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Covalent Immobilization of Dehydrogenases on Carbon
Felt for Reusable Anodes with Effective Electrochemical

Cofactor Regeneration

Giuseppe Pietricola,”” Lesly Chamorro,” Micaela Castellino,”’ Diego Maureira,”
Tonia Tommasi,*® Simelys Hernandez,™ Lorena Wilson,”™ Debora Fino,” and

Carminna Ottone*™

This study presents the immobilization with aldehyde groups
(glyoxyl carbon felt) of alcohol dehydrogenase (ADH) and
formate dehydrogenase (FDH) on carbon-felt-based electrodes.
The compatibility of the immobilization method with the
electrochemical application was studied with the ADH bioelec-
trode. The electrochemical regeneration process of nicotina-
mide adenine dinucleotide in its oxidized form (NAD*), on a
carbon felt surface, has been deeply studied with tests
performed at different electrical potentials. By applying a

Introduction

The use of biological agents, such as living microorganisms or
purified enzymes as catalysts for electrochemical processes, has
attracted much attention because they fulfill the green
chemistry principles.™ In comparison to microorganisms, en-
zymes are highly specific towards a substrate and show high
selectivity, thus, downstream processing costs are reduced.”
Enzymatic electrosynthesis is a promising and sustainable
technology for the production of organic molecules by means
of the valorization of a liquid or gaseous waste, such as the
reduction of CO,°* the production of fuels® or other
chemicals,® by using renewable energy.

One interesting enzyme for electrochemical applications is
alcohol dehydrogenase (ADH). ADH catalyzes the oxidation of
aliphatic alcohols; ethanol being its preferred substrate,” there-
fore, it has been proposed to work in the anodic chamber in a
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potential of 0.4 V versus Ag/AgCl electrode, a good compromise
between NAD™ regeneration and energy consumption was
observed. The effectiveness of the regeneration of NAD* was
confirmed by electrochemical oxidation of ethanol catalyzed by
ADH in the presence of NADH, which is the no active form of
the cofactor for this reaction. Good reusability was observed by
using ADH immobilized on glyoxyl functionalized carbon felt
with a residual activity higher than 60% after 3 batches.

wide variety of electrochemical applications, including fuel
cells,®** biosensing"®'" and enzymatic electrosynthesis.?

Another interesting enzyme for bioelectrochemical applica-
tions is the formate dehydrogenase (FDH) enzyme, which
catalyzes the interconversion between formic acid and CO,. It
can be used in a bioelectrochemical system to reduce CO, to
formate at the cathode,™ or in biosensing applications.™

Since ADH and FDH, like many other dehydrogenases,
catalyze both direct and reverse reactions, amounts of NAD(P)
above the stoichiometric concentration are necessary to carry
out the target reaction." The high costs of producing the
cofactors are the main limitation to the use of dehydrogenase
enzymes in synthesis processes." Thus, for the development of
enzymatic electrosynthesis technology, cofactor regeneration is
a key factor"*'® The regeneration of the oxidized form
(NAD(P)*) takes place at the anode and the regeneration of the
reduced form (NAD(P)H) at the cathode.'” However, the
material of the electrode plays a crucial role to obtain the active
form of the cofactor. For this, different materials have been
studied for the electrochemical regeneration of NAD, including
ZnO," Ti0,,™ and carbon-based materials.?**"

In an effective electrosynthesis process, the electrode
material will also act as enzyme support. However, the
immobilization of the enzymes on the electrode is still a
challenging issue. Considering the geometry of the electrodes,
which are usually flat and thin, the challenge is to have a high
concentration of enzymes per square meter with high mass
transfer rates.” A strategy consists of the development of high
surface area electrodes.”” The entrapment with polymers or by
ionic attachment has been also proposed but the leakage of
the enzyme is highly probable.” There are few studies in the
literature using covalent immobilization methods for enzyme-
based electrodes,* despite the studies using covalent bonding

© 2022 The Authors. Published by Wiley-VCH GmbH
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to silica or agarose that have proven to increase the thermal
stability and avoid leakage.” For an enzymatic electrosynthesis
system, having covalently immobilized enzymes will avoid
enzyme leakage and pursue continuous processes.”

Carbon-based electrodes have shown rising applications
thanks to their multiple advantages, such as their chemical
stability in a wide range of conditions, cost-effectiveness, good
electrical conductivity, and biocompatibility.”® Among all the
different carbon-based materials, carbon felt (CF) is a light,
mechanically stable, high surface area,”” and flexible material,
which can be used in different cell configurations.” In addition,
the surface of CF can be easily modified with different
functional groups, such as bifunctional organosilane
molecules.”” Pereira et al. demonstrated the enhanced catalytic
effect of immobilizing ADH by physical adsorption on carbon
felt electrodes.”™ However, to the best of our knowledge,
neither ADH nor FDH enzymes have been covalently immobi-
lized on carbon felt electrodes for electrochemical applications.

This work aims to study the use of carbon-felt-based
materials as a novel enzyme support. So, the immobilization of
two different enzymes, FDH and ADH, on CF electrodes was
studied. In addition, the covalent attachment immobilization
method and the entrapment approaches were compared by
using ADH in terms of stability and reusability. In addition, the
biocatalyst obtained by immobilizing the ADH on the carbon
felt was used as a bioanode to study the compatibility of the
proposed immobilization method with the electrochemical
NAD* cofactor regeneration. To test this regeneration, the
ADH/CF biocatalyst was used to oxidize ethanol. With the FDH/
CF biocatalyst, the regeneration of NAD™ (oxidation of formic
acid) leads to the production of a less interesting molecule (i.e.,
CO,).

NAD + regeneration is essential to carry out in continuous
any type of biochemical reaction that uses this molecule as a
cofactor. Regeneration of the cofactor during the conversion
reaction can also make the whole process more economically
viable by avoiding the addition of NAD™ in the solution to
continue the reaction. By the knowledge of the authors, this is
the first time that FDH and ADH are covalently immobilized on
carbon felt electrodes and studied for enzymatic electrosyn-
thesis applications.

[29

Results and Discussion

Morphological and functional characterization of the carbon
felt support with immobilized enzymes

X-ray photoelectron spectroscopy (XPS) analysis has been
carried out on the CF samples to check each functionalization
step and its corresponding result, starting from the bare CF
calcinated at 500°C. In Figure 1a, the survey spectra of all the
checked samples have been reported. The main peaks detected
are C and O in all the samples, N in the samples with the
immobilized enzymes, and F in the ADH/Nafion-Carbon Felt
sample (ADH/N-CF). Some traces of buffer salt remnants, used
in each functionalization step, have been also detected (Na, K,
P, S, Ca, Si). According to C. Bernal et al.®" in order to check the
bonding presence between the glyoxylic aldehyde group and
the enzymes and to create a so-called “hybrid catalyst”, the N 1s
peak has been monitored, starting from the CF/glyoxyl
functionalization step. As reported in Figure 1b, the N 1s peak
intensity increases starting from a value of zero for the Glyoxyl-
Carbon Felt (G-CF) sample (no N is indeed expected), until
sample FDH/G-CF, in which the intensity is the highest, due to
the higher number of aldehydes per gram of carbon felt (i.e.,
1.343 mmol). After a deconvolution procedure (not reported)
for all the N 1s signals of the functionalized substrates, we have
found two main components: a first one in the 398.3-398.6 eV
range ascribed to imine group C=N-C and a second one at
higher binding energies, in the range 399.4-399.8 eV, due to
amine group C-NH—CB? The presence of the imine group
confirms our hypothesis of a direct bond between the
functionalized substrates and the enzymes (both ADH and
FDH). Different results have been obtained for the ADH/N-CF
sample, in which the bond due to imine has not been detected
(as expected), while a new component has been observed at
400.4 eV, which can be ascribed to the N atom with a
delocalized positive charge,”™ together with the above-men-
tioned component due to amine group at 399.4 eV.

The field emission scanning electron microscopy (FESEM)
images of the carbon felt electrode and of the immobilized
enzymes are shown in Figure 2. Calcined CF shows a clean and
smooth surface with a fibber diameter that varied between 6
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Figure 1. XPS survey (a) and N 1s high-resolution spectra of the CF samples.
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Figure 2. FESEM image of the calcined electrode and of the carbon felt with
immobilized enzymes. a) CF, b) ADH/G-CF, ¢) ADH/N-CF and d) FDH/G-CF.

and 8 um. A rough surface is observed after the immobilization
of the enzymes by both methods: entrapment with Nafion
polymer and covalent bond with glyoxyl groups. By approx-
imating the two enzymes with a sphere, according to Eriksen,®¥
starting from an enzymatic weight of 74 kDa for FDH®* and
144 kDa for ADH,®® a diameter of 554nm and 6.92 nm,
respectively for FDH and ADH, is obtained. Thus, it is not
possible to observe the single ADH or FDH enzyme due to their
small size and irregular shape, which is not detectable by FESEM
analyses.

Activity and stability of the immobilized enzymes

In all experiments, the immobilization process was followed by
measuring the enzyme activity and the content of protein of
the immobilization vessel supernatant. The variation of the
protein content was measured by means of the Bradford
method as indicated in the Experimental Section. A decrease in
the protein quantity and the enzyme activity, as an indication
of the enzyme transference from the immobilization solution to
the carbon felt, was observed. Table 1 shows the specifications
of the immobilized enzymes. It is not possible to calculate the
protein yield (YP) and loaded protein (LP) for the immobilization
with the entrapment method with Nafion because there is no
supernatant. In this case, we considered that all the offered
protein (4 mg,./9c) was immobilized. The immobilization of

Table 1. Retained activity (R,), immobilization yield (Y;), load of protein (L;)
and specific activity (As) of ADH and FDH immobilized on carbon felt
electrodes. Data are means of triplicate experiments + standard deviation.

Ra [%] Y [%] Lp [MGpra/9cr] A, [U/9]
ADH/N-CF®  0.384+0.05 - - 0.223+0.0288
ADH/G-CF 3.00+003 3632+2.50 145+0.10 14590 +0.3905
FDH/G-CF  2.15+0.75 21.194+1.01 0.85-0.04 0.2650+0.0919

[a] With this immobilization method it is not possible to calculate the
values of YP and LP.
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ADH on carbon felt materials by physical adsorption combined
with Nafion entrapment was reported in the literature, however,
the authors do not measure the specific activity of the
enzymatic electrode or the protein yield.

For ADH/G-CF and FDH/G-CF, the immobilization yield (Y;)
after 1 h of immobilization was 36.32% and 21.19%, respec-
tively. The low protein attachment can be ascribed to the short
immobilization time considered. Longer times are expected to
lead to higher protein immobilization. However, higher protein
loading does not mean that higher specific activities will be
obtained, as observed in other of our works with FDH on
natural zeolite.”” Some reasons that explain the low retained
activity are listed below. Firstly, we considered the stability of
the enzymes under the immobilization conditions. Free ADH
showed a fast inactivation at the immobilization pH (~10.05),
which means that a high percentage of the immobilized
enzyme is in an inactivated form. For practical purposes, this
enzyme is an inert protein because it does not catalyze any
reaction; therefore, the reaction is catalyzed only by the active
percentage of immobilized ADH. Secondly, the presence of the
reducing medium given by the addition of borohydride, which
is necessary to block the non-reacted aldehyde groups on the
CF surface, must be considered. However, in literature, it has
been demonstrated that this reagent can also affect the
catalytic properties of some enzymes by reacting with impor-
tant aminoacidic residues.”® The negative effect of borohydride
has been reported previously for the immobilization of both
ADH and FDH on glyoxyl agarose or glyoxyl silica.”*® Thirdly,
the morphology of carbon felt can play a crucial role. Despite
porous materials, CF does not give a protective microenviron-
ment to the enzyme. CF is a fibber that exposes its whole
surface to the reaction medium. Thus, the enzyme perceives the
same conditions of the bulk. In fact, from Figure 3, it is possible
to see that with both enzymes the pH and temperature profile
are very similar between free and immobilized enzymes. More-
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Figure 3. Effect of the reaction parameters on the activity of ADH and FDH
immobilized on G-CF. Relative activity of ADH derivates at different
conditions of a) pH and b) temperature. Relative activity of FDH derivates at
different conditions of ¢) pH and d) temperature. Error bars indicate the
standard deviation of the experiments performed in triplicates.
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over, as it is possible to see from the results of the stability test
(Figure 4), with both enzymes very similar half-lives have been
obtained between free and immobilized enzymes. In addition,
the dimensions of the CF fiber are in the range of micrometers
(see Figure 3), whereas the diameter of the enzymes is smaller
than 10nm. So, there is a difference of two orders of
magnitude. Therefore, for practical purposes, the immobiliza-
tion of the enzyme on CF highlights the same drawbacks due
to immobilization on a flat surface. Similar retained activity
between the FDH/G-CF and the ADH/G-CF, was observed, which
is attributed to the multimeric structure of the enzyme, whereas
ADH is a tetramer™” and FDH a dimeric.*” It is unlikely that the
four subunits of ADH were covalently bonded to the CF, so this
led to the inactivation of the enzyme during the immobilization
process. A crosslinking with an ionic polymer, like polyethyle-
neimine, could be performed before the immobilization step to
reduce the dissociation of the subunits, which has given good
results with other supports.”?

By comparing the covalent approach with the entrapment
method, the specific activity (A,) of the covalently bonded
enzyme (ADH/G-CF) was considerably higher (more than six
times) than that of the Nafion assisted entrapment method
(ADH/N-CF) (see Table 1). This result was the main reason for
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Figure 4. Stability of free and immobilized enzymes under non-reactive
conditions. a) Residual activity of ADH derivates incubated at 30°C and pH 7.
b) Residual activity of FDH derivates incubated at 50°C and pH 7. A first-
order deactivation model was used to describe the deactivation of the
enzyme derivates. Error bars indicate the standard deviation of the experi-
ments performed in triplicate.
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selecting the ADH/G-CF sample for performing the electro-
chemical reactions.

The effect of the immobilization activity, on the selected pH
and temperature values, of the ADH/G-CF and FDH/G-CF
samples, was studied by comparing their relative activity with
their respective free enzyme. The results are shown in Figure 3.
Opposite effects were observed on the ADH and FDH samples,
respectively. In the case of ADH, the optimal pH was shifted to
lower values after the immobilization with respect to the free
enzyme, instead with FDH the optimal pH increased with the
immobilization passing from 7.5 to 8 (Figure3A and Q).
Regarding the optimal temperature (Figure 3B and D), it was no
observed a change with the immobilized ADH, which showed
the maximum activity at 40°C (both the free and the
immobilized enzyme), followed by a pronounced decrease of
activity for higher temperatures with the free enzyme. Regard-
ing FDH, the maximum values of the immobilized enzyme are
shifted to higher values passing from 50°C (with free FDH) to
60°C.

ADH and FDH samples were incubated at thermal inactivat-
ing conditions to evaluate the effect of the thermal stability of
the immobilized enzymes with respect to the free enzymes. As
indicated in the Experimental section, ADH and FDH derivates
were incubated at 30°C and at 50°C, respectively. Figure 4
compares the residual activity between ADH/G-CF and FDH/G-
CF and their respective free enzyme. The inactivation kinetics
for free and immobilized ADH and FDH enzymes was adjusted
to the first-order inactivation model with no residual activity.
The kinetic parameters and half-live times are presented in
Table 2.

The immobilization has a poor stabilization effect with
respect to the free enzymes. The stabilization factors of the
immobilized ADH and FDH are 1.4 and 1.6, respectively. In
literature, the range of stability factors is very wide. For
example, it is possible to reach up to 150 with FDH immobilized
on glyoxyl-agarose.”™ In our previous work, with FDH immobi-
lized on mesoporous materials such as natural zeolite or
MCF,,s, both functionalized with glyoxyl groups, a stability
factor of 14.8 and 3.6 was observed, respectively.?”*¥ In this
case, the support has no pores. Thus, it does not offer a
microenvironment condition to the immobilized enzyme. The
immobilization on carbon felt does not protect the enzyme
from external conditions, which is reflected by a lower stability
factor than other materials. However, the option to use an
electrode with a covalently immobilized enzyme is interesting
because it can be reused.

Table 2. Deactivation constant (kp) and half-life time (t;,,) for the different
biocatalysts

Biocatalyst ko [h™1] ty [h] R?

Free ADH 0.046 13.80 0.99
ADH/G-CF 0.036 19.22 0.99
Free FDH 0.050 13.86 0.96
FDH/G-CF 0.032 21.66 0.97

© 2022 The Authors. Published by Wiley-VCH GmbH
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Electrochemical regeneration of NAD™*

The regeneration of the oxidized form of the nicotinamide
adenine dinucleotide (NAD®) is of interest for oxidation
reactions such as the electrochemical oxidation of ethanol to
acetaldehyde catalyzed with ADH,®” whereas the regeneration
of the reduced form of the nicotinamide adenine dinucleotide
(NADH) is of interest for reduction reactions as for instance the
conversion of CO, to formic acid with FDH.?” This work shows
only the regeneration of NAD* with the scope of demonstrat-
ing that CF maintains its electrochemical properties after the
process of covalent immobilization of the enzyme.

The electrochemical tests were performed in a two-chamber
cell, where the regeneration of NADH occurs at the anode and
the reduction of Fe™ to Fe'? at the cathode, as shown in
Equation (1) and Equation (2), respectively. A carbon felt disc of
7 cm diameter and 5 mm thickness was used in both the anodic
and cathodic chambers, which was joined to a graphite rod to
have effective current conduction.

NADH — NAD* +H* +2 e 1)

Ks[Fe* (CN)s] + €™ — (K;[Fe™ (CN)o]) @

From the cyclic voltammetry (CV) curves, a well-defined
oxidation peak at 0.55V versus Ag/AgCl was observed in the
presence of 2 mm NADH, see Figure 5. The potential value of
the NADH oxidation peak is in line with the results reported by
Pereira etal. by using carbon felt as anode (0.6V vs. Ag/
AgCl).B” Other carbon-based materials showed similar values of
NADH oxidation peak, varying between 0.4 and 0.7 V versus Ag/
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AgCl, for multiwalled nanotubes and glassy carbon,
respectively.?” For the only calcined CF, no peak was observed
in the absence of NADH, whereas a second peak was observed
at 0.9V versus Ag/AgCl with the functionalized and the ADH-
immobilized electrodes. This second peak is attributed to the
presence of the functionalizing molecule. It is worth noting that
this second peak was observed at higher potentials with respect
to the NADH peak, indicating that higher energies are required
for oxidizing the functionalizing molecule. In the region studied,
the reduction peak was not observed, which indicates that the
oxidation of this molecule is not reversible. In addition, the
shape of the CVs of the G-CF and ADH/G-CF are wider with
respect to the curve of the only calcined electrode, which
suggests that the presence of the functionalizing molecule and
the enzyme have an insulating effect, which was also observed
in the literature.™ A control experiment using bare calcined CF
and free enzyme confirmed that the presence of ADH does not
affect the shape of the curve both in the absence or in the
presence of NADH with respect to using only bare calcined CF.

To define the adequate potential for carrying out the
enzymatic bioelectrochemical reaction, it was first necessary to
define the best conditions at which the regeneration of NAD™*
occurred. For this purpose, the percentage of oxidation of
NADH (with a 5 mm solution) and of active NAD*, obtained in
the anodic chamber, was measured by applying different
potentials for a total duration of 2 h. The results are reported in
Figure 6. As expected, higher percentages of NADH oxidation
were observed by increasing the values of applied potential; on
the other hand, this means a higher energy consumption. To
confirm that regenerated NAD™ is active, the activity of ADH is
measured, as described in the “NAD* regeneration” section. In

—2 il NADH
amii MNAOH

T T T T T T T T
04 D2 0D 02 ©4 DE OB 10 1Z 14

Potential {V vs. Ag/AgCl)

T T T T T T T T T
D4 02 0D 02 04 DE OB 10 12 14

Potential {V' vs. Ag/AgCl)

Figure 5. Cyclic voltammetries of 0 and 2 mm NADH solutions with the carbon felt electrodes; a) calcined CF, b) G-CF, ¢) ADH/G-CF and d) calcined CF with

free ADH.
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30°C and pH 7.0. The anodic cell was loaded with 2.5 U of ADH
(both free and immobilized).

Figure 7 presents the reaction kinetics results.

The consumption of ethanol confirms that the regeneration
of the cofactor was carried out within the anodic cell since the
enzyme catalyzes the oxidation reaction by using only NAD",
which is the oxidized form of NADH. In fact, the concentration
of NADH decreased quickly during the first two hours of
reaction, for both the free and immobilized enzyme. In addition,
the conversion in terms of NADH was higher than 95%. This
indicates that NADH was continuously oxidized to NAD™*, which
is the required form of the cofactor for the reaction of interest.
Moreover, a conversion in terms of ethanol concentration of
28.7 and 36.3%, for the ADH/G-CF and free enzyme, respec-
tively, was observed. In addition, the stop of ethanol conversion
is not attributable to the loss of enzymatic activity of ADH. In
fact, from Figure 4 it is possible to see that both the free
enzyme and the immobilized one after 8 h of incubation at
30°C and pH 7 still have a residual activity greater than 60%. To
confirm that the consumption of ethanol was attributed to the
enzymatic oxidation reaction, a control experiment was carried
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NADH in time, and c) residual activity after repeated batch reactions.
Reactions were carried out at 30°C, pH 7.0 and with an applied potential of
0.4V vs. Ag/AgCl.

out in the absence of cofactor and enzyme. In this experiment,
a fictitious conversion (without the use of enzyme and cofactor)
of 18% after 8 h is observed, which is attributed to evaporation
(data not shown). By performing a control experiment with
5mm NAD* instead of NADH, the conversion of ethanol
observed was 25% (data not shown). This result confirms that
the regeneration rate is not limiting the reaction, while to the
achievement of a thermodynamic equilibrium. To achieve
higher conversions values, the reactant should be replaced or
other reactor configurations, like continuous flow processes,
have to be taken into account in further studied. The electrode
was reused for 3 cycles with a final residual activity higher than
60%, as shown in Figure 7c. Considering reactions cycles of 6 h
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each, the residual activity observed after 3 cycles (18 h total
operation time) is similar to the results obtained for the thermal
stability tests under non-reactive conditions presented in Fig-
ure 4., where the half-life was achieved after 19 h. Using free
ADH, it cannot be conveniently recovered from the reaction
medium. Also, the enzyme is not stable enough so after one
batch, the residual activity is low to make recovery profitable.
Instead, using immobilized enzymes, it is possible to immedi-
ately separate the biocatalyst from the reaction products and
then restart with a new cycle.

Conclusion

Carbon felt functionalized with glyoxyl groups was used to
perform an enzymatic immobilization of ADH and FDH. The
support was characterized via FESEM and XPS. Furthermore,
through this last test, it was possible to confirm the presence of
the covalent bond between the support and the enzyme. With
both enzymes, the immobilization yield was similar (between
22-36%) and in a range according to literature, however, very
low retained activities were obtained (<3%). The latter
indicates that most of the enzyme inactivated during the
immobilization process. However, the advantage of having an
immobilized enzyme relies on the fact that it can be used in a
continuous system. The immobilization parameters could be
further increased by carrying out, for instance, a hetero-
functional immobilization with amino-glyoxyl groups or by
modifying the carbon felt materials by increasing its porosity
and specific surface area. Temperature and pH profiles were
deeply studied for both ADH/G-CF and FDH/G-CF, finding
optimal conditions to perform the electrochemical reaction.

The good compatibility of the proposed immobilization
method was studied by using the ADH/G-CF bioelectrode for
the enzymatic oxidation of ethanol. First, the NAD* regener-
ation potential was studied, being 0.4V versus Ag/AgCl the
condition at which all the regenerated NAD™ was enzymatically
active. During the electrochemical reaction, the consumption of
ethanol by using both free and immobilized ADH (ADH/G-CF)
demonstrates that active NAD* was produced starting from the
electrochemical reduction of NADH. Despite the stability of the
ADH/G-CF and free enzyme was very similar, the immobilization
proposed permits to reuse the bioelectrode and offers a novel
strategy for continuous enzymatic electrosynthesis systems.
After the optimization of the ADH/CF system it would also be
very interesting to study the kinetics of the regeneration
reaction of the cofactor.

Experimental Section

Materials

Lyophilized alcohol dehydrogenase (ADH) from Saccharomyces
cerevisiae was purchased from Worthington Biochemical Corpora-
tion (specific activity of 146.7 +12.8 U/mg). Formate dehydrogenase
(FDH) from Candida boidinii with a protein concentration of 43+
1 mg/ml (according to Bradford assay™’) was purchased from
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Megazyme. (3-Glycidyloxypropyl)trimethoxysilane (GPTMS), the ab-
solute ethanol substrate and Nafion™ were purchased from Sigma
Aldrich. KH,PO, salt and the potassium hexacyanoferrate Ill (K;[Fe-
(CN)g]) solution were obtained from Merck. Nicotinamide adenine
dinucleotide in reduced and oxidized form (NADH and NAD™") were
purchased from GERBU Biotechnik GmbH. The commercial carbon
felt (C-FELT, SIGRATHERM GFAS5 soft felt) was obtained from SGL
Carbon.

Functionalization of carbon felt

To obtain a hydrophilic surface, the carbon felt was calcined at
500°C for 4 h in air. Subsequently, the functionalization procedure
of carbon felt with glyoxyl groups consisted of three sequential
steps. First, 1 g of calcined CF was put in contact with 60 mL of
toluene with GPTMS (0.5% or 5% in volume) at 105°C for 5h in a
balloon with reflux. Then, a hydrolysis was carried out with 120 mL
of 0.1 M H,SO, solution at 85°C for 2 h and finally an oxidation
process was set with 120 mL of 0.1 M sodium metaperiodate
solution for 2 h at room temperature. To obtain two different
concentrations of aldehydes per gram of carbon felt (0.114 mmol
and 1.343 mmol), 0.5% v/v and 5% v/v of GPTMS were added,
respectively. The concentration of aldehyde groups per gram of
carbon felt was quantified as reported in literature.?"

Enzymatic activity

The activity of the different preparations of ADH and FDH were
analyzed spectrophotometrically, recording the increase in absorb-
ance at 340 nm due to the release of NADH. For ADH enzyme 50 pl
of sample was added to the spectrophotometer cell with 2 ml of
250 mm ethanol and 100 pl of NAD™ in 100 mm sodium phosphate
buffer pH 7. For enzyme FDH, 0.1 ml of sample was added in a
solution consisting of 2.3 ml of phosphate buffer 100 mm pH 7.5,
0.5 ml of sodium formate 300 mm and 0.1 ml of NAD™ 50 mm. For
the free enzymes test, a solution containing 0.01 mg/mL of protein
was used. For the activity of the immobilized enzyme, 10 mg of
support was used. The experiments were performed in triplicates.

An international unit of activity (U) was defined as the amount of
enzyme that produces 1 pmol of NADH per minute under the
stated assay conditions. For the immobilized enzymes, the specific
activity (As) of the biocatalysts in U/g of support is reported. The
immobilization yield in protein (Y;) and the retained activity were
calculated as reported previously.?”

The influence of pH and temperature on the activity of the soluble
and immobilized enzymes were studied by introducing some
modifications to the activity test. To evaluate the influence of
temperature, the activity was measured at 30°C, 40°C, 50°C and
60 °C with a fixed pH of 7.5 for FDH and 7 for ADH. These pH values
were chosen because the enzymes are stable at those condition.
The influence of pH was during the activity test by keeping
constant the temperature at 30°C (a non-aggressive condition) and
varying only the pH in the range of 6 and 9. A phosphate buffer
was used for the solutions at pH 6, 7, 7.5 and 8, while a carbonate
buffer for the solution at pH 9. The relative activities are expressed
as a percentage of the maximum value obtained for each set of
experiments. The temperature was kept fixed at 30°C. The experi-
ments were performed in triplicates.

Enzymatic immobilization

The methods used for the immobilization of ADH on CF are
entrapment and covalent binding, with Nafion™ and glyoxyl,
respectively. FDH was immobilized only on glyoxyl CF. For each
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immobilization method, the experiments were performed in
triplicate.

Covalent immobilization

ADH and FDH were immobilized on glyoxyl CF (G-CF) having
0.114 mmol and 1.343 mmol of aldehydes per gram of carbon felt,
respectively. An enzyme load of 4 mg/g was offered in 0.1 M
bicarbonate buffer at pH 10.05 at 4°C for 1 h. To end this process,
NaBH, (0.5 mg/mL in the immobilization solution) was added for
10 min and finally the biocatalyst was washed with distilled water
and filtered, in both cases. The biocatalysts were labelled as ADH/
G-CF and FDH/G-CF. The activity of the enzymatic solution was
measured before adding the support to use this value for the
calculation of the retained activity, since small variations during
enzyme weighing may occur.

Entrapment

The immobilization procedure was modified from the work by
Garino et al.* ADH was dissolved in a solution containing 38% v/v
of Nafion 5%, 38% v/v of isopropanol and 0.24% v/v of 0.1 M
phosphate buffer at pH7.0. For 1g of calcined CF, 9ml of
immobilization solution was used containing 4 mg of ADH. The
biocatalyst was labelled as ADH/N-CF.

Physicochemical characterization

The morphology of the plain support and the one with immobilized
enzymes were examined by means of Field Emission Scanning
Electron Microscopy (FESEM, Dual Beam Auriga from Carl Zeiss,
operating at 5 keV); the samples were previously metallized with
chromium.

X-ray Photoelectron Spectroscopy (XPS) has been performed in
order to evaluate the physico-chemical properties of electrodes
surface. A PHI 5000 Versaprobe spectrometer has been used, by
means of an Al K-alpha source (1486.6 eV), with coupled ion (Ar™)
and electron beam sources, in order to compensate for surface
charging phenomena. Both survey and high resolution (HR) spectra
have been collected by using a 100 um X-ray spot.

Thermal stability tests

The thermal stability tests were carried out at 30°C under non-
reactive conditions for 24 h. The activity (A) of the samples was
measured at different times and expressed as percentage of the
starting activity (A).

A first order deactivation model [Eq. (3)] was used to mathemati-
cally represent the deactivation of the different enzyme derivates. It
is therefore possible to calculate the half-life time of the free (t,, )
and the immobilized (t,,,) enzyme. The stability factor (F;) was
obtained [Eq. (4)]. Where, kj is the deactivation constant (h™") and t
is the time (h).

A=A, et 3)
G
Fs=
5 t1/2 FE @)
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NAD* regeneration

For the electrochemical experiments a Gamry Interfere 1010 E
potentiostat was used. Cyclic voltammetry (CV) was performed to
identify the peak of NADH oxidation. For this experiment, the
calcined CF, G-CF and ADH/G-CF were used as working electrode
(1 cm widex 1 cm length). A control experiment of using calcined
CF with free ADH (0.4 U/ml) was performed to identify possible
interactions of the enzyme. The CVs. were performed in the range
—0.4 to 1.4V versus Ag/AgCl and at a scan rate of 20 mV/s in the
presence of NADH (2 mm) and in the absence of the cofactor. The
potential was measured with respect to the reference electrode in a
one-chamber cell.

For the NAD™* regeneration, a two-chambers cell was used, with a
separating cation exchange membrane (CMI 7000, Membranes
International Inc., Glen Rock, NJ, USA). The specifications of the cell
were reported previously in the work by T. Tommasi etal.”® A
carbon felt disc (previously calcined at 500°C for 5h to have a
hydrophilic material) with 7 cm of diameter and 5 mm of thickness
was used as electrode. The anode compartment was filled with a
solution containing 5 mm NADH and 100 mm sodium phosphate
buffer solution (pH 7.5). The cathodic chamber was filled by
potassium ferricyanide (6.58 g/L) and 100 mm sodium phosphate
buffer solution (pH 7.0). Chrono-amperometry (CA) measurements
were performed at different potentials, ranging from 0 to 1.0V
versus Ag/AgCl. The oxidation of NADH, Equation (3), was moni-
tored spectrophotometrically by the solution absorbance decrease
at 340 nm for 2 h.

The relative activity of regenerated NAD* was determined spec-
trophotometrically by using free ADH enzyme for the oxidation of
the ethanol, as indicated in paragraph 2.3. The percentage of active
NAD* (NAD™,.,) after the regeneration was calculated by using
Equation (5). The final activity (A is the ADH activity measured
after 2 h of regeneration and Ay, is the activity of ADH with a fresh
NAD* solution. The NADH conversion (Xyapu) Was expressed in
terms of the remnant NADH in solution with respect to the initial
NADH concentration (see Equation (6)).

As
NAD! =————— . 100
act (XNADH/1OO) : ANAD (5)
NADH); — [NADH
Xnaon = M 100 (6)

[NADH],

Enzymatic electrochemical reaction

The experiments were performed by using the same electro-
chemical cell indicated in Section 2.7. A disc of 7 cm of diameter of
carbon felt with the immobilized ADH by the glyoxyl groups was
used as the anode and a plain carbon felt disc was used as cathode.
A cation exchange membrane (CMI7000) was used to separate the
two chambers. The cathodic chamber was filled by potassium
ferricyanide (6.58 g/L) and 100 mm sodium phosphate buffer
solution (pH 7.0), while in the anodic chamber (50 mL) was filled
with a solution containing 100 mm phosphate buffer pH 7.5, 5 mm
ethanol and 5mm NADH. The anodic solution was mixed by
recirculating the anolyte with a 100 mL reservoir by using a
multichannel peristaltic pump (Longerpump 2 channel, China) with
a flow rate of 37 mL/min. The total reaction volume was 150 mL.
The solution was heated at 30°C in a thermocirculating bath. To
confirm that the variation of ethanol and NADH concentration was
attributed to the enzymatic reaction, a control experiment without
enzyme was performed. A second control was performed by using
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4 mg of free enzyme, 5 mm ethanol and 5 mm NAD™* in a solution
prepared with 100 mm sodium phosphate buffer (pH 7.0)

The variation of NADH was measured spectrophotometrically by
measuring the decrease of absorbance at 340 nm. The concen-
tration of ethanol was measured by gas chromatography (Clarus
500, Perkin Elmer, USA) equipped with an Equity-1column (Supelco,
USA). Methanol was used as internal standard and nitrogen
(6.5 mL/min) served as gas carrier. The injector and FID detector
was kept at 250°C, while the temperature of the oven was 200°C.
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