a stable suspension of Prussian blue,
Eq. (S1-3) [30]. The absorbance of the final solution at 660 nm
was measured using a UV-2401PC UV-vis spectrophotometer (SHI-
MADZU, Japan). A linear calibration curve showing the relationship
between known FDH concentration in solution and absorbance
change was used to estimate the amount of immobilized active
FDH on the electrode. This is based on the assumption that (i) the
enzymatic activity of the immobilized FDH is the same as for free
FDH in solution and (ii) the diffusion of fructose and Ks[Fe(CN)g] is
fast. The assumption that the enzyme has the same activity in im-
mobilized and free form in solution only applies, when the enzyme
assay method is used to determine the trend in surface coverage
on differently modified electrodes [8].

2.5. Numerical fitting to the polarization curves

Our numerical fitting to the electrocatalytic data is based on
the model of Armstrong and associates [31] as exploited further
by Xia and associates [27,32]. In this model a generic distribu-
tion function for the combined protein orientation and distance
between the planar Au-electrode surface and the nearest enzyme
redox center (here heme 2c) is introduced. A real distribution func-
tion for the inhomogeneous, anisotropic, and multi-dimensional
electrode/SAM/FDH/solution interface would be extremely complex
and way out of quantitative interpretation of real data. In Arm-
strong and associates’ model this complexity was reduced to a
rectangular distribution in the sense that interfacial ET is feasi-
ble within a distance/orientation range from the most (d;,) to
the least (dmax) favourable configuration, where d is a coarse-
grained representation of both distance and orientation. Within
this range the interfacial ET rate constants at the most k(d;,)
and least k(dmax) favourable configuration are taken to be corre-
lated as k(dmax)/ k(dmin) = exp(-BAd), Ad = dpip-dmax- B (A1)is
a coarse-grained tunneling decay factor for ET through the com-
bined SAM/intraprotein matter, here taken as 1.4 A-! representa-
tive solely of the protein [27]. BAd is thus a core parameter in the
data analysis. The smaller BAd the narrower the distribution and
the better defined the productive configuration.

Armstrong and associates’ model is represented by [27,31,32]

Jiim,det = NsFkel ger (1)

= i adx (v ep(iE < E—E2))) "

fied electrodes in 100 mM pH 5.5 Mcllvaine buffer were recorded
at room temperature (ca. 20 °C) in the presence and absence of
100 mM fructose. The operational stability of the bioelectrodes was
tested by chronoamperometry at 0.4 V for 7 days. All electrolytes
were purged with argon gas for at least 30 min and an argon
atmosphere maintained during electrochemical measurements. All

exp (- x Ad) x (1+exp (% x (E—EY))) + u< x exp(“pt x (E—E¢))

(2)

where jjim det 1S the limiting current density of a DET process (mA
cm~2), ns the number of electrons in the substrate oxidation (2
for fructose oxidation catalyzed by FDH), F the Faraday constant
(96,485 C mol~'), and k. the catalytic constant of FDH, which is
in a range of 200-700 s~! [12,33]. 'y is the surface concentra-
tion of the DET-effective enzymes on the electrode (mol cm~2), ng
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Fig. 1. DET (a-e) and MET (g-k) voltammograms of FDH based bioelectrodes on Au(111) in 100 mM Mcllvaine buffer, pH 5.5 without (a-e) and with (g-k) 0.5 mM FcMeOH
in the absence (dashed lines) and presence (solid lines) of 100 mM fructose. Scan rate 5 mV s~!. (f) Fraction () 4ec) of FDH capable of DET on Au(111) with different SAMs.
(I) The recorded and fitted polarization curves of Au(111)-BME-FDH in the presence of 100 mM fructose, R? = 0.9998.

the number of electrons in the rate-determining step of the in-
terfacial ET process (1 in this system for heme), R the gas con-
stant (8.314 ] mol~! K-1), and T the absolute temperature (298 K).
kO max is finally the standard electrochemical rate constant for op-
timally orientated FDH on the surface (s~!), o the transfer coeffi-
cient (here taken as 0.5), and E°’ the formal potential of heme 3¢
of FDH (-0.01 V) for electrochemical communication with the elec-
trode surface [15,32]. Fitting was conducted using Microsoft Ex-
cel and is simplified by assembling different parameters, such as
ke/kOmax, BAd and kT g

2.6. Homology modeling/docking of FDH

Subunits I and II of FDH were built using the online homology-
modeling server, SWISS-MODEL (https://swissmodel.expasy.org/)
[34]. Based on the sequence coverage and identity, the best tem-
plates suggested by the SWISS-MODEL are glucose dehydrogenase
from Burkholderia cepacia (PDB: 6A2U) and thiosulfate dehydroge-
nase from Marichromatium purpuratum (PDB: 5L09), respectively.
The two subunits were docked together using the HADDOCK web-
server (https://haddock.science.uu.nl/) in the distance constraints
mode [35]. The surface charge distribution of FDH at pH 5.5 was
generated with PyMol (Schrodinger, USA) assisted by the PDB2PQR
web server [36].

3. Results and discussion

3.1. FDH voltammetry on Au(111)-electrodes modified by differently
terminated SAMs

Au(111) electrodes with atomically planar surfaces are an ideal
platform to investigate the effects of SAMs with variable terminal
groups on the DET behaviour of FDH, i.e. -NH, (MEA), -OH (BME),
-COOH (MPA) and -CH5 (PPT) (Fig. S1). MEA, BME and MPA SAMs
give hydrophilic electrode surfaces, while PPT and bare Au(111)
surfaces are hydrophobic/non-polar. MEA gives a positively charged
surface at pH 5.5 due to the formation of -NH3;*, whereas the MPA
surface is negatively charged. There would be no significant sur-

face charges for BME and PPT modified Au(111). Table S1 shows
the pKa values and charges of the thiols, indicating that the charge
of the surface is determined by the terminal SAM groups rather
than by the Au-S unit [37,38]. CVs of FDH on functionalized alka-
nethiol modified Au(111) electrodes in the potential range from -
0.25 to 0.5 V were recorded with a relatively low scan rate of 5 mV
s~1. There are no visible redox waves from CVs in the range -0.2-
0.5 V vs. Ag/AgCl in the absence of fructose (Fig. 1a-e). Differen-
tial pulse voltammetry (DPV) gives two pairs of redox peaks, pos-
sibly assigned to the FAD group (-0.27 V) and the Au(111) elec-
trode (Fig. S2) [12], but no obvious redox peaks from the three
heme groups can be observed in the range -0.1-0.2 V. The peaks
around 0.2-0.4 V vs. Ag/AgCl are likely to be attributed to the
complex adsorption and desorption of ions in the buffer solu-
tion [39,40]. The current density drastically increases on BME and
MPA SAMs in the presence of 100 mM fructose, indicative of suc-
cessful immobilization of active FDH and rapid DET between SAM
modified Au(111) and FDH. Specifically, Au(111)-BME-FDH reaches
a background-corrected maximum current density (Ajpaxdet) Of
55 + 3 wA cm~2 (Fig. 1c, Table 1). There is, strictly speaking, no
precise definition of the onset potential for bioelectrocatalysis [41].
Here we obtained the onset potentials by comparing the CVs of
the bioelectrode in the presence and absence of fructose [4,42].
Eqnset det for Au(111)-BME-FDH is about -0.12 V, consistent with re-
ported E°’ of heme 3c in FDH (Scheme 1) [25,27]. Ajmaxdet ON
different SAM modified Au(111) varies greatly, and follows the se-
quence: BME > MPA > MEA > PPT (Fig. 1a-e) [21]. In comparison,
the DET response on bare Au(111) is negligible. The recorded Ajmax
values at the potential of 0.5 V are summarized in Table 1.

The two most important FDH electrocatalytic parameters on the
differently terminated SAMs are the catalytic rate constant, kc (s~1)
and the FDH coverage in both productive DET configuration, I
and in total, I' (both in mol cm~2). We shall take k; to be the
same at all the SAM-modified electrodes, both here and in the dis-
cussion of FDH electroactivity at variable-length alkanethiol mod-
ified electrodes, Section 3.4. This assumption is warranted by the
noncovalent, i.e. relatively weak interaction between immobilized
FDH and the considerable distance between FDH and the underly-
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Table 1
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Catalytic and kinetic constants of DET fructose oxidation catalysed by FDH on SAM modified Au(111) obtained from fitting of Eqs. (1) and (2).

Electrode Eonset,det v Ajmax,det(uA Cmiz) Eonset,met (v Ajmax,met(}—lA cmiz) kc/kamax kcrdet(mOl cm2 571) ﬂAd

vs. Ag/AgCl) vs. Ag/AgCl)
Bare Au(111)-FDH - - 0.08 144 + 6 - - -
Au(111)-MEA-FDH 0.06 0.6 +0.2 0.07 239 £ 4 37 £038 (3.65 +£ 0.28) x 10°1" 13.6 £ 0.1
Au(111)-BME-FDH -0.12 55+ 3 0.02 420 + 4 43 £ 0.1 (5.22 £ 0.02) x 10°10 7.4 +£0.1
Au(111)-MPA-FDH 0.03 9.1 +0.2 0.05 641 £ 8 24 £ 05 (2.13 £ 0.02) x 10°10 12.6 + 0.1
Au(111)-PPT-FDH 0.14 0.2 + 0.03 0.08 214 + 4 3.1+02 (4.13 £ 0.06) x 10°12 13.6 + 0.1

ing Au(111) or NPG electrode surfaces. This gentle reservation en-
ables extracting the crucial mechanistic information about the FDH
electrocatalysis, which would have been beyond reach if varying k.
values at all the different surfaces were invoked. Neither are vary-
ing kc values warranted by the character of the bioelectrocatalytic
data.

The DET limiting current densities (jjnqet) for the electrodes
are then directly determined by the amount of FDH in proper ori-
entation (Iger) (Eq. (1)). A way to characterize the bioelectrode
process further is to roughly estimate the total active enzyme load-
ing (I'), consisting of both DET-capable FDH and FDH still active
but in an orientation unsuitable for DET. Saturation MET current
density discloses the total amount of active FDH irrespective of ori-
entation [4].

Herein, we adapt a core parameter (X 4o, Obtained as the ratio
of DET/MET current density) to justify the DET capability [43].

The MET reaction was characterized by CVs in Mcllvaine buffer
containing 0.5 mM FcMeOH in the absence or presence of 100 mM
fructose at 5 mV s~! (Fig. 1g-k). To ascertain that MET addresses
all active enzyme, the mediator should be chosen with a large
enough overpotential to minimize diffusion constraints in the ac-
cess to immobilized FDH enzyme [4]. With this in mind, FcMeOH
was selected as a mediator, with the further view that it is elec-
trostatically neutral in one oxidation state and only singly charged
in the second oxidation state (Eq. (S4-5)). FcMeOH with high con-
centration was dissolved in the buffer solution during experiments,
leading to a insignificant mass transport control at the interface
[44]. In the absence of fructose, FcMeOH undergoes a fast faradic
reaction (Fig. 1g-k), and shows a pair of well-defined redox peaks
with a peak separation (AEp) of ca. 0.07 V and a mid-point po-
tential (Eyj,) of ca. 0.23 V vs. Ag/AgCl (Table S2). FcMeOH can ex-
change electrons with electrode surfaces either directly through
pinholes in the short-thiol SAMs or by electron tunneling through
the short carbon chains [40]. Sigmoidal CVs, typical for electrocat-
alytic reactions undergoing MET [45], were obtained in the pres-
ence of fructose, with FcMeOH as the electron donor, and an
Eonsetmet Of 0.02 V for Au(111)-BME-FDH, which is higher than E°’
of heme 3c (-0.01 V). This indicates that the MET pathway is likely
to bypass the internal hemes and only the FAD cofactor and exter-
nal FcMeOH mediator are involved (Scheme 1) [15].

MET Ajmax on different SAM modified Au(111) electrodes fol-
lows the sequence: MPA > BME > MEA > PPT > bare Au(111)
(Table 1). Comparison between DET and MET at the same bioelec-
trode offers several observations. Although exhibiting negligible
DET, which can be explained by the unfavourable enzyme orien-
tation (Fig. 1a), FDH on the hydrophobic bare Au(111), still retains
structural integrity and activity with a reasonable MET Ajmaxmet
of 144 + 6 wA cm=2 (Fig. 1g, Table 1). DET Ajmax of Au(111)-
BME-FDH is the highest among all the Au(111) SAMs, and nearly
six times higher than for Au(111)-MPA-FDH. Au(111)-MPA-FDH ex-
hibits, however, the highest MET Ajmax of 641 + 8 uA cm—2
(Fig. 1j, Table 1) which is reasonable, as the negatively charged
surface can adsorb the largest amount of overall positively charged
FDH (IEP: 6.59) [5]. Au(111)-MEA with positively charged surfaces

is fraught with strong electrostatic repulsion with smaller FDH
MET Ajmaxmet- DET signals are also small, but still higher than
those on Au(111)-PPT-FDH with a hydrophobic surface. The DET-
capable fraction x g (Fig. 1f) is proposed here to crudely reflect
the surface coverages of DET-capable enzyme relative to the to-
tal amount of immobilized active FDH [46,47]. xg4er On different
SAM modified Au(111)-surfaces retains the same sequence as for
DET Ajmaxdet» i.6. BME > MPA > MEA > PPT. Au(111)-BME-FDH
with the highest y 4o of ca. 13.1%, shows that the hydrophilic hy-
droxyl groups favour the largest ratio of FDH in optimum orien-
tation among all the short thiols. This is consistent with previous
reports showing that OH-terminated SAMs are the most favourable
for DET of FDH [26,48]. However, there is certainly room for im-
provement [49], as all xge; are still below 20%.

3.2. Structural homology modeling

The catalytic and ET subunits of FDH were assembled using ho-
mology modeling and structural docking, in order to visualize the
interfaces and protein surface properties (Fig. 2). The electrostatic
surface distribution at pH 5.5 shows that a large part of the sur-
face is positively charged (Fig. 2a), consistent with the IEP of 6.59
[22]. A negatively charged thiol such as MPA would enable high
FDH loading and a large MET Ajmaxmet. We have previously seen
a related pattern for ferredoxin, a strongly negatively charged pro-
tein but with a positively charged “hole” that seems to prevail on
ferredoxin binding to MPA on Au(111) [50]. In contrast, positively
charged MEA gives a low FDH loading and a small MET Ajmax met.
The protein surface in the proximity of heme 2c, assumed to be the
FDH electron outlet (Scheme 1), does not bear a significant positive
charge. This may explain why ¥ 4o on Au(111)-MPA-FDH is not the
highest among all the thiols. Negatively charged MPA may interact
with FDH in a range of orientations, but not necessarily close to
heme 2c for rapid DET.

Electrostatic surface mapping also identifies the distribution
of polar/hydrophilic amino acid residues, which shows an overall
quite hydrophilic surface with both positive and negative charges
somewhat scattered in the heme 2c outlet area (Fig. 2a). This may
explain why low enzyme loading is achieved on the hydropho-
bic bare Au(111) and PPT. The non-polar/hydrophobic and aromatic
(Phe, Trp) amino acid residues are highlighted to directly visual-
ize the hydrophobic regions of the FDH surface, (Fig. 2b). Most hy-
drophobic patches are in fact located close to the hemes, indicating
a favourable CHR of the subunit II attachment site to the trans-
membrane unit. The surface structure around heme 2c is, however,
subtle, with a mixture of hydrophobic and hydrophilic features.
Although the DET mechanism is still not entirely clear, the mod-
erately hydrophilic BME with the -OH terminal group is proven
to be the most suitable thiol for DET of FDH and seems to ac-
cord roughly with the FDH surface structure around the critical site
for electron inlet and outlet. Somewhat related composite patterns
were reported for the multi-copper enzyme copper nitrite reduc-
tase (Achromobacter xylosoxidans) on Au(111)-electrodes modified
by a variety of differently charged thiol-based SAMs [51].
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Fig. 2. (a) Surface charge distribution of FDH (homology model) at pH5.5 with blue and red color symbolizing positive and negative charges, respectively. (b) Molecular
surface of FDH (homology model) with hydrophobic aliphatic amino acid residues highlighted in orange, hydrophobic aromatic amino acids (Phe, Trp) in green, and the

remaining hydrophilic amino acids in white.

3.3. Numerical fitting of Eqs. (1) and (2) to the recorded polarization
curves

Non-linear regression analysis was used to fit Eqs.(1) and (2) to
the recorded LSV curves with a high confidence level, Figs. 11, S3.
ke/kOmax, kcTger and BAd are the variable parameters [27,32,52].
As noted, the interfacial DET rate distribution is controlled by the
variable distance between the electrode surface and the heme 2c
group, and the enzyme surface orientation overall represented by
the parameter combination BAd. Au(111)-BME-FDH exhibits by
far the lowest BAd (74 + 0.1) among the SAMs, Table 1. Tak-
ing B = 1.4 A~ as an average among common values for cova-
lent, hydrogen bond and through-space contacts [27], gives Ad ~
5.3 £ 0.1 A. This value reflects the difference between the least
and most productive limits of distance and orientation and there-
fore, how well the active enzyme surface is configured. Au(111)-
BME-FDH also shows the largest k. ger ((5.22 = 0.02) x 10719 mol
cm—2 s71), reflecting the optimum surface properties for the high-
est loading of DET-capable FDH, still with the assumption that k.
on the different electrodes is the same for all the SAMs. k[ 4o ON
different electrodes follows the same sequence as the DET current,
Ajmaxdet, 1€ BME > MPA > MEA > PPT. k¢/k®max for Au(111)-BME-
FDH is much smaller than for Au(111)-MPA-FDH and Au(111)-MEA-
FDH, consistent with the most favorably configured heme 2c active
site relative to the electrode surface. The trend for Au(111)-PPT-
FDH and bare Au(111)-FDH was different. This could be associated
with the non-negligible errors in the very low DET Ajp,x get- Over-
all, xq4er and BAd therefore emerge as highly useful parameters
for evaluating an electrode surface for efficient DET, as further sub-
stantiated by our analysis of FDH electrocatalysis at variable length
HS(CH,),O0H SAM modified Au(111) electrodes, Section 3.4. As the
SAMs most favorable for productive DET, HS(CH; ), OH SAMs termi-
nated with the hydroxyl group were therefore used in our further
study.

3.4. FDH on Au(111) modified with variable-length HS(CH,),OH SAMs

Au(111)-S(CH,),OH-FDH bioelectrodes, where n is the number
of methylene groups (n = 2-4, 6, 8, 9, 11), were prepared to in-
vestigate the effect of alkyl chain length on the enzyme DET reac-
tion. With some reservations as to data scattering, catalytic current
densities of FDH on Au(111)-S(CH,),OH electrodes decrease ap-
proximately exponentially, with increasing number of -CH, groups,
Fig. 3a. The slope, ~ 1 A-1 is informative, as this value points to
electron tunneling through the alkanethiol SAM as rate determin-
ing in the overall two-step electrocatalytic FDH process, in which
the catalytic process (k¢) itself is the second step, cf. below. This
is in contrast to our recent study of the electrocatalytic activity of
Prussian blue nanoparticles on variable length alkanethiols [53,54].

Much smaller decay factors (<< 1.0 n~!) were here observed, in-
dicative that the electron tunneling step and the catalytic process
jointly control the overall two-step process.

Au(111)-S(CH,)30H-FDH exhibits a DET Ajp,x et Of 34 + 4 uA
cm~2, which is only 60% that on Au(111)-S(CH,),0H-FDH, but
more than ten times smaller when n is 6, 8, 9 and 11 (Figs. 3a,
S6a). We have reported similar -CH, number dependent DET be-
haviour for laccase [55] and the blue copper ET protein azurin [56].
Notably, Eqpsetdet iS close to -0.12 V with short SAMs (n = 2, 3),
but greatly increased to 0.14 V for long SAM molecules. The shift
cannot only be associated with the tunneling distance but must
also involve structural reorganization in the local microenviron-
ment. Similar effects are reported for simple redox proteins, e.g.
the blue copper protein azurin [56].

Fig. S4 depicts the non-linear fitting results of Au(111)-
S(CH,),OH-FDH bioelectrodes. Fig. 3c and 3e prompt two other ob-
servations. Although based on a restricted distance range, n = 2—
9, or an interfacial electron transfer distance variation of ~ 1 nm,
Fig. 3¢ does indicate a dual distance behavior, with approximately
exponential distance dependence at “long” distances, > % nm and
a trend towards distance independence at distances shorter than
~ Y% nm. This pattern follows other protein or biomimetic protein
patterns, for example the blue copper protein azurin adsorbed on
variable length alkanethiols [56] and molecular scale Prussian blue
nanoparticles adsorbed on variable length and variably terminated
alkanethiols [53,54]. A first rationale is that the dual distance be-
havior reflects a transition from strongly distance dependent dia-
batic ET with weak electrode/enzyme interactions at long distances
to the distance independent adiabatic limit of strong interactions
at short distances. Other rationales have also been forwarded [56].

Fig. 3e discloses another DET feature of FDH behavior on vari-
able length HS(CH,),OH SAMs. BAd depends approximately lin-
early on n at short or intermediate distances with S8Ad values in
the range 8-10. At longer distances B Ad approaches the constant,
larger value of ~ 12, Table 2. With 8 in the range 1.0-1.4 A~!, Ad
values in the range 7-10 A and 9-12 A, respectively, emerge. With
a view of the physical meaning of Ad as a distance range, within
which interfacial FDH electrocatalysis is feasible, ie. Ad = dp;,-
dmax, this observation suggests that the distance/orientation distri-
bution is relatively narrow for the short SAM linkers, but wider
and approaching a stable value for the longer SAM linkers. This
implies in turn that FDH is bound (relatively) rigidly on the short-
linker SAMs but in “softer”, configurationally flexible patterns on
the SAMs of longer linker molecules. As noted, repulsive image
forces induced in the dielectric SAM by the local surface charges
in the enzyme would increase and rationalize the decreased cov-
erage with increasing thiol length [57]. This can be compared with
reports on DET of Streptomyces coelicolor laccase and P. stutzeri cy-
tochrome c4 on variable length thiol SAMs [55,58].
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Fig. 3. CVs of FDH on Au(111) modified with variable-length HS(CH;),OH SAMs (n = 2, 3, 4, 6, 8, 9) in 100 mM pH 5.5 Mcllvaine buffer containing 100 mM fructose. Scan
rate 5 mV s~'. (b) xqe Of FDH on Au(111) electrodes with HS(CH;),OH SAMs (n = 2, 3, -4, 6, 8, 9). The correlation of () In(Ajmaxdet). (d) kcTger and (e) BAd with the ET
distance represented as the number of methylene groups in the SAMs (The straight line in Fig. 3¢ is a guide for the eye).

Table 2

Catalytic and kinetic constants of DET-type fructose oxidation of FDH modified Au(111) electrodes with variable-length HS(CH,),OH SAMs.
Electrode Eonsetder (V Ajmax,det(HA cm~2) Eonsetmet (V Ajmaxmet(HA cm2) ke/k max keI ger(mol cm=2 s71) BAd

vs. Ag/AgCl) vs. Ag/AgCl)

Au(111)-S(CH; ), OH-FDH -0.12 55+ 3 0.02 420 + 4 43 + 0.1 (5.22 £ 0.02) x 1010 7.4 +£0.1
Au(111)-S(CH,);OH-FDH -0.12 34+ 4 0.03 337+ 3 8.7 £ 0.1 (3.78 +£ 0.01) x 1010 9.4 £ 0.1
Au(111)-S(CH,)4,OH-FDH -0.10 13+1 0.05 237 +£9 16.5 £ 4.9 (2.03 + 0.25) x 1010 11.0 £ 0.2
Au(111)-S(CH;)sOH-FDH -0.10 35+15 0.05 238 £ 10 8.6 +03 (7.79 £ 0.10) x 101 119 £ 0.2
Au(111)-S(CH; )sOH-FDH -0.03 1.03 + 0.03 0.06 105 + 4 182 + 1.3 (1.95 + 0.01) x 10~ 12.4 + 0.1
Au(111)-S(CH,)9OH-FDH 0.14 0.04 + 0.01 0.16 37 +£3 2.5+ 0.1 (1.20 + 0.01) x 1012 12.6 £ 0.1

The MET-type bioelectrocatalysis of Au(111)-S(CH,),OH-FDH
(n = 2,3, -4, 6,8, 9, 11) was also recorded (Figs. S5, S6b).
In the blank CVs, FcMeOH exhibits quasi-reversible voltammetry
with a similar AEp and Eq; on short chain SAMs (n = 2, 3, -
4, 6, 8), in contrast to irreversible behaviour for long chain SAMs
(n =9, 11) with a wider AE, and asymmetric anodic/cathodic
current densities (Table S2). It is known that long carbon chain
thiols result in denser SAMs, leaving fewer or no vacancies [59].
FcMeOH can then only exchange electrons with the electrode
by tunneling through long chain SAMs. In the presence of fruc-
tose, MET Ajmaxmet still drastically decreases from 420 + 4 uA
cm~2 on Au(111)-S(CH,),OH-FDH to 37 + 3 A cm~2 on Au(111)-
S(CH,)gOH-FDH. Egpset,met also greatly increases when n = 9, im-
plying higher overpotentials. Fig. 3b also shows that y 4.; decreases
notably with increasing n. xgqe of Au(111)-S(CH;);;OH-FDH was
disregarded due to the poor DET and MET performance of this
long-chain thiol SAM. As anticipated, these results show again that
SAMs with short —-S(CH,),OH carbon chain lengths are most suit-
able for the DET of FDH.

However, MET Ajmaxmet is not directly correlated with the total
amount of active FDH loading when n > 9, as the mediator can-
not easily access the gold electrode for exchanging electrons in this
length range. FDH loading (I") was instead measured by enzymatic
assay in solution with K3[Fe(CN)s] as no electron donor or inter-
facial ET involved. A linear relationship between the absorbance
changes at 660 nm due to the formation of Prussian blue (Eq. S3)
and the amount of FDH is shown in Fig. S7, and could be used as
a calibration curve to estimate I" (Table S3). The trend in the I
variation is, however, more important than the absolute value of
I' assuming that the FDH activity is the same in immobilized and
free forms [8]. I decreases with increasing thiol length, with a 10-
fold decrease in I" between Au(111)-S(CH,),OH-FDH and Au(111)-
S(CH,)11OH-FDH. This difference is, however, much smaller than
for MET Ajmaxmet and shows that the poor MET Ajmaxmet On long
thiol SAM based electrodes is mainly due to increasingly unfavor-
able electron tunneling, and not to enzyme loading.

The kinetic parameters obtained from fitting to the polarization
curves of Au(111)-S(CH,),OH-FDH electrodes, Fig. 3e are summa-



X. Yan, S. Ma, J. Tang et al.

Electrochimica Acta 392 (2021) 138946

a 40 b 60 ¢ 300 d 160 e 20
Bare NPG-FDH NPG-MEA-FDH NPG-BME-FDH NPG-MPA-FDH NPG-PPT-FDH
i 140
30 15
120
40
- - & 100 COO" & CH;
£ a £ o g 10 x
S S 30 9 g C,H,y b} CyHy
< < = s < s
3 3 > w0 3 *
~ 10 ™~ 20 ™~ 7777 ~ 51 s
: NPG
o] NPG
10
0 // ........ i 20 0
. 0 .
-10 -5
02 00 02 04 06 02 00 02 04 06 0.2 02 04 06 02 00 02 04 06 02 00 02 04 06
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl) E (V vs. Ag/AgCl) E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)
f g h i
1000{ Bare NPG-FDH 1000{ NPG-MEA-FDH 1000{ NPG-BME-FDH 1000{ NPG-MPA-FDH 1000{ NPG-PPT-FDH
800 800 800 800 800
T 600 600 E 600 E 600
“ < o
: : :
~ 400 400 ™~ 400 = 400
200 200 200 200
0 0 3 0 0 AP v 0
02 00 02 04 06 02 00 02 04 06 0.6 02 00 02 04 06 02 00 02 04 06

E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

E (V vs. Ag/AgCl)

E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Fig. 4. (a—e) DET voltammograms of FDH on NPG electrodes modified with MEA, BME, MPA and PPT SAMs in 100 mM pH 5.5 Mcllvaine buffer in the absence (dashed lines)
and presence (solid lines) of 100 mM fructose. Scan rate: 5 mV s~!. (f-j) MET FDH voltammograms of FDH on NPG modified with MEA, BME, MPA and PPT SAMs in 100 mM
pH5.5 Mcllvaine buffer with and without 0.5 mM FcMeOH, in the absence (dashed lines) and presence (solid lines) of 100 mM fructose. Scan rate 5 mV s~'.

rized in Table 2. As noted, a lower SAd means a narrower distri-
bution between most and least productive ET distance/orientation.
BAd again increases conspicuously with increasing chain length,
Fig. 3e resulting in broader FDH distance and orientation distribu-
tions. A constant value is reached at large distances (large values
of n), where bound FDH is spatially far from the electrode surface
and FDH electrocatalytic performance expected to stabilize.

Fig. 3d shows the relationship between k.I" 4o and SAM chain
length, with a significantly downward trend with increasing num-
ber of CH, groups, pointing to notably but close to linearly de-
creasing FDH coverage as the alkanethiol length (SAM thickness)
increases. As noted, the Ajp,yq4er dependence on the number of
CH, groups, Fig. 3¢, depends, however, approximately exponen-
tially, i.e. much more strongly on the alkanethiol chain length with
a slope (~ 1 A-1). This testifies to electron tunneling as the rate
determining step in the overall two-step interfacial bioelectrocat-
alytic ET process.

3.5. FDH on bare and variably terminated SAM modified NPG
electrodes

NPG materials with nanoporous structure have been studied
as enzyme scaffolds for DET-type bioelectrocatalysis, Fig. 5a [28].
NPG is mostly prepared through a dealloying method. SEM im-
ages show a random nanoporous structure (Fig. S8a). NPG (thick-
ness ca. 100 nm, average pore diameter 30 nm, R;: 6.6, Fig. S8c)
with a moderate pore size and relatively high surface area allow-
ing the accommodation of FDH is used in this study [23]. CVs for
FDH on variously terminated SAM functionalized NPG electrodes
are shown in Fig. 4. As for Au(111) bioelectrodes, there are no
clear redox waves associated with the heme groups in the absence
of fructose. In the presence of 100 mM fructose, the DET current
densities on NPG electrodes typically outperform those on Au(111)
electrodes (Fig. 4a-e). The trend of thiol-dependent DET perfor-
mance is the same as for Au(111), with NPG-BME-FDH exhibiting

the largest DET Ajiaxder Of 238 £ 10 A cm~2, about four times
that of Au(111)-BME-FDH. The calibration curve was obtained in
long-term operation from blank to 200 mM over at least 4 h with
an apparent Ky, of 4.7 + 0.2 mM (Fig. S9). Notably, a DET signal
of FDH on bare NPG is observed as the addition of fructose causes
visible catalytic oxidation currents, Fig. 4a. This is in contrast to
FDH on bare Au(111), for which no distinguishable catalytic DET
response of FDH on addition of fructose is apparent, Fig. 1a. All
these results show clearly better DET performance of FDH on NPG
than on Au(111), facilitated by the porous structure and large sur-
face area of NPG, Fig. 5a [28].

MET-type catalytic performance of NPG based bioelectrodes
is also superior to Au(111) electrodes, Fig. 4f-j, Table S4.
NPG-BME-FDH exhibits again the highest MET Ajmaxmet Of
846 + 50 wA cm~2, which is almost twice that on Au(111)-BME-
FDH (420 + 4 uA cm~2, Table 1), and related to the higher ' due
to the nanoporous NPG architecture (Table S5). I' on NPG-BME-
FDH was found to be 1.34 x 10~2 mol cm~2, approximately twice
that for Au(111)-BME-FDH (6.48 x 10~10 mol cm~2, Table S3). This
is lower than the Ry value of 6.6, but a two-fold increase of T, is
reasonable and consistent with a previous report [60] and clearly
indicative that coverage and y 4o do not simply follow the elec-
trode surface area but also depend on details of the Au-electrode
surface structure. ) ge; 0N NPG bioelectrodes also increases signifi-
cantly compared to Au(111) (Fig. 5b), i.e. by a factor of 2 on NPG-
BME-FDH (28%) and by a factor of 40 compared to bare NPG (2%).

Operational stability of Au(111)-BME-FDH, Au(111)-MPA-FDH,
NPG-BME-FDH and NPG-MPA-FDH in the buffer containing
100 mM fructose at + 0.4 V over a period of seven days was ad-
dressed by chronoamperometry. Au(111)-BME-FDH and NPG-BME-
FDH retain 14.5% and 46.2% of the initial current density, respec-
tively, Fig. 6a, while Au(111)-MPA-FDH and NPG-MPA-FDH retain
10.5% and 25.4%, respectively, Fig. S11a. This means that FDH on
hydrophilic SAM modified electrodes is typically quite stable, even
though immobilized solely by physical interactions, believed to be
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Fig. 6. The operational stability of FDH at + 0.4 V on Au(111) and NPG modified with BME.

relatively weak and not by covalent interactions. The real-time
changes of current density of FDH on Au(111) and NPG electrodes
are shown in Figs. 6b,c and S11b,c. FDH on modified NPG elec-
trodes thus displays superior stability with the half-lifetime of
160 h (NPG-BME-FDH) and 123 h (NPG-MPA-FDG) compared with
48 h (Au(111)-BME-FDH) and 103 h (Au(111)-MPA-FDG).

As a comparison with the BME SAMs, the positively charged
FDH is exposed to stronger electrostatic forces on the negatively
charged MPA SAM, suggesting that the stability on the MPA SAM
is higher than on the BME SAM, and with a longer half-lifetime
on both Au(111) and NPG electrodes. The bioelectrode performance
after the stability tests was also evaluated by CV (Figs. S10, S12).
Au(111)-BME-FDH and Au(111)-MPA-FDH have basically lost all DET
catalytic performance after the stability test, whereas NPG-BME-
FDH and NPG-MPA-FDH retain, ca. 20% of the original catalytic
current. Notably, Au(111)-BME-FDH and NPG-BME-FDH retain more
than half their initial MET catalytic current, and Au(111)-MPA-FDH
and NPG-MPA-FDH a quarter of the initial MET performance. This
indicates that (i) the significant loss of DET signal on BME mod-
ified electrodes is not primarily by enzyme leakage [61,62]; (ii)
much of the FDH is still active on the electrodes after long-time
stability tests, whereas the optimal orientation is changed towards
decreased DET performance. Overall, we can conclude that NPG:
(i) improves the enzyme loading by its large surface area; (ii) no-
tably facilitates DET activities of FDH; and (iii) significantly stabi-
lizes the favorable orientations of FDH. These improved features
are rooted in the confined porous structure. Physically they can
be ascribed to better FDH organization and perhaps more favor-
able electronic FDH/SAM/NPG interactions compared with Au(111)
(electronic transmission coefficients/tunnelling factors) [63].

4. Conclusion

Our primary overarching objectives in the present study were to
map the bioelectrocatalysis of FDH as a biochemically and biotech-
nologically broadly important enzyme, in new molecular mecha-
nistic detail. Our detailed study has progressed along two major

lines with focus on the surface orientation and mechanistic de-
tail of FDH in bioelectrochemical action on well-defined pure and
SAM modified gold electrodes. One line was to map the effects of
variably functionalized and variable-length thiol SAMs on Au(111)
surfaces in FDH electrocatalysis. The other line was to compare
the Au(111)-electrode with analogous pure and SAM-modified NPG
electrodes.

Major outcomes are: (i) The DET-capable FDH fraction, X get,
was mapped in detail and found to be useful for diagnosing the
overall efficiency of the interfacial FDH electrochemical ET pro-
cesses. (ii) A homology model of FDH was built and found to be
highly beneficial to analyze the surface electrostatic field distri-
bution and hydrophobic amino acid residue surface distribution
around the heme 2c ET site. (iii) According with the computed FDH
surface structure around heme 2c, the short hydrophilic but elec-
trostatically neutral 2-mercaptoethanol (BME) SAM thiol was found
to display by far the strongest DET electrocatalysis and largest x get-
The crude but efficient fitting model was found to be informative
and the S Ad value obtained the smallest for BME, indicating more
precisely controlled protein distance/orientation than for any other
of the functionalized thiol SAMs tested. With the exception of neg-
atively charged mercaptopropionic acid, MPA, all other SAMs ex-
hibited much smaller FDH surface coverage and ET rates. (iv) The
three core parameters for variable-length HS(CH,),OH, i.e. DET ac-
tive loading, I" 4, DET-capable fraction, x get, and limiting Ajpax det
all decrease strongly with increasing carbon chain length (n). 8Ad
reflects increasing surface disorder or increasing conformational la-
bility with increasing carbon chain length. The approximately ex-
ponential dependence of Ajpaxdet ON N is as expected, and the
decay constant, 8 ~ 1.0 n~! is close to values often observed
for tunneling through aliphatic thiol-based alkane linkers. This ob-
servation suggests that the electron tunneling step is core in the
overall FDH catalysis with the electrocatalytic FDH conversion re-
tained. (v) FDH on NPG follows broadly FDH on Au(111) regarding
the catalytic efficiency of the variably functionalized thiol SAMs,
again with BME as by far the most efficient. Aj.x det and Ajmax,met
on BME modified NPG are, however, several-fold higher than on
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Au(111). In part this can be ascribed to higher enzyme loading, but
more interestingly also to FDH orientation better suited for facile
FDH interfacial bioelectrochemical ET and electrocatalysis. Further-
more, retaining operational stability over more than one week, as
observed for FDH on NPG electrodes, would in fact ensure ample
time for practical FDH/NPG use in biosensors and biofuel cells.
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