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Abstract: Recent years have witnessed a growing interest in the use of biocatalysts in flow reactors.
This merging combines the high selectivity and mild operation conditions typical of biocatalysis
with enhanced mass transfer and resource efficiency associated to flow chemistry. Additionally,
it provides a sound environment to emulate Nature by mimicking metabolic pathways in living cells
and to produce goods through the systematic organization of enzymes towards efficient cascade
reactions. Moreover, by enabling the combination of enzymes from different hosts, this approach
paves the way for novel pathways. The present review aims to present recent developments within
the scope of flow chemistry involving multi-enzymatic cascade reactions. The types of reactors
used are briefly addressed. Immobilization methodologies and strategies for the application of the
immobilized biocatalysts are presented and discussed. Key aspects related to the use of whole cells in
flow chemistry are presented. The combination of chemocatalysis and biocatalysis is also addressed
and relevant aspects are highlighted. Challenges faced in the transition from microscale to industrial
scale are presented and discussed.

Keywords: microreactor; reaction cascade; whole cell; immobilization; scale-up

1. Introduction

Flow bioreactors present large surface-to-volume ratio that is advantageous in enzy-
matic reactions, but parameters such as fluid velocity which affect residence time, influence
significantly enzyme kinetics. Nevertheless, they provide the ability to use cascades of
bioreactors, each containing a different enzyme operating at its best condition, for the
synthesis of compounds requiring multi-steps [1-3]. Immobilization of the enzymes on
the walls of the reactors or in carriers allows their reuse or continuous use, and simplifies
downstream processing as the enzymes will be retained inside the reactor [4].

The application of whole cells in flow reactors allows multi-enzyme reactions to be
carry out with natural cofactor regeneration, usually with high region- and stereo-selectivity,
at lower costs than if pure enzymes were used since no purification steps are required [5-7].
The use of the natural ability of the cells to form biofilms on surfaces and to live in extreme
environments has been used to naturally immobilize the cells on the walls of the reactors
and to perform the reactions in the presence of e.g., organic solvents [8,9]. Synthetic biology
and metabolic engineering tools have resulted in the production of compounds by new
synthetic routes [10,11].

When compared to batch processes, flow systems have putatively the potential to
accelerate biotransformations by favoring mass transfer and to facilitate large-scale produc-
tion, as smaller bioreactors and shorter reaction times are possible [12]. Both bioprocess
intensification and simple numbering up of bioreactors are possible, which facilitates
scale-up [13].

In this review, we discuss the achievements and bottlenecks of multi-enzyme systems
in flow chemistry.
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2. Flow Bioreactors

The concept of flow chemistry revolves around continuously pumping fluid(s) contain-
ing the starting material(s) through a reactor in a continuous manner to produce a stream of
product. The reactors can be fabricated from glass, polymeric materials (e.g., polydimethyl-
siloxane (PDMS), polymethyl methacrylate (PMMA), polystyrene (PS), perfluoroalkoxy
(PFA)) and metal (e.g., stainless steel) or ceramics, the two later chosen when the reaction
is performed under high temperature/pressure [14,15]. Depending on the volumetry and
one characteristic dimension, reactors can be classified as microreactors (or microfluidic)
reactors, mesoreactors and macroreactors (Table 1).

Table 1. Typical metrics of micro-, meso- and macroreactors.

Microreactors Mesoreactors Macroreactors

At least one dimension At least one dimension

between 10 wm and 500 pm between 500 um and a Dimensions above mm scale
few mm
Specific area ! up to Specific area up to Specific area around 100 and
50,000 m? /m3 50,000 m?/m3 1000 m? /m3
uL range mL range L to kL range
mg to g scale multi-g to kg scale kg to ton scale

1 Specific area: surface to volume ratio of the reactor.

Given these respective features, microreactors display high mass and heat transfer
and allow operation in laminar flow, where all the particles in the fluid move in parallel
layers, with no mixing between layers, opposite to turbulent flow, where the particles in
the fluid move in a random and chaotic manner. However, they have poor throughput,
processing solids is challenging and they are prone to channel blockage and high pressure
drops; on the other hand, mesoreactors have higher throughput and are less sensitive to
pressure drops, although mass and heat transfer is less effective than in microreactors and
operation in laminar flow may not be feasible. Macroreactors abridge those reactors that
display volumes above a few mL [12,16,17].

Different types of reactors are used, but they can be grouped in four different types:
tubular reactors, packed-bed reactors, monolith reactors and chip-based reactors [14,18].

Tubular reactors are the simplest of all: fluid flows through the channel with negligible
backpressure, and hydrodynamics and heat transfer are easy to control. In tubular reactors
the inner wall of the vessel is used as the carrier for enzyme immobilization (wall-coated
reactors). Even for capillary-sized vessels, the surface area to volume ratio is smaller than
for other microreactors; hence enzyme loading is poorer with a negative impact on the
reaction efficiency. Several strategies have been suggested to improve enzyme loading,
mostly involving the deposition of nanomaterials on the inner cell wall of the reactor, as
recently reviewed [19]. An inner diameter of capillary as small as possible is also advised
to minimize diffusion path [18,19]. Wall-coated reactors were used in cascade reactions,
such as the two-step conversion of bis(p-nitrophenol)phosphate monosodium salt into
p-nitrophenoxide and inorganic phosphate [20,21], and three-step production of resorufin
from lactose [21]. In the later case, the coated-wall microreactor was outperformed by
an equivalent packed-bed reactor based on the calculated specific substrate conversion
efficiency [21].

Packed-bed reactors contain the immobilizing support and are designed in order
to maximize enzyme loading. Hence, enzymes are immobilized on, e.g., hydrogels or
inorganic particles that are then packed in a channel. Unlike conventional, macroscale
packed-bed reactors, where mm size particles are used with negative impact in heat and
mass transfer, in microreactors the particle size should be under 50 nm. The high sur-
face area to volume ratio also results in shorter diffusion paths when compared with
coated-wall reactors. Still, relatively high backpressure is required to achieve the in-
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tended flow rate [14,19]. The production of (1S,25)-1-phenylpropane-1,2-diol through
an enzymatic cascade involving fusion enzymes benzoylformate decarboxylase and alco-
hol dehydrogenase separately immobilize on HaloLink™ resin. The sequential packed
beds were operated for several weeks with high conversion, stereoselectivity and space-
time yields up to 1850 g L~ day ! [22]. Pyrroline-5-carboxylate reductase and lysine-6-
dehydrogenase were co-immobilized in agarose microbeads and applied in a packed-bed
reactor for the continuous synthesis of L-pipecolic acid from L-lysine. Almost quantita-
tive molar conversion was achieved in 30 min residence time with a space-time yield
up to 2.5 g L~ h=! [23]. Ethyl esters were produced using combi-CLEAS of lipases from
different sources. The optimized formulation was applied in a packed-bed reactor and
operated for 30 days with constant conversion yields of ~50% and an average produc-
tivity of 1.94 gethyl esters gsubstrate’l h~! [24]. Tyrosinase and DOPA-decarboxylase were
immobilized in functionalized silica beads. The formulations were applied in sequential
packed-bed reactors for the production of dopamine from tyrosine to achieve an overall
yield of 30% [25].

Despite of their high enzyme loading capacity, packed-bed reactors still display some
drawbacks, e.g., high pressure drops, limited heat transfer and risk of leakage at high flow
rates. To overcome these, monolith reactors were developed that display a network of
meso- or microporous structures, hence high void volume easing fluid flow and lower
pressure drop. Moreover, the synthesis of monoliths is performed within the channel, thus
packing procedures are avoided, although the preparation can be time-consuming and
reproducibility is questionable. Monoliths can be silica- or polymeric-based; the former
endure organic solvents, but are sensitive to extreme pH whereas the later are not affected
by pH, but their pore structure may be affected by organic solvents [14,18,19]. Invertase,
glucose oxidase and horseradish peroxidase were immobilized in a polymeric monolith
to produce resorufin from sucrose. The authors established that high product yields
were only observed if the enzymes were immobilized in the correct sequence. Moreover,
the preparation displayed high operational stability [26]. Deoxyribonuclease I, snake
venom phosphodiesterase and alkaline phosphatase were immobilized in a silica-based
capillary monolith for the digestion of genomic DNA. Enzymatic activity was significantly
enhanced upon immobilization and the monolith displayed high operational and storage
stability [27]. Chip reactors typically display a bankcard or microscope slide footprint. The
internal structural designs of microfluidic channels inside the chip have a wide variety,
such as a straight, serpentine or zig-zag microchannel to enhance the effective volume for
immobilization, multiple channels, inclusion of single or multi-chambers and/or wells,
among others. They are made of glass, poly(dimethylsiloxane), poly(ethylene terephthalate)
or poly(methyl methacrylate), among other materials. Immobilization can be performed
either directly on the channel, as for tubular wall-coated reactors, or particles or monolith
can be packed in the channel /chambers [12,14,16,18]. As example, B-galactosidade, glucose
oxidase and horseradish peroxidase were individually immobilized in three compartments
in a chip-type reactor for the quantification of lactose [28]. The different configurations of
microreactors are illustrated in Figure 1.
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Figure 1. Different types of reactors that are used for biocatalytic reactions carried out under
continuous operation in flow chemistry with immobilized biocatalysts. (a) Basic configuration,
where reagents are continuously pumped into a reactor containing the immobilized biocatalyst. The
reactor can be a tubular type of reactor, such as (b1) open tubular, capillary wall-coated vessel, either
as straight channel or coiled; (bz) packed-bed reactor; (bz) monolith reactor; or chip-type reactor
with (cp) straight channel; (cz) serpentine channel; (c3) multiple channels; (c4) inclusion of single
chambers; (c5) inclusion of multiple chambers. In ¢1—cs5, gray areas correspond to reaction zones
where biocatalysts are immobilized.
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2.1. Immobilization

Enzyme immobilization consists in the confinement of those specialized proteins in
a defined region of space while retaining their catalytic activity. This approach enables
either enzyme reuse or continuous use while simplifying the downstream processing, since
reactor effluents are enzyme-free [4]. Besides the wide versatility in the biocatalytic set-up
and high volume specific biocatalyst loading enabled by enzyme immobilization [4,29,30],
when properly implemented, this technology conveys improved activity, resilience, selectiv-
ity and stability to the biocatalyst [29-32], enhanced space—time yield [33] and can increase
enzyme purity [34]. Immobilization is not without some drawbacks, namely: the cost of
enzyme carriers and of immobilization procedures, plus complexity of the later; disposal of
exhausted immobilized enzyme formulations; risk of fouling; and decrease in observed re-
action rates as compared to free enzymes, either due to mass transfer limitations or enzyme
inactivation during immobilization [4,35]. Immobilization of enzymes is paramount within
the scope of flow chemistry as to retain the biocatalyst in tubular reactors. Additionally,
when cascade enzymes are used, the possibility to contain the individual enzymes through
immobilization in specific compartments can enhance the overall kinetics by providing
reduced, more efficient paths for the intermediates to move between them as enzymes are
close to one another, preventing unwanted cross-reactions and easing the regeneration of
cofactors [1,30,36,37]. There is no universal method for enzyme immobilization, but an
ideal approach requires favorable interaction between enzyme and the carrier (if used),
which should provide a high surface area and display chemical, mechanical and thermal
stability, high rigidity and endurance to microbial degradation, alongside with ease of
regeneration. Moreover, the carrier should be nontoxic and have a low cost and be easy to
produce. Simultaneous compliance with all these requirements is hard if not impossible to
achieve, hence a compromise is often needed [15,30]. Roughly, enzyme immobilization can
be carried through either chemical or physical methods, most of which involve interaction
with or containment inside a solid carrier. Immobilization of an enzyme onto a carrier can
be achieved through (a) covalent binding, where noncatalytic enzyme residues, e.g., lysine,
cysteine and aspartic and glutamic acids, form covalent bonds with active groups of the
carrier; (b) adsorption, where the enzyme attaches to the surface of the carrier through weak
forces; (c) ionic binding, which involves ionic interaction between charged enzyme residues
and oppositely charged carriers; (d) affinity binding, where either the enzyme is conju-
gated to a molecule that displays affinity towards the carrier or the carrier is previously
coupled to an affinity ligand for the envisaged enzyme; (e) alternatively to carrier binding,
carrier-free immobilized enzyme formulations can be produced by chemically crosslinking
enzyme aggregates to deliver micro- to millimeter-sized crosslinked enzyme aggregates
(CLEAs or combi-CLEAS, if multiple enzymes are immobilized), using a bifunctional
reagent; (f) entrapment, where the enzyme is physically contained within a polymeric
network, rather than attached to the surface of the carrier; and (g) encapsulation, where the
enzyme is physically contained within a membrane [30,38,39] (Figure 2). Several reviews
have been published recently providing comprehensive overviews on methodologies for
enzyme immobilization and characterization [30,40-43], including some where focus is
given to the particular requirements for multi-enzyme immobilization [1,37,44-49] and to
the integration of immobilized enzyme systems and continuous flow reactors [14,18,50].
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Figure 2. Different immobilization techniques involving chemical methods (a—e) and physical
methods (f,g): (a) covalent binding, (b) adsorption, (c) ionic binding, (d) affinity binding, (e) CLEAs,
(f) entrapment and (g) encapsulation [14,30].

Briefly: (a) In covalent binding, the enzyme molecules are linked to the carrier typi-
cally through either amide, carbamate, ether or thioether bonds. This method offers the
strongest bond between enzyme and carrier, hence high reusability and resilience under
extreme condition and often enhances stability, yet the random orientation of the enzyme
molecule during immobilization can hamper activity [14,30,51,52]. It is mostly irreversible,
thus the whole enzyme formulation has to be discarded once activity is exhausted, safe
for a few exceptions involving disulfide bonds [41,42]. Conformational changes as an
outcome of immobilization and risk of amino acid residues involved in catalytic activity
being compromised in the covalent bonding are two reported drawbacks, but these can be
overcome by careful selection/design of the carrier [53-55], enzyme engineering [56] and
blockage of the active site of the enzyme through the use of the substrate or of a competitive
inhibitor during immobilization [14]. (b) Adsorption involves interaction between enzyme
and carrier through weak, nonspecific forces, e.g., van der Waals forces, hydrogen bonds
and hydrophobic interactions. The risks of conformational changes upon immobilization
are low, due to the mild nature of the method, although the random orientation of the
enzyme in the carrier may again cause concern, and the process is typically reversible. This
can prove useful, as the carrier can be washed and reloaded with fresh enzyme, but un-
wanted enzyme leakage is most prone to occur [14,52,57-59]. (c) Ionic binding involves the
interaction between oppositely charged functional groups of the carrier and of the enzyme.
The immobilization process can be controlled by a suitable adjustment of the pH of the
medium according to the isoelectric points of enzyme and carrier [60,61]. Binding strength
is superior to adsorption and reversibility can be achieved through proper manipulation of
pH, temperature and ionic strength, but again unwanted enzyme leakage may occur, as
well as conformation changes upon immobilization [14,41]. (d) Affinity binding evolves
around the interaction between enzyme and carrier through specific ligands. To achieve
this, the enzyme is typically decorated, either chemically [62] or genetically [44], with a
suitable tag (e.g., a peptide tag, a given protein domain) that attaches to the complementary
ligand in the carrier, through either covalent or noncovalent interactions, which convey
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high enzyme load, stability and proper enzyme orientation, albeit at increased cost and
complexity when compared to other methods [14,30]. Typical examples are His-tag/metal
binding [63,64], avidin/ biotin [65], ssDNA/ssDNA [66], Spytag/Spycatcher formation
of isopeptide bond [67] or Zbasic2 module/silica [68]; comprehensive information can
be found elsewhere [34,44,69]. Affinity binding can be reversed under adequate condi-
tions (pH, temperature, chemical processing), thus allowing the reuse of the carrier once
enzyme activity is depleted [14,15]. (e) CLEAs and combi-CLEAs are typically formed
using glutaraldehyde as crosslinking agent, due to low cost and wide availability, but
other reagents such as dextran polyaldehyde [70], genipin [71] and polyethyleneimine [72]
have been used. By avoiding the use of a carrier, process cost decreases and productivity
(kgproduct/ Kgenzyme formulation) increases as carriers account for about 90% to 99% of the
total mass of the enzyme formulation (CLEAs, combi-CLEAs). This irreversible immobi-
lization method is easily implemented and has low cost, but poor mechanical stability has
been often associated to CLEA [73,74], as well as a trend towards size increase and cluster
formation, when these enzyme formulations are recovered from the reaction medium by
centrifugation or filtration, resulting in mass transfer limitations [74,75]. To tackle these
issues, magnetic combi-CLEA were developed that allow for easy recovery from the re-
action media [39,76]. The use of magnetic materials within the scope of multi-enzyme
immobilization has been advantageously used when methods other than combi-CLEAs
were used [77-81], as recently reviewed [82]. (f) Entrapment is a typically mild, easy to
implement, physical irreversible immobilization process where the enzyme is physically
contained within a matrix, e.g., hydrogels [71,72], metal-organic frameworks [83], a type
of highly porous and thermally stable material, with tunable functionalities, composed of
metal ions/clusters bound by organic ligands [54,84] or membranes [58,85]. The method
is highly dependent on enzyme size to pore size of the carrier and prone to mass transfer
limitations and enzyme leakage [14]. (g) Encapsulation can be considered a variation of
entrapment whereby the enzyme is contained within a semipermeable membrane while
maintaining the native form of the enzyme structure [86,87], thus sharing mostly the advan-
tages and drawbacks of entrapment [14]. It should be pointed out that often in the literature,
entrapment and encapsulation are used indiscriminately. Recent concise comparative eval-
uations of the advantages and limitation of the different immobilization methods can be
found elsewhere [14,88]. Some further recent representative examples of the application of
the different methods for the immobilization of enzyme cascades, including some where
different immobilization methods are combined, are given in Table 2.

Table 2. Recent examples illustrative of the use of different methods for the immobilization of enzyme cascades.

Immobilization Method

System Comments Reference

Production of (R)-4-chloro-3-hydroxybutanoate. The
enzymes were co-immobilized in mesocellular
siliceous foams through microwave irradiation with
p-benzoquinone as crosslinking agent. The

Two-step: ket duct: . . . -
worstep: kelo reductase formulation retained more than 90% residual activity

Covalent (KRE) and glucose upon 30 days of storage at 4 °C. The formulation (321
dehydrogenase (GDH) retained over 50% residual activity after 6 repeated
batch conversion cycles, whereas upon
co-immobilization by entrapment in calcium
alginate the residual activity dropped to ~20%.
Synthesis of arabinosyladenine, an antiviral
Two-step: uridine nucleoside. Enzymes were co-immobilized on
phosphorylase (UP) and glutaraldehyde activated monolithic aminopropyl
purine nucleoside silica carrier. Recirculation through the column at a [89]
phosphorylase (pNP) flow rate of 0.5 mL'min~! of adenine (nucleobase, 1
phosphorylase mM) and arabinosyluracil (sugar donor, 2 mM)

resulted in 60% conversion after 24 h.
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Table 2. Cont.

Immobilization Method System Comments Reference
Synthesis of vidarabine 5'-monophosphate (antiviral
drug). UP and pNP were covalently bound
. o Three-step: UP, pNP and individua%ly to .glyoxyl-.aga.ros.e énd dAK was bound
ovalent and ionic deoxyadenosine kinase (dAK) by ionic interaction ionic interaction to [90]
functionalized Sepabeads® EC-EP. Close to full
conversion of the substrate (adenine, 25 mM)
was reported.
Synthesis of vidarabine
The enzymes were co-immobilized either covalently
on glyoxyl-agarose or by metal-ion affinity on a
hydrophylic polymer-coated controlled porosity
glass beads, EziG! (Opal). Each one of the resulting
formulations was packed in a glass column that was
Two-step: UP and pNP, each dfed withdarZbir}ofurganol\s/[yluracil (16 mM) as ;ggﬁr
Covalent and affinity fused with His-tag binding onor and adenine (8 mM) as sugar accep tor. Lighty [91]
ide percent conversion was reached after either 4 h of
pepti residence time (covalent-based formulation) or 80
min (affinity-based formulation). The later displayed
poor operational stability, hence the former was
used for continuous production of vidarabine.
Under a residence time 2 h (67% conversion)
operation proceeded for 8 days, after which the
product was recovered (55% yield, over 99% purity).
Conversion of glycerol to a chiral D-fagomine
Three-step: glycerol kinase precursor. GK/AK and GPD/NOX were produced
(GK)/acetate kinase (AK) + as modular biocatalysts that retain and recycle their
glycerol-3-phosphate cofactors as fusion proteins, to which cofactors were
dehydrogenase covalently tethered. GK/AK, GPD/NOX and FA
(GPD)/NADH were covalently bound through the conjugation [92]
oxidase (NOX) + fructose module to chemically trifluoroketone activated
aldolase (FA), each harboring agarose beads and each of the three formulations
a harboring a maleimide-thiol ~added in packed-bed reactors disposed sequentially.
conjugation module Space-time yields of 70 g L' h~! g~! and total
turnover numbers above 10,000 were reported
Selective reduction of 5-nitrononane-2,8-dione. Each
Two-step: (R)-selective alcohol  enzyme was bound to magnetic microbeads coated
dehydrogenase (RADH), with streptavidin, which were introduced in a
Affinity (5)-selective methylglyoxal compartmentalized microfluidic packed-bed reactor. [93]
reductase and GDH, each Under selected flow conditions and ratio of
fused with streptavidin immobilized enzymes load, an initial conversion of
binding peptide 73.6% stereoselectivity exceeding 99:1 and product
space-time yield of 106 g L~'day ! were reported.
Selective reduction of 5-nitrononane-2,8-dione. Each
enzyme was bound to Co?* functionalized magnetic
microbeads, which were introduced in a
compartmentalized microfluidic packed-bed reactor.
To-stps RADH, g G, De ol e ity won
each fused with His-tag ! 4 ’ [63]

binding peptide

immobilized enzyme load and flow conditions, 98%
substrate conversion of 98% and product space-time
yield of 131 g L~'day~! was reported. The outcome
compared favorably with that of a previous work
[93], albeit at the cost of a decrease (~60%) in
specific productivity.
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Immobilization Method System

Comments

Reference

Two-step: KRE and GDH,
each fused with His-tag
binding peptide

Reduction of keto-ester (ethyl-2-methylacetoacetate)
and bulky ketones (4-phenyl-2-butanone;
3’-hydroxyacetophenone) to secondary alcohols.
The enzymes from crude extracts were
co-immobilized under optimized ratios in a column
Ni?* functionalized crosslinked agarose, which was
packed in a flow reactor. Co-immobilization reduced
cofactor requirements and immobilization enhanced
tolerance to high substrate concentrations (130 mM
and above) as compared to the free enzymes. The
immobilized enzymes were used in 20 (keto-ester)
and 13 (bulky ketones) repeated batch conversion
cycles with 95% substrate conversion with substrate
concentration of 130 mM.

[64]

Three-step: (3-galactosidase
(bGAL), glucose oxidase GOx
and horseradish peroxidase
(HRP)

Affinity
(cont.)

Conversion of lactose to resorufin.
Streptavidin-coated microbeads functionalized with
either individual or a mixture of chemically
biotinylated enzymes. The formulations were
introduced in microfluidic channel, where the
former immobilization approach outperformed the
later. Operational parameters, e.g., flow rate, relative
amount of enzymes, initial substrate concentration
and total amount of biocatalyst, were optimized.

[21]

Three-step: sucrose
phosphorylase, cellobiose
phosphorylase and
cellodextrin phosphorylase,
each fused with Zp g
binding module

Synthesis of soluble cello-oligosaccharides with
degree of polymerization <6. The enzymes were
co-immobilized according to previously established
ratio of activities on macroporous polymethacrylate
particles coated with sulfonate groups harboring the
negative charges to interact with the 7,4, module.
The formulation was used through five repeated
batch conversion cycles allowing the synthesis of 10
tol125¢g L1 of the intended cello-oligosaccharides
from ~68 g L~ ! sucrose and 12 g L1 glucose, and
retaining ~85% of the overall initial activity. Some
leakage of cellobiose phosphorylase was observed,
the trend ascribed to the excess of negative surface
charges of the fused enzyme.

[94]

Two-step: Imine reductase
and GDH fused with SpyTag
and SpyCatcher domain,
respectively, to generate two
complementary building
blocks

Conversion of cyclic imines to the corresponding
secondary amines. Upon incubation in
magnesium-supplemented potassium phosphate
buffer the two fused enzymes self-assembled to a
porous hydrogel through the formation of a covalent
isopeptide bond between the activated lysin residue
of the SpyCatcher and the aspartic acid residue on
the SpyTag domains. The catalytic hydrogel
exhibited a stereoselectivity over 99%. The gel was
packed in a microfluidic (150 puL volume) channel.
After 40 h days of operation (10 uL min~! feeding
rate, 5 mM 3,4-dihydroisoquinoline solution) ~90%
conversion was observed, whereas after 5 h of
operation with unbound GDH roughly no
conversion was observed, due to GDH leakage.
Space-time yield of 150 g L~!"day~! was observed

at a flow rate of 100 pL'min 1.

[95]
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Table 2. Cont.

Immobilization Method

System

Comments

Reference

Entrapment
(cont.)

Two-step: ADH and GDH
fused with SpyCatcher and

SpyTag domain, respectively,

to

generate two complementary

homo-tetrameric building
blocks

Selective reduction of 5-nitrononane-2,8-dione,
acetophenone, 4'-chloroacetophenone and
trans-4-phenyl-3-buten-2-one to the corresponding
R alcohols.

The two fused enzymes self-assembled to a porous
hydrogel containing 77% of enzyme. The gel was
packed in a microfluidic (150 pL volume) channel.
After 7 days of operation (10 uL min~! feeding rate,
5 mM substrate solution) ~70% conversion was
observed with no enzyme leakage, whereas after 2 h
of operation with the free enzymes roughly full
leakage was observed. Spacetime yield 4.5-fold
higher than previously reported [93] was observed.
Mass transfer limitations were advantageously used:
co-entrapment of NADP* (cofactor) allowed for 30 h
of continuous conversion with no cofactor in the
feed. Stereoselectivity over 99% was observed in all
reactions after 10 h of continuous operation. The gel
could be stored for 30 days at 4 °C with no loss
in activity.

[96]

Entrapment
(cont.)

Two cascades, each three-step:
bGAL GOx and HRP (cascade

1); and phospholipase
D, choline oxidase and HRP
(cascade 2)

Detection of lactose
and/or glucose (cascade 1) and of
phosphatidylcholine (cascade 2). The enzymes of
each cascade were co-immobilized in a
noncompartmentalized manner in a hydrogel matrix
composed of poly(ethylene glycol)
diacrylate, 2-(dimethylamino)ethyl methacrylate,
and 2-hydroxyethyl methacrylate, either as bulky
hydrogels or as dots (350 pm diameter) integrated
into polydimethylsiloxane (PDMS)-on-glass
microfluidic reactors to perform the reaction under
continuous flow. Overall, immobilization increased
the catalytic activity of the cascades as compared to
the free form.

[97]

Encapsulation

Two-step: GOx and HRP

Conversion of glucose to resorufin. A mixture of
GOx and HRP was encapsulated in giant unilamellar
vesicles (GUV) sized from 10 to 200 pm, produced
out of a liposome suspension prepared from
phospholipids present in the soybean polar extract.

[98]

Two-step: GOx and HRP

Conversion of glucose to resorufin. The two
enzymes were encapsulated inside silica
microparticles. The formulation was packed in a
microfluidic chamber and assessed for monitoring
glucose concentration. The device operated within
the range of glucose concentration found in saliva
and sweat.

[99]

Encapsulation and
entrapment

Two-step: Alcohol oxidase
and catalase

Alcohol oxidase and catalase were individually
entrapped in inverse opal particles and the whole
embedded in calcium alginate microcapsules to
mimic hepatocytes for elementary alcohol
detoxification.

[100]
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Table 2. Cont.

Immobilization Method

System Comments Reference

Combi-CLEAs and
covalent binding

Saccharification of cellulose and hemicellulose. The
enzymes were individually immobilized in
amino-functionalized magnetic particles which were
afterwards crosslinked with glutaraldehyde to yield
magnetic combi-CLEAs. Immobilization improved
the thermal stability of the enzymes and the

formulation was used through 12 repeated batch [76]
conversion cycles with minor loss of activity.
Moreover, when integrated in simultaneous
saccharification and fermentation of wheat straw the
formulation allowed a 1.82-fold increase
in bioethanol
concentration as compared to use of free enzymes.

Multi-step: cellulase,
pectinase and xylanase

Combi-CLEAs and
encapsulation

Conversion of glucose to resorufin. A mixture of
GOx and HRP was engulfed inside the bowl-shaped
polymersomes and the enzyme molecules were
crosslinked with either genipin or glutaraldehyde to
produce crosslinked enzymatic nanoaggregates
inside the submicron-sized vesicles (c-CLEnA).

Two-step: GOx and HRP [71]

When cascade reactions catalyzed by multiple immobilized enzymes are considered,
three different strategies can be considered: stepwise immobilization of enzymes, mixed
immobilization of enzymes and co-immobilization of enzymes. In the former two cases,
enzymes are separately immobilized on the carrier, whereas in the latter case, which is
possibly the most disseminated in multi-enzyme systems, the enzymes are immobilized
on the same carrier (Figure 3) [1,46,49]. Briefly, stepwise immobilization is based on
the use of several units, organized in a sequential manner, each unit consisting of an
individual immobilized enzyme, thus catalyzing one reaction [28,58]. Proper enzyme
sequence in the flow sense is mandatory to achieve high product yields [21,26]. The
approach is quite flexible, allows optimization and detection of activity and stability
of each formulation, as well as the adjustment of the reaction conditions for each step,
the overall catalytic efficiency is relatively low and is more energy-consuming when
compared with the remaining methods [50]. Still, co-immobilization failed to improve
methanol production from CO; in a three-step enzyme reaction when compared with
sequential immobilization, due to the unfavorable trade-off between product inhibition
and low substrate concentration for the adjacent enzymes [58]. Mixed immobilization
is achieved by mingling individual immobilized enzymes. The relative proportion of
the different enzymes is easy to control and when used for the transesterification of
soybean oil with methanol this approach allowed to minimize methanol inhibition as
compared to the use of co-immobilized enzymes. However, higher initial reaction rate
was observed in the latter case [101]. The synthesis of tauroursodeoxycholic acid from
taurochenodeoxycholic acid by 7x- and 7(3-hydroxysteroid dehydrogenases immobilized
in activated chitosan microspheres through covalent binding was evaluated using the
three different immobilization strategies. Substrate conversion of 73%, 80% and 90% and
product yields of 22%, 41% and 62% were observed for stepwise immobilization, mixed
immobilization and co-immobilization, respectively. This trend was partially ascribed to the
close proximity of the enzymes in the latter case and concomitant reduction of diffusional
limitations [102]. Mixed immobilization is seldom used, for when compared with co-
immobilization it mostly displays lower activity and poorer kinetics. Again, this trend is
ascribed to the closer proximity between enzymes in the latter methodology, hence reducing
diffusional restrictions related to the transfer of intermediates in the cascade [103-105]. In
co-immobilization the different enzymes of the cascade are simultaneously immobilized
in the same carrier. This approach has been clearly privileged in recent publications as
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it has been shown that it typically enhances the reaction rate. Thus, due to the close
proximity of the enzymes, high initial concentration of intermediate products can be
obtained, hence enabling the remaining enzymes to express all the activity from the onset
of the reaction [46,49]. Still, effective immobilization of multiple enzymes in a single carrier
is particularly challenging, since the properties of the carrier, e.g., hydrophilicity, acidity,
porosity, will most likely affect differently the conformation of the different enzymes, hence
carrier loading and activity/stability of the biocatalyst [1,37,49]. A suitable compromise
involving multiple enzymes and a single carrier may not be achieved; hence, more than
one carrier may have to be used [37]. Detailed insight on the advantages and drawbacks
of co-immobilization of enzymes can be found elsewhere [49]. Co-immobilization can
be implemented through random co-immobilization, which is the simplest approach to
assemble an immobilization system, where enzyme solutions are mixed with either carriers
or a crosslinking agent and the classical immobilization methods take place [75,76,106,107].
Nevertheless, this approach hardly complies with the attempt to control the immobilization
pattern and the ratio of immobilized enzyme [32,35,71], an approach that attempts to
mimic the structure of the cellular environment where multi-enzymatic reactions take
place [1,46,50,100,108,109], and positional co-immobilization that allows for setting the
enzymes sequentially according to the pathway/reaction rate and enzyme loading, which
is often used for direct immobilization to surfaces [46,59,65], e.g., the inner walls of flow
reactors [46,50].

(<) 1N\ T\
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Immobilized enzyme B (c)
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Figure 3. Different methodologies for multi-enzyme immobilization: (a) stepwise immobilization, (b) mixed immobilization,

(c) co-immobilization, (¢1) random co-immobilization, (cz) compartmentalization and (c3) positional immobilization.

2.2. Engineering Aspects

From an engineering perspective, flow bioreactors are simple reactors through which
a fluid containing the substrate(s) and/or the biocatalyst is pumped to yield a stream
containing the product(s). The large surface-to-volume ratio in microfluidic reactors is
advantageous for enzyme loading. However, several parameters such as fluid velocity,
which directly influence residence time and mass transfer, may be responsible for the
behavior of the biocatalyst(s) and for the success of the proposed bioprocess. Several
parameters and structures that may be engineered in a flow bioreactor are summarized in
Figure 4.
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Mixing zone—better efficiency in geometries
maximizing pressure drop due to chaotic
advection

Channel shape—may cause
backpressure which affects

/ enzyme activity

T |

Fluid velocity—influences residence time and
mass transfer, and thus biocatalyst activity

< >

Surface-to-volume—the large ratio is advantageous for enzyme loading
and wall-fluid heat transfer rates

Figure 4. Critical aspects in microreactors, such as the mixing zone, the shape of the channel and
fluid velocity, may be engineered to improve mass and heat transfer, and thus biocatalyst activity.

Flow patterns inside the reactors may be generated by modifications of the internal
geometry to increase mixing. Holvey et al. showed that by changing the mixing geometry
of the mixing zone, chaotic advection may be induced as well as changes in the mixing
time scale [110]. The authors used a mixing zone with a tangential, SZ-shaped or caterpillar
mixer, and found that this zone was the main contributor to the overall pressure drop in
the reactor due to significant chaotic secondary flow patterns. These caused a quadratic
relation between pressure drop and velocity, whilst in the serpentine-shaped main channel,
pressure drop decreased linearly and laminar flow with negligible formation of vortices
was maintained.

Nakagawa et al. demonstrated that enzyme activity is affected by the backpressure
caused by the channel shape [111]. The authors immobilized a protease from Bacillus
licheniformis in a freeze-dried polyvinyl alcohol (PVA) micromonolith directly prepared
in the microchannels of five microreactors, which differed from each other by having
microchannels consisting of interconnected straight and elbow segments or a plain straight
segment. Microchannel patterning and flow rates were found to significantly influence
protease activity during the nine days of the assay, the results suggesting that there is an
optimal combination of straight and elbow sections that maximizes reaction rate. When
the mean diameter of the fluid path decreased, the Reynolds number increased, and the
access of substrate to the enzyme via diffusion was thus affected by fluid flow.

The small size of the reactors also enhances wall-fluid heat transfer rates as result
of the surface-to-volume ratio [112]. Several devices have been proposed and tested to
maintain temperature or to create a temperature gradient in microfluidic chips, including
in-chip, out-of-chip and noncontact heating/cooling systems [45—47]. For economical
reasons, in-chip heating/cooling systems should be avoided in disposable bioreactor chips
and a multi-use chip holder containing the required electronics, sensors and actuators,
should be used. Furthermore, the small size of channels hampers the placement of classic
sensors and temperature control relies often on the measurement of outlet temperatures.
Since heat transfer coefficients up to 10 kW/m? K have been reported, energy balances are
usually neglected and operators assume isothermal conditions or microreactors may be
designed for isothermal operation [48,49]. Calorimetric measurements allow the assessment
of both heat transfer characteristics of the bioreactor and that caused by a biochemical
reaction [50,51].
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Calorimeters can measure enthalpy using temperature variation, power compensation
and heat conduction, and can be used to study protein-ligand interactions, enzyme activity
and protein folding [50,52]. Wei et al. developed a multi-channel calorimetric simultaneous
assay (MCSA) platform containing the measurement circuit and calorimeter array in a
single block [113]. The MCSA platform could detect 38 mV /K during temperature change
and detect heating in the 7.865 V /] range. The temperature change range correlated linearly
with catalase activity. Recently, van Schie et al. showed that a microfluidic calorimeter
could be successfully used to determine enzyme activity by developing a new calibration
method [114]. Deprotonation of phosphates provided a significant amount of heat during
sufficient time for calibration purposes and to determine the sensitivity of each thermopile
used. The authors used the hydrolysis of 5 mM para-nitrophenyl phosphate by 10 nM
of alkaline phosphatase to para-nitrophenyl and phosphate. The latter inhibited enzyme
activity. The enthalpy of the reaction was found to be —43.7 k] /mol by isothermal titration
calorimetry and the system was sensible enough to assess the inhibitory effect of phosphate.
The system could be used to screen for substrates targeting drug discovery or to identify
enzyme mutants, which can also be further characterized by more sensitive methods such
as isothermal titration calorimetry.

A recent study showed how isothermal titration calorimetry may be used for the
systematic characterization of the catalytic efficiency of human soluble epoxide hydrolase
(hsEH) towards its epoxy-fatty acids substrates [115]. Using a single-injection method, the
intrinsic heat of hsEH-mediated hydrolysis of the native substrates could be measured
continuously in real time allowing the determination of the reaction rate without the need
for synthetic substrates, or for detectable changes in the physicochemical properties of
substrates or products over time to monitor their concentration.

All the previous techniques described to improve and control engineering aspects,
such as heat and mass transfer inside microreactors, may be used in multi-enzymatic
systems. Theoretically, cascades of microreactors operating at different temperatures and
flow rates could be placed in series to produce compounds requiring multi-steps to be
synthesized. The spatial organization of the enzymes, to simulate natural compartmental-
ization inside living organisms, may be achieved by co-immobilization of multi-enzyme
systems on solid materials, by using microreactors with separate areas for each enzyme, or
through cascades of microreactors (for reviews see [1-3]).

Luckarift et al. used individual microfluidic chips containing the following cata-
lysts: (i) metallic zinc to catalyze the reduction of nitrobenzene to hydroxylaminobenzene,
(ii) silica-immobilized hydroxylaminobenzene mutase for the bioconversion of hydroxy-
laminobenzene to 2-aminophenol and (iii) silica-immobilized soybean peroxidase for the
polymerization of the latter to 2-aminophenoxazin-3-one [116]. This product is an interme-
diate in the synthesis of actinomycins. The silica-immobilized enzymes were packed into
the channel of the chip with an equal volume of agarose beads to prevent silica particles
from packing and to reduce void volume. Relatively low overall yields were observed, but
the system may be used to assess the chemoenzymatic conversion of nitroarene substrates
into the corresponding phenoxazinones.

Heinzler et al. developed a cascade of immobilized microfluidic enzyme reactors
where intermediate products are transported for further conversion in subsequent re-
actor modules under optimal conditions for the production of glycan [117]. Six dif-
ferent enzymes, namely galactokinase, UDP-sugar pyrophosphorylase, UDP-glucose-
dehydrogenase, NADH oxidase, 31,4-galactosyltransferase and glucuronosyltransferase,
were immobilized on magnetic particles and loaded to each microreactor compartment at
the best loading yield (g immobilized enzyme per L of settled beads). The reactor system
was connected to an ESI-Q-ToF MS for in-line reaction control and product analysis. A
yield of 96% of the nonsulfated human natural killer cell-1 glycan epitope was achieved,
which was ca. 40% higher than that achieved with soluble enzymes. This was mainly the
result of using the best reaction conditions for each enzyme in the different compartments.
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A different approach was tested by Logan et al.: multiple enzymes were placed on
porous polymer monoliths within microfluidic devices by photopatterning [26]. The system
was tested with (i) glucose oxidase and horseradish peroxidase, and with (ii) invertase,
glucose oxidase and horseradish peroxidase. Both systems were tested at different flow
directions, but significant product formation was only observed in the correct sequential
order. This demonstrated that control of the sequence of multi-enzymatic reactions is
possible by patterning enzymes in microfluidic reactors.

Vong et al. used a DNA-directed immobilization strategy to immobilize enzymes
in a closed fused silica microchannel for the production of gluconolactone from glucose
mono-acetate [66]. The first enzyme of the system, Candida antarctica lipase B, and the
third, horseradish peroxidase, were immobilized by ssDNA-ssDNA in discrete zones of
the capillary wall, and the two microchannels were connected to each other by a piece
of unmodified fused silica tubing of variable length. The second enzyme necessary in
the system was added in the mobile phase. Product formation increased with increasing
distance between the two microchannels containing the immobilized enzymes. The reaction
time of the glucose oxidase being transported in the reaction medium could be varied
independently of the other two enzymes, which allowed the study of engineering aspects
in this complex reaction system.

3. Reactions with Whole Cells

Whole cells allow multi-enzymatic reactions, with cofactor regeneration, with high
region- and stereo-selectivity, while maintaining the enzymes under their theoretically
best optimal conditions (for reviews see [5-7,10]). They also allow lower bioprocess costs
than pure enzymes, which require expensive isolation and recovery procedures. Since
undesired reactions may take place in the cell, and some interesting biocatalysts such
as extremophiles may require harsh reaction conditions, systems biology and metabolic
engineering tools have been used to develop industrially relevant bioprocesses. This
improved the production of traditional metabolites such as ethanol and lysine, but most
importantly, the production of nearly any desired molecule such as artemisinic acid [11]
and spider silk [118].

One of the major advantages of using whole cells is their ability to regenerate cofactors
naturally. Due to the high cost of NADH and NADPH, cofactor recycling may hamper the
implementation of a bioprocess at industrial scale. However, side reactions may occur. In a
recent review evaluating NAD(P)H regeneration, the authors compared six approaches:
enzymatic, chemical, homogenous catalytic, electrochemical photocatalytic and heteroge-
neous catalytic methods [119]. They suggested that since whole-cell immobilization can
cause side reactions, it might not be appropriate for chiral drug and fine chemical synthesis.
Nevertheless, there are several successful examples of application of microbial cells in the
literature (Table 3). Immobilized cells have been reported to synthesize several classes
of chiral compounds, including alcohols, amines, amides, sulfides, carboxylic acids and
lactones (for a review, see [120]).

Table 3. Examples of multi-step bioconversions using whole cells, chemo- and enzymatic biocatalysts.

Biocatalyst Bioreactor Reaction Reference
o] (o} OH
M L. kefiri )JVY L. kefiri /b\l/
Lactobacillus kefiri Plug flow reactor & Glucose Sy Glwcos I [121]

2,5-Hexanedione (5R)-Hydroxyhexane-2-one (2R.5R)-Hexanediol
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Biocatalyst Bioreactor Reaction Reference
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Immobilization of whole cells may increase their lifetime in organic solvents and non-
natural environments, specific biocatalyst loading, and simplify recycling and downstream
processing [6,60,61]. The natural ability of whole cells to form biofilms on surfaces, which
protect the cells from toxic compounds and harsh environments, may also be used in
biocatalysis as an improved form of immobilization [8,62,63].

Rhamnolipids, which are a group of industrially relevant biosurfactants, could be
produced in biofilms of P. putida containing the rhlAB operon from the opportunist pathogen
P. aeruginosa, in flow cells [125]. Clostridium beijerinckii BA101 adsorbed onto clay brick was
able to produce acetone, butanol and ethanol from glucose in a continuous packed-bed
reactor [126]. The reactor worked for 25 days and a maximum solvent yield of 0.45 g/g
was achieved at a dilution rate of 0.3 h~1.

Whole cells of Lactobacillus kefiri were used for the reduction of (2,5)-hexanedione to
yield (6R)-hydroxyhexane-2-one at an enantiomeric excess >99% [121]. When the cells
were used immobilized in sodium cellulose sulfate in a plug flow reactor, they reached
high selectivity (95%) and space-time yield (87 g/L day) for six days, maintaining 68% of
residual activity at the end of the assay. Additionally, the productivity in the plug-flow
reactor was 14 and 23 times larger than that observed in batch reactors with immobilized
and free cells, respectively.

Continuous ethanol production was attained in packed-bed reactors with polypropy-
lene or plastic composite supports [127]. The latter contained 75% polypropylene with
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20% ground soybean hulls and 5% zein for Zymomonas mobilis, or 5% soybean flour for S.
cerevisige. An ethanol productivity of 536 g/h.L, corresponding to 39% yield, was attained
with Z. mobilis, whilst S. cerevisiae produced 499 g/h.L, corresponding to a yield of 37%. In
the biofilm reactors, ethanol productivities were 15- and 100-fold higher than in suspension
cultures for S. cerevisiae and Z. mobilis, respectively. Z. mobilis in biofilm can produce ethanol
from lignocellulosic hydrolysates, which usually inhibit the growth and enzymatic activity
of microorganisms. Rice straw hydrolysate could be converted into ethanol by two strains
of Z. mobilis in a laboratory-scale packed-bed biofilm reactor with plastic composite corn
silk as biofilm support operated continuously or in batch mode [9].

A bacterial-yeast consortium containing Brevibacillus laterosporus and Galactomyces
geotrichum was used for the decolorization of two effluents from the textile industry [128].
In a triple-layer fixed-bed bioreactor, made with three layers of noncorrosive wire mesh 1
cm apart from each other, the cells could maintain over 80% decolorization for a period of
7 days and ca. 78% reduction in chemical oxygen demand (COD).

Co-immobilization was also used for the multi-step synthesis of enantiopure chiral
compounds: whole cells of E. coli with Chromobacterium violaceum w-transaminase activity
were co-immobilized with Lodderomyces elongisporus with ketoreductase activity [122]. Even
in continuous flow mode, the whole-cell system could carry out the cascade of reactions
necessary for the conversion of the racemic 4-phenylbutan-2-amine or heptan-2-amine
into the corresponding enantiomerically pure R amine and S alcohol. The co-immobilized
whole cells presented higher activity up to 24 h of continuous flow operation and final
conversion (46.7%) than when the cells were used in a single-cell cascade (41.6%).

To improve L-malic acid by S. cerevisiae, the cells were immobilized on a microchannel
bioreactor by covalent immobilization and their membranes were permeabilized with
hexadecyltrimethylammonium bromide to improve mass transfer across them [129]. Both
the biocatalyst and volumetric productivities observed in the microreactor were nearly four
times higher than reported for a membrane reactor, although the substrate concentrations
tested were more than 10 times lower, indicating process intensification.

A different application of whole cells in microreactors may be used for drug testing
and development. One example is the “human gut-on-a-chip” microdevice where two
microfluidic channels are separated by a porous membrane coated with an extracellular
matrix and lined by human intestinal epithelial (Caco-2) cells [130]. The device mimics
the complex structure and physiology of the human intestine by flowing fluid at low rate
and by exerting cyclic strain as peristaltic motions. This type of flow microdevice could
be applied to mimic other human organs and allow the study of the multi-enzymatic
reactions of the human metabolism while assessing the transport, conversion and toxicity
of substrates and/or therapeutic drugs.

4. Chemoenzymatic Reactions

Enzymatic one pot cascades have been shown to provide a sound approach for the
production of a plethora of chemicals [46,131]. Still, there is a growing demand for new
molecules, namely of chiral nature, that can be used as building blocks or end-products,
which cannot be entirely fulfilled solely through a purely enzyme-based approach, given
the relatively limited substrate scope and reactivity of enzymes. This limitation can be
overcome by integrating chemocatalysis and biocatalysis (Table 3). The resulting chemoen-
zymatic cascades combine the high selectivity of enzymes with the high productivity of
chemocatalysts. Still, the implementation of this strategy is quite challenging, namely
because the typical operational conditions are quite diverse in chemocatalysis and biocatal-
ysis, the former involving harsh thermal, pH and pressure environments and nonaqueous
media, the latter involving mild pH and temperature environments, atmospheric pressure
and mostly aqueous media, and such incompatibilities must be overcome [132,133]. Con-
tinuous flow operation where the catalysts are contained in tubular reactors allows for
compartmentalization, e.g., chemocatalysis and biocatalysis being performed in separate,
sequential reactors, a strategy that allows for overcoming incompatibility issues. In cases
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where kinetics, operational conditions and stability of the chemical and enzymatic steps
are compatible, catalysts formulations can be packed in a single reactor, which simplifies
the experimental set-up and reduces costs [134]. To favor this approach, efforts are made to
develop biocatalyst with improved thermostability [135]. The integration of chemocatalysis
and biocatalysis towards the implementation of multi-step production systems is relatively
recent, but it has gained growing attention and the concomitant developments have been
recently published in comprehensive reviews [136,137]. Still, some representative examples
are provided.

Compartmentalization in alternating sequential flow reactors was used for the pro-
duction of the (S)-N-Boc-phenylalanine benzylamide enantiomer through dynamic kinetic
resolution of racemic N-Boc-phenylalanine ethyl thioester by the selective amidation with
benzylamine of the (S) enantiomer using Alcalase immobilized by adsorption on ethyl-
grafted macroporous silica gel. Racemization of the residual (R) ethyl thioester enantiomer
was carried out using the non-nucleophilic base 1,8-diazabicyclo [5.4.0Jundec-7-ene (DBU)
attached also to ethyl-grafted macroporous silica gel. Each of the catalytic active gels was
packed in columns that were intercalated in series to alternate kinetic resolution (Alcalase
driven) with racemization (DBU driven), in a total of 11 columns, with tert-amyl alcohol
as common solvent. The compartmentalization allowed the use of optimal temperature
for each step, 50 °C for the kinetic resolution and 150 °C for racemization. Continuous
operation throughout 120 h was undertaken with unaltered catalyst performance allowing
high conversion (79%), purity (98% enantiomeric excess) and volumetric productivity of
8.17gL 1 h~1[138].

The integration of chemo- and biocatalyst in the same reactor was implemented for
the dynamic kinetic resolution of benzylic amines. This goal was achieved by packing in a
single reactor sol—gel entrapped lipase B from Candida antarctica for the kinetic resolution
with isopropyl 2-ethoxyacetate for selective amidation and palladium on 3-aminopropyl-
functionalized silica for the racemization of the nonreacting enantiomer. Continuous
operation was performed with 2-methyl-2-butanol as solvent at temperatures within 60 to
70 °C. Both catalysts were active and stable under these operation conditions. To achieve
high conversion yields, columns packed only with the immobilized enzyme were also used
for kinetic resolution solely. Continuous flow operation was performed to produce (R)
enantiomers of the corresponding amines in high yields (57—96%) and purity (enantiomeric
excess over 99.8%). This outcome was obtained using none or only one or two columns
for the kinetic resolution, prior to that used for dynamic kinetic resolution. One of these
systems was monitored for 48 h at 60 °C, displayed high operational stability and produced
highly pure (R) enantiomer (enantiomeric excess over 99.8%) with a volumetric productivity
of43gL-1h=1[139].

Compartmentalization in two flow reactors was used for the production of (E)-4-
hydroxystilbene and of the pharmacologically active resveratrol and pterostilbene from
coumaric acid. This was performed through the sequential use of phenolic acid decar-
boxylase from Bacillus subtilis entrapped in calcium alginate beads and a heterogenous
Pd catalyst. The catalysts were individually packed in column reactors. The enzymatic
decarboxylation to vinylphenol was performed at 30 °C and the ensuing cross coupling
step (Heck coupling) was performed at 145 °C with a suitable aryl iodide. A choline
chloride/glycerol deep eutectic solvent and phosphate buffer was used as solvent. Un-
der continuous operation, quantitative conversion of coumaric acid to vinylphenol in the
enzymatic step was observed but final yields of 54%, 32% and 50% were obtained for
(E)-4-hydroxystilbene, resveratrol and pterostilbene, respectively, suggesting the need for
improvement in the Heck coupling step. This can be partially overcome by minimizing the
leakage of Pd typically observed when heterogeneous Pd catalysts are involved, through
the use of a reverse flow reactor [140]. Under optimized condition, continuous operation
for the production of (E)-4-hydroxystilbene was monitored for ~60 h, with constant con-
version (close to 100%) and overall yield ~25%, with space-time yield of 4.8 g L~! h~! for
decarboxylation and 0.52 g L~ h~! for Heck coupling [123].
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Compartmentalization in two catalytic flow reactors, intercalated with an in-line
purification of the key intermediates was used for chemoenzymatic synthesis of given
active pharmaceutical ingredients (APIs), namely procainamide, procaine and butacaine,
from vinyl 4-nitrobenzoate. Different nucleophiles were used, depending on the final
product intended, with toluene as solvent in the enzymatic step, which was performed
at 28 °C. The process was implemented through the sequential use of an acyltransferase
immobilized on glyoxyl-agarose to produce amide and ester intermediates and a Pd-
based catalyst for their hydrogenation, each formulation packed in column reactors. The
in-line purification step consisted of sulphonyl chloride that was packed into a column
connected with the enzymatic reactor, to remove excess of the nucleophiles. Upon solvent
evaporation, the intermediates were redissolved in methanol (amide intermediate) or ethyl
acetate (ester intermediate) and hydrogenated (60 °C, 1 x 10° Pa). Yields in excess of 99%
were reported [124].

Chemoenzymatic Baeyer— Villiger oxidation with C. antarctica lipase B immobilized
by adsorption on multi-walled carbon nanotubes packed in a column reactor operating
at 40 °C has been recently reported. The biocatalyst enabled the generation of peracids
in situ, hence avoiding the need to handle those chemicals. The peracids formed oxidize
cyclic ketones to lactones. Ethyl acetate and n-octanoic acid were evaluated as peracid
precursors and aqueous hydrogen peroxide as the primary oxidant. Ethyl acetate was
ultimately preferred as it could also be used as solvent. To establish the scope of the adding
to the substrate, several ketones were evaluated. In all cases, the corresponding lactones
were obtained in high yields (83% to 99%) and selectivities (100%). In the particular case of
the oxidation of 2-methylcyclohexanone to 6-methyl-e-caprolactone, high product yield
(87%) and selectivity (over 99%) were observed in 5 min reaction time. Moreover, high
operational stability was observed, as ketone conversion remained in excess of 90% after
8 h of continuous operation [141].

5. Implementation Challenges at Processing Scale

A method to transpose biocatalytic systems and flow reactors from micro- to industrial
scale could be a cornerstone for the real application of several interesting research processes.
One key point is how many times a biocatalyst may be used to reduce the product—catalyst
costs. It has been estimated that the total turnover number (the moles of product formed
per mole of catalyst consumed) of a bioconversion should be higher than 1000 for expensive
products being produced at small scale, and higher than 50,000 for large-scale or cheaper
products [142]. When catalyst-to-substrate ratios are greater than 1:10,000, possible efforts
to recycle the catalyst are superfluous [143].

When compared to batch processes, flow systems have the potential to accelerate bio-
conversions by enhancing mass transfer and to make large-scale production economically
feasible in smaller bioreactors, at shorter reaction times and with up to 650-fold increase in
space—time yield [12]. The small dimensions and the allowed process control of reaction pa-
rameters helps yields and productivities while minimizing interruptions in production and
waste generation [144]. Additionally, the module nature of flow reactors allows the scale-up
of bioprocesses by simple numbering up where the original-sized bioreactors are simply
added in large number in series and/or parallel to increase production. This is probably
the major feature of these reactors due to the simplification in process development.

In general, large-scale flow reactors either use static mixing, which rely on turbulent
flow and/or baffles, or dynamic mixing, which is achieved by mechanical stirrers [145]. The
latter has advantages over statically mixed systems when long reaction times, demanding
mixing conditions or solids are required. An example of such a system is the Coflore
Agitated Tube Reactor, which is agitated by loose agitator elements and mechanical shaking
of the reactor body [75,76]. In biocatalytic systems requiring oxygen, such as the oxidation
of glucose to glucono-1,5-lactone by glucose oxidase, this reactor allows a doubling of the
overall reaction rate by increasing oxygen transfer rate [146].
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Reaction systems with whole cells pose additional problems since cell growth and
physiological behavior depend highly on local environmental conditions, which may
vary along the length of a flow reactor. To overcome the complexity of reaction systems,
excessive biomass growth and mass transfer limitations usually observed during scale-
up of biofilm systems, Gross et al. proposed a scale-up approach by parallelization and
numbering-up of membrane tubes in a membrane fiber module to keep the conditions
close to the small-scale bioreactor [8]. The authors used a Pseudomonas sp. strain containing
a native styrene monooxygenase StyAB and the introduced alkane monooxygenase system
alkBGT/alkST for the production of (S)-styrene and 1-octanol. Two approaches were tested
for process intensification: (1) by enhancement of biological activity, which indicated that
an increase in specific activity reduced the reactor module number (and thus reactor area)
and the costs related to glucose input and water consumption, and (2) by increasing the
membrane surface, which would increase the amount of product achievable, but carbon
source cost would increase to produce the necessary biomass to cover the entire membrane.

6. Final Remarks

Flow bioreactors using multi-enzymatic assemblies or whole cells present a credible
technology for the production of compounds from screening systems to industrial-scale
production. Although some technological aspects still need to be developed, their simplicity,
ease of operation and the possibility to scaling-up by numbering-up, make flow reactors
good candidates in bioprocess application.
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