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Enzyme catalysis, made tremendous progress over the last years in identification of new
enzymes and new enzymatic reactivity’s as well as optimization of existing enzymes.
However, the performance of the resulting processes is often still limited, e.g., in regard of
productivity, realized product concentrations and the stability of the enzymes. Different
topics (like limited specific activity, unfavourable kinetics or limited enzyme stability) can be
addressed via enzyme engineering. On the other hand, there is also a long list of topics that
are not addressable by enzyme engineering. Here typical examples are unfavourable
reaction thermodynamics, selectivity in multistep reactions or low water solubility. These
challenges can only be addressed through an adaption of the reaction system. The
procedures of process intensification (PI) represent a good approach to reach most
suitable systems. The general objective of PI is to achieve significant benefits in terms of
capital and operating costs as well as product quality, waste, and process safety by
applying innovative principles. The aim of the review is to show the current capabilities and
future potentials of PI in enzyme catalysis focused on enzymes of the class of
oxidoreductases. The focus of the paper is on alternative methods of energy input,
innovative reactor concepts and reaction media with improved properties.

Keywords: biocatalysis, process intensification, energy input in biocatalysis, reactor design, solvent,
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INTRODUCTION

In enzyme catalysis, great success has been achieved in recent years in identification of new enzymes,
optimization of existing enzymes using rational and evolutionary methods and in the establishment
of new reactions, e.g., novel reactivity’s or enzymatic cascades. However, the performance of the
resulting processes is often still limited, e.g., in regard of productivity, realized product
concentrations and the stability of the enzymes. These parameters can usually be step by step
improved through elaborate optimization. Very often these optimizations are not sufficient to
achieve the necessary improvements. In order, to achieve the required economic and ecological key
process indicators completely new approaches are often required. For comparable challenges in
chemical process engineering, process intensification has proven itself as a method that brings about
a paradigm shift and resulted very often in processes with an at least doubled process performance.
Stankiewicz and Moulijn (2000) offers a comprehensive and widely applicable definition of PI:
“Process intensification consists of the development of novel apparatuses and techniques that,
compared to those commonly used today, are expected to bring dramatic improvements in
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manufacturing and processing, substantially decreasing
equipment-size to production-capacity ratio, energy
consumption, or waste production, and ultimately resulting in
cheaper, sustainable technologies.” In additions, PI can be
classified in terms of the underlying basic principles 1)
time—improve kinetics, 2) space—maximize homogeneity 3)
thermodynamics—maximize thermodynamic driving forces
and transfer areas and 4) synergy—combine different unit
operation in one reactor (Van Gerven and Stankiewicz, 2009).
The general objective of PI is to achieve significant benefits in
terms of capital and operating costs as well as product quality,
waste and process safety by applying innovative principles.
Therefore, all definitions can be simplified to “do more with
less.” This can very often only be fulfilled by a paradigm shift that
leads to the use of interdisciplinary techniques. In the last decades
PI has been coined as a game changing concept within chemical
engineering (Noorman et al., 2018). PI enables transition within
chemical and biochemical engineering making it more fit for
addressing global issues, such as climate change, limited
petrochemical and natural resources, growing populations and
higher environmental standards. The field of PI can be divided
into two general areas 1) process-intensifying equipment, such as
novel reactors, and intensive mixing, heat-transfer and mass-
transfer devices and 2) process-intensifying methods, such as new
or hybrid separations, integration of reaction and separation,
multifunctional reactors, techniques using alternative energy
sources (light, ultrasound, etc.) (Stankiewicz and Moulijn,
2000). It is often stated that application of PI principles to
bioprocesses will be possible using the same, or at least
similar, tools used in chemical engineering (Noorman et al.,
2018). Certainly, there are many overlaps but also very strong
differences. In chemical engineering, many PI approaches rely on
heat transfer equipment, either as a unit operation with reduced
size or as an integrated component of a multifunctional unit
operation (e.g., microreactors). Heat transfer also plays a
significant role in bioprocesses. However, since most of the

bioprocesses are performed at moderate temperature
(25–40°C) and with relatively diluted solutions (product
concentration approx. 1%), different technical solutions
compared to chemical engineering are necessary. The
application of biocatalysts in aqueous milieus is a particular
source of specific challenges. Most of the substrates are hardly
soluble in aqueous systems, therefore, even at full conversion,
very often only low product concentrations can be achieved. One
of PI’s specific tasks in biocatalysis is to establish better solvents
with an improved solubility of the substrates. Finally, it must be
mentioned, that PI concerns by definition only engineering
methods and novel equipment. Enzyme engineering, no matter
how dramatic improvements it brings to existing technology,
does not qualify as process intensification (Stankiewicz and
Moulijn, 2000).

Optimization of enzymatic systems can be clearly
differentiated into topics addressable either via enzyme
engineering or PI and topics which can be optimized using
both approaches together (Figure 1). For example, limited
specific activity under the required reaction conditions,
unfavourable kinetics at required high concentrations to yield
a high space time yield, or even limited enzymes stability can
clearly be addressed by enzyme engineering. On the other hand,
there is also a long list of topics that are not addressable by
enzyme engineering. These are all affected by the
physicochemical properties of the reaction system itself.
Typical examples are unfavourable reaction thermodynamics,
selectivity in multistep reactions, low water solubility, high or
low viscosity, high volatility or foaming. The latter ones, point to
complex multiphase reaction systems, which specifically need
detailed process engineering. However, this is not to be seen as a
black or white world, there is also a multitude of grey tones
available that need to be considered for optimal PI. In a true sense
of interdisciplinary PI, often, a combination of enzyme and
process engineering leads to the finally optimized processes.
Foaming can be reduced by the integration of mechanical

FIGURE 1 | Differentiation and overlap between enzyme engineering and PI (detailed description in the text).
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foam dissecting devices or the addition of chemicals like silicones.
On the other hand, if one source of foaming are free proteins in
the solution, also the surface properties of the protein can be fine-
tuned by molecular engineering to reduce foaming. In the case of
an inhibition, a complementary approach would be an
improvement of the enzyme’s tolerance to the substrate by
protein engineering and at the same time a selection of the
best suited type of reactor, like fed batch in view of the
substrate or a continuously operated stirred tank reactor under
outflow conditions. Here, the substrate concentration is
constantly minimized within the reactor, even if a high
substrate concentration is fed continuously to the reactor. In
the case of product inhibition also a complementary approach is
available, while by means of enzyme engineering the inhibition by
the product can be reduced, from the viewpoint of process
engineering an in situ product removal is integrated, e.g., in
situ crystallization, in situ distillation, in situ adsorption. In
addition, there are also synergistic approaches. For example, in
the case of thermodynamic limitation of a given reaction system,
following Chatelier’s principle, an equilibrium can be shifted, if
the substrate concentrations are significantly increased. Here an
improvement of the substrate tolerance for a given enzyme can be
yielded by enzyme engineering, which in consequence, enables a
higher starting material concentration in the reactor leading to a
shift of the thermodynamic equilibrium. In general, engineering
of the biocatalyst is to be understood in terms of enhancing the
transformation rate but does not have any effect on shifting the
thermodynamic equilibrium.

In consequence, there are three major steps resulting in
process intensification by the combined approach of
biotechnology, chemistry, and process engineering. In the first
step A, the isolated catalyst, independent if it is a chemo- or a
biocatalyst, has to be characterized and optimized in terms of its
kinetic properties. At this step also the thermodynamic properties
of the reaction system need to be known. In a second step B, this
“naked” catalyst is incorporated in any microenvironment. This
micro environment can be a surface, where the catalyst is
immobilized on, or it could be the bulk reaction medium like
an aqueous phase, an organic phase, a deep eutectic solvent, an
ionic liquid or a gas phase. In this step, by means of enzyme as
well as process engineering, the performance of the catalyst has to
be optimized to the micro environment by optimizing the
immobilization method or the enzyme structure to exhibit a
high stability or activity in this micro environment. In the final
step C this micro environment containing the catalyst is
integrated into a reactor and with this into a process. This is a
clear step of pure process engineering. Topics to be addressed
here are type of reactor, multiphase flow behaviour, re-cyclization
of the micro environment always considering limitations in
multiphase mass transport. At this point also a possible in situ
product removal comes into play considering a simultaneous
integration into the reaction zone. In consequence, PI is always an
interdisciplinary job where team members from the different
disciplines need to cooperate from the beginning onwards.
Finally, productivity of bioprocesses is often far from ideal to
meet the large-scale need for food, drugs, biofuels and bio-based
chemicals (Boodhoo et al., 2022). Due to the drastic

improvements in process performances by applying PI, these
limitations could be solved in the future.

The aim of the review is to show the current capabilities and
future potentials of PI in enzyme catalysis. The focus of the paper
(see also Table 1) is on alternative methods of energy input,
innovative reactor concepts and reaction media with improved
properties (compared to water-based systems). Furthermore the
review focuses on the application of the oxidoreductases. This is
based on the fact that in one study of 547 biocatalysis based
patents filed between 2000 and 2015 more than two third were
based on oxidoreductases (Buller et al., 2018). In addition to the
PI approaches discussed herein, there are a wide number of
additional approaches, see e.g., (Lye and Woodley, 1999;
Bolivar et al., 2011; Wohlgemuth et al., 2015; Lorente-Arevalo
et al., 2021; van der Wielen et al., 2021; Žnidaršič-Plazl, 2021;
Boodhoo et al., 2022).

ALTERNATIVE POWER INPUTS IN ENZYME
CATALYSIS

The application of hydrolases (e.g., amidases, esterases, lipases,
and proteases) has become well established in many
bioproductions since decades (Wohlgemuth, 2010; Woodley,
2008). In the last years more and more oxidoreductases were
characterized in detail and used in technical applications.
Oxidoreductases consist of a large class of enzymes catalyzing
the transfer of electrons from an electron donor (reductant) to an
electron acceptor (oxidant) molecule, e.g., alcohol
dehydrogenases, Baeyer–Villiger monooxygenases,
cytochromes P450 monooxygenases, enoate reductases,
peroxidases, and peroxygenases belong to this enzyme class.
In order to transfer the redox equivalents the enzymes are using
cofactors. Cofactors are low molecular compounds, which are
responsible for the transfer of hydrogen, electrons or functional
groups in enzyme-catalyzed reactions. Important cofactors are
adenosine-5′-triphosphate (ATP), thiamin, flavin adenine
dinucleotide (FAD), coenzyme A (CoA), pyrroloquinoline
quinone (PQQ) and nicotinamide cofactors (nicotinamide
adenine dinucleotide phosphate (NADPH) and nicotinamide
adenine dinucleotide (NADH). By using oxidoreductase
catalyzed reactions, the nicotinamides are the most commonly
used cofactor (Wu et al., 2013). In technical applications an
efficient and economical regeneration or substitution of the
coenzymes is very often of particular significance. In vivo the
oxidized and reduced forms of the cofactors are continuously
regenerated within the cellular metabolism. In nature all
procedures using oxidoreductases are combined with a second
reaction—one for the biocatalytic reaction and one for cofactor
regeneration. This principle is also applied in the established
enzyme-coupled and substrate-coupled cofactor regeneration
processes. Usually, the redox equivalents are provided by the
conversion of substrates such as formate or glucose. Here PI
focuses on the simplification of the established systems e.g., by
using alternative energy sources. In general, different alternative
sources and forms of energy can be applied in order to intensify a
chemical or biochemical processes (Stankiewicz, 2006), e.g.,
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energy of electric fields or energy of electromagnetic radiation
(microwaves and light). Furthermore, a wide range of
oxidoreductases utilize hydrogen peroxide as oxidant. The
dependence of peroxidases and peroxygenases on simple
peroxides only at first sight offers a trouble-free catalyst
system to be used in organic synthesis (Holtmann et al.,
2014a). Here, the hydrogen peroxide mediated inactivation of
enzymes is one of the major issues on their way towards
industrial applications (Holtmann et al., 2014a). There are
several PI approaches to prevent or at least minimize
inactivation by H2O2.

Photochemical Methods to Intensify
Enzymatic Reaction
Photon driven enzymatic reactions became very prominent in the
last decades as the use of light can be regarded as a sustainable
energy source (Lee et al., 2013; Maciá-Agulló et al., 2015).
Especially combining the often robust, good light absorbing
and efficient chemical catalysts with the highly selective
biocatalysts offers many advantages (Huang et al., 2020).
However, it has to be carefully considered if the sole use of
light necessarily leads to higher energy-efficient, safer, more

TABLE 1 | Examples of process intensification approaches in enzyme catalysis.

Topic Established
“classical” system

Challenges in the
application of the

established systems

Intensified approaches
to

overcome the challenges

Energy
input

Chemical stored energy e.g., in glucose, formate, natural
cofactors as mediators

• Changing the composition of the reaction medium
(viscosity, pH)

• Electrochemistry

• Ethical issues (“food or fuel discussion”) • Photochemistry
• Costs • Ultrasonic
• Interaction with downstream process

Solvent Water-based media/buffer • Limited solubility of substrates • Organic solvents
• Low product concentration • Ionic liquids
• High reaction volumes must be handled in the

downstream processing
• Supercritical fluids
• Deep eutectic solvents
• Solvent-free catalysis

Reactor Stirred reactors/catalysis and downstream processing are
divided

• Inadequate reaction performance (e.g., caused by in-
sufficient mixing)

• Bubble columns

• High number of unit operations • Rotating bed reactors
• Substrate and/or product inhibition • Micro reactors

• Enzyme membrane
reactors

• In-situ product removal

FIGURE 2 | Overview of photoenzymatic systems ordered by type of energy transfer from light to the enzyme.
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compact, cleaner and therefore intensified processes. The use of
light energy allows for mild and enzyme compatible reaction
conditions and can be introduced contactless to the enzyme, but
there are as well non-neglectable negative effects which can
possibly occur, e.g., light may also be harmful to enzymes
reducing the turnovers and thus the overall efficiency. Further,
often very low apparent quantum yields are reached in the
systems, therefore one has to assess if alternative power inputs
are possible which might be more efficient. The scope of
photoenzymatic reactions has expanded dramatically in recent
years. For a better overview the different systems can be divided in
regard of the energy transfer from light to the enzyme (Figure 2).
It can either occur direct as in case of photoenzymes or indirect
using a photocatalyst for the light to chemical energy conversion.

The four known naturally occurring photoenzymes are the
photosystem (PS) (Gao et al., 2018), the cyclobutene pyrimidine
dimer photolyase (Sancar, 2008), protochlorophyllide reductase
(Kaschner et al., 2014) and the photodecarboxylase (Sorigué et al.,
2017). Despite their natural function lyase for DNA repair and
reductase in synthesis of chlorophyll, both are currently not used
for photoenzymatic production. Regarding the PS, there are some
attempts to utilize parts of it for artificial synthesis like
photoelectrochemical water splitting (Mersch et al., 2015;
Sokol et al., 2018). However, due to the complexity of the
photosystem and it´s highly specific reaction (water oxidation
and ATP synthesis) it is not to be expected to use this system
recombinant for other applications. Of course, there are certain
applications of microorganisms containing the PS like microalgae
or cyanobacteria. Especially for the latter, there are many systems
reported where the PS serves as a reduction equivalent delivery
system for heterologous expressed enzymes like alcohol-
dehydrogenases, ene-reductases or monooxygenases (Köninger
et al., 2016; Böhmer et al., 2017; Hoschek et al., 2017; Sengupta
et al., 2018). The photodecarboxylase recently earned a lot of
attention for the conversion of fatty acids and smaller carboxylic
acids to hydrocarbons and it can be expected that the scope of
applications will increase in the nearest future (Huijbers et al.,
2018; Xu et al., 2019; Zhang et al., 2019; Ma et al., 2020a; Amer
et al., 2020; Zhang et al., 2020a; Ma et al., 2020b; Cha et al., 2020;
Heyes et al., 2020; Lakavath et al., 2020).

An energy transfer via a photocatalyst can occur in different
manners. In general, an electron is excited by light from the
highest occupied (HOMO) to the lowest unoccupied molecular
orbital (LUMO) in case of a sensitizer or from the valence (VB) to
the conduction band (CB) in case of a semiconductor. The
missing electron can be replaced via oxidation of an electron
donor e.g., EDTA, formate or water. The electron donor is one of
the highest waste factors in these systems, therefore atom
economy has to be evaluated to match with PI criteria (Seel
et al., 2018). Further, intermediates generated by organic donor
oxidation like formaldehyde may affect the enzymes stability,
therefore accumulation of such substances should be avoided
(Burek et al., 2019a). Ideally water would serve as an electron
donor, however this often leads to lower production rates and
higher amounts of reactive oxygen species strongly reducing
enzyme stability (Burek et al., 2019b). A transfer of the
electron to an enzyme can either be directly, e.g., using a

fluorescent dye like Eosin Y or rose bengal as photocatalyst in
combination with P450 or Rieske Oxygenase (Park et al., 2015;
Feyza Özgen et al., 2020). More common is an electron transfer
via a mediator molecule like methyl viologen or
flavinmononucleotid (FMN) often in combination with old
yellow enzymes, monooxygenases or hydrogenases (Burai
et al., 2012; Bachmeier et al., 2014; Mifsud et al., 2014; Honda
et al., 2016; Lee et al., 2017).

Further, photocatalysis is often used for co-factor or co-
substrate (re-) generation. For example, reductive regeneration
of NAD(P)H has been carried out with a variety of photocatalysts
which can drive enzymes like alcohol dehydrogenase (ADH), ene
reductase, reductases, Baeyer-Villiger and other monooxygenases
(Lee et al., 2009a; Lee et al., 2009b; Lee et al., 2012; Yadav et al.,
2012; Yadav et al., 2014a; Yadav et al., 2014b; Choudhury et al.,
2014; Huang et al., 2014). Since almost all photocatalysts perform
one-electron reductions, which would lead to many unwanted
side reactions of the intermediate NAD(P) radical, a redox
mediator like pentamethylcyclopentadienyl rhodium (III)
bipyridyl ([Cp*Rh (bpy)H2O]

2+) is necessary. [Cp*Rh (bpy)
H2O]

2+ is often used due to its high regioselectivity in 1,4-
NAD(P)H regeneration (Hollmann et al., 2001). Besides
reductive also oxidative regeneration of NAD(P)+ by flavins or
Ru (bipy) is known in combination with ADHs which
consequential perform an oxidation of a alcohol (Ruppert and
Steckhan, 1989; Gargiulo et al., 2011; Kochius et al., 2014a; Rauch
et al., 2017). Even though a high number of different systems has
been studied the reached turnover numbers for NAD(P)+ and
product concentrations are way beyond the concurrent enzymatic
regeneration systems. Major progression would be necessary to
make photocatalytic NAD(P)+ regeneration to an applicable
alternative.

As co-substrate hydrogen peroxide is often applied to
peroxidases and peroxygenases. The photocatalytic generation
of H2O2 by the reduction of molecular oxygen has been
performed with a variety of sacrificial electron donors and
photocatalysts (Churakova et al., 2013; Choi et al., 2017;
Zhang et al., 2017; Burek et al., 2019b; van Schie et al., 2019;
Yuan et al., 2020a; Hobisch et al., 2020). Regeneration of H2O2 via
oxidation of water has as well successfully been performed, but
the reached turnover numbers were significantly lower revealing
the necessity of more efficient and selective two-electron water
oxidation catalysts (Zhang et al., 2018). In general the reached
turnovers fall back at least a factor of 2 compared to the
alternative electrochemical or enzymatic in situ H2O2

generation systems. A novel concept which has recently been
shown by Emmanuel et al. and Biegasiewicz et al. is the potential
of exiting cofactors with photons to introduce “non-natural”
catalytic activities in cofactor dependent enzymes. Excitation
of reduced nicotinamide cofactors enabled enantioselective
dehalogenation and deacetylation of α-substituted lactones
(Emmanuel et al., 2016; Biegasiewicz et al., 2018). In
combination with ene-reductase an excitation of the flavin-
substrate charge-transfer complex within the active site led to
asymmetric reductive cyclization via dehalogenation or ketone
reduction (Biegasiewicz et al., 2019; Sandoval et al., 2019;
Clayman and Hyster, 2020).
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Details of the mentioned and further possible photoenzymatic
reactions have recently been reviewed comprehensively (Lee et al.,
2018; Schmermund et al., 2019; Meyer et al., 2021; Özgen et al.,
2021). From a technical point of view, especially in case of directly
utilizing sunlight, the control of the intensity and wavelengths is
very often complex and requires assistive technologies. Another
aspect is the broad wavelengths spectrum of the Sun, most of the
light remains unused and only heats up the reaction vessels,
especially when the light is concentrated. To avoid thermal
inactivation of the enzymes cooling would be necessary which
is a waste of energy and therefore stands in contrast to the PI
criteria. Therefore, efficient artificial light sources like LEDs with
narrow emission matching the necessary excitation energy,
ideally powered by renewable energy, might offer a more
effective control, and enable continuous operation even during
the night. However, a lot of open questions remain regarding
intensification of the described processes in general. Most of the
photoenzymatic reactions are non-optimized or only partially in
regard of the enzymatic turnover number and frequency. There
are only few examples which are properly characterized regarding
the incident photon flux, many even don´t characterize or name
the used light source. This leads to difficulties in comparing those
reactions as additionally different reactor types in each research
group are used and light intensity and distribution inside the
reactor remain unclear hampering further development.
Furthermore, interactions between light source and enzyme
like possible light mediated inactivation or between
photocatalyst and enzyme e.g., ROS formation or oxidation of
the enzyme which all might be the reason for low turnover
numbers are rarely investigated. The probably biggest issue on
the way to technical application remains in the poor light
penetration depth into the reactor, especially on large-scale.
Only a few approaches for up-scale e.g., using flow reactors or
internal illumination concepts are known and still operate at early
stages of development (Duong et al., 2021; Hobisch et al., 2021).
As mentioned above and explained in more detail further below,
especially the development of reactors shows the highest
intensification potential for enzymatic reactions. So, to utilize
the power of light most efficiently, technical concepts have to be
developed or adapted and customized for the specific needs of
each individual photoenzymatic reaction to reach intensified
process conditions.

Combining the Advantages of Enzyme
Catalysis and Electrochemistry
The central concept of electroenzymatic processes is to
combine the advantages of enzymatic processes (especially
the high specificity) with the advantages of electrochemistry
(e.g., high atomic and energy efficiency) (Krieg et al., 2011).
The research in the field can be divided into 3 main topics 1)
basic investigations into the underlying mechanisms 2)
biosensor applications and 3) electroenzymatic synthesis
processes. The mechanistic studies are mostly aimed at
gaining insight into the direct electron transfer (DET)
between the active site of the enzyme and the electrode. In
terms of PI, this would mean a considerable reduction in the

number of process steps. However, the process performances
(e.g., productivity, space-time-yield) of processes based on
direct electron transfer are currently quite low, these
processes are not considered in this review. In addition, in
DET-based processes cytochrome c peroxidases, horseradish
peroxidase, ferredoxin-NADP+reductase, FAD-dependent
glucose oxidase and FAD-dependent glucose dehydrogenase
are often applied (Adachi et al., 2020). However, these enzymes
are not the focus of enzymatic synthesis processes. In the field
of electroenzymatic sensors, the focus is on requirements such
as sensitivity, selectivity, linearity and reproducibility. In the
synthesis processes, these aspects have no or only a minor
significance. As mentioned above, the combination of selective
enzymatic productivity with electrochemical energy transfer is
in the focus of electroenzymatic processes (Figure 3). The
challenge of an efficient electron transfer is particularly
challenging for enzymes of the oxidoreductase class. Here,
cofactors can be regenerated electrochemically or co-
substrates (mainly H2O2) can be generated. These process
steps can then be combined with various enzymes (e.g.,
P450 and Baeyer-Villiger monooxygenasen, dehydrogenases,
ene reductases). When different processes such as
electrochemical and enzymatic processes are combined, the
possibility of unwanted side reactions must always be taken
into account. For example, by using a mediator based cofactor
regeneration in combination with oxygen-dependent
monooxygenases (e.g., P450s), there is competition between
the desired mediator reduction and the unwanted oxygen
reduction at the cathode (Tosstorff et al., 2014).

The exploitation of new raw materials for chemical syntheses
is also a subfield of PI. Here, electroenzymatic cascades for the
conversion of CO2 are increasingly becoming a highly
important field (Obert and Dave, 1999; Schlager et al., 2016;
Yuan et al., 2018; Kuk et al., 2019; Szczesny et al., 2020; Zhang
et al., 2021a; Zhang et al., 2021b). In general, CO2 reduction has
the potential to address issues related to the needs of the
chemical industry (abundant and cheap educts) and to
environmental issues at the same time. A typical cascade to
convert the CO2 via formate and formaldehyde to methanol
needs 3 different enzymes, namely formate dehydrogenase
(FDH), formaldehyde dehydrogenase, and alcohol
dehydrogenase. Each of the energetically uphill reductions
requires the supply of a stoichiometric amount of
nicotinamide cofactor (NADH) to achieve catalytic turnover
(Kuk et al., 2017). In 1999 Obert and Dave (1999) immobilised
the enzymes in a sol-gel matrix and regenerated the cofactor
electrochemically. Schlager et al. (2016) immobilised the 3
enzymes on an electrode and replaced the NADH by
electrochemical cofactor substitution. Generation of methanol
is observed for the six-electron reduction with Faradaic
efficiencies of around 10%. In addition to the cascade
reaction, the conversion of CO2 to formate was studied.
Artificial cofactors or mediators such as methyl viologen
were used to replace NADH in the FDH-driven reaction
(Zhang et al., 2021b). A gas diffusion electrodes with a
viologen-modified polymer and a tungsten-dependent FDH
was applied to eliminate mass transport limitations (Szczesny
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et al., 2020). A molybdenum-dependent formate dehydrogenase
was combined redox polymer (cobaltocene grafted to poly
(allylamine). The resulting bio-cathode reduces CO2 to
formate with a Faradaic efficiency up to 99 ± 5% (Yuan
et al., 2018). A comparable system showed likewise Faradaic
efficiencies and conversion rates up to 1.42 μmol h−1 and a
turnover frequency of 976 h−1 (Kuk et al., 2019). In addition,
CO2 can be electroenzymatically converted to ethylene and
propene by using a vanadium nitrogenase in combination
with a cobaltocenium mediator (Cai et al., 2018). A cascade
containing immobilised NADPH-dependent imine reductase,
oxygen-dependent diamine oxidase and NADP+-reducing
hydrogenase was used in flow catalysis for the synthesis
N-heterocycles from diamines (Al-Shameri et al., 2020a). The
needed co-substrates H2 and O2 for the reaction are produced by
electrolysis. The applicability of dissolved redox mediators for
the cofactor regeneration has been shown several times.
Nevertheless, the application of soluble mediators is not a
very convenient strategy. The most important drawbacks of
dissolved mediators in electro enzymatic biocatalytic processes
are interferences during product purification, a limited
reusability of the mediators and their cost-intensive
elimination from wastewater. Therefore the use of
immobilized mediators could have economic and ecological
advantages in regard of PI (Kochius et al., 2012).

As described in the introduction, saving energy is a major focus
of PI. Here, electroenzymatic 200% cells (also paired electrolysis)
with value-added reactions at both electrodes could contribute in a
particularly important ways. The combination of an enzymatic
electrosynthesis with an enzymatic fuel cell results in a highly
valuable usage of energy to produce chemicals (Chen et al., 2020).
A hydrogenase was used in the anode chamber. A cascade of a
nitrogenase and a diaphorase catalysed the conversion of N2 to
NH3 and NADH recycling. The produced NH3 and NADH were

reacted in the cathode with leucine dehydrogenase to synthesize
L-norleucine. In summary, the conversion of nitrogen gas to chiral
amino acids, powered by H2 oxidation was realized in this
electroenzymatic cascade in a 200% cell (Chen et al., 2020). A
hydrogenase bio-anode was also coupled with a bio-cathode with
the alkane monooxygenase from Pseudomonas putida (alkB)
(Yuan et al., 2020b). A membrane-less paired electrolysis was
used to oxidise glucose to gluconic acid. At the anode a
immobilized glucose oxidase was used in combination with the
mediator tetrathiafulvalene, while at the cathode a cascade of
glucose oxidase and horseradish peroxidase was immobilised
(Varničić et al., 2015). The space time yield of gluconic acid
achieved at a glucose conversion of 47% was 18.2 g h−1 cm−2.
The recent developments of electroenzymatic cascades are
summarized in (Hickey et al., 2018).

The multiple types of electroenzymatic reactions also
necessitate the use of various types of reactors, e.g.,
parallelized screening reactors (Ley et al., 2013a; Ley et al.,
2013b), 2-phase reactors (Dong et al., 2020), fixed-bed
reactors (Lütz et al., 2007; Kochius et al., 2014b; Kochius
et al., 2014c), micro-fluidic systems (Fisher et al., 2013) or
micro-reactors (Rodríguez-Hinestroza et al., 2017). As in all
further electrochemical processes, the scale-up of the electro-
enzymatic reactions is a challenge. Here, solid and fluidised
bed electrodes as well as processes with gas diffusion
electrodes (Holtmann et al., 2014b; Horst et al., 2016;
Bormann et al., 2019) seem to be particularly feasible to
fulfil the requirements of PI. Computational methods such
as design of experiments (Tosstorff et al., 2017) or modelling
in combination with simulations (Bormann et al., 2021)
appear to be particularly useful for an accelerated
implementation of electroenzymatic processes in industry.
Furthermore, sustainability of the electroenzymatic process
should be evaluated (Varničić, 2020).

FIGURE 3 | Overview of typical electroenzymatic processes.
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Miscellaneous Energy Sources in Enzyme
Catalysis
Besides electro- or photochemical power inputs there are several
other possibilities to transfer energy to an enzyme. For example,
chemically stored energy can be delivered to enzymes in the form
of small molecules like hydrogen peroxide (Burek et al., 2019c) or
molecular hydrogen (Lubitz et al., 2014; Al-Shameri et al., 2020b),
which both can as well be produced electro- or photochemically
as mentioned above. Molecular hydrogen can as well be used to
produce H2O2 in the so-called direct synthesis with molecular
oxygen on the surface of a noble metal catalyst which can be
directly coupled to a peroxygenase catalysed reaction (Karmee
et al., 2009; Freakley et al., 2019). Further, H2 has been used to
reduce anthraquinone separately which then can be used in an
oxygen rich atmosphere to produce H2O2 enabling a lipase
mediated epoxidation of monoterpenes (Ranganathan et al.,
2015). Furthermore, technical devices have been used for an
energy input to power enzyme catalysis. For example, ultrasound
has been used piezocatalytically with bismuth oxychloride (Yoon
et al., 2020) as well as atmospheric plasma techniques (Yayci et al.,
2020a; Yayci et al., 2020b) both to generate H2O2 in situ for
peroxygenase catalyzed C-H-functionalization. Comparably,
gamma radiation has been used to produce H2O2 coupled
with peroxygenases enabling nuclear waste driven enzymatic
catalysis (Zhang et al., 2020b). Also, microwave radiation is
known to enhance the performance of some (thermophilic or
thermostable) enzymes, however, due to the accompanying
(local) heating of the reaction solution it has a negative impact
on the stability of many enzymes and sometimes showed no effect
(Lin et al., 2005; Rejasse et al., 2007; Young et al., 2008). As
microwave radiation might lead to conformal changes in the
enzymes structure it is nearly impossible to predict the effect on
an enzyme (Porcelli et al., 1997). Furthermore, microwave
radiation is only an assistive power input and doesn´t drive
enzyme catalysis directly.

INTENSIFIED REACTOR CONCEPTS FOR
ENZYME CATALYSIS

In order to facilitate process intensification, the discipline of
bioengineering aims for this adaption of an enzymatic process to
the demanded operation conditions, commonly by varying the
reactor-setup (Woodley, 2017). Certainly, other individual
process relevant aspects like down-stream-processing, up-
scaling, biocatalyst engineering and formulation (e.g., enzyme
immobilisation) are certainly valid and important approaches to
achieve higher yields of the target product (Strube et al., 2018).
But indeed, it is the reactor itself which has the major effect on the
overall process efficiency. For instance, a carefully chosen reactor
can promote a specific kinetic profile of the used catalyst or can
influence the thermodynamic position of a utilized reaction. So,
the reactor represents the central element of a certain process and
should be the first target of process optimization and
intensification, not least because some of the aspects given
above can be integrated in a certain reactor concept.
Therefore, process intensification is more than only parameter

optimization, it means rather the introduction of structural
elements and novel reactor concepts for an economical (and
sometimes ecological) improvement.

Multiphase Reactors and In situ Product
Removal
Indeed, no other PI approach is similarly represented in literature
like the in situ product removal (ISPR) as well as co-product
removal (Lye and Woodley, 1999; Satyawali et al., 2017). As tool
of process intensification ISPR (or in situ extraction) has been
investigated already in the 1970, predominantly in context with
chemical processes. In the early 1980’s this concept was started to
be transferred to the field of biotransformation, in the beginning
mainly for the production of (low molecular) pharmaceuticals
and food additives (Freeman et al., 1993). Downstream
processing is a relevant cost factor for industrial processes in
order to obtain high yields and purity of the aimed product (Lye
and Woodley, 1999; Woodley et al., 2008; Hamideh et al., 2015).
But the main reasons for the application of ISPR techniques are
certainly product inhibition of the respective enzyme, detrimental
effect of toxic products, avoiding of side products by a long-term
presence of reactants or shifting the thermodynamic equilibrium
of the target reaction (Woodley et al., 2008). There are several
approaches to realize ISPR. For instance, there is the integration
of definite and modular separation units into the actual reactor
setup [like membranes, (Börner et al., 2015; Uthoff and Gröger,
2018)] or the inclusion of a subsequent complexing as well as
crystallization reaction to withdraw the respective compound
from the reaction system (Buque-Taboada et al., 2004; Buque-
Taboada et al., 2006; Hülsewede et al., 2018). But in fact, ISPR by
multiphasic reactor concepts is the most utilized approach and
intensively represented in literature. Therefore, this is declared as
main focus of this chapter to present significant achievements in
ISPR, in particular those including multiphasic reactor design.
For further insights in the field of ISPR the reader is referred to
recent reviews (Woodley, 2017; Fellechner et al., 2019; Lindeque
and Woodley, 2019; Woodley, 2020).

Reactive distillation is a popular and commonly used
technique for reaction intensification in the chemical industry
(Harmsen, 2007; Kiss et al., 2019). The integration of a thermal
separation of reactants (on the basis of different boiling points)
into the current process bears large potential for equilibrium-
limited reactions. The only requirement for a suitable reaction
system is a differentiation of the reactants by the boiling
temperature (Kiss et al., 2019). Unfortunately, the biocatalytic
applicability of reactive distillation columns is still limited, mainly
due to the lower thermal stability of biocatalysts (Heils et al.,
2012). Heils et al. (2012) could show the applicability of CalB in
reactive distillation columns. This approach was further
optimized in a subsequent work, on the one side towards a
spray-coating immobilization technique to allow reproducible
coating also of larger surfaces and on the other side towards the
full integration of an enzymatic process into a reactive distillation
approach, namely the kinetic resolution of racemic 2-pentanol in
a transesterification reaction of e.g., ethyl butyrate (Heils et al.,
2015). The recent publication from these authors presented
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computer-guided reaction design using an in silico preselection
tool under consideration of physicochemical properties of the
respective reactants (Kühn et al., 2017). The best option in terms
of lack of azeotropes contained racemic 2-pentanol in
combination with ethyl butyrate and propyl butyrate as
substrates. This contribution represented the first notable
application of an enzyme in a reactive distillation setup, not
least due to the high stability of the silica-gel coating and less
enzyme leaching but also because of the reactor setup in the form
of a compartmentalized and temperature-controlled distillation
column under reduced pressure (operation conditions: 75°C and
80 mbar). The authors presented for the first time a fractional
separation of 1-propanol as co-product and (S)-2-pentanol as
target product from the chosen enantioselective
transesterification reaction directly from the distillation stream.
However, the presented reactive distillation approach in
combination with the coating-driven immobilization of the
biocatalyst has been proven as very promising albeit this is
limited yet to the application of CalB.

In order to intensify mass transfer in enzymatic reactions
aerated columns are frequently used. Buergler et al. (2020) shows
an intensification of the enzymatic hydroxylation of nonactivated
hydrocarbons such as dodecanonic acid. The aerated aeration
column was used as reactor bearing an aqueous phase and the
immobilized cytochrome P450 BM3, resulting in a three-phase
gas-liquid-solid system. Under optimized conditions with 80 mM
C12:0 substrate concentration 90% conversion and 82% isolated
yield after ~28 h of incubation were realized. A bubble column
was also used in combination with an unspecific peroxygenases
(Perz et al., 2020). The gaseous substrate butane was converted to
2-butanol in a bubble column reactor. The process was scaled up
to 2 L and coupled with continuous extraction, resulting in the
production of 115 mmol 2-butanol and 70 mmol butanone (as
over oxidation product).

Continuous (Micro) Flow Systems
Albeit the majority of biocatalytic transformations are performed
in batch, continuously operated reactors are already widely used
(Lindeque and Woodley, 2019; De Santis et al., 2020; Cardoso
Marques et al., 2021). The underlying principle, namely
generating a constant stream of reactants is considered as
attractive, e.g., in the context of avoidance of enzyme
inhibition or straight forward downstream processing.

The major key advantage of continuous flow reactors is
definitely the high adjustability to the needs and demands of
the respective transformation (Leemans Martin et al., 2020). This
is mostly related to conversion and thermodynamic
considerations and refers operationally very often to variation
of residence time and/or enzyme concentration. Recently,
Lindeque and Woodley (2019) published a valuable
contribution on this topic in which batch and continuous
operation is compared and evaluated in terms of API
production, considering characteristics and application of the
mentioned reactors.

Since the last decade continuous microflow systems started to
attract some attention in biocatalysis as miniaturized reactors
(Fernandes, 2010; Marques and Fernandes, 2011), albeit

microfluidics was already intensively used before in chemical
catalysis but also in biocatalyst screening, prototype process
development or lab-on-a-chip approaches (Marques and
Fernandes, 2011; Wohlgemuth et al., 2015; Tamborini et al.,
2018; Žnidaršič-Plazl, 2019). The most important
characteristics of those systems are for instance the significant
smaller dimensions, a significant enhanced surface-to-volume-
ratio within the reactor, shorter reaction times and very often
higher biocatalyst stability. Those characteristics (which partially
overlapping with those of a plug-flow reactor or a continuously
operated batch reactor) provide in consequence substantial
benefits over batch reactors (Lindeque and Woodley, 2019).
Reaction conditions are drastically better controllable mainly
regarding heat and mass transfer, fluid flow, reaction time or
reactant concentration at any position in the reactor which is
especially important for multiphase systems (Strniša et al., 2019;
Žnidaršič-Plazl, 2019). Furthermore, the modular character of
flow reactors allows a sequential setup of cascade reactions, e.g.,
chemoenzymatically and/or in combination with in line
downstream processing (Žnidaršič-Plazl, 2017; Rudroff et al.,
2018; Žnidaršič-Plazl, 2019). In fact, mass transfer limited
transformations do benefit massively from the operation mode
stated above since very often higher productivities and a reduced
waste or energy consumption is easily reachable using microflow
systems (Marques and Fernandes, 2011; Tamborini et al., 2018).
Karande et al. (2010) and Karande et al. (2011) investigated as a
mass transfer limited model reaction the reduction of 1-
heptaldehyde to 1-heptanol in a multiphasic environment
(formed by aqueousand organic liquids) catalysed by a
thermostable alcohol dehydrogenase in segmented flow micro
reactor. The effect of capillary diameter, flow velocity as well as
the ratio of different phases and set those in relation to the applied
enzyme or substrate concentration was investigated, the
optimisation resulted in a productivity of 48 mMproduct h

−1.
One of the main issues when using gaseous substrates is

definitely the low concentration of dissolved substrate (e.g.,
O2) in the (enzyme containing) aqueous phase (Bolivar and
Nidetzky, 2013). Therefore, the intensification of the transport
of O2 from the supplying gas phase into the liquid phase is one
ongoing research topic in multiphase biotransformations for that
microflow systems were stated out as possible solution. Bolivar
et al. (2019) presented a pressurized microflow reactor in order to
increase the concentration of dissolved oxygen in the liquid
phase. It was shown that the available concentration of oxygen
was increased 170-fold to 43 mM at 34 bar. By using glucose
oxidase and D-amino acid oxidase as catalyst and glucose and
D-methionine as substrates, product concentrations up to 80 mM
(α-keto-acid as oxidative deamination product of D-methionine)
were realized. The given examples showed that miniaturization in
the form of microflow reactors offers tremendous possibilities for
an intensification of multiphasic liquid-liquid and gas-liquid
reactions. As explained in the last section the way how contact
between different phases is generated has an immense effect on
mass transfer but also on enzyme activity and stability. Therefore,
reaction conditions can be applied which are still conducive for
the aimed enzyme reaction, e.g., in terms of residence times
(Woodley, 2017).
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In continuous catalysis immobilized (or heterogeneous)
catalysts are mostly the preferred formulation. This is
especially valid for biocatalysts and the advantages are
obvious: often higher enzyme stability and easier downstream
processing (Liese and Hilterhaus, 2013). Despite the efforts and
achievements in the field of enzyme immobilization this point
will probably remain as one additional issue in reaction (or
enzyme) optimization, depending on the utilized enzyme and
the demanded reaction conditions (e.g., high temperatures, high
substrate concentrations, presence of organic solvents, etc.). The
right reactor setup can make enzyme immobilisation (and thus
labour-intensive investigations beforehand) obsolete. This is for
instance true for enzyme membrane reactors (Rios et al., 2004).
Enzyme membrane reactors and their application were recently
reviewed, also in terms of process intensification (Satyawali et al.,
2017). According to Satyawali et al. (2017) they show often higher
efficiency against the respective batch reactor, the possibility of
automatization and control of the molecular size of the product
during ISPR. Also, limitations were mentioned, like enzyme loss
through membranes, low concentration of product in permeate
(effort in DSP) or membrane fouling (Rios et al., 2004; Prieto
et al., 2007; Prieto et al., 2008). However, Adebar and Gröger et al.
presented an attractive alternative to membrane reactors when
enzyme immobilization is not suitable, namely the usage of
homogeneous catalysts in the form of a fluidized moving bed
reactor (Adebar and Gröger, 2020). The enzymes were entrapped
in a superadsorber-gel matrix (consisting of polymerized
polyacrylic acid) which can be considered as a
compartmentalized and feedable mobile phase (micro-
environment). Thus, this approach combines the advantages of

catalyst stabilization by immobilisation and the advantageous
properties of homogeneous catalyst utilization in a fluid
(aqueous) phase.

SOLVENTS AS A KEY DRIVER FOR
INTENSIFIED ENZYMATIC SYNTHESIS

The majority of all biocatalytic reactions proceed in liquid
solution. Some exceptions such as biocatalytic gas-solid phase
reactions have been reported (Trivedi et al., 2006a; Trivedi et al.,
2006b) but are currently not developed very far. By far, water (or
buffered aqueous solutions) represents the solvent of choice. On
the one hand, it is generally accepted that water represents the
natural (and therefore most suitable) solvent for enzymes
(Holtmann and Hollmann, 2022). On the other hand; the
believe that water is a green solvent prevails. Water, is a
suitable solvent for polar and ionic compounds whereas its
dissolution power with hydrophobic compounds, which also
represent a significant proportion of the compounds of
interest, is very limited. As a consequence, substrate
concentrations used in biocatalytic experiments tend to be
low. A comparison of typical starting material concentrations
used in chemo- and biocatalysis is shown in Figure 4 [the data
obtained from publications in ChemCatChem (vol. 12 (2020),
issues 1–12)]. Of the biocatalysis manuscripts inspected, almost
50% used substrate concentration of 10 mM or lower. Roughly
12% of the manuscripts used 100 mM or higher. This is strikingly
different compared to chemocatalysis reports where only a
minority of 13 uses starting concentrations below 100 mM.
Almost 20% of all contributions utilised more than 1 M
concentrations or even “neat” (i.e., devoid of additional
solvents) reaction conditions.

While chemists tend to choose the solvent most suitable for
the reaction of interest, biotechnologists still largely tend to use
water. The resulting rather dilute reaction mixtures are not
attractive neither from an environmental (Ni et al., 2014) nor
an economic (Tufvesson et al., 2010; Tufvesson et al., 2011) point-
of-view. This strong preference for aqueous reaction media is
astonishing as since decades, suitable strategies to increase the
substrate loading exist. Some of them will be discussed in more
detail in the following in the context of PI.

Non-Aqueous Reaction Media
“The best solvent is no solvent” (Sheldon, 2005). Such biocatalysis
systems would perfectly fulfil the above mentioned requirements,
in particular a substantial decrease in equipment-size, energy
consumption, and waste production).

Especially hydrolase-catalysed esterification reactions using
liquid alcohols and carboxylic acids are well-established on
industrial scale. For example, the lipase-catalysed synthesis of
cosmetic esters using a commercially available immobilised lipase
operates smoothly on a >1,000 ton a−1 (own estimations) scale
without the need of additional solvents and minimal
consumption of the enzyme (Ansorge-Schumacher and Thum,
2013). Because of their substrate scope, lipases are generally
believed to be predestined for no-aqueous reaction media.

FIGURE 4 | Substrate concentrations reported in publications in
ChemCatChem [vol. 12 (2020), issues 1–12]. Green: for biocatalytic
contributions (33 in total), blue: for chemocatalytic contributions in liquid phase
(68: in total).

Frontiers in Catalysis | www.frontiersin.org March 2022 | Volume 2 | Article 85870610

Burek et al. Process Intensification in Enzyme Catalysis

https://www.frontiersin.org/journals/catalysis
www.frontiersin.org
https://www.frontiersin.org/journals/catalysis#articles


However, already in 1984 Zaks and Klibanow reported organic
media as solvents for different enzyme classes (Zaks and
Klibanov, 1984; Zaks and Klibanov, 1985). Next to higher
substrate loadings and significantly increased thermal stability
of the biocatalysts also some interesting changes in the reactivity
(Dordick et al., 1986) were observed (Gupta et al., 2013). Non-
aqueous (or micro-aqueous) reactions are still largely restricted to
lipase reactions (Scheme 1A) but the interest in using mirco-
aqueous, non-aqueous or even neat reaction conditions increases

steadily. In addition to increasing the reagent concentration
considerably, some additional advantages are worth being
highlighted. Hydroxynitrile lyases (HNLs) are preferentially used
under non-aqueous conditions to suppress the non-catalysed
addition of HCN (or its anion) to the carbonyl group yielding
racemic product [Scheme 1B, (Paravidino et al., 2010; Scholz et al.,
2012)]. In case of ADH-catalysed redox reactions, non-aqueous
media circumvent the diffusion of the nicotinamide cofactor and
thereby further protect it from aqueous degradation [Scheme 1C,
(Kara et al., 2014; Jakoblinnert et al., 2011; Hibino and Ohtake,
2013; Erdmann et al., 2014; Hijazi et al., 2019)]. More recently, also
reductive aminations [Scheme 1D, (Böhmer, 2020)] and
oxyfunctionalisations in non-aqueous media have been reported
[Scheme 1E, (Rauch et al., 2019)]. Alsomore elaborated cascades of
enzymes and enzymes with chemocatalysts have been reported
[Scheme 1F, (Jakoblinnert and Rother, 2014; Gómez Baraibar,
2016; Wachtmeister et al., 2016)] have been reported.

Multiphase Reactions
(Bio)catalytic reactions not necessarily have to occur in
homogeneous phase. Various biocatalytic multiphase reactions
have been reported in the past years. The two liquid phase
system (2LPS) approach is probably the best known one to
increase the overall loading of hydrophobic reagents for
biocatalytic reactions. The reagents partition between the
hydrophobic organic phase and the aqueous (biocatalyst-
containing) aqueous layer (Scheme 2).

2LPS can be used to control the concentration of toxic reagents
in the aqueous phase and thereby minimise inhibitory effects on
whole cells (Park et al., 2007). Hydrophobic reagents will
preferentially partition into the organic phase and thereby will
be removed from the reactive organic layer. This can be exploited
to control the selectivity of the oxidation of primary alcohols
(Bühler, 2003a; Bühler, 2003b) or the reduction of carboxylic
acids to the aldehyde stage (Ni et al., 2012) and thereby simply
prevent over-oxidation or over-reduction. In situ extraction of
reactive products can also help to minimise undesired hydrolysis
of epoxides (Park et al., 2007) or lactones (Kara et al., 2013).

SCHEME 1 | Examples for biocatalytic transformations in non-aqueous or micro-aqueous media.

SCHEME 2 | General representation of the two liquid phase system
(2LPS) approach wherein a hydrophobic organic phase serves as substrate
reservoir and product sink. The reagents partition between both phases.
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An interesting application of the 2LPS approach was reported
by Kragl and coworkers (Scheme 3) (Eckstein et al., 2004;
Pfruender et al., 2004). ADH-catalysed reduction reactions,
especially if simple alcohols such as isopropanol are used as
stoichiometric reductants (in a Meerwein-Ponndrof-Verley-type
reduction reaction) are often plague by product inhibition. As an
organic layer the authors used the ionic liquid [BMIM]
[(CF3SO2)2N] which exhibits a significantly higher affinity to
acetone compared to isopropanol thereby reducing the in situ
concentration of acetone in the aqueous, enzyme-containing phase
and therefore reducing product inhibition and accelerating the
overall rate of the ADH-catalysed reduction reaction.

Liquid-solid reactions are less common but may offer some
advantages over fully homogeneous reaction systems. If, for
example the product is solid and precipitates from the
reaction mixture, simple filtration may represent an attractive
DSPmethod (Buque-Taboada et al., 2005; Schmidt et al., 2017). A
very nice example how in situ product crystallisation can help to
circumvent undesired side reactions is the synthesis of poorly
water soluble Amoxicillin by Penicillin acylase-catalysed
amidation of carboxylic acid esters (Bruggink et al., 1998). The
enzyme also catalyses the undesired hydrolysis of the product
yielding thermodynamically stable salts. As the product, however,
is poorly soluble, it also is not available for the hydrolysis reaction.

Neoteric Solvents
There is an ongoing interest in reducing the environmental
impact of solvents (Jessop, 2011) and replacing ecologically
questionable solvents of the past with new (neoteric)
alternatives. Ionic liquids (ILs) represented the first wave of
this development [reviewed in (Potdar et al., 2015; Xu et al.,
2016)]. Especially their negligible vapour pressure resulting in
almost no evaporation losses and atmospheric pollution
motivated a first hype around the turn of the millennium.

Later, the enthusiasm for ILs cooled down significantly with
more and more publications focussing on toxicological issues
such as aquatic toxicity (Thuy Pham et al., 2010). Another
concern about ILs is their often rather complex synthesis. The
multitude of synthesis steps involved suggests that the synthesis
of ILs may be rather resource-demanding thereby casting doubt
on their environmental benignity (Jessop, 2011). More recently,
(natural) deep eutectic solvents [(NA)DES] are moving into the
centre of attention (Pätzold et al., 2019a). Today, the (NA)DES as
solvents for biocatalysis are still in the explorative phase and
future will tell if the promise of lower environmental impact and
being bio-based can be held and if current issues such as viscosity
can be solved. The studies on the DES mostly comprise proof-of-
principle studies, comparisons of process performance with
alternative solvents are often missing. Milker et al. (2019)
investigated the aldolase activity of a lipase with 4-
nitrobenzaldehyde (4-NBA) and acetone in different deep
eutectic solvents. The authors concluded that the best process
performance was realized by using acetone as co-solvent (and
substrate) without the addition of a DES. Nevertheless, some
technical-relevant applications of DES as solvents are worth
mentioning here. The esterification of fatty acids with
carbohydrates for example, is a notorious challenge for
biocatalysis due to the solvent incompatibility of the
hydrophobic fatty acid (esters) and the highly polar
carbohydrates (Siebenhaller et al., 2017; Siebenhaller et al.,
2018; Delavault et al., 2021). Such dual use as substrate and
solvent at the same time (2-in1 concept) of DES has also been
reported with menthol-based DES and the synthesis of menthol
esters (Hümmer et al., 2018; Pätzold et al., 2019b). Here both DES
compounds acted as substrates and reaction solvent in the lipase-
catalyzed esterification. In addition, it was shown that a
subsequent recycling and re-use of the excess DES compound
(menthol) is possible (Pätzold et al., 2019c).

SCHEME 3 | Selective in situ removal of a reaction by-product using the 2LPS approach to minimise product inhibition of a LbADH (ADH from Lactobacillus brevis)
catalysed reduction reaction.
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CONCLUSION

In general, PI enables the transition of the chemical as well as
biochemical engineering field and make it more fit for addressing
global issues, such as climate change, limited petrochemical and
natural resources, growing populations and higher environmental
standards. Through PI, biotech companies strive to enhance
enzymatic and other production by reducing energy
consumption, increasing reaction rates, reducing wasted energy
and costs associated with waste products, improving purification
steps, reducing equipment size, increasing safety and operational
simplicity, etc. In doing so, companies can increase the sustainability
of their activities. It is important for us to emphasize that in order to
establish the various PI technologies, it is always important to show
the specific improvements on the basis of key performance
indicators (e.g., space-time-yield, energy consumption). Here it is
also important that the complete process chains must always be
considered and not just isolated reaction steps. Additional aspects in
terms of PI were not or very briefly discussed in this review, e.g.,
automatization and in situ process control. The gapless monitoring
of a certain process will be a very essential topic in industrial catalysis,
especially if an automatized of self-regulated adjustment of reaction
parameters can take place in real time. This concept of a smart

reactor came up recently in some publications (Hu et al., 2020; Spille
et al., 2020). From our point of view it is indeed very likely that this
aspect of PI becomes more and more trendsetting in prospective
biocatalysis. In the last years more specified terms of PI (e.g., as
reaction intensification, transport intensification, and in particular
local and global process intensification) have been adopted in
chemical engineering. It can be expected that these more specific
definitions will also become common in biocatalysis. Local
intensification is defined here as the classical approach of PI
based on the use of techniques and methods for the drastic
improvement of the efficiency of a single unit or device (see most
of the examples below), (Portha et al., 2014). When PI focuses on
single units the interactions among all units within the process are
ignored and the impact of local intensification of a single unit can be
very limited, resulting in weak improvement of the whole process. A
holistic process-based intensification (or a global intensification) will
result in the full exploitation of PI’s potential.
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