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The rise of continuous flow biocatalysis –
fundamentals, very recent developments and
future perspectives

Piera De Santis, † Lars-Erik Meyer † and Selin Kara *

Biocatalysis community has witnessed a drastic increase in the number of studies for the use of enzymes

in continuously operated flow reactors. This significant interest arose from the possibility of combining the

strengths of the two worlds: enhanced mass transfer and resource efficient synthesis achieved in flow

chemistry at micro-scales and excellent selectivities obtained in biocatalysis. Within this review, we present

very recent (from 2018 to September 2020) developments in the field of biocatalysis in continuously

operated systems. Briefly, we describe the fundamentals of continuously operated reactors with a special

focus on enzyme-catalyzed reactions. We devoted special attention on future perspectives in this key

emerging technological area ranging from process analytical technologies to digitalization.

1. Introduction

Chemical reactions being carried out in continuously
operated stirred tank reactors (CSTRs) have developed into
an emerging research focus in all sub-disciplines of

chemistry and it will receive further and increasing attention
in the near future.1 More precisely, the concept of ‘flow
chemistry’ defines a very general range of chemical processes
that take place in a continuously flowing stream and is not
limited to the reactor zone itself, but must be considered as a
flow reactor environment that includes e.g. pumps, mixers
and downstream units.2

Especially, miniaturized flow reactors were studied
intensively in the last decade.3 On the other hand, the use of
biocatalysts to run chemical transformations has grown to an
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important and influencing key element in research and
industry for the selective synthesis of essential organic
compounds.4–9 Merging the knowledge and expertise of
chemical reaction engineering10,11 and biocatalysis to a
so-called ‘continuous flow biocatalysis’ has recently gained
great attention in the scientific community.

Miniaturized flow reactors are applied for continuous
processing, whereby reactions take place under rigorously
controlled conditions in a confined space. Reduced
environmental impact, an improved heat and mass transfer
and high-energy efficiencies are only some of the advantages
to be mentioned here for continuous flow technology
running in miniaturized flow reactors.12,13 Some of their
other advantages are: (i) ease of increasing capacity by
prolonging reaction time or building series- and/or parallel
reactors, (ii) reduced risk associated with accumulation and
storage of hazardous intermediates since their transient
amounts are below the safety limits, (iii) reduced attrition of
enzyme activity compared to using immobilized enzymes
under stirring conditions, (iv) easy reaction parameter
(temperature, pressure, flow rate) set-up and monitor
resulting in more reliable and reproducible processes. Being
both a green and sustainable technology,14 academia and
industry are now concentrating on continuous production.15

Remarkable well-written reviews16–20 focusing on
biocatalysis in continuous flow are available and can
complete the current picture of this research area, as this
review article in hand cannot claim to provide a complete
overview. What should not be forgotten in this context are
the recently published excellent review articles dealing with
‘flow chemistry’ in general.21–29 In addition, to make it
clearer, we have briefly listed recent reviews and their core
interests: a review from Yu et al. is about continuous flow
enantioselective catalysis,30 a publication by Noël and
co-workers describes the field of continuous flow

photochemistry in organic synthesis, material science, and
water treatment photo flux catalysis,31 and a review written
by Power et al.32 is available about organolithium bases in
flow chemistry.

In their recent review, Zhu et al. outstandingly focus on
microfluidic immobilized enzyme reactors for continuous
biocatalysis.33 Fernandes et al. present a perspective on the
field of microfluidics when applied to chemical engineering
and biotechnology,34 and Šalić et al. focus on microreactors
as an effective tool for biotransformations.35 We would also
like to refer to the recently published review article from
Žnidaršič-Plazl, which gives a detailed overview of current
examples of the implementation of microfluidic devices in
biocatalytic process development.36 Worth to mention is
also the recently published special issues devoted to
microreactors in biotechnology.37–42

Additionally, a very recent review article was published by
Hughes dealing with applications of flow chemistry in the
pharmaceutical industry focusing in the patent literature,43

whereas Lee et al. emphasized on the translation of the
pharmaceutical manufacturing from batch to flow,44 and
Baumann et al. concentrate on the perspectives of continuous
flow chemistry in the pharmaceutical industry.45 Monbaliu
and co-workers summarize the impact of continuous flow on
platform-chemicals derived from biomass.46 Also the
continuous synthesis of polymers have been reviewed by
Zaquen et al. very recently.47

Different from the above-mentioned literature data, in this
review, we aim at presenting only very recent developments
in the field of continuous flow biocatalysis being published
from 2018 to September 2020 with a special focus on
potential future developments in this key emerging research
area. After a short outline of the fundamentals of continuous
flow biocatalysis in chapter 2, the most recent and significant
examples appeared in the common literature will be
presented in particular in chapter 3. In chapter 4, we focus
on enzyme (co)immobilization strategies for continuous
processing. Finally, in chapter 5, future perspectives in the
research area are outlined in detail. With this review article
we would also like to motivate other colleagues in the
research field to establish consistency in reporting on
biocatalytic reactions and hereby refer to the brilliantly
written guide by Halling and co-workers.48

2. Fundamentals of continuous flow
and biocatalysis
2.1 General aspects

It is assumed that continuous flow systems have the potential
to improve ca. 50% of all chemical processes based mainly
on microreactor technology.49 Flow chemistry in particular
has developed rapidly at both industrial and academic
levels.16,50–54 It is a modular technique providing a toolbox
for synthetic chemists and it has also been comprehensively
reviewed in the last years.55–61 Novel developments in the
field of magnetic microreactors with immobilized enzymes
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have been recently reviewed by Gkantzou et al. discussing
how different magnetic particles can be combined with the
appropriate biocatalysts.62 Those systems may constitute a
powerful microsystem and provide a highly explorable scope.

Continuous flow reactors are generally smaller than batch
reactors, but in an ideal arrangement and under optimized
conditions, these bench-scale reactors can produce more
product in a given time than an analog batch reactor.
Furthermore, another advantage is the direct transfer of flow
systems to large-scale production without significant further
optimization, which is in stark contrast to the upscaling of
batch processes.25,63 The traditional ‘upscaling’ of (bio)
catalysis in large batch reactors has significantly changed
during the last decades where ‘miniaturization’ and
‘numbering-up’ of catalytic reactions being performed in
continuous flow has become a trendsetter.

A typical continuous flow system for synthetic applications
is composed of different modules opening also the possibility
for a quick substitution of each module (Fig. 1i). Therefore,

the whole setup can be designed to the desired reaction
system (cf. Fig. 2 for further details). The system's
centerpiece, indeed, is the type of reactor and here, three
basic concepts are well established: i) the chip type, ii) the
coil type and iii) the packed-bed type reactors. Depending on
the bulk density of the particles, the latter can be referred to
as packed, fluidized or mixed-bed reactor (Fig. 1ii). If gas–
liquid reactions are carried out under continuous conditions,
basically three flow regimes are usually observed at a
constant liquid flow rate (Fig. 1iii). Additionally, tube-in-tube
flow reactor concepts were also studied and described.64,65

Within immiscible liquid–liquid systems, slug flow is
observed (Fig. 1iv), whereby the flow regime depends on the
Reynolds number (Re), see below.

Growing out of the beaker, biocatalysis in continuously
operated systems can be more productive, controlled and
sustainable.27,66 In order to reproduce and compare the results
of biotransformations in flow reactors, certain key parameters
are available, but unfortunately not used in the scientific

Fig. 1 Overview of the fundamental principles of chemistry in continuously operated reactor systems (‘flow chemistry’): i) a typical continuous
flow system is composed of different modules: a) reagent delivery pump-zone, b) mixing, c) reactor, d) quenching, e) back pressure regulation
(BPR), f) collection, analysis, and purification. Optionally, inline analysis and/or inline purification techniques can be additionally coupled to the
system (see also Fig. 2 for further details). ii) In general, three different reactor types (chip type, coil type and packed-bed reactor type) for
continuous flow chemistry were developed and intensively studied in the past decades. Please note, that many more types of microreactors are
also available.27 Different bed types (packed, fluidized and mixed bed) can be described for solid–liquid reactors where typically slug flow or
turbulent flow occur. iii) If gas–liquid mixtures in microfluidic devices are investigated, three flow regimes are usually observed at a constant liquid
flow rate. iv) Immiscible liquid–liquid fluids running either in parallel flow or in slug flow.73 Regularly, slug flow occurs under common conditions
in tubular reactors with a diameter of >0.25 mm. Figure compiled and adapted from Plutschack and et al.21
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Fig. 2 Based on Fig. 1i): various setup-configurations are possible for biocatalytic reactions being carried out under continuous operation. Figure
adapted from Tamborini and co-workers.16 Further details for (i)–(ix) can be found in chapter 2.2.
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community in a standardized way. The situation is further
complicated by the fact that a comparison between biocatalytic
reactions in batch and continuous-flow is rather difficult
because the basic physical conditions are too different.
Fortunately, some key parameters can be compared: the
reaction time t in a batch reactor is referred to as the time a
possible reaction requires to achieve a certain (previously
defined) conversion. In continuous operated systems, the
residence time τ can be used and is defined as the time required
for the reagents to flow through the reactor. The residence
time τ can be determined by tracer experiments (pulse/step
experiments).67 An important dimensionless number in fluid
mechanics is the Reynolds number (Re) helping to predict flow
patterns in different fluid flow situations. At low Re numbers,
flows tend to be dominated by laminar flow whereas turbulent
flow occurs within higher Re numbers. It is defined as the ratio
of inertial forces to viscous forces within a fluid: Re = (ρ·v·d)·μ−1

with the density of the fluid (ρ), the flow speed (v), the diameter
of the tube (d), and the dynamic viscosity (μ) of the fluid.68

Another very important parameter is the space time yield
(STY) describing the amount of product (mP) formed within
the residence time τ, which is present in the applied reaction
volume (VR): STY = mP·(τ·VR)

−1. Usually, this value is reported
in g L−1 h−1 or g L−1 d−1 and depending on the product costs,
values for the STY in the range of >100 g L−1 d−1 (for low-
amount and high-value products) up to values >500 g L−1 d−1

(for high-amount and low-value products) are essential.69–71

Further parameters like the biocatalyst loading (amount of
enzyme used, e.g. mg or g of immobilized biocatalysts and/or
the enzyme activity U), the reactor productivity (STY
normalized by the reactor volume), the process stability
(conversion at different operation-times) and the biocatalyst
productivity are additional important metrics.16 The latter

can be expressed as total turnover number (TTN) as the
quotient of the apparent turnover frequency kcat and the first-
order deactivation rate constant kd.

72

The precise and uniform description of the flow reactor's
volume is certainly one of the biggest challenges reviewing
the recent literature. The data summarized in Table 2 depend
on the literature information without further calculations.
According to different literature sources, various information
for the ‘reactor volume’ are available: e.g. (i) total volume of
the reactor, (ii) effective volume of the reactor, (iii) packed
volume, (iv) column volume or even (v) total bed volume
minus the space filled by the catalyst, as calculated by the
difference in column mass before and after filling with water.
Often, further explanations are missing how the authors
calculated or measured the volume. Herein, we strongly
suggest to use exact descriptions of the reactors being used.
For a correct description of the PBR at least the definition of
the reactor (total, column) and bed (packed) volume or
alternatively the void (effective) volume is required. We hope,
that this issue will be fixed in the next years and we would
like to recommend authors to precisely explain and describe
the methodology how the reactor volumes were determined.

In general, the advantages of micro flow-reactors (at least
one characteristic dimension below 1 mm inside diameter
[i.d.]74–77) are evident: they show (i) high heat transfer surface
to product volume ratios, (ii) good heat transfer capabilities
ideally suited for optimizing reaction conditions, (iii) efficient
mixings and (iv) improved flow capacities, and (v) lower flow
capacities, (vi) lower pressure drops, (vii) no blocking of
channels and preparation of multikilogram quantities if
mesoreactors are taken into account. Please note, that
slightly different definitions for micro- and mesoreactors are
also available in the literature.12,16,25

Table 1 Overview of the parameters and the advantages and challenges of micro- (left) versus mesoreactors (right). The different types of reactors can
be categorized by at least one characteristic dimension. ‘Macroreactors’ are referred to as any reactor with a reactor volume greater than a few mL.
Figure compiled from Tamborini et al.16
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Nevertheless, micro- and mesoreactors still show some
challenges and a careful balance of pros and cons must be
taken into consideration when a reaction should be operated
in flow (Table 1). When searching the general technical
literature, we noticed that the terms are not used uniformly –

or not at all. In order to change this, we consider a
standardized use of technical terminology to be necessary for
further development in the research field.

2.2 General overview of different reactor set-ups for flow
biocatalysis

In Fig. 2, the most common configurations for a continuous
biocatalysis setup are shown in detail. Two main groups of flow
reactors for enzymatic reactions can be defined according to
the form of the biocatalyst: (i) setups using free enzymes and
(ii) systems containing immobilized enzymes. This review
paper specifically focusses on recent developments in the
second group of immobilized enzymes, but in the interests of
clarity and completeness of contents, the first group should be
mentioned briefly. If setups with free enzymes are used, in the
easiest possible scenario the substrate and the enzyme are
simultaneously pumped through the reactor (Fig. 2i). Within
the volume element dV, the time-independent but location-
dependent enzymatic reaction takes place. The residence time τ
is the key parameter to achieve full conversion and a possible
work-up of the outflow could be performed via membrane
filtration. To overcome the problematic obstacle to run
reactions with an immiscible hydrophobic substrate, a more
elaborate procedure using e.g. a liquid–liquid parallel laminar
flow system could be applied (Fig. 2vi).29,78 Here, the enzyme is
mainly present in the aqueous phase whereas the substrate is
diluted in an organic medium. Especially surface-active lipases
might benefit from such a setup design. If gas–liquid reaction
systems are investigated, the aforementioned ‘tube-in-tube’
reactor configuration is most commonly used (Fig. 2ix).64,65

The simplest reactor concept in the group of immobilized
enzymes is the use of a fixed-bed reactor in which the enzyme
is directly bound to the packaging material (Fig. 2ii).79 High
pressure drops and channeling effects occurring in this
setup might be prevented by using a reactor with surface-
immobilized enzymes (Fig. 2iii).80 Additionally, the enzymes
can be immobilized onto monolith materials (Fig. 2iv),12 or
they can be retained by e.g. size-exclusion membranes
(Fig. 2v).20,61 Finally, immobilized enzymes can also be used
for a configuration within a liquid–liquid system composed of
immiscible solvents (Fig. 2vii) or within a gas–liquid system
(Fig. 2viii). In the first case, most commonly the two liquids
are mixed together so that a droplet flow occurs. In the
second case, a segmented air–liquid flow is mainly applied.81

In addition to the established reactor concepts shown in
Fig. 2, new developments have recently been discussed by
Wirth and co-workers.82 The authors studied among others a
biphasic biocatalytic sesquiterpene syntheses in a high-
performance counter current chromatography (HPCCC) system.
Here, the most important innovation is the extremely rapid

mass transfer between two immiscible phases and therefore, a
70-times faster reaction rate was observed in HPCCC than in
batch. Consequently, denaturation of the enzymes is avoided
reducing emulsion formation, which was detected in the batch
and segmented flow systems of the study.82

3. Selected examples of continuously
operated meso-scale reactors for
flow biocatalysis

The following section will review the latest developments and
publications in the field of biocatalysis in continuous flow
since 2018. Publications that can be categorized with the help
of Fig. 2 are presented in Table 2. Selected examples from the
very recent literature showing a significant progress in the
research field will be otherwise discussed in detail.

Quite often, other aspects of a biocatalytic reaction play
an enormous role when considering the overall performance
of the process under consideration.83–85 Above all – and of
course also in the case of continuous flow systems – cofactors
and co-substrates play a decisive role. The use of
stoichiometric amount of the expensive redox equivalent
nicotinamide adenine dinucleotide [phosphate] (NAD[P](H))
is already a challenge when it is used in a batch system and
even more so when used in a continuous mode of operation.
Herein, reusability is particularly difficult, since the cofactors
are often washed out (if not immobilized) thus driving the
costs of the reaction to an economically unacceptable level.

Pietruszka and co-workers addressed this issue and
presented a quasi-stationary recycling system for NADP(H)
utilizing immobilized Halo-tagged alcohol dehydrogenase
from L. brevis (HaloTag-LbADH).86 The authors set up a
‘simple flow-through system’ (system 1) and a ‘closed-loop
cofactor regeneration system’ (system 2) and deeply
compared the two devises (Fig. 3). System 2 enabled
continuous production as well as quick substrate changes.
According to the authors, the developed system could serve
as a blueprint for a general cofactor regeneration unit for
continuous biocatalytic devices using (co-)substrates being
miscible in organic solvent. The asymmetrically reduction of
acetophenone yielded (R)-phenylethan-1-ol as the product
with a conversion of 92% using 50 mmol L−1 of substrate and
10% (v/v) 2-propanol with flow rates up to 65 μL min−1 in
system 1. The comparison between both systems showed that
system 2 produced comparable results to system 1 (e.g. for a
combined flow rate of approx. 30 μL min−1, system 2
achieved a conversion of 96%). This closed-loop set up
enabled a decrease of NADP(H) to catalytic amounts
(0.1 mol% relative to the substrate). The reaction system 2
was broadened to the reduction of three further substrates
(cf. Fig. 3, downright) yielding moderate to high STYs and
high to very high TTNs with excellent enantioselectivities
(>99%). The flexibility of the system was additionally proven
by the successful use of three different extraction solvents.
Moreover, the system confirmed its reliability by continuous
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runs over 32 h without loss in performance yielding 1.36 g of
ethyl (S)-4-chloro-3-hydroxybutanoate with a STY of 121 g L−1 h−1

(96%). This conversion was also upheld for over 123 h
without a loss on performance. Furthermore, the concept of
system 2 was expanded to a consecutive experiment reducing
two of the ketones shown in Fig. 3 with the very same setup,
enzyme-batch and cofactor. Between the two reductions a
rinsing step was carried out with acetone in potassium
phosphate buffer (KPi) to prevent cross-contamination. This
set-up shows the potential of NADP(H) recycling for
continuous operated systems within biocatalytic processes.
Recently, also Döbber et al. used the HaloTag-immobilization
strategy for the continuous biocatalytic production of chiral
alcohols and epoxides,87 and for a continuous enzymatic
cascade towards a vicinal chiral diol.88

A recent publication correspondingly dealing with the
cofactor regeneration in continuously operated biocatalytic
reactions was published by Hartley et al. in late 2019.89

The authors cover the topics of cofactor supply and
cofactor regeneration in continuous mode and enzyme
immobilization without loss of activity. A complex multistep
continuous flow reactor with three PBRs was designed for the
cofactor-dependent continuous-flow biocatalysis of the
antidiabetic drug D-fagomine (Fig. 4). Each biocatalyst
consists of a genetically encoded multi-enzyme fusion protein

together with a bounded cofactor being retained and
regenerated. Additionally, these designed biocatalysts were
immobilized on TFK-activated agarose and packed into glass
columns to produce three PBR-columns: a phosphorylation
reactor (23.1 mL packed volume), an oxidation reactor
(25.7 mL packed volume) and a carboligation reactor
(17.7 mL packed volume). Each step of the total synthesis
was optimized and evaluated in detail (see green boxes in
Fig. 4). The three-step continuous-flow reactor cascade
maintained continuous product yields between 85% and 90%
conversion of glycerol to N-carboxybenzyl-3S,4R-amino-3,4-
dihydroxy-2-oxyhexyl phosphate (N-Cbz-3S,4R-ADHOP) at a
temperature of 23 °C for more than 7 h. The TTNs for the
cofactors exceeded 10 000 (ca. 11 000 for the NAD+-dependent
oxidation reactor and ca. 17 000 for the ATP-dependent
phosphorylation reactor). In our opinion, fusion systems
linking enzymes to cofactors and immobilization modules
with the help of suitable synthetic spacers will develop to an
important research field in the area of continuously operated
biocatalysis in the near future.90

As described earlier, the STY is a reasonable and
important quantity for the comparability of continuously
operated flow processes. Niemeyer and co-workers maximized
the STY in flow reactors by self-immobilizing biocatalysts.
The authors investigated and compared five different

Fig. 3 Overview of the developed ‘simple flow-through system’ (left) and the ‘closed-loop cofactor regeneration system’ (right) by Baumer and
co-workers. The simple flow-through system (left) consists of a pump for the reaction mixture (substrate, NADP+, 2-propanol and KPi-buffer) and
one for the organic extraction solvent (EtOAc = ethyl acetate). The packed-bed-reactor (PBR) is filled with Halo-tagged immobilized LbADH and a
FLLEX system is applied for separating the phases. The applied reduction within this reactor concept is shown in the left-bottom (reducing
acetophenone to (R)-phenylethan-1-ol together with substrate-coupled regeneration of NADPH). The closed-loop cofactor regeneration system
(right) consists of two pumps containing four separated channels in total. Channel 1 is used for the aqueous/cofactor stream and channel 2 for the
substrate and co-substrate (2-propanol) and both channels are connected via a y-piece. Channel 3 delivers the extraction solvent
(dichloromethane or ethyl acetate or diisopropyl ether). Again, a column with immobilized HaloTag-LbADH as catalyst and a FLLEX system is
applied for separating the layers. ‘FLLEX’ = Syrris Asia FLLEX (flow liquid–liquid extraction) system. The total turnover number (TTN) refers to NADP+

consumption. Figure adapted from Baumer et al.86
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biocatalytic flow reactors with different immobilization
concepts with the same (R)-selective alcohol dehydrogenase
from Lactobacillus brevis ATCC 14869 (LbADH) for the
stereoselective reduction of 5-nitrononane-2,8-dione
(Scheme 1, top).91 To regenerate the cofactor NADPH, the
authors used three different strategies within their study (cf.
Scheme 1i)–iii)). The enzyme itself contained a genetically
encoded streptavidin (STV)-binding peptide enabling one-
step purification and self-immobilization on STV-coated
surfaces. The authors describe different immobilization-
methodologies like physisorption or chemisorption as
monolayers on the flow channel walls or on magnetic
microbeads in a packed-bed format as well as self-assembled
all-enzyme hydrogels. Coatings of the reactor surface with
the biocatalyst in mono- and multilayers lead to STY
<10 g L−1 h−1 whereas this value was increased tenfold by

using packed-bed reactors. The highest observed STY of
>450 g L−1 h−1 in this study was achieved with room-filling
packed hydrogels. Also, even without detailed optimization of
the process parameters, a continuous production for more
than six days can be achieved.

In connection with hydrogels Menegatti et al. described a
copolymeric immobilization of yeast cells on hydrogel basis
for continuous biotransformation of fumaric acid in a
microreactor.92 The authors developed an efficient
microreactor with permeabilized Saccharomyces cerevisiae
cells and used it for continuous biotransformation of fumaric
acid into industrially relevant L-malic acid. Immobilization of
the permeabilized cells resulted in up to 72% retention of
fumarase activity, and the continuous biotransformation
process using two layers of hydrogels integrated in a two
plate microreactor resulted in a high space–time yield of
2.86 g L−1 h−1, with no loss of activity during seven days of
continuous operation.

A major factor in biocatalytic flow processes that should not
be underestimated are downstream processing (DSP) strategies
to obtain the desired product directly and preferably in a high
purity. In the best-case scenario, the DSP approach can be
carried out inline and thus considerably improve the
biocatalytic process (see also chapter 5.3.1). Semproli et al.
successfully developed a new procedure for the synthesis of
(S)-1-(5-fluoropyrimidin-2-yl)-ethanamine via flow biocatalysis
with a subsequent inline DSP (Fig. 5).93 (S)-Selective amine
transaminase from Vibrio fluvialis (Vf-ATA) was immobilized on
glyoxyl-agarose or Sepabeads EC-EP/S and the (co)-substrate
solution was pumped through the PBR at a flow rate of 0.2 mL
min−1 (τ = 10 min). The exiting stream was fed into a second
column packed with ion-exchange resin Dowex Marathon C
and the resin trapped the desired amine. Afterwards, the resin
was washed by H2O (flow rate of 0.25 mL min−1 for 20 min)
and the desired product (S)-1-(5-fluoropyrimidin-2-yl)-

Fig. 4 Schematic representation of the three-step continuous-flow
reactor and associated biotransformations (phosphotransfer, oxidation
and aldol addition) for the synthesis of D-fagomine developed by
Hartley et al. Glycerol is phosphorylated forming glycerol-3-
phosphate, then oxidized to form dihydroxyacetone phosphate
(DHAP). Afterwards, it is then used in an aldolase-dependent reaction
to produce the intermediate N-Cbz-3S,4R-ADHOP of the desired final
product. Individual performance of each reactor is shown in the green
box. FR: flow rate. Figure adapted from Hartley et al.89 The STYs
indicated are mass specific (based of mg of proteins).

Scheme 1 Reduction of 5-nitrononane-2,8-dione with (R)-selective
alcohol dehydrogenase from Lactobacillus brevis (LbADH) and different
methods for NADPH-cofactor regeneration.91 The NADPH cofactor
regeneration can be implemented (i) as substrate coupled cofactor
regeneration utilizing the same enzyme by the oxidation of
isopropanol to acetone, (ii) within the host's native cellular
metabolisms in the case of whole-cell biocatalysis or (iii) as enzyme
coupled cofactor regeneration using a second enzyme e.g. in this case
glucose dehydrogenase (GDH).
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ethanamine was subsequently released using a 1 mol L−1

solution of NH4OH (flow rate of 0.25 mL min−1 for 30 min).
The pure amine was recovered with 35% isolated yield after
evaporation of the solvent.

A comparable approach was used by Jördening and co-
workers for the continuous enzymatic production and
adsorption of laminaribiose from sucrose and glucose in
packed-bed reactors.94 The authors used a cylindrical glass
column packed-bed reactor (36 mL bed volume) with a flow
rate of 0.1 mL min−1 to produce laminaribiose continuously
at 35 °C over 10 days. A subsequent adsorption on zeolite
H-BEA 150 was carried out to remove the product inline. After
successfully washing and desorption steps, a productivity of
5.6 mglaminaribiose Lenzyme bed

−1 h−1 was achieved (Fig. 6).
Biocatalytic reactions do not always take place in an

aqueous environment, and therefore aqueous-organic
biphasic solvent systems for flow processes are also being
researched.

Thus, Gröger and co-workers used a liquid–liquid
segmented flow process to overcome work-up limitations of
biphasic biocatalytic reaction mixtures.95 The authors used
buffer/tert-butyl ether (MTBE) as biphasic medium for
the enzymatic reduction of acetophenone and
trifluoroacetophenone. The applicability of this flow system
was demonstrated with two different enzymes and substrates
(see Fig. 7). Additionally, in another study Gröger and
colleagues used the same reaction system shown in Fig. 7
(ADH from Lactobacillus brevis for the reduction of
acetophenone) to investigate a superabsorber-based
immobilization strategy for application in a PBR and
applicability in flow processes and observed initial conversions
of up to 67% in such a continuously running process.96

Hanefeld and co-workers used manganese dependent
Granulicella tundricola hydroxynitrile lyase (GtHNL) in batch
and continuous flow reactions in organic solvents for the

synthesis of enantiopure cyanohydrin (Scheme 2).97 The
continuous reaction was performed in acetate buffered
methyl MTBE with flow rates from 0.1 to 1.0 mL min−1

(τ = 240 s to 24 s, respectively) and at optimal flow conditions
conversions of 97% in 4 min at 0.1 mL min−1 were achieved.

Recently, also some pioneering developments have taken
place at the interface between academia and industry: Wang
and co-workers showed in their study that the
implementation and use of biocatalysis in a plug-flow
microreactor for the production of sitagliptin can lower the
environmental factor (E-factor) about 74% compared to
traditional processes.98 Goundry et al. reported a scale-up
route to synthesize ATR inhibitor AZD6738, a medicament for
the treatment of cancer. Within this multi-step industrial
process, a biocatalytic step was developed installing the
sulfoxide moiety with high enantioselectivity. Finally, a
process on a plant scale with a CSTR cascade with four
reactors was established and operated on a 46 kg scale with a
total yield of 18%.99

Very recently, Tamborini and co-workers investigated the
chemo-enzymatic flow synthesis of selected APIs butacaine,

Fig. 5 Synthesis of (S)-1-(5-fluoropyrimidin-2-yl)-ethanamine
catalyzed by immobilized Vf-ATA in continuous flow followed by a
continuous inline DSP approach by Semproli et al.93

Fig. 6 Continuous enzymatic production and adsorption of
laminaribiose from sucrose and glucose in packed-bed reactors.94

Fig. 7 Enzymatic reduction of acetophenone (R1) and
trifluoroacetophenone (R2) to the corresponding alcohols in a liquid–
liquid segmented flow approach developed by Adebar et al.95
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procaine and procainamide.100 The amide and ester
intermediates were prepared in gram scale using a PBR with
acyltransferase from Mycobacterium smegmatis immobilized
on glyoxyl-agarose and inline purification with polymer-
bound sulphonyl chloride. After washing the columns with
toluene to recover the products, the solvent was evaporated
under reduced pressure isolating the products in excellent
(Fig. 8, compound A) to poorly (Fig. 8, compound C) yields.
In a second flow synthesis step, the nitrogen group of the
obtained intermediates was reduced to aniline using 10%
Pd/C yielding the APIs mentioned above.

Focusing specifically on microreactors, the recent
publication of Huang et al. is worth mentioning, which
presents the development of a new microfluidic biocatalysis–
organocatalysis combination strategy for ring-opening
copolymerizations of lactone, lactide and cyclic carbonate.101

Among other significant improvements, the authors state a
shortened overall polymerization time (<40 min) and
high monomer conversions (>95%). Žnidaršič-Plazl and
co-workers theoretically and experimentally characterized a
micro packed-bed reactor (μPBR) with immobilized Candida
antarctica lipase B (Novozym 435) in their well-presented

study.102 In addition, the authors performed a
transesterification reaction in the μPBR (vinyl butyrate and
1-butanol into butyl butyrate with n-heptane as a solvent) and
evaluated different operating conditions, e.g. flow rates and
thus residence times and temperatures. Semenova et al. used
a model-based analysis of biocatalytic processes and the
performance of microbioreactors with integrated optical
sensors. The model predictions (identification of the reaction
mechanism, kinetics and limiting factors) were
independently confirmed for μL- and mL-scale
experiments.103 Vobecká et al. have recently presented an
interesting work in which they present an enzymatic
synthesis of cephalexin in a continuous-flow microfluidic
device in aqueous two-phase system (ATPS) forming two-
phase slug flow in a microfluidic capillary as the reaction-
separation environment.104 ATPS consisted of 15 wt% of PEG
4000, 12 wt% of phosphates, and 73 wt% of water.

A canonical microreactor design for heterogeneously
catalyzed continuous biotransformations has been studied in
detail by Nidetzky and co-workers in their 2019 publication.
The authors used a wall-coated, immobilized enzyme
microreactor and demonstrated the important interaction of
reaction/enzyme properties, microchannel geometry and
reactor operation.105 Further work of the group includes among
others process intensification for O2-dependent enzymatic
transformations in continuous single-phase pressurized
flow,106 and the continuous synthesis of lacto-N-triose II by
engineered β-hexosaminidase immobilized on solid support.107

4. Enzyme immobilization for
continuous processing
4.1 Fundamentals of enzyme immobilization with respect to
continuously operated flow systems

In this section, we will highlight recent improvements in
enzyme immobilization methods with respect to flow
biocatalysis. Both carrier-free and carrier-bound strategies are
well known in the literature,130–134 and will be briefly discussed
and summarized below. In this context, the recently published
review article by Bolivar et al. is worth mentioning describing
the characterization and evaluation of immobilized enzymes
for applications in continuous flow reactors in an excellent
way.135 In general, two main enzyme immobilization
techniques have been proven to be successful for continuous
biocatalytic synthesis. Firstly, immobilization of the enzyme
onto the reactor wall thereby creating a wall-coated reactor,
and secondly, the use of a wide variety of support materials
binding the enzyme onto particles or monolithic
structures,136,137 thereby creating e.g. a fixed-bed reactor.15

The strategies of enzyme immobilization are roughly
divided into three categories: (i) encapsulation/entrapment, (ii)
cross-linking and (iii) binding to a (porous) carrier, based
on the respective physical or chemical interactions
(Fig. 9).19,139,140 Each typology has its own advantages and
disadvantages depending on the process/reaction conditions
required. In cross-linking, as an example of covalent bonding,

Scheme 2 Granulicella tundricola hydroxynitrile lyase (GtHNL)
catalysed hydrocyanation of benzaldehyde yielding (R)-mandelonitrile.

Fig. 8 Enzymatic synthesis of amide and ester intermediates by
immobilized acyltransferase from Mycobacterium smegmatis
(imm-MsAcT) in continuous flow followed by a continuous inline DSP
approach (imm-SO2Cl) by Tamborini and co-workers.100 Flow stream
and solvent: toluene.
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several enzymes are linked together with the help of a
difunctional agent, usually glutaraldehyde.141 Conversely,
encapsulation methods trap enzymes (both soluble and
aggregated) within a bulk matrix such as a polymer network.19

In this context, Castiglione and co-workers recently used
crosslinked polymersomes as nanoreactors in different
biphasic reaction setups.142 Here, the solvent-sensitive enzyme
mandelate racemase was protected from the organic phase and
the enzyme remained its activity for more than 24 h whereas
the free enzyme got completely inactivated after 1 h.

The widely applied carrier-based immobilization strategy is
subdivided into a covalent and a noncovalent category. For
covalent attachments, specific reactive groups (e.g. aldehydes,
amino, epoxides, etc.) are required to anchor the enzyme to the
support. Noncovalent approaches are instead based on
physiochemical interactions like hydrophobic, charge–charge,
van der Waals, hydrogen or affinity-tag binding.143 However, it
is not always sufficient to select only the most suitable
immobilization method, since other parameters must be taken
into account when transferring immobilization methods to
flow processes. In detail, several parameters have to be
carefully selected to design an optimal flow process, especially
if carrier-bound methods are applied. The most important
parameters are (i) the pore size and (ii) the particle size of the
respected carrier material. The pore size defines the specific
area being available for the enzyme to anchor to the support. It
directly affects the mass transfer, e.g. a bigger pore allows an
easy entrance of substrates and cofactors as well as for (co)
products' release. Conversely, the particle size plays a decisive
role for the length of the diffusion path and thus the pressure
drop in continuous-flow reactors.144 Additionally, all particles
should have the same shape and size to avoid a high back-
pressure in packed-bed column reactors.

4.2 Carrier-free methods

Carrier-free immobilization strategies benefit from the fact
that no additional inactive mass is present as a support. The

enzymes are bound together to form a solid phase dispersed
in the bulk solution. In most cases, these systems can be
produced by cross-linking different enzyme preparations
such as dissolved enzymes, crystalline enzymes, spray-dried
enzymes and physically aggregated enzymes.145 Often this
immobilization technique requires the use of a chemical
crosslinker such as glutaraldehyde to form the desired
crosslinked structures. In addition, several factors such as
the amount of the above mentioned crosslinker, temperature,
pH and ionic strength must be carefully and finely balanced
within the immobilization process. Carrier-free techniques
offer clear advantages, including high enzyme stability and
activity and a simple preparation procedure. Compared to
carrier-bound methods, this method is fast and inexpensive
because no additional carrier material is used.

In conclusion, carrier-free methods prevent diffusion
limitations caused by the blocking of the surface by a high
amount of enzymes. Problems such as small effective surface
areas of commonly available carrier materials are also
advantageously avoided. Some of the work discussed below
also refers to Table 2 of chapter 3.

4.2.1 Self-assembled all-enzyme hydrogels. Self-assembled
all-enzyme hydrogels are very promising biocatalytic materials
being recently involved in enzyme immobilization strategies for
continuous flow processes. Basically, two homotetrameric
enzymes are used and genetically fused with either a SpyTag or
a SpyCatcher protein (to the N-terminus and C-terminus,
respectively). Consequently, spontaneous covalent linking of the
moieties is promoted by isopeptide bonds under physiological
conditions. This irreversible reaction allows the synthesis of
chemically highly stable systems, furthermore with an improved
resistance to high temperatures.146 In addition, and in contrast
to conventional enzyme crosslinking methods, mild fusion
conditions are required to obtain porous hydrogel networks.147

First results showed high conversion rates and stereoselectivities
as well as high space–time yields.121,147 In addition, the in situ
generation of pure enzyme hydrogels easily enables an increase
in protein loading for microfluidic bioreactors. It is also

Fig. 9 Different strategies for enzyme immobilization. Three main options are commonly applied: (i) encapsulation/entrapment (e.g. micro
encapsulation or gel entrapping), (ii) cross-linking and (iii) binding to a carrier (e.g. non-covalent binding/adsorption or covalent binding).138
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remarkable that these hydrogels have a three-dimensional
structure leading to a significant increase in the enzymatic
activity per reactor volume.148 Hence, they offer an effective use
of volume occupied by the enzymes immobilized in gels.

Two major challenges need to be overcome for a possible
industrial application of all-enzyme hydrogels: firstly, this
approach is limited to multimeric enzymes (as a recent
survey of the PDB database pointed out that only ∼10% of
the enzymes are homotetramers),121 and secondly, a slight
decrease in the enzyme activity is observed (probably due to
mass transport limitations).120 Fortunately, this challenge
could be solved by enzyme engineering. However, the
aforementioned advantages and the constant improvement
in continuous flow chemistry are the decisive factors for the
transition to self-assembled all-enzyme hydrogels. In
addition, the described approach proves to be suitable for
semi-preparative scales thanks to the possibility of a
sequential use as well as a parallelization by ‘numbering-up’
of the flow reactor modules as a further advantage (see also
Table 2, entry 16 and Table 3, entry 1and 2).120,121

4.3 Carrier-bound methods

Anchoring an enzyme to a solid carrier is a well-known
technique that is widely applied in industry. Beneficially,

better enzyme stabilities and an enhanced eco-efficient
downstream processing can be achieved resulting in greatly
reduced process costs. Here, for the latter, an easy recovery
from the reaction mixture and the reusability of the
biocatalyst play a decisive role. A broad variety of materials
are used as carriers and they are classified into organic,
inorganic, hybrid or composite substances depending on
their chemical composition.149 As aforementioned, covalent
attachment is the most commonly applied procedure for
attaching an enzyme to a solid support. However, an
activation either of the enzyme or the support (or also both)
is needed to achieve the required bound formation. This
immobilization procedure is not only limited to isolated
enzymes, since recently microorganisms like Penicillium
funiculosum have also been immobilized on polyether based
polyurethane foams and the overgrown foams have been
successfully used for biological and continuous conversion of
racemic mixture of 1-amino-1-(3′-pyridyl)methylphosphonic
acid.150 Some of the work discussed below also refers to
Table 2 of chapter 3.

4.3.1 Bisepoxide-activated hollow silica. Recently, hollow
silica microsphere materials have gained popularity as novel
carriers.151 Originally designed as carriers to enhance the
growth of microorganisms, enzyme immobilization was later
implemented. In addition, such materials can also be used to

Table 3 Selected examples of enzyme immobilization methods and their properties

Entry Biocatalyst
Immobilization
technique Carrier material Functional group

Particle
size

Pore
size

Ref.[μm] [Å]

1 (S)-Stereoselective
ketoreductase from
Saccharomyces cerevisiae
and

Self-assembling
all-enzyme
hydrogel

n.a. n.a. n.a. n.a. 121

2 Cofactor-regenerating
glucose 1 dehydrogenase
from Bacillus subtilis

Self-assembling
all-enzyme
hydrogel

n.a. n.a. n.a. n.a. 121

3 Lipase PS from Burkholderia
cepacia

Covalent
immobilization

Hollow silica
microspheres

Bisepoxide 10–30 150–300 112

4 Lipase B from Candida
antarctica

Covalent
immobilization

Hollow silica
microspheres

Bisepoxide 10–30 150–300 113

5 Lipase from Burkholderia
cepacian

Ionic
immobilization

Ionic liquid modified
silica

Amine n.a. 42 110

6 ω-Transaminase from
Halomonas elongata

Covalent
immobilization

Functionalized
methacrylate-based
carrier

Hydroxylamine/ethanolamine 150–300 120–180 124

7 ω-Transaminase from
Halomonas elongata

Covalent
immobilization

Functionalized
methacrylate-based
carrier

Ethanolamine/polyethylenimine
(60 kDa)

100–300 10–20 124

8 Crude naringinase from
Penicillium decumbens and a
purified naringinase with
high α-L-rhamnosidase
activity

Covalent
immobilization

Two-dimensional
zeolite ITQ-2 after
surface modification,
surface area of
236 m2 g−1

3-(Aminopropyl) triethoxysilane
(= NITQ-2), and subsequent treatment
with glutaraldehyde, yielding aldehyde
groups on the surface (= GITQ-2) able to
react with amino groups of the enzyme

Thin
zeolite
sheets,
2.5 nm
thick

n.a. 174

9 Alcohol dehydrogenase
(ADH)

Covalent
immobilization

Two-dimensional
zeolite ITQ-2 after
surface modification,
surface area of
387 m2 g−1

3-(Aminopropyl) triethoxysilane
(= NITQ-2)

Thin
zeolite
sheets,
2.5 nm
thick

n.a. 175

n.a. = not available.
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purify biomolecules.113 Particularly, the M540 microspheres
from MATSPHERES® are suitable for continuous flow
processes (see also Table 2, entry 6, 7 and 8 and Table 3, entry
3 and 4).112,113 A high surface-to-volume ratio (>100 m2 g−1)
and pore sizes suitable for both batch and packed-bed
bioreactor applications (10–30 μm and 15–30 nm, respectively)
are the decisive parameters for their successful
implementation. Here, smaller and shorter channels allow an
alleviation of diffusion limitation problems compared to
conventional silicas like e.g. Kieselgel 60 with its significantly
different physical properties.112 However, the real innovation in
using the above-mentioned materials for continuous processes
is the surface functionalization with bisepoxide activators.
Bisepoxides are organic compounds characterized by the
presence of two epoxide groups being separated by carbon and
oxygen, forming a more or less complex chain (Fig. 10).

Several bisepoxides with different lengths, stiffnesses and
hydrophobicities were selected and evaluated for the surface
modification of hollow silica microspheres.149,152 The epoxy
functions of the activator-agent bind covalently to the
enzymes instead of a simple adsorption on the silica surface.
The introduced bisepoxide moieties can covalently bind
amine-, thiol- and carboxylate-functional groups under mild
conditions.149 First results with bisepoxide-functionalized
silica microspheres showed a strong tendency to link the enzyme
compared to other glutaraldehyde-based support-activated
functionalization strategies.149 Bisepoxides with long and
flexible chains can also provide multi-point binding of the
enzyme to the carrier to promote an even more robust
anchoring. Moreover, the immobilized enzymes preserve
their activity and selectivity in contrast to other covalent
immobilization strategies because the enzyme's catalytically
active site is not sterically hindered, especially if a longer and
more flexible bifunctional linker is used.149,152 Thanks to
their properties and numerous typologies of these activating
agents, bisepoxides with different lengths and characteristics
of the linker chain can be designed. This represents a cost-
efficient and easy to perform technique for fine-tuned surface
carriers.153 Recently it was shown, that polyethylene glycol

diglycidyl ether (PDE) bisepoxide as the activating agent
together with hollow silica microspheres M540 as the carrier
and lipase PS as the catalyst obtained very high catalytic
properties. PDE consists of a long and flexible chain
attaching the enzyme via multipoint bindings together with
an optimal enzyme orientation allowing the best entrance of
the substrate into the active site.112,149,154

4.3.2 Ionic-liquid-modified carriers. The use of bisepoxides
presented in the previous paragraph is not the only
innovative immobilization method that is based on the use
of well-known carrier materials that have already been tested
and optimized by chemical modification. Moreover, recent
studies have focused on the use of ionic liquids (ILs) as
elective solvents improving the physico-chemical properties
of immobilized enzymes.

ILs are organic salts with a melting point below 100 °C
and unique properties (if compared to inorganic salts) with
broad liquid state ranges, high ionic conductivities,
negligible vapor pressures, high chemical and thermal
stabilities as well as good abilities to dissolve several organic,
inorganic and polymer compounds.155

In contrast to organic solvents, ILs can be considered eco-
friendly solvents thanks to their non-volatility and non-
flammability.156–159 Overrating should nevertheless be
avoided: the synthesis of some ILs can be very tedious and
resource intensive, yet generalization is not possible and
their potential should be further explored.160

The main advantage is that all these above-mentioned
properties of ILs can be fine-tuned by carefully selecting the
most appropriate combination of cations and anions according
to the desired purpose.161 Thanks to these characteristics, the
use of ILs as a pure solvent or as a cosolvent have gained high
attention as a well-established strategy improving the enzyme
activity and stability for the last two decades. Early works of
Kragl, Welton, Seddon, Sheldon and other co-workers paved
the way for this scientific field.162–167

Unfortunately, their liquid nature leads also to many
disadvantages like e.g. a delicate catalyst recovery, a difficult
product isolation and a possible increase in cost due to the
high amount of solvent needed. An elegant solution to tackle
these drawbacks is to combine ILs with solid supports,
coating just the surface of the carrier. This new class of
composites takes advantage of both ILs and the carrier-
bound strategy. Several IL-carrier-fusions have been evaluated
in the last years and, among them, the most promising ones
are based on protonic ILs with either silica supports (see also
Table 2, entry 3 and Table 3, entry 5),110 or magnetic
carboxymethyl cellulose nanoparticles.156 The results
obtained being applied to both lipases and laccases showed a
higher protein loading on the support and a higher activity
than for both free and immobilized enzymes in the absence
of ILs. It has been shown that ILs lead to an increase in the
material surface area and pore volume size facilitating the
covalent immobilization of the enzyme.155 In addition, an
interface activation promoted by ILs have been
observed.110,156,168 Finally, it should be emphasized that ILs

Fig. 10 Overview of commonly used bisepoxides for covalent binding
in enzyme immobilization.
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enable the creation of a microenvironment protecting the
biocatalysts from denaturation by chemicals such as urea.156

4.3.3 Self-sufficient heterogeneous biocatalysts. One of the
main challenges for the implementation of biocatalytic
processes in industry is the use of expensive cofactors such
as pyridoxal phosphate (PLP), flavin adenine dinucleotide
(FAD) or nicotinamide adenine dinucleotide [phosphate]
(NAD[P](H)). However, nature itself is solving this challenge
by utilizing cascade reaction systems. Transferring this model
from nature into the lab, a co-immobilization strategy of
enzymes and their respective cofactors was found suitable to
reach higher production levels. From an industrial
perspective, the most promising approach is based on an
electrostatic adsorption of the cofactors on a porous support,
while the enzyme is immobilized according to its best
protocol. To make a solid support electrostatically attractive,
a chemical modification is necessary by adding a cationic
group for ionic interaction with the negative group of
phosphorylated cofactors.169 Within this strategy, a dynamic
equilibrium occurs with the cofactor being bound to the
carrier and being in solution. If the cofactor is consumed, a
new cofactor molecule can migrate back into the solution
from the porous channels in which it is dissociated.170

Beneficially, self-sufficient heterogeneous systems are not
affected by lixiviation that often compromises the
entrapment immobilization strategies in aqueous
media.124,169,170 Until now, agarose porous beads represent
the best choice for carrier material and it is possible to
irreversibly bind the cationic groups on them. Currently, only
a minor range of materials like hydroxylamine (HA),
ethanolamine (EA), and polyethylenimine (PEI) have been
evaluated in this new scientific area.124

This presented approach has already been evaluated in
continuous flow processes in which redox cofactors and
enzymes have been proven to remain bound to the support
for up to 100 hours of operations. Consequently, the self-
sufficient heterogeneous system proved to be highly stable
over several operational cycles without requiring any
exogenous cofactor (see also Table 2, entry 19, 20 and 21 and
Table 3, entry 6 and 7).124

4.4 Evaluation of enzyme immobilization from the
continuous flow perspective

The advantages of enzyme immobilization are well known.
Among others, an increased stability, a recyclability and a
simplification of the downstream processing are beneficial
futures. However, from the continuous flow viewpoint, the
predominant advantage of immobilization is that the catalyst
remains in the reactor core, while reagents and products are
easily and gently added by the solution being pumped
through the reactor.171,172

As highlighted by Bolivar and López Gallego, enzyme
immobilization is a conditio sine qua non for the use of a
green catalyst in continuous processes. Therefore, the
evaluation of immobilization effects on the biocatalyst's

activity is mandatory and parameters such as the activity of
the immobilized enzyme (U mgcarrier

−1), the enzyme loading
on the carrier (mgenzyme mgcarrier

−1), the space–yield time
(g L−1 h−1), the specific productivity (gproduct h

−1 mgenzyme
−1)

and the turnover frequency (s−1) are crucial for the
evaluation.135 A systematic investigation of these parameters
is very important and in addition we would like to highlight
the publication of Aguillón et al. where the authors
systematically screened 16 immobilized lipases for the
continuous-flow kinetic resolution of (±)-1,2-propanediol.173

5. Future perspectives
5.1 Additive manufacturing/3D printing

Additive manufacturing is a method used to build up three-
dimensional (3D) structures by adding a certain material
stepwise onto a support. Nowadays, a wide variety of
materials can be 3D-printed and this field of research has
grown considerably in the last two decades. 3D printing has
already been used in various industries such as medicine,
fashion and chemical industry. With the help of computer-
aided design (CAD) program codes, additive manufacturing
has become one of the most promising technologies
currently available.176–185

Its secret weapons? The rapidly decreasing costs and
almost infinite design possibilities: it allows to easily produce
complex (up to 0.01 mm resolution) and highly elastic
structures out of a wide variety of materials from polymers to
metal alloys. Additionally, the waste of material is
minimal.186 These advantages reduce the time needed for
process development showing an easy and well-planned route
to ‘rapid prototyping’.187

The fusion between 3D printing and continuous flow
biocatalysis took place few years ago when researchers started
to ask themselves how additive manufacturing's pros
enhance continuous flow chemistry.188,189 Since then,
additive manufacturing successfully overcome deficits in the
field of continuous flow chemistry with respect to
manufacturing of solid supports with immobilized enzymes.
Some promising developments have been achieved recently
and many studies focus on the development of 3D-printed
carriers. The design of a tailor-made carrier material with a
finely tuned porosity and pore diameter, and a defined
particle size is highly beneficial here.

The entrapment of enzymes is widely applied together with
3D-printed carrier materials, and in addition, this physical
entrapment not only allows the enzyme to be retained in the
reactor, but also provides its sufficient purification.190 The
broad applicability of 3D-printed carriers has already been
investigated with different enzymes and under different
conditions, indicating the universal applicability of those
carrier materials and processes.186,191,192

Entrapping enzymes in 3D-printed hydrogel beads creates
an optimal aqueous environment restricting the movement
of macromolecules while substrates and products can pass
through the hydrogel network. This hydrogel network can be
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specifically designed by a careful selection of monomers and
cross-linkers.190,193 Next to others, this methodology benefits
from high flexibility, easy automatization and fast
implementation, especially compared to covalent
immobilization techniques. Another positive aspect is the
fact that hydrogels are stable at high temperatures and can
operate in the presence of harsh reaction conditions.194

Owing to their enormous potential, we believe that hydrogels
will be further explored for their use in flow biocatalysis.
Nowadays, first types of bio-inks are investigated, such as
biodegradable agarose-based hydrogels,187 which are also
involved in the enzymatic reaction. Also, these include 3D-
printed graphene carriers that can be applied in reactions
where electron transfers are required.194

The most common strategy for the synthesis of enzyme
carriers is to use an extrusion-based 3D printer building up
the regarded material layer by layer.185,188 Various types of
inks have already been evaluated for enzyme immobilization
strategies, including the most promising ones based on
poly(ethylene glycol) diacrylate,190 and nylon.186

Recently, Liese and co-workers investigated polyethylene
terephthalate (PET) as an additively manufactured carrier
material for the immobilization of phenolic acid
decarboxylase (PAD) from Mycobacterium colombiense for the
decarboxylation of ferulic acid. PAD was genetically fused
with an anchor peptide and non-covalently immobilized on
the support PET. Together with an in situ product removal
(ISPR), a conversion of ca. 88% after 2 h was achieved.195,196

In addition to additively manufacturing of novel carrier
materials, reactors, and other devices can also be 3D-printed.
With its cost-efficiency it is indeed possible to assemble
reactors with diverse and complex structures, channels and
porosities.189,197–199 Moreover, each 3D-printed component can
be modified easily (completely or partially) compared to the
first design draft, if necessary, favoring a simple trial-and-error
development process.192 This principle can be implemented
when CAD modeling is combined with computational fluid
dynamics (CFD), where it simplifies the development and
optimization of the reactor design and allows digital
visualization and understanding of the entire process.200

The most widespread technology for the production of
reactors is also based on extrusion processes, whereby in
particular fused deposition modelling (FDM) and fusion
filament fabrication (FFF) are now enjoying great popularity.199

Compared to other 3D printing processes, FDM is
advantageously simple and inexpensive: it does not require a
support and thermoplastic materials such as acrylonitrile–
butadiene–styrene (ABS) and polylactic acid (PLA) are used. They
are also easily recyclable and recently, polyether ether ketone
(PEEK) for example, has shown remarkably high chemical
resistance.199 The application of the FFF techniques makes it
possible to create cavities in the main structure without the
need for subsequent modifications. Among others, this ensures
a better mixing of the reactants in the 3D-printed reactors.

3D printing can also provide an alternative to traditional
micro-technologies, which are mainly used for the

construction of miniaturized reactors and other microfluidic
devices. Some of the current limitations associated with their
manufacture can be overcome by 3D printing, such as the
long time required for their construction and the use of a
narrow range of chip materials. From this perspective, laser
additive manufacturing (LAM) is of particular interest as a 3D
printing technique for microfluidic devices using metals or
alloy powders that are melted to form specifically designed
3D structures.201 Yet, meso-scale reactors cannot be printed
with the powder-based fusion (PBF) methods because their
resolution is limited by the powder's diameter. However, the
most suitable technology for meso-scale reactors with 3D
printing is electrochemical additive manufacturing (ECAM),
in which metal ions are deposited as metal atoms by
electrochemical processes.202

Many steps have already been taken with regard to 3D
printing, but some have yet to be taken, such as the chemical
refinement of printed devices, which has received much less
attention. Various research groups are now focusing to fill this
gap by developing initial proof-of-concept studies for modifying
and functionalizing 3D printing surfaces and devices, paving the
way for a new strategy that combines enzyme immobilization,
its recyclability and continuous flow processes.203

5.2 Enzyme cascades

Continuous flow chemistry has had an impressive effect on
enzyme-catalyzed cascade reactions opening the doors to new
potential pathways for biosynthetic and bioanalytical
applications. Biocatalytic cascade reactions are atom-
economic and energy efficient processes mimicking natural
activities and synthesis pathways.204–208 The performance of
cascade reactions in continuously operated flow-through
systems includes further positive properties such as an
improved mass and heat transfer and a better mixing of the
reactants, e.g. increasing the reaction rate and having least
distortion of the biocatalyst due to the lack of high shear-
stress.209,210 Furthermore, the activity of the biocatalyst is
increased, e.g. by avoiding substrate and product inhibition
through a precise control of the residence time in relation to
the reactor volume. By combining this strategy with real-time
monitoring and control (see also 5.3.1), further decisive
advantages can be achieved leading to a better understanding
not only of the overall process, but also of the individual
steps that make up the cascade.

Multi-enzyme cascades in continuously operated flow
systems can dramatically boost the efficiency and
productivity of the biocatalytic process under consideration.
Recently, Lauterbach and co-workers combined an imine
reductase with a diamine oxidase and immobilized the
enzymes onto polymer coated glass porous carriers.211 The
enzymatic cascade was performed in a continuous flow
reactor and both H2 and O2 were produced by electrolysis
and transferred through a gas-permeable membrane into the
flow system.211 Modeling of enzymatic cascades allows us to
understand the effect of parameters and optimize thereof
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while running the cascades for continuous synthesis.
Finnigan et al. combined both mechanistic and empirical
modeling to optimize a two-enzyme system for continuous
reductive amination.212 The multi-dimensional optimization
shows a clear advantage compared to traditional time
consuming one-factor at a time (OFAT) approaches. In
addition, the availability of these models can be extended by
modern public platforms such as github, and they can be
operated with cloud-based Python notebooks. In our opinion,
these in silico methods are an important groundbreaking
development in flow-through biotechnology. Especially the
time savings can contribute to the breakthrough of enzymatic
reactions on an industrial scale due to the lower costs in
Research and Development (R&D) departments. Despite all
the euphoria, it should not be forgotten that the computers
working with these models, require basic experimentally
validated kinetic data (Km, kcat and Ki, etc.). The practical
chemist working in the laboratory will therefore remain an
absolute necessity for a long time to come.

5.3 Online analytics

Tracking a chemical reaction being performed in a
continuous operated mode is a challenge due to a higher
technical effort compared to classical batch reactions. In the
last decades, several techniques have been successfully
developed and implemented. Depending on the technical
configuration (primarily with respect to the position of the
sensor), different methods of continuous measurement can
be distinguished: (i) inline, (ii) online, (iii) offline and (iv)
atline analysis. ‘Inline analysis’ refers to a setup in which the
sensor is in direct and continuous contact with the analytes.
Whereas, if a bypass line is installed within the system, it can
be described as ‘online analysis’. Conversely, a procedure in
which a sample is taken from the bulk solution in order to
subsequently carry out the analysis is referred to as ‘offline
analysis’. However, if the analysis (e.g. gas or liquid
chromatography) is performed within a narrow time frame
and in close proximity to the reactor vessel together with
automatic sampling, the method is defined as ‘atline
analysis’.213 We think that the definitions mentioned above
are important to have a common and standardized
communication on the type of analysis. Below the chapter
emphasizes the future perspectives of online analysis for
continuous synthesis.

5.3.1 Real-time monitoring. Advantages of chemical
processes being operated within a continuous flow mode are
the integrated, fast and easy to perform real-time analysis,
optimization and scale-up. In fact, it is possible to evaluate
several parameters through real-time monitoring and receive
immediate feedback. This strategy, known as ‘process
analytical technology’ (PAT), makes it easy to determine
cause-and-effect relationships and how each variable
influences the process. All equipment required for a real-time
monitoring, such as sample dilutors, solvent exchange and
removal devices, can be placed between sampling and

analysis (see also Fig. 1i, e). Today, a variety of analytical
techniques, tools and sensors for flow devices are available
and applicable.214 Among them, online high performance
liquid chromatography (HPLC) is one of the most widely used
analytical methods, which is easy to understand due to its
high versatility and short implementation time. Other
monitoring techniques being frequently used are real-time
gas chromatography (GC) and mass spectroscopy (MS).215

Moreover, inline infrared (IR) and attenuated total reflection
Fourier-transform infrared (ATR-FTIR) spectroscopy is widely
applied.216,217 Fortunately, this spectroscopy technique allows
to follow the change in concentration of the respected
reactants and products during the reaction and also,
beneficially, to observe the formation of some intermediates
that could not be detected otherwise. A very recent and
interesting real-time application uses a method that has long
been established in chemical practice: nuclear magnetic
resonance (NMR). This very powerful non-destructive and
quantitative analysis strategy is used as a real-time
monitoring instrument, known as ‘benchtop-NMR’ unit,
which is particularly useful. Important information,
especially within biological events, e.g. protein folding,
metabolic pathways, post-translational protein modifications
and enzymatic activities can be easily accessed using this
spectroscopy. A benchtop-NMR enables to run experiments in
flow mode and it is based on the presence of permanents
magnets and its main advantages are a small floor space
requirement, almost zero maintenance and an easy to
perform operation.218–222 Often, it is used as an online
detector in preparative chromatography allowing to monitor
and quantify substances in an easy and rapid way.223

5.3.2 Flow assisted synthesis technology (FAST) as
industrial set-up. Like many other sectors, also industry is
now exploring the power of flow-chemistry, especially when it
is linked to biotechnology. Accordingly, industry now turns
its attention how the link between academia and industrial
application can be strengthened and how industrial
strategies can be implemented from the perspective of
continuous flow chemistry.

Recently, a new device was developed by the ALMAC group
(one of the leader company in development of innovative
technologies in pharmaceutical and biotech sectors). The
device offers a new platform that is able to facilitate
substitutions of functional groups. Here, chemical reactions
using high energy, high pressure, oxidation, and
photochemical transformations can be performed in a safe
and scalable manner. This flow system allows to obtain better
results to those reached under batch conditions in terms of
both productivity and minimization of genotoxic impurity
intermediates formation. First results obtained with the
above-mentioned FAST system have been presented by
Rahman et al. The authors successfully used a FAST
hydrogenation continuous platform for greener aromatic
nitroreductions in aqueous solution at low pressures of
H2.

224 We believe that the (bio)catalysis community will
further witness developments at the interface of academia
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and industry to speed up the research and technical
implementation phases for the production of chemicals.

5.3.3 Continuous flow self-optimizing platforms.
Nowadays, industrial processes are based on a continuous
production process together with an ongoing digitalization
linking production with logistics. This ‘industry 4.0’-field is
characterized on data collection, data storage and machine
learning algorithms.215 The new perspective can be perfectly
combined with continuous flow chemistry and promote
superior control of reaction times, temperatures and
composition, which have always been the cornerstones of
flow processes. Recent technologies have led to the
development of automated platforms with integrated
intelligent algorithms that are able to control the
optimization process and minimize the required human
attention.225,226 In the long term, this strategy will make it
possible to achieve the ideal process faster and easier and to
avoid human bias. The main shortcoming associated with
automated self-optimization platforms is that they are
developed with a single and specific process in mind.
Unfortunately, till now it is still a challenge to design a
general, fully automated system that will be obtained by
assembling devices and tools from different manufacturers,
since in most cases they will use unequal and incompatible
communication methods. On this basis, attention is now
focused on how modular or plug-and-play systems can be
developed from a software perspective enabling better device
control and the integration of different hardware
components for process intensification.227–229 Hopefully,
continuous flow processes will soon be implemented with
the valuable help of algorithms that learn from past data and
errors to guide the experiment.

5.4 Downstream processing

Often, the main focus in continuous biocatalysis concentrate
on the development and improvement of the flow system
itself. In our opinion, not the same level of attention is paid
so far to the downstream processing (DSP), even though,
simultaneously to the development of continuous flow
chemistry, continuous DSP has gained some attention. The
development goals here are primarily to increase process
efficiency, improve product yields and quality and reduce
space requirements and the cost of goods.230 This new
approach has found application in biopharmaceuticals
purifying the final product. The continuous approach can be
performed using various techniques and tools, such as
continuous centrifugation, depth filtration or tangential flow
filtration (TFF) representing primary clarification techniques
at a manufacturing scale. In connection with the separation
and purification of biomacromolecules we would like to refer
to the recently published tutorial review by Vicente et al.231

However, by far the most commonly used continuous DSP
technique is continuous chromatography.232 Continuous
chromatography benefits from two main advantages: firstly, a
reduction in processing volume and secondly, greater tolerance

to unstable compounds. Therefore, a continuous flow operation
improves a greater number of purification cycles within a
smaller column while utilizing shorter process times, which is a
major advantage when purifying less stable proteins.233

Generally, in situ solid phase adsorption can be used for
continuous flow biocatalysis. Although various adsorption
materials are now moderately used in the literature (see entry
1, 5 and 7 in Table 2), a systematic screening of the large
number of commercially available adsorber materials (and
ion exchange resins) is still lacking in the research field.
Recently, von Langermann and co-workers presented two
studies with promising results for the DSP of products from
biocatalytic reactions in shaking flask experiments, which
could be transferred to the use in enzymatic continuous
processes.234,235 Additionally, in situ product recovery
techniques (ISPR) like in situ product crystallization (ISPC),236

and in situ product adsorption (ISPA) can help to implement
continuous DSP.237

5.5 Non-conventional media

Biocatalysis and green chemistry changed our way to
approach chemical synthesis, especially on an industrial
scale. On the one hand, they brought several advantages to
the research field, but on the other hand they also caused
many new problems and doubts. In enzymatic processes,
most biocatalysts operate best under aqueous reaction
conditions where they reach their maximum activity. In
contrast, hydrophobic substrates are often hardly soluble in
aqueous environments and the applied chemist becomes
severely restricted in his freedom of action.

To overcome these issues, the subfield of enzyme catalysis
in organic solvents was constituted early and
eventually.238–242 It was 1980s–90s when the use of enzymes
in non-aqueous media was documented by pioneers of the
field: Klibanov,243 Halling,244 Mattiasson and Adlercreutz.245

Furthermore, it was at the beginning of the 2000s, when the
first papers were published on biocatalytic reactions in ionic
liquids (ILs) (see also above, chapter 4.2.2).

Recently, Wang and co-workers studied 16 different ILs
as a cosolvent for microfluidic biocatalysis.246 The authors
used a novel recombinant RhaB1 enzyme (a bacterial
α-L-rhamnosidase belonging to glycoside hydrolase family 78
(GH78)). Without any further purification steps, rutin was
hydrolyzed yielding isoquercitrin. Using a continuous flow
glass-PDMS microchannel reactor together with an aqueous
solution of the colloid enzyme, the recombinant RhaB1 had
agglomerated in the microchannel after 4 h and blocked the
channels. When IL [Toma][Tf2N] was used as a cosolvent in
the same time, the solubility and liquidity of RhaB1 was
increased, no agglomeration occurred and the microchannel
was not blocked. Additionally, the authors confirmed a
positive effect on RhaB1 activity resulting from the use of the
IL. The main channel dimension was 200 μm wide, 100 μm
deep and 1 m long. The flow regime was stable and laminar.
The reaction substrate at 0.01 g L−1 (rutin at pH 5.0) and the
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recombinant RhaB1 solution containing 0.02 g mL−1 [Toma]
[Tf2N] were both pumped into the microchannel by a two-
channel syringe pump. The flow rates of the two phases were
the same at a range from 1 to 10 μL min−1 and different
temperatures were used. Compared with a batch reactor, the
reaction time was reduced by ca. 98%, the Km was decreased
to ca. 1/3, productivity was improved ca. 61 times and the
reaction time was reduced by ca. 75%. Under optimum
conditions, an isoquercitrin yield of ca. 99% was achieved in
10 min using the microchannel reactor. With this study, the
authors were able to show that the disadvantages of
microreactors can be overcome through the systematic and
intelligent use of cosolvents like ILs.

The work of Grollmisch et al., which recently
demonstrated the immobilization of lipase CalB in
polymerized ionic liquids (PILs), should be mentioned here
even if the material is not yet used in continuous systems,
but it is certainly pointing the way forward.247 In addition,
Villa et al. discuss non-conventional media in biocatalysis
and ISPR with microflow systems.248

The topic of ‘biocatalysis in non-conventional media’
(BNCM) was recently augmented by the field of using deep
eutectic solvents (DES) as efficient solvents and reaction (co)
media in biocatalysis.240,249–254 DESs gained much attention
in the last years being neoteric solvents which special
benefits, such as an easy and fast preparation procedure and
several tunable properties. Eutectic mixtures are obtained
mixing Lewis or Brønsted acids and bases containing a
variety of anionic and/or cationic species.255–257 However, the
final solvent has a lower intrinsic toxicity compared to ionic
liquids, making them to promising substitutes.258 Its main
disadvantage is the high viscosity (which depends on the
starting materials) being a problem for the scale-up of the
process, but it can be easily overcome by mixing them with
other (co)solvents. In this context, adding water/buffer (e.g.
up to 20% v/v) has shown a significant decrease in
viscosity.256,259–261 All these properties make DESs particularly
suitable for use in continuous flow chemistry, and their
tailor-made properties make multi-stage continuous flow
processes and cascade reactions with them ideal.

5.6 Photobiocatalysis in continuous flow

The use of light for catalysis is an elegant approach, that has
been taking great attention within the scientific community.
Nowadays, photocatalysis has been proven to extend the
substrate scope by using (transition) metal or organic
catalysts under milder conditions compared to light-
independent alternatives. Herein, photocatalytic reactions
take advantages for the enhanced reactivity of the
photocatalyst in its excited state, e.g. allowing single-electron
transfer (SET) processes with organic substrates, producing
radicals playing a key role in organic synthesis.262

Increasing number of studies focus on photobiocatalytic
reactions covering enzymes that are coupled with a
photocatalyst263–265 as well as photo-enzymes that are strictly

light-dependent being able to catalyze a reaction only upon
illumination.266 Recently, Schmermund et al.267 and Park and
co-workers268 have reviewed this constantly growing research
field of photobiocatalysis. Indeed, nowadays light-driven
enzymatic biocatalysis are extensively investigated,269–296 and
– in our opinion – the integration and consolidation of
photobiocatalysis and continuous flow chemistry seems to be
the next logical step broadening the knowledge in this
interesting field of research. For example, low light
penetration depth and inhomogeneity of light distribution
inside the reaction medium can be overcome by continuous
flow technology. Combining the pros (and cons) of both
research parts can lead to a more efficient catalysis era and
we hypothesize that proof-of-concept examples will be
published in the near future.

Conclusions and outlook

The fusion of biocatalysis and flow chemistry is in progress
and is increasing. It stands to reason: high surface-to-volume
ratios, improved mixing and mass transfer, a superior
temperature control and small volumes requiring
significantly reduced amounts of reagents and a shorter time
from idea to application. All these advantageous parameters
will boost and inspire research. Compared to classical
‘beaker-biocatalysis’, flow chemistry can be more productive,
resource-efficient, controlled and environmentally friendly.

In the near future, we are expecting an intense increase of
the use of flow biocatalysis in academia and industry for the
synthesis of chemicals of our daily need. Especially the
opportunity of downscaling of a biocatalytic reaction enables
a sustainable approach for screening of process parameters
with high degree of freedom in a more resource efficient way.
In addition, the modularization of reaction cascades in flow
rather than one-pot synthesis is a particularly attractive route.
Particularly in pharmaceutical production, we expect an
increasing interest of the industry for flow biocatalysis as
flow biocatalysis can play a significant role to reduce the
time-to-market. Perspectively seen, we think that a model-
based scale-up of flow biocatalysis and the use of commercial
modular systems for industrial implementation will
contribute to the success of continuous flow biocatalysis.

Within our review, we specifically focused on future
perspectives like 3D printing techniques, enzyme cascades in
continuously operated reactors and online analytics.
Additionally, future developments in continuous downstream
processing and the use of nonconventional media in flow
systems will make their contribution to the successful and
ongoing progress. Finally, we also hope that the scientific
community will be stimulated to report consistently about
biocatalysis in continuously operated reactors.
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