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Abstract: Electrochemical regeneration of reduced nicotinamide adenine dinucleotide (NADH) is an
extremely important challenge for the electroenzymatic synthesis of many valuable chemicals.
Although some important progress has been made with modified electrodes concerning the
reduction of NAD+, the scale-up is difficult due to mass transport limitations inherent to large-size
electrodes. Here, we propose instead to employ a dispersion of electrocatalytically active modified
microparticles in the bulk of a bipolar electrochemical cell. In this way, redox reactions occur
simultaneously on all of these individual microelectrodes without the need of a direct electrical
connection. The concept is validated by using [Rh(Cp*)(bpy)Cl]+ functionalized surfaces, either of
carbon felt as a reference material, or carbon microbeads acting as bipolar objects. In the latter case,
enzymatically active 1,4-NADH is electroregenerated at the negatively polarized face of the particles.
The efficiency of the system can be fine-tuned by controlling the electric field in the reaction
compartment and the number of dispersed microelectrodes. This wireless bioelectrocatalytic
approach opens up very interesting perspectives for electroenzymatic synthesis in the bulk phase.

Oxidoreductases are an important class of enzymes with great potential to be applied in industrial
synthesis of a variety of chiral compounds due to their unique chemo-, regio-, and stereoselectivities
compared to conventional chemical synthesis.[1-3] Among all known oxidoreductases, almost 80%
of them are nicotinamide adenine dinucleotide (NAD) dependent enzymes.[4—6] During the
enzymatic reduction process, the reduced form of the cofactor (NADH) is the most crucial ingredient
of the redox reaction. However, the high cost of NADH is an economic roadblock, and therefore the
efficient regeneration of NADH is of particular interest for both academic and industrial
applications.[7] The regeneration of NADH from its oxidized form NAD+ has been explored by
chemical,[8,9] photochemical,[10-12] enzymatic,[13] as well as electrochemical[14,15] approaches.
Among these different strategies, electrochemistry is an attractive and promising route, since the
price of electricity is low and the electrochemical reaction can be easily controlled via the electrode
potential. In a typical direct electrochemical NADH regeneration system, the buffer solution serves as
a proton source, and NAD+ can be reduced in a two-step reaction mechanism. However, high
overpotentials are necessary and the radicals obtained after the first step prefer to react with each
other, leading to the formation of biologically inactive NAD2 dimers.[16] Therefore, different
catalysts have been used to modify the electrode surface in order to achieve efficient indirect



electrochemical regeneration of enzymatically active 1,4-NADH. Up to now, two main families of
catalysts have been studied and immobilized on electrodes for efficient NADH regeneration. The first
category comprises biological catalysts such as diaphorase. Since in this case the electron transfer
can only occur when the distance between the redox cofactors within diaphorase and the electrode
surface is <14 A,[17] an additional mediator (such as methyl viologen,[18] or cobaltocene[15]) needs
to be combined with the enzymes in order to facilitate the electron transfer in a mediated electron
transfer (MET) mode. The second family of catalysts is based on organometallic compounds, like e.g.
[Rh(Cp*)(bpy)Cl]+, which has been first proposed by Steckhan and co-workers.[19] Different methods
to immobilize this rhodium catalyst on electrode surfaces have been explored, not only to simplify
the product purification, but also to avoid the deactivation of both the organometallic complex and
the enzyme.[20-23]

In the above mentioned studies, even though high electrocatalytic regeneration efficiencies of NADH
have been achieved at the laboratory scale, the application of this electrochemical approach to
industrial scale production is still limited by the intrinsic properties of classic electrodes. The two
possible strategies for improving the amount of accessible catalyst and allowing a scale-up are based
on the use of large-size working electrodes and an artificial increase of the active surface area by
employing porous electrode structures (carbon felt, CNTs, etc.). However, functionalization of the
inner pore surface with catalyst is difficult to control, and the overall electroenzymatic efficiency can
also be influenced by local environmental changes (pH, concentration, etc.) inside the pores due to
diffusion limitations.[24]

Therefore, a strategy to, at least partially, circumvent these problems is to employ multiple small
electrodes, instead of one large porous electrode. However, in classic electrochemistry, the working
electrode needs to be directly connected to a power supply through a conducting wire. This can
become a limiting factor if one wants to connect a very large number of small electrodes, which in
addition should be positioned ideally at different locations across the 3D reaction space. Bipolar
electrochemistry provides the possibility to carry out electrochemical reactions simultaneously on
multiple microelectrodes without the need of a direct electrical connection.[25-29] The basic
principle of bipolar electrochemistry is based on the fact that when a conducting object is placed
between two feeder electrodes in the solution, the two extremities will be polarized with respect to
the surrounding solution and act simultaneously as cathode (6-) and anode (6+) when the electric
field reaches a certain threshold value. In recent years, bipolar electrochemistry has been mainly
studied in the context of materials science[30] and analytical chemistry.[31] Taking advantage of its
inherent features, it has been used for the bulk synthesis of Janus particles by localized metal
electrodeposition (Au, Pt, Cu, and AgCl).[32,33] Combined with enzymes, various wireless
bioelectrochemical sensing systems have been developed,[34] and especially bulk
electrochemiluminescence (ECL) could be achieved with a suspension of multiple bipolar
electrodes.[35,36] This provides a solid background for carrying out electrochemical reactions on
large assemblies of bipolar objects in the bulk mode.

Up to now, bipolar electrochemistry has never been explored in the frame of electroenzymatic
synthesis. In this work, we demonstrate for the first time the possibility to electrochemically
regenerate NADH at the 6- extremity of multiple [Rh(Cp*)(bpy)Cl]+ functionalized microparticles
suspended in a bipolar electrochemical cell. Possible other reaction products, such as NAD2 and 1,6-
NADH, are undesirable side products of the reduction and their formation should be avoided. In this
context the overall selectivity and efficiency (in terms of production rate in umol-m-2 h-1) of this
wireless electrocatalytic system can be easily fine-tuned by adjusting the electric field strength and
the number of bipolar electrodes. In this way, the polarization potential difference between the two



extremities of the bipolar object can be controlled to prevent the generation of enzymatically
inactive byproducts.

The basic principle of this work is illustrated in Scheme 1. [Rh(Cp*)(bpy)Cl]+ functionalized spherical
carbon particles are positioned between two platinum feeder electrodes. The carbon spheres will be
polarized under the influence of a constant electric field, and the two extremities will act as polarized
cathode 6- and anode &6+, respectively. The 6- extremity will be responsible for the NAD+ reduction,
catalyzed by the immobilized rhodium complex, while ascorbic acid is used as a sacrificial redox
couple for the oxidation at the &8+ extremity, in order to avoid the re-oxidation of NADH due to the
fact that ascorbic acid is easier to be oxidized than NADH (Supporting information, Figure S1).
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Scheme 1. Schematic illustration of the bipolar electrochemical NADH regeneration.

Before directly going to multiple bipolar carbon electrodes, a first experiment concerning
electrochemical NADH regeneration was carried with a classic electrochemical set-up using a piece of
[Cp*Rh(bpy)Cl]+ functionalized carbon felt (CF-Rh) as the working electrode. The covalent
immobilization of the rhodium complex on the electrode was confirmed by NMR and XPS (Supporting
information, Figure S2, S3), and its electrocatalytic response in the presence of NAD+ was also
validated (Figure S4). Then a piece of the CF-Rh electrode (h * | * w,10mm*20mm*3mm) was placed
in the bipolar cell and wireless NADH regeneration was attempted at its 6- side. Proton and anion
exchange membranes were used to design the bipolar electrochemical cell (see supporting
information). In the reaction compartment, a low concentration of 50mM PBS was used, while in the
two feeder electrode compartments, a high concentration of 250mM PBS was used in order to
decrease the potential drop. The membranes eliminate, or at least decrease, the influence of
parasitic phenomena occurring in the two feeder electrode compartments, such as bubble formation
from water electrolysis or pH changes. The electric field in the reaction compartment was controlled
by adjusting the external potential between the two feeder electrodes. According to the principle of
bipolar electrochemistry, the potential difference between the two extremities of a bipolar electrode
is proportional to its size d. As the length of CF-Rh is 3mm, the driving force AV can be estimated
using the formula

AV = £*d

with € being the electric field in the cell. The oxidation potential of ascorbic acid is around +0.05V,
the electrocatalytic NAD+ reduction occurs at -0.65V, so theoretically the minimum threshold AV is
0.7V, corresponding to an electric field of 2.3V/cm.

Bipolar electrocatalytic NADH regeneration with the CF-Rh electrode was tested for different electric
field values. The obtained enzymatically active 1,4-NADH was quantitatively measured after 60 min
using an enzymatic method based on UV-vis spectroscopy[37] (see Figure S5 for the calibration curve
of 1,4-NADH). Figure 1A illustrates the basic principle for testing the concentration of 1,4-NADH by
addition of a NAD-dependent dehydrogenase after the bipolar NADH regeneration experiment. Since



1,4-NADH has a unique absorption peak at 340 nm, its concentration and enzymatic activity can be
estimated by following the decrease of this absorption peak after addition of NAD-dependent alcohol
dehydrogenase and acetaldehyde substrate. The progress of 1,4-NADH consumption by the
enzymatic reaction is illustrated in Figure 1B.
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Figure 1. (A) Schematic illustration of the reactions involved for testing the concentration of
enzymatically active 1,4-NADH. (B) UV-Vis absorption spectra of the bipolar electrochemical product
obtained with an electric field of 3 V/cm after 60 min, before (curve a) and after (curve b) the
addition of 100U alcohol dehydrogenase and 50mM acetaldehyde. (C) Concentration of produced
1,4-NADH as a function of the electric field in the bipolar cell after a period of 90 min. Experiments
were carried out with cell 1 (see supporting information for details), a CF-Rh electrode
(10mm*20mm*3mm) in 10 mL PBS pH 7.0 in the presence of 5 mM ascorbic acid and 1 mM NAD+
under nitrogen atmosphere. Error bars refer to the standard deviations of three measurements. (D)
Scheme of different electrochemical reactions occurring with increasing electric field.

From FigurelC it becomes clear that at electric field values below 2 V/cm no 1,4-NADH is produced
since the driving potential hasn’t reached the threshold value for the redox reactions to occur.
However, when applying an electric field of 2.5V/cm, which is slightly higher than the theoretical
threshold value, the transformation of 1,4-NADH, catalyzed by [Cp*Rh(bpy)Cl]+, can be achieved. The
concentration of 1,4-NADH increases with increasing electric field, and an optimum transformation
of 70 umol-m-2 h-1 is observed at 3V/cm. The amount of enzymatically active 1,4-NADH starts to
decrease when the electric field reaches 4V/cm. This decrease is caused by the direct electrochemical
reduction of NAD+ at high overpotentials, leading to the formation of enzymatically inactive
byproducts (NAD2 and 1,6- NADH). This series of experiments with CF-Rh illustrates that the wireless
electrochemical regeneration of 1,4-NADH can be achieved by carefully controlling the electric field
in the bipolar cell (Figure 1D).

After this first proof-of-principle experiment with a single bipolar electrode, multiple bipolar
electrodes were tested in the next step. The experiments were carried out with carbon microbeads



with a diameter of around 960+20 um. Spherical electrodes have been chosen because, due to their
isotropic properties, the effective dimension exposed to the electric field does not depend on the
orientation of the electrode. The same synthetic protocol as for the carbon felt was applied to
modify the carbon beads with [Cp*Rh(bpy)Cl]+ catalyst (CB-Rh). Elemental mapping of CB-Rh (Figure
2A) shows an efficient and uniform modification of the carbon beads. Then the production of 1,4-
NADH has been monitored for different electric field values with forty CB-Rh positioned at the
bottom of the bipolar cell. Theoretically, a decrease in electrode size by a factor of three requires a
threefold increase in electric field in order to obtain the same driving force AV (AV = €*d). Figure 2B
indicates that the optimum electric field for NADH regeneration is around 12.5 V/cm, which is slightly
higher than the expected value. This might be attributed to differences in materials properties
between carbon felt and carbon beads, resulting in variations in conductivity and overpotential with
respect to the involved redox reactions.

In a following set of experiments, the bipolar electrochemical regeneration of NADH was performed
with the optimum electric field of 12.5 V/cm, but by systematically varying the number of CB-Rh
electrodes. A linear increase of 1,4-NADH concentration as a function of the number of beads was
observed (Figure 2C). For example, the transformation rate was four times higher when increasing
the number of microelectrodes from 10 to 40, indicating that each bipolar microelectrode operates
independently in the reaction compartment. Even though the generated concentration of 1,4-NADH
is limited during this experiment, when the production rate of NADH is renormalized with respect to
the specific electrode surface area, a value of 630 umol-m-2 h-1 is obtained with 40 beads. This value
is significantly higher compared to the carbon felt. It shows promise with respect to a controlled
increase in the efficiency of the system when adding more microelectrodes. However, the limited
surface area at the bottom of the bipolar cell restricts the number of microbeads that can be
employed. Therefore it would be interesting that beads occupy not only a 2D reaction plane, but are
also present in the bulk phase of the set-up. Such a 3D reaction space should allow a further increase
of the reaction efficiency.
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Figure 2. (A) SEM image of a CB-Rh bipolar electrode and the corresponding elemental mapping.
Scale bar is 250 um. Bipolar electrochemically produced NADH concentration (B) as a function of the
applied electric field with 40 carbon beads and (C) as a function of the number of CB-Rh beads at an
electric field of 12.5V/cm. Experiments were carried out with cell 1 (see supporting information for
details), CB-Rh electrodes in 10mL PBS pH 7.0 in the presence of 5 mM ascorbic acid and 1 mM NAD+



under nitrogen atmosphere for 90 min. Error bars refer to the standard deviations of three
measurements.

In order to maintain the carbon beads suspended in the bulk solution it is necessary to increase its
viscosity. In previous work it has been demonstrated that bipolar electrochemistry can be carried out
with gelified electrolytes.[32] Carboxymethyl cellulose (CMC) was reported as efficient additive for
increasing the viscosity of aqueous solutions without changing their electrochemical
performance.[38] Therefore, CMC has been added to the bipolar reaction compartment for
increasing the viscosity of the electrolyte so that the microbeads do not sediment during the bipolar
electrochemical process (Figure 3A). After testing different concentrations, 2% of CMC has been
chosen as an optimal value (Figure S6). In order to be consistent with the previous experiments, CB-
Rh particles of the same size were used and the same optimum electric field of 12.5V/cm was
applied. Different concentrations of CB-Rh beads in the reaction compartment were employed (see
Figure 3A for the configuration of the bipolar cell), and the produced NADH was measured after 90
min by UV-Vis spectroscopy. Figure 3B shows a photograph of the reaction compartment containing
a suspension of CB-Rh electrodes. As illustrated in Figure 3C, a linear increase of the absorption peak
at 340 nm was observed as a function of the concentration of suspended bipolar electrodes.

The renormalized production rate of NADH per surface area should be higher for the 3D-set-up
(Figure 3D) compared to the 2D-set-up (Figure 2C). In the 3D-set-up, the beads are positioned further
away from each other, thus the interference in terms of overlapping diffusion profiles and electric
field distribution is expected to be less. In addition, the 3D arrangement allows more efficient
hemispherical diffusion of educt and product, compared to the beads positioned at the bottom of
the 2D-set-up, for which diffusion is restricted to the upper part of the beads. This should
theoretically lead to a conversion that is roughly twice as efficient when using the 3D set-up instead
of the 2D configuration. The measurements indicate an increase slightly larger than two times, with a
maximum NADH production rate changing from 630 umol-m-2 h-1 (2D case) to 1500 pmol-m-2-h-1
for the 3D set-up. This demonstrates that the cofactor recycling efficiency can be significantly
improved by the bulk approach, and the overall production can be further enhanced by increasing
the concentration of beads. However, an appropriate distance should be kept between the CB-Rh
beads in the bulk gel, in order to ensure that they are not touching each other during the reaction or
generate a shadow effect of the electric field.
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Figure 3. (A) Schematic representation of the bulk bipolar electrocatalytic NADH regeneration. PEM:
proton exchange membrane (Nafion-117); AEM: Anion exchange membrane (FAB-PK-130). (B) A
photograph of CB-Rh electrodes suspended in the reaction compartment. (C) UV-Vis spectra of
bipolar products obtained with different concentrations of CB-Rh beads in 2% CMC gel in the
presence of 5 mM ascorbic acid and 1 mM NAD+ at an electric field of 12.5V/cm under nitrogen.
Black, red, blue, and purple lines correspond to 0, 20, 40, and 60 beads, respectively. (D) The
concentration of produced NADH versus concentration of CB-Rh electrodes in 2% CMC gel.
Experiments were carried out with cell 2 (see supporting information for details).

In conclusion, we propose a concept to carry out electrocatalytic NADH regeneration in a wireless
way in the bulk volume of an electrochemical cell. Taking advantage of bipolar electrochemistry, the
catalytic reaction can occur simultaneously at many [Cp*Rh(bpy)Cl]+ functionalized carbon beads. By
controlling the electric field in the reaction compartment, enzymatically active 1,4-NADH can be
selectively regenerated. The total efficiency can be improved by suspending the particles in a viscous
electrolyte, allowing the bulk regeneration of the cofactor NADH. This method might be extended to
achieve cofactor regeneration also with some other, non-molecular catalyst-functionalized, bipolar
particles. It allows carrying out electroenzymatic reactions with a 3D ensemble of microelectrodes,
operating without direct electrical connection. Even though the co-immobilization of both catalysts
and enzymes on the microelectrodes is still a challenge, electroenzymatic systems with high
efficiency are expected to be obtained by the rational design of the functionalized microobjects. This
should open up interesting perspectives for scaling-up the present laboratory scale experiments to
the level of large-scale bulk electroenzymatic synthesis in reactors, but obviously the usual problems
like efficient heat dissipation, inhomogeneities and recycling of the catalyst will have to be studied in
more detail.

In addition, the approach might become especially interesting when taking into account the current
trend in the scientific community to reconsider chemical processes and explore more sustainable
concepts based on electroorganic synthesis.[39]
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Wireless electrocatalytic regeneration of the enzymatically active cofactor NADH is achieved on
functionalized carbon beads suspended in the bulk phase of a bipolar electrochemical cell. The



catalytic efficiency can be fine-tuned by the concentration of suspended particles and the applied
external electric field.



