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This is a review on the feasibility of monolithic porous supports in biocatalysis carried out in a continuous
flow system. It discusses factors affecting the efficiency and stability of enzyme immobilisation, kinetic
parameters of enzyme processes carried out inside a monolith, biocatalysis in single and two-phase
systems, and cascade reactions including cofactor regeneration. It also covers materials engineering
(monolith types) and issues related to the flow of reactants through the monolith (chemical engineering).
Emphasis is placed on the fact that the application of (bio)catalysis improves selectivity and atom
economy, thus lowering the E factor. However, biocatalysts need to be employed in a reactor, which can
aid further improvement towards green chemistry goals. The application of enzymes in flow chemistry
has been shown to lead to higher space time yields (STYs) compared to batch reactions. In particular, with
monolithic reactors a drastic decrease in volume and thus solvent can be achieved. By immobilising very
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high densities of enzymes directly on the monolith, reaction times dwindle, improving STYs. The small
reaction volumes enable excellent heat transfer, helping to save energy. The underlying principles of
monolithic flow reactors and their application in mono- and bi-phasic biocatalytic systems will be
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1. Introduction

Enzymes provide excellent selectivity in chemical reactions.
The industrial application of biocatalysis has therefore
increased and it enables processes from bulk to fine chemicals
and pharmaceuticals."™* These new enzyme-based approaches
reduce the number of synthesis steps and decrease the
demand for stoichiometric amounts of chemicals while also
shortening the time of synthesis,”* with the synthesis of mol-
nupiravir being a perfect example of this (Scheme 1).> Due to
this fact, the processes using enzymes as catalysts are often
referred to as “white biotechnology”, underlining their positive
impact on the environment." With this increase in demand,
new technologies for the application of enzymes need to be
developed." In addition to the classical fed-batch reactor many
new approaches, such as parallel reactors and flow chemistry,
have entered the market for experimental purposes.® ™"

The industrial use of enzymes on a truly large, multi-ton
scale, in particular in a continuous process, requires their
immobilisation on a suitable support, enabling the use of a
dedicated reactor system.”'> Most of the carriers used in immo-
bilisation are powders, or more coarsely granulated products,
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typically applied in batch reactors with intensive mechanical
stirring. However, their drawback is gradual size reduction
during the process, which negatively affects their properties
and hinders their separation. Moreover, due to the necessity to
ensure intensive mass transfer in the suspended matter, the
amount of the heterogeneous catalyst is limited, which directly
affects the efficiency of the process. Additionally, in batch
applications, scaling up causes problems related to heat and
mass transfer and mixing. Ideally, initial laboratory experi-
ments with immobilised enzymes that ensure recycling could
be straightforwardly transferred to industrial settings.

Low-volume flow reactors (microreactors) are a solution that
allows amelioration of some of these difficulties.”*™*” The pro-
blems related to scaling up in the case of using microreactors
are resolved by numbering up a single reactor. This eliminates
the necessity to design and build a pilot system. However, it
does require the correct design of the reactor setup in a paral-
lel or sequential system. In the applied microreactors, the dia-
meters of the channels are usually 0.1-0.5 mm. Such small
channel diameters force the use of a laminar flow regime and
therefore the mixing (diffusion) time of molecules (¢) is pro-
portional to the square of the channel width/diameter (L):

L2

t~—

where D is the diffusion coefficient of a molecule. When L is
reduced to 1/10, the diffusion time is reduced to 1/100 and the
fluid can be mixed 100 times faster."® Shortening the mixing
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Scheme 1 Enzymatic strategy for obtaining molnupiravir in just 3 steps.

time intensifies the transfer of heat and mass. Due to the
small volume of the reactor and the sizes of the channels, the
ratio of the active surface of the reactor to the volume of
the reaction mixture is significantly increased, which results in
the increase of volumetric productivity and the decrease of
investment costs. In addition, the intensification of mass and
heat transfer and the increase in the surface area to volume
ratio significantly increase process rates. Increased process
rates in turn reduce process time and energy consumption,
lowering operating costs and benefiting the environment. The
small reaction volume not only favours the reduction of the
exploitation risk, especially in the case of exothermic reactions
or reactions with hazardous substances, but also reduces
the amount of post-processing waste. Additionally, the enzyme
is immobilised and not filtration step is
necessary‘13—15,18—20
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From left to right: Katarzyna Szymanska,
Aleksandra Lambarska and Ulf Hanefeld.

Katarzyna Szymariska received her Ph.D. in 2009 from the Faculty
of Chemistry, Silesian University of Technology, Gliwice, Poland.
Her research interests include engineering of (bio)heterogeneous
catalysts, nanostructured materials, and chemical and enzymatic
microreactors. She is currently a professor at the Department of
Chemical Engineering and Process Design, SUT, Gliwice, Poland,
and collaborates with Prof. U. Hanefeld, Prof. P.L. Hagedoorn (TU

This journal is © The Royal Society of Chemistry 2024

A g

View Article Online

Critical Review

o) o

e

87% yield HO

NH

ko

5 enzymes, aqueous

buffer + cofactors

/
mh H,S0,

OH

NH

molnupiravir - anti covid drug
3 steps, overall yield 69%

The microreactors (Fig. 1) that attract the most attention
are:

+ “lab-on-the-chip” type microreactors - usually they are
either a single platelet or a stack thereof, with a network of
channels with micrometric diameters. These reactors are
usually intended for homogeneous reactions and applied in
chemical and medical analytics.””**> The key disadvantage is
that no immobilised enzymes can be applied, ruling them out
for large-scale applications.

« capillary microreactors - they are a single capillary or a
bunch thereof, usually with a very thin catalytic film placed on
the internal surface of the walls.”® Here enzymes can be
immobilised. The disadvantage is however the straight shape
of the channel. This does not intensify the mixing due to
laminar flow and therefore the mass and heat exchange can be
modest.
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Fig. 1 Types of microreactors: lab-on-the-chip (A), capillary (B), packed-bed (C), and structural/monolithic (D).

» packed bed microreactors - in these reactors, the fine-
grained bed of the catalyst fills the capillary/tube and the reac-
tants flow in the annular space between the catalyst grains.
These reactors are easy to build but the drawback is the rela-
tively high flow resistance, which can further increase as a
result of bed compression.>*

« structural microreactors or monoliths — the core of the
reactor is constituted by a porous structure/monolith with
open pores/channels connected with each other - the catalyst
is then immobilised either on the surface of the monolith
structure or (optimally) in its pores if it exhibits a two/three-
modal porous structure, and reactants flow through the mean-
dering pores.”>?® The continuous monolith structure ensures
flow stability and virtually eliminates bed compression
(especially with inorganic monoliths).

Overall the monolithic reactors combine all the advantages
of continuous flow microreactors. At the same time they do
not suffer from back pressure problems and bed compression
and create turbulence during flow for ideal mixing, and
enzymes can be immobilised on the reactor walls. We have
recently summarized our own contribution to that field.””

Microreactor technology is mainly applicable to low-scale
processes where large quantities of the final product are not
required. The small geometric size of the microreactors makes
it possible to create a suitable installation in a short time and
in virtually any location, reducing the carbon footprint associ-
ated with transport. Adamo et al.®® have recently described a
demonstration system that can carry out continuous synthesis
and formulation of active pharmaceutical ingredients (APIs) in
a refrigerator-sized unit.

In this review the kinetic argument for the advantages of
flow chemistry and in particular the application of mono-
lithic microreactors and their application in continuous-
flow biosynthesis (Fig. 2) is made. This leads to the possi-
bility of using small reaction volumes and better surface
area to volume ratios, which reduces energy consumption.
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Fig. 2 Development of biocatalysis and microreactor technology in the
field of green chemistry.

At the same time, better reaction control leads to higher
selectivity, thus less waste and straightforward downstream
processing (DSP). Improved DSP and higher STY values both
contribute to achieving lower environmental (E) factor
values. For both single reactions and reaction cascades, in
single-phase or biphasic systems and under consideration
of cofactors, this will be discussed and the advantages of
monolithic microreactors will be demonstrated. In particu-
lar the perspective of green chemistry will be considered.
The E factor as well as Green Chemistry Principles will be
critically applied.

2. Monoliths

2.1 Types of monoliths

The word monolith comes from the Greek word ‘mono lithos’,
meaning a single stone. In materials engineering it means a

This journal is © The Royal Society of Chemistry 2024
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material in ‘one piece’. The automotive industry was one of
the first industries to use monoliths. They are produced by
extrusion and the most common material obtained is cordier-
ite, which is used as a carrier for catalytic converters in the
exhaust of cars.?*2° Monoliths are also made from metals,
mullite (a mixture of silicon and aluminum oxides in a 2:3
ratio) and silicon carbides. Their disadvantage is a small
specific surface area (0.7 m* g™ for cordierite) and they are
therefore less widely used in other industries.** Modern mono-
lithic supports overcome these problems. Generally, mono-
lithic carriers are divided into organic/polymer and inorganic
(mostly silica and carbon) groups.*'® The former are charac-
terized by good biocompatibility, pH stability and the presence
of various functional groups; however, their limited resistance
to organic solvents may lead to changes in the porous struc-
ture and thus decrease their mechanical stability.>® Inorganic
structures on the other hand are very stable and these kinds of
monoliths additionally offer very good permeability, both for
organic and inorganic solvents.**?” Oxide-based inorganic
monoliths (e.g. silicon, aluminum and titanium oxides) can be
obtained in several ways. Firstly, there are methods using tem-
plates such as colloidal particles (e.g. latex or polystyrene
beads), ionic liquids, starch, cellulose and many others.*’™**
The process involves introducing an inorganic precursor solu-
tion into the free spaces created by packing the template. In
the next step, the system undergoes condensation and crystalli-
zation followed by the removal of the template, usually by cal-
cination or extraction. This leads to the formation of ordered
macro/mesoporous materials in which both types of pores are
through-going and interpenetrating.

A macro/mesoporous structure can also be created by
chemical reaction-induced phase separation. This phenom-
enon was first used by Nakanishi et al**™*° and the method
was later modified by, among others, Smatt.’® A polymer (e.g.
polyethylene oxide) is used to induce phase separation. Phase
separation results in the formation of a solvent-rich phase and
a polymer-rich phase. The polymer phase solidifies by gelation
of the silica precursors within it, forming a micrometric skel-
eton, while the solventrich phase forms macropores after
evaporation. The ratio of reactants and the process conditions
allow the control of the structural parameters, i.e. the macro/
mesopore sizes, the specific surface area and the total volume
of the pores, covering a wide range.*®?°3® Oxide-based in-
organic monoliths can be used in catalysis®*™’ as liquid
chromatography columns®®*®® or controlled drug release
systems.®%%!

The most common route to synthesize self-supported
carbon monoliths with multilevel porous structures relies on
the carbonization of porous polymers®>™®® and biomass.®” %
Another route makes use of an inorganic porous material
with a uniform channel system as a hard template. The tem-
plate is filled with carbon precursors which are internally car-
bonized and then the inorganic template is removed.”®”?
Carbon monoliths have been used as supercapacitors,®*°°
microextraction fibers,®® microreactors,**”® electrochemical

sensors,®”*®7% and sorbents.”*

This journal is © The Royal Society of Chemistry 2024
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Organic polymer monoliths have been considered good sup-
ports for enzyme immobilisation owing to their good biocompat-
ibility, excellent pH stability and ease of modification with
various functional groups.”>”® The known procedures for
making polymer monoliths are simple ‘one-pot’ synthesis, where
the monomers, initiators, cross-linkers and pyrogenic solvents
are simply pre-mixed before being filled into a capillary and
then exposed to factors such as UV light or heat to initiate
polymerization.*»#*%! polymer monoliths are widely used pri-
marily in different kinds of chromatography methods,*** solid-
phase extraction,®®® for the preparation of flow-through
immobilised enzyme reactors (IMERs) suitable for
proteomics,**®® microfluidic analysis,”"®> pharmaceutics,”**
biodiesel®® and oligosaccharide®®®” production, etc.

Monoliths can also be produced using additive manufactur-
ing, commonly referred to as 3D printing, which is an emer-
ging bottom-up manufacturing technology with the potential
to achieve rapid prototyping of complex geometries and struc-
tures, even with sophisticated internal structures (pores or
complex channels).”®*® A wide range of materials can be uti-
lized in 3D fabrication, which can be classified into three
main categories: polymers, ceramics, and metals.'*
Furthermore, the chemical modification of printed materials
is also attracting increasing attention: by modifying the
printed carriers, enzymes can be immobilised on them.***"*¢

2.2  Flow behaviour in monoliths

While considering the potential of microreactors for continu-
ous processes, one should note that the flow in small-diameter
straight channels is laminar in the entire range of the applied
conditions. For that reason, mixing and transportation to cata-
Iytic centres located on the surface is slow compared to the
mixing observed in turbulent flow.'*”'°® Mixing is diffusion
limited in the absence of turbulent flow. Although it is poss-
ible to elongate the channel system to allow diffusion to com-
plete as the fluid is transported through the microsystem, it
also requires a longer channel and thus reaction time. Several
strategies have been devised to speed up mixing processes
actively in microfluidic systems. Bessoth et al.'% proposed to
split a liquid flow into even smaller channels, where the
diffusion distances become so small that the corresponding
mixing times by diffusion were in the order of milliseconds.
Later, all divided streams were combined again down-
stream.'® To intensify the mixing, the introduction of baffles
was proposed''? as well as using ultrasound''" or introducing
fragments of porous structures.">'"® For these reasons, mono-
liths characterized by a very high number of interconnected
tortuous channels and micrometric diameters seem to be an
interesting solution. The tortuous character of the channels
causes sudden changes in the direction of the flow of the
liquid, which fosters the formation of swirls, the intensifica-
tion of mixing and the contact between the liquid and the wall
of the microchannel (Fig. 3). Their small diameter additionally
intensifies the exchange of mass and heat. However, this could
increase the back pressure. The flow of liquid through mono-
lith structures is complex from a microscale perspective and
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Fig. 3 Scheme of liquid flow in a straight channel (A) and in structured monoliths (B).

tends to obey Darcy’s law.>>''* The relationships between the
pressure drop gradient (AP/L) and the volumetric flow rate of
liquid (V), its viscosity () and the cross-sectional area of the
monolith (A) are given by the Darcy-Weisbach equation:

AP 17,

L KA
where the permeability coefficient (K) is proportional to the
diameter of the macropores (K ~ d®). As was shown by
Szymanska et al.>® the monoliths with macropore diameters in
the range 20-40 um allowed for applying flow ranges of
200-700 cm® (cm®” min)™" at pressure gradients falling in the
range of 15-65 kPa cm™". A decrease of macropore diameter to
10-12 pm caused comparable decreases in pressure, however,
at much smaller flow rates (50-200 cm® (cm®” min)™"). A low
pressure decrease allows for simple and thus cost-efficient
metering pumps while permitting them to operate at increased
linear speeds of flow (intensification of the mass transport)
and at flow rates of reacting substances measured in tens and
hundreds of cm® min™". This opens the possibility of multi-
kilogram syntheses in cm® reactors. These amounts are in
stark contrast with the values characterizing typical microflui-
dic reactors, where the applied flow rates are limited to tens
and hundreds of um® min™".%%*

In processes where the reactants are in two phases (bipha-
sic processes), mass transfer in microchannels becomes even
more important and depends on the flow patterns. A common
pattern is segmented or plug flow, where one phase forms
drops, the sizes of which are as large as the channel diameter

A

(plugs) separating the continuous phase into segments (slugs)
(Fig. 4A)."*° The overall mass transfer rates depend on the plug
geometry. In addition, the wall wetting properties might result
in the formation of a thin film between the plugs and the wall,
which increases the specific interfacial area available for mass
transfer. The latter is also intensified through internal circula-
tion within the slugs or the plugs caused by the shear between
the continuous phase/wall surface and the slug or plug axis,
which  enhances  diffusive  penetration."””**'  1In
certain situations, especially in straight channels, the advan-
tage provided by the increased interfacial area and mixing
effects may be insufficient to balance the short residence time.
Many methods for increasing the mixing effects in a straight
channel microreactor were developed such as ultrasound*** '
and magnetic nanoparticle addition.'**™*° A straightforward
and elegant strategy was demonstrated by Abraham et al.,'*°
who changed the dimension of the circular microchannel (via
a sudden expansion and then a sudden contraction), increas-
ing the slug and droplet diameter and reducing the length
(and vice versa). This type of transformation alters the concen-
tration field and positively interferes with the internal mixing
in the slugs and droplets. As the shear stress plays an impor-
tant role in triggering the internal circulations inside the fluid
elements, the flow through a non-uniform channel improves
the extraction efficiency. A similar effect will be obtained using
the structural/monolithic microreactors.”®'*""** The use of
monolithic microreactors ensures a favourable surface-to-
volume ratio and the presence of meandering channels further
improves mixing and thereby increases the transport of mass

Fig. 4 Scheme of biphasic flow in a straight channel (A) and in structured monoliths (B).
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and heat between phases (Fig. 4B). The meandering structure
of the silica monolith will induce changes in the flow of a
single droplet and thus not only enhance the interface
between the continuous and dispersed phases but also inten-
sify the internal circulation within the slugs or the plugs,
which in turn has a positive effect on mass transport.

3. Biocatalysis in monoliths
3.1 Attaching the enzyme to the monolith

The application of catalysts in general and specifically
enzymes always requires their removal at the end of the reac-
tion. Immobilisation of the enzymes greatly eases this down-
stream processing (DSP) and at the same time often improves
the stability of the biocatalysts. This is achieved by single or
multi-point interaction with the carrier’s surface and it gener-
ates a favourable micro-environment and protection against
intermolecular interactions.’**™*” As an additional advantage
it enables reuse and reduction of process costs.**'*® The
application of immobilised enzymes furthermore allows for a
significant simplification of the reactor’s structure and for con-
trolling the process, e.g. stopping it by separating the catalyst
from the reaction mixture. Due to the above, the immobilis-
ation of enzymes is often performed in large-scale industrial
applications.”****” The first reports on immobilised enzymes
date back to 1916,"*° while their commercial use first took
place in the 1960s."*° Today immobilised Penicillin G acylase

is reused"' up to 1000 times and immobilised glucose
isomerase”'** is at the core of the high fructose corn syrup
process.

There is no universal immobilisation technique to acquire
an active and stable preparation. While designing the immo-
bilisation method, many factors must be considered,
including:134,l36,l43

« interactions: enzyme-substrate/product, enzyme-carrier,
substrate/product-carrier;

« resistance of the carrier to reaction conditions (solvent,
temperature, pH, etc.);

- the reactor type used: tank reactor with mixing, mem-
brane reactor, microreactor.

However, the most important factor influencing the
effective attachment of enzymes is the presence of appropriate
functional groups on the carrier surface. Functional groups
must provide a suitable microenvironment for the expression
of enzyme activity and ensure the stability of the biocatalyst.

By immobilising enzymes on the surface/inside the pore of
a monolith, it is possible to use all known techniques for
binding the enzyme to a solid support (covalent binding,
physical and ionic adsorption, transition metal complexation).
These techniques have already been described in detail in
numerous reviews'>”'** ¢ and will therefore not be dis-
cussed here. Due to the number of factors affecting the immo-
bilisation process, it is very difficult to determine a priori
which of the mentioned techniques is superior. The dominant
opinion is that it is necessary to determine the parameters

This journal is © The Royal Society of Chemistry 2024
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individually for each selected enzyme, especially considering
that the forces acting on the immobilised enzyme in a flow
system are significantly different from those in a batch
reactor.'>%74

Enzyme immobilisation is critical when considering con-
tinuous processes. To highlight its importance, a few represen-
tative examples are given. One of the most important perform-
ance parameters of flow microreactors is their process stability.
The use of different methods of enzyme immobilisation
results in different strengths of enzyme-carrier interactions.
The continuous flow of reactants through the monolith can
favour leaching of the enzyme from its surface. In a study by
van den Biggelaar et al.,'"*’ transaminases were immobilised
on macrocellular silica monoliths functionalised with amino
groups. Two immobilisation techniques were used: adsorption
via ionic interactions and a covalent method using an amino-
functionalised monolith and glutaraldehyde as a coupling
agent, but only the latter method gave stable bioreactors.
Decreases in activity were explained by the leaching of the
enzyme from the support. Similar results were obtained in the
work of Szymanska et al*® where trypsin was adsorbed on
cyano-functionalised silica and covalently immobilised on
amino-functionalised silica using glutaraldehyde as a linker.
The adsorbed trypsin showed a higher initial activity, but there
was a significant decrease in the activity over time. In the case
of covalent binding, the enzyme retained its initial activity. As
in previous work, the observed effects (decrease in activity)
were explained by the leaching of the adsorbed enzyme from
the support surface. Adsorption was also used for the depo-
sition of lipase on a hydrophobised silica monolith,"** and the
obtained catalyst/reactor was used in the kinetic resolution of
the non-equimolar mixture (S:R = 85:15) of the secondary
allylic alcohol (+)-1-[(1S,5R)-6,6-dimethylbicyclo[3.1.0]hex-2-en-
2-yllethanol. Interestingly, the adsorption method used in this
case allowed the reactor to operate stably for about 120 h. The
main difference between the cases described is that in the first
two processes, the reactions were carried out using an aqueous
solvent, whereas the kinetic resolution was carried out in an
organic solvent. Enzymes have a high affinity for water, so the
use of this solvent favours the leaching of the enzyme from the
support. By using an organic solvent, the leaching can be dras-
tically reduced.

This was also noted for hydroxynitrile lyases (HNLs). When
applied for cyanohydrin synthesis, the reactions were per-
formed in buffer saturated organic solvents and no enzyme
leaching was observed.'*®**! In contrast when the non-natural
Henry reaction was catalysed, water was necessary and leach-
ing occurred.'® The strength of the enzyme-carrier interaction
is not the only factor affecting stable reactor performance. A
critical issue may be the immobilisation method itself. In the
work of Shortall et al.'®® lactate dehydrogenase (LDH) was
immobilised via two different methods: electrochemical
entrapment in poly(3,4-ethylenedioxypyrrole) and covalent
attachment on glyoxyl agarose. Both reactors allowed for up to
100% conversion of NADH; however, LDH®@agarose proved
superior in terms of reuse and storage. In this case, no leach-
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ing of the enzyme was observed and the loss of activity was
explained by the stability of the enzyme itself.

The covalent bond between the enzyme and the support
can be direct, i.e. the functional groups of the support bind co-
valently to the side group of the amino acid, or indirect
through the introduction of a linker (e.g. glutaraldehyde). In
principle, this does not affect the leaching of the enzyme, but
it can affect the activity and stability of the enzyme. Yao et al.*
compared two methods for the covalent immobilisation of
trypsin on polymer monoliths. The first, termed ‘one-step’,
involved the direct formation of a covalent bond between the
epoxy group of the support and the enzyme. The second,
termed ‘multi-step’, involved the modification of the epoxide
group with a diamine followed by activation with glutaralde-
hyde. The researchers showed that the ‘multi-step’ method
produced catalysts/reactors with higher activity. Similar studies
can be found in ref. 154 where ribonuclease A was immobi-
lised by the direct reaction between the amino groups of the
enzyme and the epoxy groups of the sorbent and the reaction
of the enzyme with the aldehyde-containing polymer spacer
preliminarily bound to the surface of the monolith. In this
case, the introduction of the linker did not result in any
change in enzyme activity. This shows that the introduction of
the linker, and therefore the distance of the enzyme from the
surface of the monolith, does not have a unidirectional effect
on the activity of the enzyme and that each case must be con-
sidered individually.

Another important parameter affecting the immobilisation
of enzymes within the monolith structure is the uniform distri-
bution of functional groups. This is particularly important
when functional groups are introduced after the monolith
preparation/synthesis step. The work of van den Biggelaar
et al.">® compared methods for introducing an amino group
onto the surface of a silica monolith and found that the essen-
tial parameters that allow reaching high catalytic performance
were the functionalisation mode (dry versus wet) and water
availability during the functionalisation process. In practice,
briefly dipping the monolith in the functionalisation solution
followed by aging under a solvent-saturated atmosphere
allowed obtaining a homogeneous functional group dispersion
throughout the entire monolith. Total water control during the
process (by using dried monoliths and water-saturated solvent)
allowed minimizing the batch-to-batch variability which
affects enzyme immobilisation and biocatalyst efficiency.
Equally important, the immobilisation of biocatalysts will
enable the reuse of enzymes and support the DSP process.

3.2 Microbial infection in the monolith

Optimal aqueous reaction conditions for most enzymes
(neutral pH values, room temperature) are also optimal con-
ditions for the growth of various microorganisms. The risk
increases even more when the substrates are an easy source of
carbon or nitrogen as a growth medium. Moreover, there is a
whole range of microorganisms, primarily fungi, that are able
to not only survive but also thrive under slightly more extreme
conditions, such as high temperature (above 40 °C) and low
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pH values (below pH 5). A solution of standard antibiotics
such as penicillin can be utilised to eliminate the microbiolo-
gical infection while preserving the initial catalytic activity of
the immobilised enzyme protein. However, carrying out such a
procedure only allows curing the symptoms but not elimin-
ation of the cause. Therefore, microbial contamination inside
monolithic industrial microreactors can be a serious problem
due to difficulties in dismantling for cleaning purposes. To
overcome this obstacle, a practical solution is to filter all solu-
tions before use and to maintain sterile conditions throughout
the process to prevent bacterial/fungal infections. Also low
concentrations of microbial growth inhibitors, such as for
example sodium azide (NaN;),"**™” can be employed.
However, the most important factor is the hygiene of the
process.

Interestingly, monolithic microreactors can be used to
detect bacteria in biological samples. One solution is to use an
immunoreactive filter in a microporous polyacrylamide mono-
lith. Due to size exclusion, bacteria interact with the surface of
the filter and become stained. This solution can provide an
alternative for infection diagnosis."*®*>°

3.3 Kinetics in monoliths

As established by Michaelis and Menten, the rate of an enzy-
matic reaction depends on the substrate concentration. The
initial increase in the rate is linear and proportional to the
increase in substrate concentration. The maximum reaction
rate (Vimax) is reached when the enzyme is completely saturated
with the substrate. Further increases in substrate concen-
tration will not increase the reaction rate. For enzymes, this
typically occurs at lower substrate concentrations than for
other catalysts. The reaction rate can be increased by the
amount of enzyme available, provided of course that the
amount of substrate is significantly higher than the amount of
enzyme. The above considerations apply to enzymatic reac-
tions catalysed by a non-immobilised enzyme.

The case is slightly different when an immobilised enzyme
is considered. In general the increase of the amount of enzyme
on the support is desirable to enhance the enzyme/substrate
ratio and thus the reaction rate. On the other hand, the kine-
tics of the reaction is significantly influenced by the accessibil-
ity of the active site of the immobilised enzyme. Consequently,
the effect of enzyme density on the surface of the solid
support must be considered as a critical parameter affecting
the availability of the active site of the enzyme."®” This means
that diffusion is also now a key parameter.

To study the influence of substrate size on diffusion,
Volokitina et al.'®® immobilised ribonuclease A on polymeric
monoliths for the hydrolysis of a small and a large substrate
(cytidine-2',3"-cyclic monophosphate monosodium salt (CCP)
and RNA). Columns with pore sizes of 450, 830, 1220 and
2020 nm were prepared and the enzyme was embedded in
them. Both the small molecule substrate (CCP) and the large
molecule substrate (RNA) were hydrolysed. As expected for the
small-molecule substrate, they showed that both the molecular
recognition process (convergence of Ky values) and the bioca-
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talytic activity did not depend on the average pore size of the
monolithic stationary phase. The results obtained indirectly
prove that the mass transfer mechanism is the same in all the
columns tested and, consequently, that the process of
enzyme-substrate complex formation takes place in the same
way.

Completely different results were obtained for the macro-
molecular substrate.'®® In this case, a clear effect of pore size
on RNA hydrolysis was observed, as it was found that the
degree of substrate hydrolysis increased with increasing pore
size. With macromolecular substrates, the enzyme must
sequentially hydrolyse all possible bonds in the macro-
molecule to convert it into a series of resulting products.
Unlike the reaction in solution, this situation may be compli-
cated for immobilised enzymes due to steric limitations. They
reduce the accessibility of the enzyme’s active site for the large
substrate molecule. Furthermore, the use of macromolecular
substrates leads to a reduction in mass transfer, ie. a
reduction in the contact time between the enzyme and the
substrate, which in turn can lead to a reduction in reactor
efficiency. In this regard, pore characteristics'®" can play a sig-
nificant role in the degradation of high molecular weight
substrates.'®°

Another parameter that influences the kinetics of the reac-
tion taking place inside the monolith is the chemical nature of
the monolith surface and, related to this, the way in which the
enzyme is immobilised. Luangon et al.®® adsorbed Candida
rugosa lipase on a hierarchical porous carbon monolith with
micropores on an interconnected macroporous skeleton syn-
thesized through the sol-gel polycondensation of resorcinol
and formaldehyde. The effects of the oxygenated surface of
micro-/macroporous carbon monoliths on lipase immobilis-
ation were investigated. The estimated values of Vy,.x and Ky
of immobilised lipase on a crude carbon monolithic column
are approximately 2 times lower than the values of Vi, and
Ky, obtained from an oxygenated carbon monolithic column.
Although the protein binding efficiencies of crude and oxyge-
nated columns are similar, the carbon monolith with the oxy-
genated surface exhibits clearly higher efficiency compared
with the untreated surface carbon monolith. Thus, the oxyge-
nated surface of the micro-/macroporous carbon monolith
exhibits a better transesterification rate. An improvement in
the transesterification rate can be explained by an induction of
a slightly polar substrate p-nitrophenyl palmitate (p-NPP) by
the oxygenated surface of the micro-/macroporous carbon
monolith or by better stabilization of lipase by the oxygenated
carbon surface.

The influence of the chemical nature of the monolith
surface and the associated immobilisation method is of impor-
tance'®® but not relevant in all cases. The work described by
Volokitina et al.*>* compared two methods of immobilising
ribonuclease A (RNase A) on a methacrylate-based polymer
monolith. In the first case, the biocatalyst molecule was
attached to the solid surface by direct covalent bonding, while
in the second case, a flexible-chain synthetic polymer was used
as an intermediate spacer. The values of Ky, determined for
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the hydrolysis of polynucleotide by bound RNase were
0.76 mM for direct immobilisation and 0.56 mM for immobil-
isation with a polymer spacer. The similar Ky, values confirm
their practically identical enzyme-substrate binding strength.
The specific activity values were found to be quite similar for
both immobilisation methods, demonstrating the maximum
activity of the biocatalyst bound in different ways.

From the point of view of flow processes, it is also interest-
ing to compare the kinetic parameters of enzymes immobi-
lised inside the monolith with those immobilised on silica
powder and applied in a batch system. Does flow efficiently
suppress diffusion limitations caused by immobilisation?
When immobilising invertase in a silica monolith,*® the Ky
value was similar for those immobilised on particles, but the
Vmax value was approximately 1500 times higher for invertase
immobilised in the monolith. While at first glance unlikely, it
is justified by the amount of enzyme present in the reaction
zone. For the powder immobilised enzyme this was 0.037 mg
of enzyme per 24 mL of reaction volume, while for the enzyme
immobilised in the monolith, it was 0.106 mg per 0.03 mL of
reaction volume. Immobilising such a large amount of enzyme
per unit reaction volume is virtually impossible with conven-
tional batch reactor solutions. Only the use of flow-through
microreactors, particularly of the packed bed and structural
(monolithic) type, allows such a favourable ratio of surface
area (on which the enzyme is deposited) to volume of the reac-
tion mixture. Therefore this type of reactor is the focus of our
review.

Even though large amounts of enzyme have a positive influ-
ence on the reaction, as shown above, it is important to investi-
gate the limits thereof. The effect of the amount of enzyme
and thus the suppression of diffusion limitations was the
focus of Temporini et al.">” and Zhang et al.””> They immobi-
lised different amounts of trypsin on the surface of silica
monolithic columns®™” or pepsin on polymer monoliths.”® It
was found that when the amount of enzyme immobilised
increased, there was an initial increase in activity, as expected.
But further increases caused a drastic decrease in the enzyme
activity. Those results indicate that either the high enzyme
density on the solid support hinders access to the active site or
the higher enzyme loading induces an aggregation and/or
denaturation of the enzyme before or after immobilisation.

In the light of the above considerations, several factors can
be identified that influence the kinetic parameters of enzymes
embedded in the structure of monoliths. The first and fore-
most is the amount of enzyme immobilised. Initially, an
increase in the amount of enzyme immobilised resulted in an
increase in activity. This increase is however not unlimited.
Once oversaturation occurs, a drastic decrease in activity was
observed. Another factor is the correlation between the pore
size of the monolith and the size of the substrate molecules.
Fortunately, the pore size of the monolith has no significant
effect on the kinetic parameters of processes using small-mole-
cule substrates. For processes using macromolecular sub-
strates, the pore size has a significant effect. Attention should
also be paid to the chemical nature of the monolith surface
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and the associated method of enzyme immobilisation. The
influence of these parameters is ambiguous and must be
determined on a case-by-case basis for individual enzyme-
monolith pairs. From a chemical engineering point of view,
the mode of operation of the monolith itself is also important.
It allows a very favorable ratio of enzyme to reactant volume,
which is reflected in the kinetic parameters.

4. Single- and two-phase reactions
inside monoliths

The use of a biocatalyst immobilised on monolithic microreac-
tors results in at least two phase processes: a liquid solution of
substrates and an enzyme immobilised on a solid carrier.
There are also situations where the reactants are in two
different liquid phases, in which case the whole process
should be considered as a three-phase process. In order to
quantitatively describe these processes and their environ-
mental impact, we will use factors such as space-time yield
(STY) and environmental factor (EF). The STY is an important
engineering parameter that determines the amount of product
generated during a certain residence time in the reactor used,
as well as the productivity of the reactor.’®® In turn, a signifi-
cant parameter in the context of green chemistry assumptions
is primarily the EF. This parameter makes it possible to deter-
mine the amount of waste generated in relation to the product
produced.’® Here we examine single- and two-phase liquid
phase systems in the monolith reactor and give full STY and
EF details, always where it was available.

Enzymes are mostly used in aqueous media, their natural
environment. However, most biocatalysts also work well in
organic solvents. Typically buffer saturated solvents are used as
it has been shown that most enzymes require a minimal
amount of water molecules to maintain their activity in a non-
aqueous environment,'® lipases being the exception.'®® This is
important especially for the pharmaceutical industry, as most
active compounds dissolve much better in organic solvents
than in the aqueous phase. In some cases, the use of a mono-
phasic organic medium effectively suppresses unwanted side
reactions.’**'*° This suppression of unwanted side reactions
can be achieved by using a suitable medium or, as in the case
of microreactors, by reducing the process time, or more pre-
cisely, the contact time between the reactants and the catalyst.
Achieving high substrate conversions in batch reactors typically
requires several to tens of hours, whereas in a microreactor, the
same effect can be achieved in a matter of seconds to tens of
minutes, depending on the enzyme used and the type of reac-
tion. This is due to the favourable ratio of enzyme covered
surface area to reaction volume. This effect can be critical if an
unwanted competing/side reaction is observed in the system.
An example is the use of (S)-hydroxynitrile lyases from Hevea
brasiliensis (HPHNL) immobilised on a silica support in the (S)-
mandelonitrile synthesis reaction carried out in a batch and
continuous system.'*® In the batch system, 90% conversion was
achieved after about 30 h, but the enantiomeric excess (ee) was
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only 40%. This low enantiomeric excess is due to the long
contact time of the reactants with the support on which the
enzyme is deposited, that is, the background reaction. By using
a silica-structured microreactor, the contact time could be
reduced to only about 20 min, resulting in high substrate con-
version (~100%) and enantiomeric excess (ee ~ 100%). This
effect has been confirmed in other work by the same team."°
Furthermore, the use of monolithic flow microreactors signifi-
cantly increases the STY compared to a batch system. For the
monolithic microreactor with immobilised HPHNL,'*° it was
613 ¢ L™" h™' or after taking into account the amount of
protein, it was 71 g L™ h™" mgprorein ', Whereas in batch, it was
~2gL7" g or1 gL h™' mgyoein - To date, many types of
enzymes have been successfully immobilised on monolithic
microreactors, conducting reactions in monophasic water or
organic systems (Table 1). The main applications included
enantioselective synthesis,'**'%%1¢71%% protein digestion®® or
demonstration of microreactor operation.'®

The single phase processes are to date the most thoroughly
investigated and optimised approach. Consequently, the EF
here is typically particularly low. With EF below 1 for aqueous
processes and 23 for synthesis in organic solvents, it shows the
power of monolithic microreactors to achieve the green chem-
istry targets.

In the 1990s, non-aqueous solvents were extensively
explored. With our current understanding of their influence
on activity and stability, it is possible to achieve similar activi-
ties in organic solvents as in aqueous media. However, this
often requires a higher degree of control.’”! Although the use
of the biphasic reaction system (BRS) has been known since
the last century (Pickering interfacial catalysis),"”*"”* the trend
of using BRS in enzymatic reactions carried out in a continu-
ous system has only gained momentum in the last decade.
BRS enables high substrate concentrations in the organic
phase while saturating the aqueous layer."’* Solutions in
which the aqueous phase is made up of ionic liquids (ILs) are
also successful."®® One of the most commonly used groups of
enzymes in this case are lipases, due to their interfacial acti-
vation, opening their hydrophobic cap that shields the active
center.'®®'” In two-phase reactions, it is necessary to ensure

165,169 of the two phases, which is provided in
176

intensive mixing
monolithic microreactors due to their large reaction area.
The use of monolithic microreactors in a biphasic system
allows for increased enantioselectivity and STY (up to 28 gy,
duee L' h™" in flow compared t0 0.7 gproducr L+ h™" in the
batch system) in kinetic resolution processes.'”” Enzymatic
chemical processes in a multiphase system are primarily suc-
cessful in biorefinery’”®'7® and pharmaceutical drug syn-
thesis."®® They represent a green way to synthesize pharmaceu-
ticals and chemical compounds according to the sustainable
chemical industry principles.®°

The two-phase reactions are not limited to aqueous-organic
systems but include also liquid-gas systems. Efficient gas
dosing into monolithic microreactors is an extremely difficult
issue due to their wall structure. Recently, an innovative solu-
tion has emerged for the use of a monolithic microreactor
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Table 1 Monolithic microreactors’ application in processes where reactants are in single phase, aqueous or organic solvents

STY
Immobilisation EF [gWaste [8product
Monolith type Enzyme technique Biocatalysis result Application Zproduct L'h™ Ref.
Silica porous monolith HNLs (AtHNL, Covalent binding Higher STY yield and Highly 22.95 At:1290; 149
obtained by the sol-gel ~MeHNL, via amino or enantioselectivity enantioselective Me: 1235; and
method HDHNL) epoxide groups compared to the batch  chiral cyanohydrin Hb: 613 150
system synthesis
o HNL on carrier OH OH
H l CN CN
+HCN or
enantiomer
MTBE saturated with citrate phosphate buffer ~ dependent on the HNL used
pH<5, rt, 0.5 molar aldehyde, 1.5 molar HCN conv. 97-99%, ee 97-99%
Trypsin Covalent binding High practical Protein digestion n.a. n.a 26,
via amino, cyano potential in protein 39
or epoxide groups  proteolysis without and
any earlier 157
pretreatment
Invertase Covalent binding 1000 times faster Proof of concept of 0.29 6009 56
vig amino groups  sucrose hydrolysis applying a monolith
than in the batch microreactor
system
/m invertase %
50 mg ml"!
HO HO
__sucrose OH|
m 0.1 M acetate buffer b\\
sucrose OH pH45,45°C glucose HO fructose
88% after 3.3 s
Alginate-silica hybrid B-Glucosidase  Cross-linking High pNPG hydrolysis ~ Obtaining saponins 0.59 1.34 167
yield, 94% after 24 h from plant
materials and
scaffolds for tissues
H OH
% ﬁ glycosidase Ho
Nt /a2t otote prgear HO
HO /@/ Na*/Ca“*-acetate buffer HO OH
(50 MM, pH 4.8), 37 °C A oH
H 20 mM pNPG H 80% after4.5h
Monolith coated with Penicillin G Cross-linking 95% of original activity ~Semisynthetic 0.23 17.39 170
polyaniline acylase maintained after 48 h  penicillin
(PenGA) of continuous production
operation
NH, NH2
o HaN S WN S
. PenGA
o O);l\'l/ = Na* phosphate buffer ° O);,L/%
Coon  (20mM,pH6.5,30°C) Soon
50 mM phenylglycine 50 mM 6-amino Cephalexin
methyl ester penicillanic acid 70.6% after 2 h
Poly(vinyl alcohol) Lipase, HRP Covalent binding Higher activity and Biotechnology and n.a. n.a 168
monolith via aldehyde stability of biomedical fields’
functionalised via groups immobilised enzymes  potential
reacting glutaraldehyde compared to their free  applications

and polyethylenimine form

HRP, horse radish peroxidase; pNPG, 4-nitrophenyl-f-b-glucopyranoside.

enclosed by a semi-permeable wall, capable of continuously
and efficiently dosing oxygen. This allows the system to
achieve operational stability for a minimum of 40 h.'** A
summary of the application of a biphasic reaction system in
monolithic reactors is presented in Table 2 and Fig. 5.

This journal is © The Royal Society of Chemistry 2024

The two-phase processes are in many cases still in a devel-
opment stage. Therefore, reliable calculations of EF and STY
are often not possible. The example of MsAcT in an aqueous
organic system does however also indicate the potential to
achieve the green chemistry principles.
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Table 2 Monolithic microreactors’ application in processes where reactants are in two phases

STY
EF [gwa te [gproduct
Monolith type Immobilisation technique Biocatalysis result Application Zproduct ] L h™'] Ref.
Silica porous Covalent binding via Full and rapid (in a minute) Transesterification of 7.62 820 174
monolith obtained by amino groups and transesterification neopentylglycol
the sol-gel method transition metals
o]
HO%/OH + AOEt MsAcT, phosphate buffer HO%OAC + ACO%OAC
-1 50 mM, pH 7.5) 1:1
10 mg ml”', 96 mM ( p ) 90% after 30 s
in ethyl acetate ethyl acetate; rt
Physical adsorption via High productivities in the Proof of higher activity in 4294 1042 175
multipoint interactions hydrolysis of 4-NPB in immobilised enzymes
between the enzyme and  media: Tris-HCI buffer and  compared to free enzymes
the carrier surface decane solvent
o
)J\/\ lipase A in o)
OZN@O Tris-HCI buffer (50 mM, pH 7.0) OZNOOG + )Jv\
3:2 decane; 25 °C HO
1-15 mM in decane 96% after 16 min
Acrylamide porous Encapsulation and cross-  Specific activity above 90%  Development of a system to 282 19241 176
monolith linking in 15 cycles efficiently immobilise
enzymes and perform
reactions
(0]
)J\A CALB 0
OZNOO (acrylamide monolith) OZNOO@ + M
Phosphate buffer HO
25 mM in n-heptane 5:4 n-heptane; rt 70% after 6 h
Hybrid polyurethane  Encapsulation and cross-  Higher productivities Creation of an efficient n.a. 5 177
monolith with linking compared to batch-type system for chiral ester and
cellulase microbeads reactions amide synthesis
o
o
o NH, NH, HI;IJJ\/ ~
/O\)J\o/\ + CALB (polyurethane monolith) *
[BMIM*][BFg]/ MTBE; 50 °C
1 M acyl donor 0.57 M rac-amine 25% after 7 days, ee = 97%
1 M ethyl methoxyacetate,
0.57 M (R,S)-1-phenylethylamine
Hybrid polymeric Covalently supported IL The best results were Synthesis of citronellal n.a. 20 182
monoliths: from phase with an absorbed obtained with the most propionate in supercritical
styrene or acrylate, enzyme solution hydrophobic monolith carbon dioxide by
supported with ILs transesterification
0]
i \)J\
\)J\o/\ + HO CALB, IL supported on °
) styrene monolith / hexane
1 M vinyl propanoate + | 80°C 92.8% after 10 h
1 M citronellol in hexane
Thiolene monolith Adsorption via thiol 40 h operational stability Alternative approach for n.a. n.a 181

with PDMS wall groups with diffused oxygen supply

OH

efficient enzymatic
synthesis with continuous
gas delivery

OH

HO +H0,

Hom O, + glucose oxidase R
HO SR o Phosphate buffer (50 mM, pH 7.5); 25 °C S

0, (115 600 mL m™2 day™"transmission rate)

0.2 M glucose

HO

CALB, lipase B from Candida antarctica; MsAcT, acyltransferase; PDMS, polydimethylsiloxane.
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via adsorption
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Fig. 5 Opportunities and limitations

applications.

in biphasic reaction system

5. Reaction cascades in monoliths

Multi-enzymatic cascade reactions have become very popular
in recent years and represent a promising route to the pro-
duction of pharmaceuticals, cosmetics, biofuels or fine
chemicals."®*'* In contrast to classical multi-step synthesis,
multi-enzymatic cascade reactions eliminate the need to
isolate and purify intermediates after each step, thus reducing
the number of steps and DSP. This saves time, reduces the
amount of solvent used and therefore generates less waste,
reducing the environmental and economic costs while at the
same time helping to implement the principles of green chem-
istry. In many cases, higher yields are also achieved because,
in cascade systems, the product formed in one step is rapidly
consumed in the next, so the balance of the enzymatic reaction
can be shifted towards the product, avoiding the need for
excess reactants.’®® In addition, the immobilisation of mul-

A

L
Substrate
—_—

Substrate t\ .
—_—r

Enzyme 1 &-

fntermediats

product
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tiple enzymes enables the use of cascade processes in industry.
Multiple enzyme immobilisation can be achieved by immobi-
lising individual enzymes on a separate support or by co-
immobilising all enzymes on a single support (Fig. 6). The
advantage of the former is undoubtedly the flexibility of unit
operation and the ability to determine the activity and stability
of each immobilised enzyme, which is unfortunately very
difficult for co-immobilised enzymes. However, co-immobilis-
ation of enzymes reduces or eliminates the lag time, which can
contribute to increased reaction rates and catalytic efficiency.
This lag occurs when several enzymes are immobilised on sep-
arate supports and is due to the fact that the concentration of
intermediates is initially low, preventing subsequent enzymes
in the reaction chain from showing activity at the beginning of
the reaction. Co-immobilisation of enzymes also removes the
diffusion limitations in the transfer of intermediates from the
active site of the first enzyme to the second, which is the case
when immobilised on separate supports. However, when
immobilising several enzymes on a single support, it is not
only the enzyme/support interactions that are significant, but
also the properties of the different enzymes. It is extremely
important to find optimal conditions (temperature, pH and
reaction medium) where all the enzymes involved in the
cascade show high activity and stability. In the case of inde-
pendently immobilised enzymes, a different, specifically opti-
mised immobilisation protocol can be used for each enzyme,
the most appropriate support and its modification (e.g., a func-
tional group on the support).*8>8¢

5.1 Cascades in one monolith

One of the variants of the multienzyme cascade processes is a
single reactor system, where all enzymes are immobilised on

o :
- - / Final product

e

" Final product "

" Enzyme 2

Fig. 6 Classification of multienzyme cascade reactions in monoliths in flow: catalysed by a sequential immobilised enzyme system (stepwise) (A)

and catalysed by a co-immobilised one-monolith enzyme system (B).
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the same monolith. Co-immobilising enzymes is greatly facili-
tated by the use of the same immobilisation conditions for
each biocatalyst as well as the same range of temperature and
PH optimum of enzymes subjected to the co-immobilisation
process. Meeting these conditions is necessary to obtain the
most efficient co-immobilised multi-enzymatic system poss-
ible. Recent reports on the use of co-immobilised multienzyme
systems on monolithic carriers mainly refer to the co-immobil-
isation of oxidoreductases and lyases. A summary of the appli-
cation of co-immobilised multienzymatic monolithic reactors
is presented in Table 3.

An interesting example demonstrating the superiority of
using a two-enzyme system in a single monolith is the cascade
created by citrate lyase (CL) and malate dehydrogenase (MDH).
Initially, the enzymes were immobilised separately and worked
in a sequential arrangement of CL and the following MDH.
For its catalytic activity, CL requires Mg>" ions. This can
however also form a complex with the product of the reaction
that inhibits the enzyme CL. The use of sequential immobilis-
ation promoted the formation of this complex and inhibited
the process. Only the embedding of both enzymes in one

Table 3 Co-immobilised multi-enzymatic monolithic bioreactors
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monolith allowed immediate transformation of the product,
significantly improving the stability of CL."®” Monoliths based
on the silica skeleton have found applications in the construc-
tion of heterogeneous enzyme systems using dendronised
polymer-enzyme conjugates. This solution allowed for the
reproducible immobilisation of predetermined amounts of cat-
alytically active enzyme molecules.

Recently, such a system has been used for immobilisation
of horseradish peroxidase isoenzyme C (HRP) and bovine
erythrocyte carbonic anhydrase (BCA) and has been tested as a
heterogeneous biocatalyst in a one-monolith cascade reaction
with co-immobilised enzymes and two bioreactors in a sequen-
tial system in 2',7-dichlorofluorescein synthesis. For
both reactor systems, the final product formation was the
same with 30 uM hydrogen peroxide (co-substrate). However,
the application of 10 pM H,0, shows about 20%
higher product formation with co-immobilised enzymes.’®
This clearly indicated a higher reaction efficiency when the
co-immobilisation system is wused, which additionally
shortens the delay time even if lower substrate concentrations
are used.

Immobilised enzymes Monolith type Application Ref.
Citrate lyase + malate CIM disk - commercial polymethacrylate monolithic column Indirect analysis of citrate 187
dehydrogenase functionalised with epoxide groups
(@) OH
o} o ) o o malate o OH
citrate lyase dehydrogenase H
T —— OH OH
HO OH OH Phosphate buffer  Ho Phosphate buffer ~ HO
; (100 mM, pH 7.8); 1t o (100 mM, pH 7.8); rt o)
20mg L~
Horseradish peroxidase + glucose pH-responsive polymethacrylate monolithic capillary grafted Glucose detection, obtaining 188
oxidase with poly(4-vinylphenylboronic acid) reusable biosensors
OH OH
horseradish
HO 0 O, + glucose oxidase HO Q + H,0, peroxidase H,0 + 0,
HO OH™ OH Phosphate buffer HO o) \O Phosphate buffer
1-100 mM glucose solution (20 MM, pH 7.0); 25 °C (20 mM, pH 7.0); 25 °C
Trypsin + chymotrypsin Chromolith column - commercial monolithic silica column Protein digestion 189
functionalised with epoxide groups
Horseradish peroxidase + bovine Silica monolith with a dendronized polymer-enzyme Controllable immobilisation 55
carbonic anhydrase conjugate method application
YO OY
o) lo) 0 bovine carbonic anhydrase
+H,0, horseradish peroxidase
cl cl Phosphate buffer (pH 7.2)
1 vol % DMSO; rt
0.05 mM main substrate 85% after 90 min
0.01-0.03 mM co-substrate

Invertase + glucose oxidase + Lab-made polymethacrylate monolithic capillary column Directional multienzymatic 190

horseradish peroxidase grafted with vinyl azlactone

OH OH
o
HO OH HO
HO OH| /O\O invertase H
o aqueous buffer
10 mg ml"' sucrose HO OH

10730 | Green Chem., 2024, 26,10718-10738

reactions
OH

o
HO
0 OH™ o O, + glucose HO oM horseradish H,0O

oxidase +H,0, peroxidase +0,

Phosphate buffer (50 Mm, pH 7.5)/ 0.1% (v/v) DMSO; rt
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An interesting example is the co-immobilisation of inver-
tase (INV), glucose oxidase (GOX) and HRP inside a
polymeric monolith structure within microfluidic devices by
photo-patterning. The enzymes were co-immobilised in
different orders of occurrence in the monolith, which was
made possible by the use of photo-patterned vinyl azlactone
grafting, through which immobilisation occurred. The first
step of the reaction was the hydrolysis of sucrose (first sub-
strate) to glucose and fructose catalysed by INV, then GOX oxi-
dises glucose to gluconolactone and hydrogen peroxide, which
was further used by HRP to oxidise Amplex Red (second sub-
strate) to fluorescent resorufin. The authors established that
only the sequence of co-immobilised enzymes INV-GOX-HRB
gave high product yield."®® This demonstrates how important
not only the close contact of enzymes involved in the cascade
but also placing the co-immobilised biocatalysts in the correct
order on the monolith (if possible) is to control the reaction
sequence.

All of these examples are proof of principle to solve a given
problem (product inhibition, order of immobilisation) that
were not directed towards high productivity and therefore no
meaningful EF or STY could be calculated.

5.2 Monoliths with separate reactions in a row/parallel

The second possibility for the multienzyme cascade processes
is to link multiple microreactor (monolithic) systems, where
each enzyme is immobilised on a separate monolith under
optimal conditions and can be applied at different reaction
parameters (Fig. 6A). The advantages of separate immobilis-
ation of enzymes on individual monoliths are the availability
of a single reactant that can be used either independently or in
various combinations in sequence as well as separate replace-
ments once the individual enzymes lose activity. A summary of
the application of sequential multienzyme monolithic reactors
is presented in Table 4.

The importance of the order of using a single-enzyme
microreactor in a multienzyme sequential cascade was demon-
strated in studies on the enzymatic digestion of genomic DNA.
Three enzymes — deoxyribonuclease I (DNase I), snake venom
phosphodiesterase (SVP), and alkaline phosphatase (ALPase) —
were constructed in cascade bioreactors assembled by tandem
connection (DNase I — SVP - ALPase) on silica-based capillary
monoliths. The developed solution is promising in highly sen-
sitive detection and rapid identification of adducts in genomic
DNA samples. The correct connection of the bioreactor
sequence has an influence on the digestion performance.
Removing the SVP bioreactor or placing it before the cascade
(instead of the DNase I bioreactor) reduced the digestion
efficiency from 99.3% to 59.8-83.7%."°! Both DNase I and SVP
are capable of generating mononucleotides, but DNase I tends
to digest double-stranded DNA to generate small DNA frag-
ments. Thus, combining with DNase I at the outset provided a
high yield of genomic DNA digestion. The authors of this
study succeeded in developing a system that contained benzo-
nase endonuclease instead of DNase I, resulting in a reduction
in genomic DNA digestion time from 45 to 10 minutes.'®

This journal is © The Royal Society of Chemistry 2024
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Stability tests showed less than 20% variation of enzyme
activity when the immobilised bioreactor was stored in Tris-
HCI buffer (10 mM, pH 7.4) at 4 °C for 30 days. As expected
from earlier data,'3*'3%1447146 the free enzyme solution
mixture, stored under the same conditions, lost its activity
within 1 day. Therefore, the cascade monolithic bioreactors
have an advantage in terms of stability and reusability. A direct
comparison of immobilised enzymes for batch and in a mono-
lith is given above (Table 1), displaying advanced reactivity and
stability for the monolith.

Monolith microreactors were also employed for the syn-
thesis of APIs or pharmaceutical intermediates. Purine nucleo-
side phosphorylase from Aeromonas hydrophila (AhRPNP) was
earlier covalently immobilised on a silica particle based
support, which caused a high backpressure resulting in a loss
of enzyme activity.">® Two years later, a study was published
that used a cascade reaction with immobilised uridine phos-
phorylase from Clostridium perfringens (CpUP) on a commercial
Chromolith Flash monolithic support. This allowed reducing
the back-pressure and obtaining the desired nucleoside pro-
ducts."®® The co-immobilised CpUP and AZPNP on one mono-
lith support in a one-reactor system provided 84% conversion
over 120 min in flow (0.5 ml min™") reaction for the synthesis
of 2'-deoxyadenosine.’®® However, the step-by-step two bio-
reactor system approached 95% conversion yield after 90 min
reaction with the same flow.'®> Co-immobilised systems mimic
the “one-pot” transglycosylation system involving two
enzymes, but independent bioreactors turned out to be better
for controlling the multienzyme reaction.

Heterogeneous multienzyme systems have applications,
especially in sugar synthesis and transformation of sugar
derivatives. Traditional chemical pathways to sugars usually
suffer from poor stereoselectivity and the downstream pro-
cesses and purification of intermediate products are difficult.
Several multienzyme systems suitable for sugar coupling
systems have been found. An excellent example is the enzy-
matic synthesis of trehalose catalysed by UDP-glucose pyropho-
sphorylase from Thermocrispum agreste (TaGalU) and trehalose
transferase from Thermoproteus uzoniensis (mCherry-TuTreT)
immobilised on monolithic silica supports in two variants: co-
immobilisation and step-by-step synthesis. Significant differ-
ences in temperature requirements affected both the activity
and stability of each immobilised enzyme, preventing both
reactions from occurring simultaneously in one microreactor.
Thus, the application of a sequential cascade allowed the reac-
tion to be carried out in separate monoliths, maintaining ideal
temperature conditions for each enzyme, allowing the highest
activity for each of the immobilised biocatalysts. Under opti-
mised conditions, the productivity values varied, depending
on the applied flow rate, from 1.9 to 14.4 g UDP-glucose per L
per h per mgpotein Obtained by immobilised TaGalU and 8.3 to
49.6 g trehalose per L per h per mgprotein Obtained by immobi-
lised mCherry-TuTreT.>’

The latter examples have excellent EF (1.42 and 5.18) and
STY, again demonstrating the power of flow chemistry to
achieve the green chemistry principles.

Green Chem., 2024, 26,10718-10738 | 10731
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Table 4 Sequential multi-enzymatic monolithic bioreactors
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EF [gwaste STlY [ggroduct
Monolith type Application Sproduct ) L™ h™] Ref.
Silica based capillary monolith functionalised via Digestion of genomic DNA, analysis and n.a. n.a. 191
amino groups using glutaraldehyde as a cross-linking identification of structural DNA modifications and
agent 192
Base Base
DNase | snake venom HO (0] alkaline HO ¢}
Tr|s HCI buffer phosphodiesterase phosphatase &
(20 mM, pH 7.6) conditions as step 1 O H conditions as step 1 OH H
e esP=0 99.3% after 45 min
o
oligonucleotides nucleotides nucleosides
1.6- 10 million Daltons
Chromolith flash silica support Synthesis of arabinosyladenine, an antiviral 1.42 4.32 193
nucleoside
o) NH,
o) N NH,
‘ NH / | SN 1 mM adenine
N N
HO. | /,E ) HO </ ‘ /)N
N NT N
o} o}
Cpl UF'
Phosphate buffer OPO.2 Phosphate buffer
(2 mM, pH 7.25) c (2 mM pH 7.25)
HO 2 mM sugar donor 37 °C HO 84% after 2 h
Lab-made silica monoliths functionalised via amino  Trehalose synthe51s, transformatlon of sugar 5.18 Istep: 12-91 156
groups derivatives II step: 12-70
HOH
Ho TaGalu o)
HO' ® HEPES buffer H
2!
A op ~ OPOs (50 MM, pH 7.0) OH o o | /ﬁ HOH
H t —0—P—0
glucose-1-phosphate 10 mM of o (|j (\) o N o] Ho Ho
each substrate " ; e © A . HO - - oH
hosphat
o \0 ﬁ ﬁ | pyrophosphate UDP-glucose H H H
0—P—0—P—0—P—0 X0 HO  OH
@6 6 cl) le) OH mCherry-TuTreT
e © b o HEPES buffer
H H HOHO (50 mM, pH 7.0)
uTpP HO  OH oH ' 55°C
(@)
trehalose mOH UDP
O +
0% Ho oH
OH

ARPNP, purine nucleoside phosphorylase; CpUP, uridine phosphorylase; mCherry-TuTreT, trehalose transferase; TaGalU, UDP-glucose

pyrophosphorylase

5.3 Cofactors and considerations concerning them

The selective syntheses catalysed by enzymes are very versatile
and straightforward to perform. However, a wide range of
enzymes requires a cofactor. This can be a metal or an organic
cofactor such as thiamine or Fe-containing porphyrins. These
cofactors are tightly bound to the enzyme and need to be
replenished only occasionally. Therefore they do not need to be
taken into consideration during enzyme immobilisation. For
redox enzymes, the cofactor, especially nicotinamide adenine
dinucleotide (NADH) and its phosphorylated form (NADPH),
needs to be regenerated. This is particularly important when
considering industrial scale processes and has to date been
solved for batch processes. There are a number of methods for

10732 | Green Chem., 2024, 26,10718-10738

regenerating cofactors™'°®'” j.e. enzymatic, chemical, electro-

chemical or photocatalytic. Of the methods listed here, those
using enzymes are the most popular. The use of isolated
enzymes rather than whole cells allows much better process
control and we will focus on this approach. Two main strategies
for cofactor regeneration are known (Fig. 7). In the easiest case,
found mainly for alcohol dehydrogenases (ADH), a ‘coupled
substrate’ allows the application of a single enzyme that cata-
lyses both substrate conversion and cofactor regeneration. The
cofactor does not leave the active site and the same consider-
ations as for the cofactors like thiamine apply. In the case of
ADHs, high concentrations of the sacrificial substrate are
necessary to drive the equilibrium toward the desired product.
While straightforward, this in turn leads to a loss of activity in

This journal is © The Royal Society of Chemistry 2024
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A OH OH
* +
L woer - X
ADH
o} o
NAD(P)H
RAI\Rz . :l*) )J\
B OH %
* + -
N NAD(P) /K o HCO,  HPOZ?
[ADH 1 (ADH 2 or (FDH ) or (PDH }
° H
NAD(P)H HO HCOy  HPO,
R1JJ\R2 N :I*) H%O

Fig. 7 Schematic representation of cofactor enzymatic regeneration: a
coupled substrate system (A) and a coupled enzyme system (B).

the main target reaction as a result of competition among sub-
strates and cosubstrates for the same active site on the ADH."®
The ‘coupled enzyme’ involves the use of two enzymes, the first
to produce the main product and the second to regenerate a
cofactor with the production of a by-product. The by-product is
typically chosen to ensure an irreversible reaction and thus
maximal driving force and optimal yields in the desired reac-
tion. Clearly here the cofactor has to be mobile and its immo-
bilisation has to be considered separately.

Combining oxidation and reduction in a cascade leads to
economical and efficient transformation. This is why co-immo-
bilisation is so eagerly used to design multienzyme cascade
systems for cofactor recycling. It allows us to obtain self-
sufficient heterogeneous biocatalysts that do not require
exogenous cofactor delivery."®*>°

A novel micromonolith bioreactor with co-immobilised ADH
from Thermoanaerobacter brockii (TPSADH) and NADP(H) has
been recently developed to provide a cost-effective basis for
cofactor-dependent biocatalysis.>®* The cell extract with
ThSADH was cross-linked by a hydrogel (cEAG) and then the
cofactor was cross-linked to form a NADP@cEAG monolithic
microreactor. There is no need to leave the active site of the
enzyme to fully regenerate the cofactor during the catalytic
cycle (Fig. 7A). The microreactor with a heterogeneous biocata-
lyst and cofactor was characterized by high enantioselectivity
(<99%) and a high STY of 46.3 g L™" h™" with 94.8% conversion
in the flow synthesis of (R)-1-phenylethanol at 0.01 ml min™"
flow rate, which indicates the unique advantage of co-immobil-
isation on monolith microreactors in recycling cofactors in
flow. The additional co-substrate was isopropanol, which did
not generate a significant increase in the process costs.

Application of a coupled enzyme system in cofactor regener-
ation was tested in an enzymatic reaction for the synthesis of
formate from carbon dioxide gas in a tandem reaction. The
production enzyme was a high-performance formate dehydro-
genase from Methylobacterium extorquens AM1 (MeFDH1),
while the regeneration of NADH was performed by phosphite
dehydrogenase from Pseudomonas stutzeri (PsPDH). Both
enzymes and cofactors were immobilised by cross-linking with
poly(ethylene glycol) diglycidyl ether (PEGDGE) on hierarchical
porous inorganic monoliths, from silica or carbon. This

This journal is © The Royal Society of Chemistry 2024
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allowed the fabrication of a system of two heterogeneous bio-
catalysts with a flexibly bound cofactor capable of moving
between active centers for regeneration® (Fig. 7B). After testing,
this carbon monolithic reactor proved superior to achieve the
highest productivity reported to date for NAD-dependent bio-
catalytic systems for producing formate from carbon dioxide
gas without the need for additional hydrogenation and under
atmospheric conditions.”

The immobilisation of cofactors for the coupled enzyme
approach and their effective recovery through their reuse®**>%*
is a prerequisite for the economic application of these
enzymes. However, immobilised cofactors may have lower
availability than free cofactors dissolved in the reaction
mixture. This is as a result of slower mass transfer, which
must be compensated by the cofactor recycling and reuse.'®®
Both ionic and covalent immobilisation have been studied. At
low buffer strengths, ionic immobilisation on ionic carriers
has been successful. Permanent binding of cofactors with
long-lasting activity is still a challenge. The use of encapsula-
tion leads to rapid leaching of the cofactor in the reaction solu-
tion.””® One way to improve stability is to link the cofactor to
another macromolecule (e.g. dextran,”’® chitosan®’”) via a per-
manent covalent bond. Noncovalent attachment of NAD" on
carbon nanotubes®*® or covalent binding of NAD" via epoxy
groups to the surface of a silica matrix obtained by the sol-gel
method has also been proposed.>”> However, permanent
binding of cofactors on monoliths is still a relatively new topic,
with challenging research questions®****® and solutions.

6 Conclusions

To summarise the above discussion from a green chemistry
perspective, biocatalysis in a continuous flow system carried
out in monolithic microreactors fulfils most of the principles
of green chemistry. The high selectivity of enzymes ensures
that virtually no side-products are formed and thus no waste is
generated. The combination of biocatalysis and flow chemistry
additionally minimises energy consumption by intensifying
mass and heat exchange. In addition, flow chemistry in mono-
lithic microreactors allows for a significant reduction in reac-
tion volume while maintaining a high efficiency of the process
carried out. As exemplified in Table 1 for the conversion of
benzaldehyde with hydrogen cyanide'*® and in Table 2 for
transesterifications,'”* the residence time in a monolithic
microreactor at which near 100% conversion and enantio-
selectivity is achieved is often less than a few minutes. While
biocatalysis in flow is not yet fully applicable on an industrial
scale, its potential for accelerating the use of enzymes towards
green chemistry principles is obvious.
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