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Oxidoreductase enzymes require cofactors for their operation in stoichiometric amount. Approximately half of
them need NAD(P)H cofactors, which should be regenerated for the cost-efficient implementation of the enzymatic
processes. In this minireview regeneration methods are presented including chemical, electrochemical, biological

(enzymatic), photocatalytic techniques.
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1. Introduction

Oxidoreductase enzymes belong to the group of EC 1.
They catalyze the transfer of electrons from one molecule
(reductant or electron donor) to another (oxidant or
electron  acceptor)  [1]-[5]. NAD(P)-dependent
oxidoreductases perform key functions in several
fundamental biological processes, such as cellular
respiration, photosynthesis, and bioenergetics. Their high
chemical specificity and selectivity have enabled the
widespread application in industrial biocatalysis,
pharmaceutical manufacturing, biosensor development,
and  environmental technologies [6],[7]. The
oxidoreductase enzymes include, for instance
dehydrogenases, oxidases, peroxidases, and reductases.
This group of enzymes usually requires cofactors
for the operation in stoichiometric —amount.
Approximately half of these enzymes utilize nicotine-
amide-type cofactors [6], such as NADH or NADPH.
These cofactors are composed of two separate structural
units (Figures 1 and 2): the nicotinamide moiety is
responsible for the redox activity, (i.e. electron donor or
acceptor functions) while the adenosine-dinucleotide unit
(adenosine diphosphate ribose moiety) serves to
distinguish the anabolic and catabolic metabolisms.
From another aspect NADH is called a dinucleotide
because it consists of two nucleotides joined through
their phosphate groups. One nucleotide contains an
adenine nucleobase and the other contains nicotinamide.
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oxidoreductase enzymes, (electro)chemical regeneration

During the enzymatic reactions these cofactors
continuously oxidized or reduced, therefore their
effective regeneration is essential [5],[6]. Since the
production of cofactors is extremely expensive, it is
economically unfeasible to provide (i.e. add) cofactors in
stoichiometric amounts in scaled-up industrial systems.
Thus, intensive research work has been conducted to
develop different effective techniques for in-situ cofactor
regeneration.

2. Characterization of the regeneration
process

In an enzymatic reduction cycle NAD(P)H is a reductant,
that is oxidized to NAD(P)*. Thus, cofactor regeneration
means [8]-[10] that a proton and two electrons should be
transferred to NAD(P)*. Hence the oxidized form,
NAD(P)" can be transformed into the reduced form
(Figures 1 and 2). The proton and the two electrons are
usually provided by a so-called sacrificial substrate.

The efficiency and industrial relevance of cofactor
regeneration systems are commonly assessed using five
key criteria [8]-[11]:

- selectivity,

- activity,

- effectiveness,

- sustainability,

- further practical aspects.
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Figure 1. Conversion of NAD+ to NADH

Regarding selectivity it should be noted that other
compounds (byproducts) may be formed during
regeneration that are inactive: e.g. NAD, dimer [ 10]. This
phenomenon might cause cofactor loss and should
therefore be avoided.

The activity of cofactor regeneration is generally
calculated using the turnover frequency: the number of
moles of cofactor formed per mole of active site per unit
of time.

The efficiency of the process can be evaluated by
the turnover number. It defines the number of moles of
product formed per mole of cofactor per unit of time. For
characterization of the complete reaction course, the fotal
turnover number (TTN) can be applied, which shows the
number of moles of product formed per mole of cofactor.
In general, TTNs greater than 1,000 are consider
necessary for the process economically viable.

3. Regeneration strategies

Cofactor regeneration techniques can be divided into four
main groups:

- biological methods,

- chemical methods,

- electrochemical methods,

- photocatalytic methods.

3.1. Biological methods

Cofactor regeneration by biological methods includes
microbial and enzymatic techniques. For example,
Stevenson et al. [12] applied yeast cells for regeneration.
Recently microbial cell factories [13] have been studied
where intracellular cofactor regeneration can be realized.

Enzymatic techniques are more widely used
because of their advantages.

The first report on enzymatic regeneration of
cofactors was presented almost 70 years ago (!). In 1957
Rafter and Colowick, researchers from the McCollum-
Pratt Institute (Johns Hopkins University, Baltimore,
Maryland, USA) investigated ethanol as a substrate and
alcohol dehydrogenase (ADH) as the enzyme to
regenerate cofactors [14].

NADP+

NADPH

Figure 2: Conversion of NADP+ to NADPH

Since 1957 tremendous number of papers have been
published in this area, because enzymatic regeneration is
a favorable approach [11],[15] offering very good
selectivity and compatibility, operation under mild
conditions, with low energy consumption. The
techniques applied can be classified into two main
groups:

(1) coupled enzyme system, which utilize a second

(i.e. regeneration) enzyme, and an associated
sacrificial hydride donor (e.g., glucose),

(1) coupled substrate systems, where one enzyme

serves both substrate reduction and cofactor
regeneration.

The most widely used enzymes for cofactor
regeneration include glucose dehydrogenases (GDHs),
formate dehydrogenases (FDHs), alcohol
dehydrogenases (ADHs), and phosphite dehydrogenases
(PTDHs).

The manufacture of trimethyl L-leucine (Degussa)
is presented in Figure 3 as an example of an industrial
biocatalytic processes [6],[8], in which leucine
dehydrogenase catalyzes the reductive amination of
trimethyl pyruvic acid using ammonium ions. During the

Trimethyl pyruvate Trimethyl L-leucine

* NH,
+ NH{§  +HO

MesC” “COH MesC” “COM

Leucine
dehydrogenase

NADH NAD*

Formate
dehydrogenase

co, HCO,

Figure 3: Example for industrial application
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reaction, the NADH cofactor is oxidized to NAD" and
must be continuously regenerated to maintain process
efficiency. In this process, cofactor recycling is achieved
by a second enzyme, formate dehydrogenase.

This example illustrates the general principle of
enzyme-driven cofactor regeneration, where an auxiliary
regeneration enzyme operates in conjunction with a
sacrificial electron donor to continuously recycle the
oxidized cofactor. FDH is among the most widely
applied regeneration enzymes owing to high selectivity,
operational robustness, and favorable reaction
thermodynamics [8],[10]. In the FDH-catalyzed reaction,
formate serves as the electron donor and is oxidized to
carbon dioxide (CO»), while NAD" is simultaneously
reduced to NADH. The irreversible release of CO, from
the reaction medium shifts the equilibrium toward
product formation and minimizes accumulation making
this approach attractive for industrial biocatalytic
processes [15].

A representative example of substrate-coupled
cofactor regeneration was reported by Lajtai-Szabo et al.
[16], where horse-liver alcohol dehydrogenase enzyme
was used (Figure 4) for the biotransformation of racemic
2-phenylpropionaldehyde to (S)-2-phenyil-1-propanol,
as well as for regeneration of the cofactor NAD" using
ethanol as a sacrificial substrate.

3.2. Chemical methods

Chemical cofactor regeneration uses chemical
compounds that enable electron transfer. The selected
chemical agent initially binds reversibly to e.g. the
oxidized form of the cofactor, transporting electrons
from it to an oxidative reactant, thereby regenerating the
cofactor to its reduced form [8]-[11]. In the first studies,
simple reducing compounds, such as Na,S,04 were used,
however the TTN values were quite low, and these
compounds had other drawbacks [9],[10]. Therefore,
other methods, namely catalytic approaches, were
introduced. Both homogeneous and heterogeneous
catalytic regeneration methods have been investigated

[10],[11].
3.3. Electrochemical methods

Electrochemical cofactor regeneration utilizes electrical
energy to supply electrons for the reduction of NAD(P)
to NAD(P)H. Depending on the system configuration,
regeneration can proceed either directly at the electrode
surface or indirectly through redox mediators and
coupled enzymatic reactions [11,17,18].

Compared with chemical regeneration methods,
electrochemical systems offer several advantages,
including the use of inexpensive electricity, precise
control of the applied potential, and straightforward, real-
time process monitoring. The reduction of NAD(P)
generally proceeds via a sequential single-electron
transfer mechanism involving a radical intermediate.
Following the first electron transfer, a NAD(P) radical is
formed. This highly reactive intermediate can either
undergo a second electron transfer and protonation to

(R,S) (s)
OH

e

Figure 4: Coupled substrate system by using alcohol
dehydrogenase enzyme

generate the enzymatically active 1,4-NAD(P)H or
participate in side reactions leading to enzymatically
inactive cofactor dimers (NAD, / NADP,) and non-
functional NAD(P)H isomers [17],[19].

Since dimerization is often kinetically favored,
direct regeneration on unmodified electrodes typically
exhibits poor selectivity. Consequently, considerable
efforts have been devoted to developing modified
electrode materials, electrocatalysts, and mediator-
assisted systems to suppress dimer formation and
improve selectivity toward the active 1,4-NAD(P)H form
[17,18,19].

3.4. Photocatalytic methods

Photocatalytic regeneration utilizes light energy to drive
the reduction of NAD(P)* and represents an attractive
approach for sustainable cofactor recycling. In these
systems, semiconductor photocatalysts absorb photons to
generate electron-hole (e/h*) pairs. The photoexcited
electrons are transferred either directly or through
electron-transfer mediators to NAD(P)*, leading to
NAD(P)H formation [11]. Concurrently, the co-
generated valence band holes (h*), representing electron
vacancies left behind after photoexcitation, must be
rapidly quenched by a sacrificial electron donor
(hole scavenger) to prevent cofactor overoxidation and
photocatalyst deactivation.

Common photocatalysts include TiO,, CdS, and
more recently Znln,Ss-based materials. Recent studies
have demonstrated that polarized ZnIn,S4 photocatalysts
can efficiently utilize selective alcohol oxidation to
quench photogenerated holes while simultaneously
driving NADH regeneration [20]. Furthermore,
biomimetic leaf-inspired microreactors have been
developed to enhance light utilization and electron-
transfer efficiency across these multiphase systems [21].
Although photocatalytic systems offer the possibility of
utilizing solar energy as the primary driving force for
cofactor regeneration, challenges related to photocatalyst
stability, low quantum efficiency caused by electron-hole
recombination, and the selective formation of active 1,4-
NAD(P)H continue to limit their industrial application.

Although considerable progress has been achieved
in recent years, photocatalytic cofactor regeneration has
not yet reached industrial implementation. The
development of more stable photocatalysts, improved
charge-separation strategies, and highly selective
regeneration systems remains necessary to establish
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photocatalysis as a competitive alternative to enzymatic
cofactor recycling.

4. Economic aspects and industrial
feasibility of cofactor regeneration

The economics of NADH-driven biocatalytic processes
rely heavily on effective cofactor regeneration. The
reduction of acetophenone to (R)-1-phenylethanol was
selected to demonstrate this point. Production of 1 kg of
product (MW = 122.17g mol-1) corresponds to 8.19 mol
of product and therefore requires 8.19 mol of NADH
under stoichiometric conditions. Considering the
conservative price of NADH to be 25 €/g and its
molecular weight to be 663.4 g/mol, the economic cost
of cofactor usage through stoichiometry would be
approximately 136,000 €/kg product, which illustrates
that the process is economically not viable without
cofactor recycling [22],[23].

To assess the economic impact of cofactor
regeneration, an effective turnover number (77Ny) was
defined as the amount of product formed per total amount
of cofactor supplied to the process, including cofactor
replenishment due to irreversible losses:

Nproduct (1)

Ncofactor,initialtMcofactor,replenished

TTN wvalues in the range of 10*-10° are generally
considered desirable for industrial implementation
[23],[24]. Assuming TTNgz = 10,000, the net NADH cost
drops drastically to 13.6 € kg™! product.

For comparison, the theoretical electrical energy
required for the electrochemical regeneration of
8.19 mol NADH was estimated using Faraday’s law and
the two-electron reduction of NAD" to NADH.
Assuming a cell voltage of 1.2 V, the required electrical
energy is approximately 0.53 kWh. Using a
representative European industrial electricity price of
0.15 € kWh! based on Eurostat data for non-household
consumers [24], the corresponding electricity cost is
approximately 0.09 € kg' product [25]. This value is
more than two orders of magnitude lower than the
estimated cofactor cost at TTNz = 10,000 (13.6 € kg
product), indicating that electricity consumption itself is
not the primary economic limitation of electrochemical
cofactor regeneration. However, direct electrochemical
reduction is often associated with low effective TTN
values due to limited selectivity, particularly the
formation of inactive dimers (NAD>) and non-functional
NADH isomers, which increase irreversible cofactor
losses and necessitate cofactor replenishment [26],[27].

Using the previously introduced FDH-based
enzymatic regeneration system as an example, formate is
oxidized to CO, while NAD" is reduced to NADH.
Regeneration of 8.19 mol NADH therefore requires
8.19 mol formate, corresponding to approximately
0.56 kg sodium formate. Assuming a bulk sodium
formate price of 1-2 € kg, the electron donor cost
remains below 1 € kg™! product. Another benefit of using
FDH for regeneration is that its by-product, CO,, as

mentioned earlier. In contrast, alternative regeneration
systems, such as glucose dehydrogenase, generate
soluble by-products that may complicate downstream
processing [28],[29].

Nevertheless, for industrial-scale production, there
are additional parameters that affect the economics of the
process, such as volumetric productivity, product
concentration, enzyme stability and downstream
processing, which may constitute an appreciable portion
of the total production cost [23],[25]. With a value of
TTN, = 10,000, the cost of cofactors and sodium
formate is approximately 14-15 € kg' of product.
Consequently, the economic attractiveness of FDH-
based regeneration arises not from exceptionally low
substrate costs, but from its high selectivity, efficient
cofactor utilization, and compatibility with industrial-
scale biocatalytic processes.

Interestingly, the simplified economic assessment
presented here suggests that, assuming identical
TTN.y values, the direct costs associated with cofactor
regeneration are comparable for electrochemical and
FDH-based enzymatic systems (approximately 14 € kg™!
product). Consequently, the economic competitiveness
of the two technologies is determined primarily by the
achievable effective turnover number, regeneration
selectivity, and long-term cofactor stability rather than by
the cost of electricity or sacrificial substrates.

Currently, enzymatic regeneration represents the
most widely applied industrial approach owing to its
excellent selectivity, high cofactor utilization efficiency,

and proven scalability [22,29,30]. Consequently,
enzymatic systems can achieve high 77Ny values while
minimizing  cofactor  degradation. = Nevertheless,

electrochemical regeneration remains an attractive
alternative because it fundamentally differs from
conventional enzymatic approaches. Instead of relying
on sacrificial substrates and auxiliary regeneration
enzymes, reducing equivalents can be supplied directly
as electrons from an external electrical source,
potentially generated from renewable energy. This
feature may simplify process design, reduce reagent
consumption, and improve the overall sustainability of
future biocatalytic manufacturing processes.

Therefore, the primary objective of future research
is not merely to reduce electricity consumption, which
already contributes negligibly to the total process cost,
but rather to improve regeneration selectivity and
cofactor stability. Achieving effective TTN values
comparable to those obtained in enzymatic systems
would enable electrochemical regeneration to combine
the operational simplicity of electrically driven processes
with the economic performance currently associated with
enzymatic cofactor recycling. Under such conditions,
electrochemical regeneration could become a
competitive and sustainable alternative for industrial
biocatalytic applications.
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5. Future directions

Cofactor-dependent  enzymatic  reactions  (redox
processes) are generally more challenging to implement
at an industrial scale than cofactor-independent
biotransformations because they require continuous
cofactor recycling in addition to the target catalytic
reaction. Nevertheless, several successful large-scale

processes have been developed, particularly for
producing high-value chiral compounds,
pharmaceuticals, and fine chemicals, where the

exceptional selectivity of oxidoreductases justifies the
additional process complexity. To date, enzymatic
regeneration remains the only cofactor recycling strategy
that has achieved widespread industrial implementation,
primarily due to its high selectivity, excellent cofactor
utilization efficiency, and successful implementation at
industrial scale [10]. In contrast, electrochemical and
photocatalytic regeneration technologies remain largely
at the laboratory or pilot scale, mainly because of
challenges associated with regeneration selectivity,
cofactor degradation, and the efficient formation of
biologically active 1,4-NAD(P)H.

Current research efforts focus on overcoming these
limitations through the development of novel
regeneration enzymes, improved enzyme engineering
strategies, enhanced thermostability, and increased
catalytic efficiency [31]. In parallel, emerging concepts
such as self-sufficient artificial metabolic cells, enzyme
immobilization technologies, artificial cofactors, and
integrated multi-enzyme systems are being explored to
further improve regeneration efficiency and process
sustainability [32]. More recently, cofactor engineering
has emerged as a key research area aimed at optimizing
intracellular cofactor availability and regeneration. By
addressing the mismatch between cofactor supply and
metabolic demand, cofactor engineering is increasingly
recognized as a central enabling technology for next-
generation green biomanufacturing and sustainable
biocatalytic production processes [30]. In this context,
cofactor engineering is considered a key strategy for
“revolutionizing green biomanufacturing by overcoming
the  fundamental Dbottleneck  between limited
supply/regeneration of cellular energy cofactors and the
high demand of efficient bioproduction” [22].

Ultimately, the future success of cofactor-
dependent biocatalysis will depend not only on catalyst
performance but on the development of cofactor
regeneration technologies capable of combining high
regeneration selectivity, long-term cofactor stability, and
economically viable 77N, values.
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