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Abstract

In recent years, energy and environmental issues have become more topical as the public have become more conscious about the
fragility of the planet we live in. Biocatalysis can have a strong impact on these issues as most enzymes are operated at low energy
and solvent-free environments with often high conversion, activity and selectivity. Enzymatic cascades are multistep reactions
that can produce more complex chemical products and mimic in vivo reactions in nature. Therefore, they can provide valuable
solutions for many environmental problems. However, enzymes can be expensive, difficult to recycle and wasteful, as seen in
other homogeneous systems. For heterogenized biocatalytic systems, enzyme immobilization has been considered to enhance
reuse and recycling of enzymes but immobilized enzymes are still underdeveloped for use in cascade systems. Hence, there is
an opportunity for advancement. The difficulties for implementing immobilized enzymes in cascades mainly concern enzyme
compatibility, compartmentalization and optimization. In this perspective, we have highlighted key examples in using enzymatic
cascades using immobilized enzymes, in particular those systems related to the energy and environment sectors. We also demon-
strate use of a combination of a magnetic and a nonmagnetic support for enhancing enzyme reuse and recycling in a cascade sys-
tem, and more importantly, separation of enzymes from each other postreaction. We can foresee that, with significant effort spent
on the development, enzyme immobilization could play a significant role in cascades for the green synthesis of fine chemicals.
© 2024 The Authors. Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).
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solid support can improve operational stability against denatur-
ation caused by heat or changes in pH. It also allows for other ben-
efits including the possibility of adapting continuous processing,

INTRODUCTION: ENZYMATIC CATALYSIS
AND IMMOBILIZED ENZYMES

Enzymes can be considered as environmentally friendly catalysts
as a result of their high activities at low temperatures and deriva-
tion from renewable resources.! Generally, they are active under
milder conditions compared to those of equivalent synthetic sys-
tems and, in some cases, have shown higher catalytic activity and
conversion efficiency than synthetic catalysts for the same reac-
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tion.”® They also often associate with high chemo-, regio- and
enantioselectivities,* which enhance downstream processes for
separation and purification, a reduction in waste and overall
energy efficiency.

However, enzymes can be sensitive to the reaction environment
and can denature when used beyond their normal operating range
- pH 7 and 37 °C. To mitigate this, immobilization of enzymes on a
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ease of separation and enhanced recyclability.>® There are four
main protocols for enzyme immobilization: covalent binding, phys-
ical absorption, encapsulation and cross-linked aggregates, which
are well-documented in the literature.””'® Immobilization also has
been used for developing enzymatic cascade systems, which
involve multistep reactions to achieve a final product through mul-
tiple enzymes. Cascades can avoid accumulation of intermediates,
which could inhibit the reaction, as well as reduce the energy
requirement to synthesize more complex products.'’ Enzymatic
cascades occur within whole cells (in vivo) in nature, but much
research work also has been directed towards developing in vitro
immobilized systems as alternatives.'?

IMMOBILIZED ENZYMES FOR ENERGY
PRODUCTION AND ENVIRONMENTAL USES

Enzymes have been used for environmental applications for sev-
eral decades, notably in remediation. However, in recent years,
research in using enzymes (free or immobilized) for the produc-
tions of biofuels'® and bioethanol™ has also been expanded as
a consequence of the increasing demand for these products. In
other areas of the energy sector, enzymes also play their role.
For example, enzymes have been shown capabilities in hydrogen
(H,) production from carbohydrates and glycerol in in vivo sys-
tems. Multi-enzyme systems also have been reported to be used
in CO, utilization, through reduction to form formate and, ulti-
mately, methanol [see Fig. 1()).”° Although examples are plenti-
ful in these areas, free enzymes are used in most of these
systems. While immobilized enzymes show clear advantages in
catalyst recycling and reduction in operational cost, challenges
do exist in large-scale use of immobilized enzymes. For typical

biodiesel productions, one key step is to use transesterification
of fat molecules (from animal, vegetable or waste fat) to form
long-chain esters and glycerol, followed by a decarboxylation of
esters, as examples of two-step cascades. Enzymes, notably lipases,
have been widely used as catalysts for this transesterification reac-
tion.'® Decarboxylation of fatty acids to form hydrocarbons also
may be carried out using other enzymes.'” Immobilized enzymes
also have been used for biodiesel'® and bioethanol production,'®
enabling enzyme recycling and enhancing sustainability of these
cascades. Various supports have been tested for these applications,
including magnetic®®?' and nonmagnetic supports.?* This also
suggests that development of support materials can play some crit-
ical role in enzymatic process for future energy production. More-
over, immobilized enzymes also have been used in various
applications for the environment, notably remediation.”®

ENZYME CASCADES

An enzymatic cascade depicts a process that requires two or more
enzymatic steps to produce the target chemical compound.?*
One of the aims of cascades is to mimic biological systems at a cel-
lular and organismal level through their spatial distributions of
functional modules in cells and how cells are compartmentalized
to form their own multi-enzyme systems; these are often difficult
to emulate.”* Compartmentalization sometimes has a stabilizing
effect on the enzyme, especially for enzymes that require a cofac-
tor for reactions.When free enzymes are used in processes/reac-
tions, compartmentalization would not occur and quite often
yields in a loss of certain catalytic properties. To produce a suc-
cessful enzymatic cascade, three key parameters need to be satis-
fied: (i) overall thermodynamics of the cascade must be
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Figure 1. (a) The multistep cascade process for CO, transformation to methanol with NADH regeneration regime using GDH and glutamate as the sac-
rificial hydrogen donor, (b) lllustration of sequential Immobilization of enzymes to form methanol from CO,.
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Separable enzymatic cascades

favourable,® (i) cross-reactions between different substrates
must be avoided by choosing an enzyme that exhibits high selec-
tivity®®?” and (iii) the activities of the enzymes have to control the
reaction kinetics to ensure that there is reaction flux.?®2° Imple-
menting immobilized enzymes in a cascade-style system could
make large-scale, multistep processing more attainable.>°

There are three types of enzymatic cascades: in vitro, in vivo
and hybrid. Selection of enzymes in a cascade depends on
numerous key factors, including the availability of gene
sequences, heterologous enzymes, cofactor requirements,
uptake and release of substrates and products, and their meta-
bolic stability.?' Cascade systems for industrial applications are
less common owing to the need for optimization of process vari-
ables, such as operational cost, product purity and concentra-
tion, stability and recyclability of enzymes, and their solvent
tolerance.>? For in vitro cascades, some of these issues can be
solved with enzyme immobilization. For issues regarding
enzyme stability and solvent tolerance, immobilization of
enzymes can help as it induces small changes to the enzymes'
secondary structure (a-helixes and p-pleated sheets) and pre-
vents the enzyme from unfolding (i.e. denaturing).>®> However,
combining enzyme immobilization with cascade reactions is still
underdeveloped.?> To implement enzymatic cascades, a system
is required to be able to immobilize a broad range of enzymes,
and therefore to mitigate the need for screening a wide range
of platforms for each biocatalyst individually. As a cascade sys-
tem increases in the number of steps, or the number of
enzymes, involved, each step must be optimized to achieve
the highest conversion to desired products possible.>*

In vitro cascades can employ free, purified enzymes, cell lysates,
cell-free extracts or freeze-dried whole cells, which allow for easier
optimization on the amount of enzyme used in each step for a
maximum flux and product yield.?® Purified enzymes have advan-
tages over crude enzymes as complications as a consequence of
complex metabolic pathways in living cells can be eliminated,
hence eliminating unwanted side reactions. In general though,
enzyme purification is an expensive and time-consuming process.

H

(A)
(¢] (e] [e] (o} (¢] (0]
0. GOase M, ¢ 0. PaoABC 0) PaoABC
H — H H HO H HO
\ / Buffer pH 7.6, \ / Buffer pH 7.6, \ / Buffer pH 7.6,

37°C, Catalase, air

37°C, Catalase, air

(8)

Glycerol OH
HO OH

pyrophosphate

@)

@)
SClL

where science
meets business

WWW.S0Ci.org

Moreover, if the process is cofactor-dependent, the cost will be
escalated considerably as cofactors also can be expensive and
are needed to be added in stoichiometric amounts.®® In these
cases, a cofactor recycling system needs to be implemented in
order to make the cascade viable.

The simplest type of in vitro cascades are free enzymatic cascades
(a series of reactions catalyzed by free enzymes). These systems
involve no immobilization of enzymes and typically they are carried
in a ‘one-pot’ style. Compared to immobilized cascades, the steps
may be harder to optimize using free enzymes, which also are dif-
ficult to recover and recycle, adding obstacles for implementation
in industries. For example, McKenna et al. demonstrated a synthesis
pathway for 2,5-furandicarboxylic acid (FDCA) from hydroxy-
methylfurfural (HMF) using galactose oxidase (GOase) and alde-
hyde oxidase (PaoABC)*’ [see Scheme 1(a)l. Their results
suggested that using both enzymes together in one pot only pro-
duced an overall conversion of 60% for FDCA. When the cascade
was tuned by sequentially enzyme introduction by first adding
GOase then followed by PaoABC to convert the intermediates to
FDCA, the final conversion was increased to 90%. This shows that
tuning each step of the cascade individually is important to achieve
a high product yield. HMF can be easily derived from biomass>?
whereas FDCA can be used as a sustainable alternative to ter-
ephthalic acid in plastic production for biodegradable plastics
replacing polyethylene terephthalate (PET),*® which is one of the
top five commodity plastics currently being produced.

Schoevaart et al. reported a larger enzyme cascade system
involving four enzymes for the synthesis of non-natural carbohy-
drates from glycerol.>® This cascade was carried out sequentially
in a one-pot system because each step required different reaction
conditions for the enzymes to produce a high product yield.
The steps of the reaction include: (1) phytase catalyzed
phosphorylation of glycerol to racemic glycerol-3-phosphate,
(2) glycerolphosphate oxidase (GPO) and catalase converting
the L-glycerol-3-phosphate to dihydroxyacetone phosphate
(DHAP) and (3) finally the aldol reaction of DHAP and butanal cat-
alyzed by aldolase to form fructose-1,6-biphosphate [see

0] o]
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\ / OH
5-deoxy-5-ethyl-D-xylulose
OH O

37°C, Catalase, air

OH
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GPO, pH 7.5 Butanol OPO5H
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Scheme 1. Examples of two multistep cascades: (a) 3-step synthesis for 2,5-furandicarboxylic acid (FDCA) from hydroxymethylfurfural and (b) 4-step

transformation of glycerol to a non-natural carbohydrate, 5-deoxy-5-ethyl-d-xylulose. Adapted from McKenna et al. and Schoevaart et al.
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Scheme 1(b)]. Notably, these steps require changes in pH from
4to 7.5 and then back to 4 to achieve an overall yield of 79%. Glyc-
erol is a known by-product from biodiesel production and is an
abundant organic waste.*' Making use of an abundant chemical
for the synthesis of valuable product such as non-natural carbohy-
drates would undoubtedly be beneficial to societies.

CASCADES USING IMMOBILIZED ENZYMES

In order to increase the efficiency of in vitro free enzyme cascades,
enzyme immobilization can be considered as it provides a path-
way for a heterogeneous biocatalytic system. When enzymes are
immobilized on a support, a microenvironment is created, as seen
in both eukaryotic and bacterial cells.>> As immobilized cascades
attempt to mimic metabolism processes, the fundamental con-
cept of compartmentalization is introduced into the enzymatic
cascades. Compartmentalization of a cascade should improve
the kinetics and the stability of the system as a result of the
co-localization of the enzymes. It also would allow for the reaction
intermediates to diffuse more effectively between the enzymes.*?
By using either chemical (covalent) binding or physical absorption
methods, immobilization provides a solution for establishing het-
erogeneous cascades. These cascades could be developed from

either co-immobilization of enzymes onto the surface of one single
carrier or sequential immobilization onto different carriers. Table 1
summarizes some recent examples of in vitro co-immobilized and
sequential cascade systems, the reactions being achieved and sup-
ports being used.

When considering co-immobilization of enzymes on the same
carrier, the most important factor is to choose a suitable carrier
that is compatible with all of the enzymes involved in the cascade
system. The parameters for carriers (e.g. surface chemistry/func-
tionalities, surface area, pore size) and the reaction conditions
required for immobilization will affect the product yield, loading
capacity and activity of the enzymes. As mentioned previously,
there is no universal procedure or carrier for enzyme immobiliza-
tion, hence the design and the fabrication of multifunctional car-
riers may be necessary for a cascade system with several enzymes
of very different characters. Multifunctional carriers may be used
but they are not without problems, depending on the properties
of the enzymes of interest. Immobilization techniques also may
vary widely and therefore could lead to the deactivation of other
enzymes involved in the system.

For simplicity, compatible enzymes in a cascade system can be
co-immobilized via the same chemistry. Examples of cascades
using co-immobilized enzymes can be found in the literature.

Table 1. Recent examples of in vitro heterogenized enzymatic cascade systems
Type of
Cascade Reaction Multi-enzyme system Support(s) immobilization Ref
1 Oxidation of phenolic compounds Formate dehydrogenase (FDH) and Agarose beads activated Co-immobilized 43
NADPH oxidase (NOX) with with glyoxyl groups and
Horseradish Peroxidase (HRP) NOX
Agarose beads activated
with boronate groups
2 Conversion of glucose to gluconic GOx (Glucose Oxidase) and CAT Fes0,4 magnetic Co-immobilized 44
acid (Catalase) nanoparticles
GOx and HRP
3 Production of L-amino acids p,L.-hydantoinase, hydantoin racemase, Agarose beads Co-immobilized 45
L-carbamoylase and carbamoyl
racemase
4 Degradation of biogenic amines for Amine oxidase and catalase Glyoxyl agarose gel Co-immobilized 46
the production of aldehydes and
hydrogen peroxide
5 Reduction of 4-(4-methoxyphenyl)- Enoate reductases (ERs) and glucose CLEAs and silica particles Co-immobilized 47
3-buten-2-one dehydrogenase (GDH)
6 Treatment of starch pectin and a-amylase, protease and pectinase Sodium alginate beads and Co-immobilized 47
protein in waste water Glutaraldehyde activated
chitosan beads
7 Quantifying lactose in buffer and in p-galactosidase (f-gal), glucose oxidase  Glass microfluidic channel Sequential 48
milk (GOD), HRP
8 Oxidative reaction of sodium laurate Monooxygenase (P450 BM3) and GDH Amino-agarose Co-immobilized 49
Epoxy agarose
Polyvinyl alcohol Lentikats
9 Production of (R)-1-phenyl- FDH, (2R,3R)-2,3-butanediol Silicon dioxide nanoparticles ~ Sequential and 30
1,2-ethanediol hydrogenase (BDH) with glutaraldehyde co-immobilized
10 Methanol production from CO, FDH, formaldehyde dehydrogenase Polystyrene microparticles Co-immobilized 50
(FaldDH), alcohol dehydrogenase (500 nm)
(ADH), GDH
11 Methanol production from CO, FDH, FaldDH, ADH UF membranes, with Sequential and 51
regenerated cellulose co-immobilized
layer on a PP support
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For instance, Yong et al. (entry 2, Table 1) demonstrated a
co-immobilized enzymes system glucose oxidase (GOx) and cata-
lase (CAT), as well as a combined GOx-HRP (horseradish peroxi-
dase) systems. Both systems were co-immobilized using
concanavalin A (ConA) and glutaraldehyde via glycosyl groups
on ConA.* This cascade has shown a high relative activity and
improved conversions of glucose to gluconic acid compared to
the free enzyme systems (5% increase). This work demonstrated
that two compatible model enzymes can be co-immobilized on
one support. ConA has a nonreducing terminal a-p-mannosyl or
a-p-glucosyl moieties,>? ready to react with either GOx, HRP or
CAT as they are considered as glycosylate enzymes and can be
agglutinated by ConA. Ideally a support with multiple functional
groups on the surface is needed to overcome the problems for
multi-enzyme systems. Another example of co-immobilization
has been reported by Garcia-Garcia et al. (entry 4, Table 1), where
diamine oxidase (DAO) and CAT are co-immobilized on glyoxyl
agarose gel via covalent attachment.*® This cascade is set up for
the degradation of biogenic amines present in wine to produce
aldehydes and hydrogen peroxide (H,0,). Two different systems
were tested: a co-localized and a delocalized system. Co-
localization involves DAO and CAT immobilized one support
sequentially, whereas delocalized is a random distribution of the
two enzymes. Although the enzymes were immobilized success-
fully in both systems, they showed different reaction profiles.
These results also were supported by the degradation profile of
biogenic amines from both systems. The co-localized system
reached 100% degradation in 2h while the delocalized
system reached only 60% over the same period. Also, the residual
activity profile for the co-localized system stayed at 100% after
100 h compared to the delocalized system. It was concluded that
the enzyme arrangement on the support is crucial for the initial
rate for the degradation of the biogenic amines, and compart-
mentalization improves mass transfer of the substrate molecules.

Examples of heterogeneous cascades for the environment

Regarding cascades for the environment, Rocha-Martin et al. dem-
onstrated a heterogenous cascade for the oxidation of phenolic
compounds by co-immobilized three different enzymes, formate
dehydrogenase (FDH), NADH-oxidase (NOX) and HRP on to aga-
rose beads (entry 4, Table 1),*® illustrated in Scheme 2. The initial
test on this tri-enzymatic system for phenol degradation in an
aqueous medium through in situ H,O, production using free
enzyme was not successful with little oxidation recorded. It was
speculated that enzyme inhibition occurred due to formation of
free radicals during oxidation or from the H,0, product generated
in situ. Immobilized enzymes were then proposed as an alternative

HCOOH NAD+

(ord

CO, NADH FMN

Scheme 2. Reaction scheme for in situ H,0, production and phenolic removal using HR
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but HRP was found to be incompatible with the other two enzymes
during immobilization. Two different functional groups on the sur-
face of the support materials were required for effective immobili-
zation: FDH and NOX were co-immobilized on agarose beads
functionalized with glyoxyl groups, whereas HRP was on agarose
beads with boronate groups. This dual-carrier system was able to
achieve 100% conversion of phenolic substrates due to the co-
localization of FDH and NOX. This, in turn, gave a higher H,0, pro-
duction enough for HRP to catalyze at a maximum rate without
inhibition. This example shows that a cascade system with three
immobilized enzymes can be implemented. However, owing to
the differences in immobilization chemistry of the enzymes and
the conditions that they required, a dual-carrier system may be
necessary. This also suggests that multifunctional carriers could
have an important role to play in immobilized cascade reactions.
Phenolic compounds, including phenol and cresols, are known
pollutants from the oil and gas industry as they can contaminate
soils and possess strong threat to ground water.>®> Degradation of
these pollutants via biocatalytic pathways will be welcomed.

As mentioned before, an enzymatic cascade has been used in CO,
reduction to produce methanol [Fig. 1(a)]. Heterogenizing this multi-
enzyme system also has been demonstrated (entry 10, Table 1).>°
El-Zahab et al. co-immobilized all four enzymes (FDH, FaldDH, ADH
and GDH) on polystyrene beads to enhance enzyme recycling. More-
over, the cofactor NADH also was immobilized on the beads in order
to further improve the sustainability of the system. This heteroge-
neous cascade was found to lose only 20% of the activity after
11 cycles. However, in a 20-mL reaction, the overall methanol pro-
duction was only 0.02 pmol h™" Genzyme ', Which is comparable to
the equivalent free enzyme cascade (at 0.04 pmol h™' genzyme”).
Although scaling up may be possible, such a low conversion is
unlikely to have any impact in research on CO, utilization. Another
problem presented from this system is that the enzymes cannot
be separated from each other due to co-immobilization.

In order to overcome issues of enzyme separation postcascade,
Luo et al. reported a heterogeneous cascade system by immobiliz-
ing these enzymes in layers of commercial membranes (entry
11, Table 1),°" as illustrated in Fig. 1(b). This flow system achieved
a maximum methanol production of 0.7 mmol L™' at a high
NADH concentration of 50 mmol L™'. Because this system
is rather different from El-Zahab's heterogeneous cascade
(e.g. flow versus bath processes), it is difficult to make direct com-
parison. Although this multimembrane system allowed separa-
tion of individual enzymes, cofactor regeneration became
impossible. The high NADH concentration (50 mmol L™') being
used suggested that this system is not attainable economically
as the NADH cofactor is far more valuable than methanol.

FMNH, 0,

H,0,
Insoluble
@ — » phenolic
OH derivatives

p43
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There are other challenges in using heterogeneous cascades for
CO; reduction which remain to be overcome before large-scale
implementation is possible. First, CO, is a thermodynamically sta-
ble compound (enthalpy of formation, AHf = —393.5 kJ mol™")
and activation also requires overcoming a high energy barrier
(240 kJ mol™). This is always a challenge for all CO, utilization
processes. Moreover, although successful as a demonstrator,
these two examples provide a low rate of methanol production
(e.g. at 0.02 pmol s~ mgenzyme_1 reported by El-Zahab et al.>°).
For a large-scale operation such as CO, utilization, such a rate
may not be sufficiently high to make economic sense, or indeed
any impact on the environment. Regarding economic aspects,
four enzymes (including GDH for cofactor regeneration) are
required for this cascade, and their substantial operational cost
must be considered. In addition, the cost for NADH cofactor needs
to be considered, even with an efficient regeneration system.
More importantly, from the first system, for every mole of CO, to
be converted to methanol, three moles of glutamate are needed
as the sacrificial H donor for NADH regeneration. The cost for glu-
tamate is around 10-fold more expensive than methanol per
kg. Cofactor regeneration is not compatible with the second
membrane system. All of these factors make this process unattrac-
tive. Therefore, scientists still need to search for processes using
heterogeneous cascades in order to make CO, utilization feasible
for large-scale operations.

Advantages and disadvantages of in vitro heterogeneous
cascades using immobilized enzymes

Regarding heterogeneous cascades, the enzymes are immobi-
lized on a support and the assumption is that they can be recov-
ered and recycled for further reactions/uses. Recycling exists in
most immobilized enzyme system, with the majority being re-
used in numerous cycles. There are a wide variety of supports
that can be used for immobilization, depending on the reaction
and immobilization conditions. Common supports include inor-
ganic materials and synthetic and natural polymers, including sil-
icas, MNPs, alginate and poly(carboxybetaine methacrylate)
(PCBMA).>* Recovering these supports can be carried out by filtra-
tion or centrifugation, but these techniques are not without their
disadvantages.> A trade-off between particle size and loss of
activity is the main issue with both filtration and centrifugation.
Increasing the particle size can enhance separation via filtration
and centrifugation, but could reduce activity owing to slower dif-
fusion of the substrate through larger particles.*” Success in
in vitro cascades relies on mimicking the microenvironments
which cause compartmentalization to ensure that the substrates
can diffuse between the enzymes. This also would be applied to
integrated immobilized cofactor and enzyme systems. Scaling
up immobilized enzymes for use in continuous processes also
could encounter its own problems with larger particle sizes used
in industrial equipment. For example, most bioreactors are based
on packed bed columns or fluidized bed reactors. A larger particle
size could increase the pressure drop across the column while in
the fluidized bed the particle size would have to be on the
micro-/nanoscale.*® To ensure an adequate fluidization, the parti-
cles must be dense enough to avoid them escaping the reactor as
a consequence of high velocities inside. In order to mitigate some
of these problems, enzymes can be immobilized onto magnetic
nanoparticles (MNPs). This involves immobilizing the enzymes
on a magnetic support, typically iron oxide (Fes0,) MNPs and
instead of recovery through centrifugation or filtration MNPs
can be recovered using an external magnetic field.>*’
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SEPARABLE AND RECOVERABLE ENZYMES
VIA MAGNETIC SEPARATION: A CASE STUDY

Although compatible enzymes can be co-immobilized in a cascade
for recovery and recycling, they cannot be separated from each
other postreaction. For expensive enzymes, co-immobilization may
not be as useful for recycling. For those systems in which enzymes
are immobilized separately, recovery of these immobilized enzymes
is still problematic via separation of different particle types (sup-
ports) from each other with standard methods (e.g. filtration and
centrifugation). In order to separate and recycle immobilized
enzymes from a cascade system postreaction, innovative methods
need to be developed.

To demonstrate the idea of separating and recovering different
enzymes individually using magnetic separation, an enzymatic
cascade was selected. In this cascade, (S)- methylbenzylamine
was converted to acetophenone then 1-phenylethanol using
w-transaminase from Halomonas elongata (HewT) and alcohol dehy-
drogenase (ADH) from Saccharomyces cerevisiae respectively while
glucose dehydrogenase from Bacillus subtilis (Bs-GDH) was also used
for the regeneration of NADH cofactor that was required for the ADH
step. 1-Phenylethanol is a chiral secondary alcohol and is commonly
used as drug precursors®® or as toxophores in agroindustry.>® The
interplay of these three enzymes in this cascade system is illustrated
in Fig. 2(a).%° The magnetic support used here is NiFe,O, MNPs (aver-
age diameter = 10 nm, as seen from TEM in Fig. 3(a)) while NiO/SiO,
was used as the nonmagnetic support. Both supports has free nickel
sites on surface for direct binding of his-tagged enzymes (HewT and
Bs-GDH) without further functionalization. The magnetic property
measured using SQUID magnetometry and the powder x-rays dif-
fraction patterns (XRD) are shown in Fig. 3(b), (c). The synthesis pro-
tocol of NiFe;O4 MNPs can be found in Supporting Information
Sl. Since HewT was immobilized on NiFe,O, MNPs while Bs-GDH
was supported on nonmagnetic NiO/SiO,, these two enzymes can
be separated using an external magnetic field postreaction, as
shown in Fig. 2(b). The third enzyme ADH was used as an unsup-
ported free enzyme, which can be separated from the other two
immobilized enzymes via simple filtration.

Separation of NiFe;0, MNPs and NiO/SiO; particles from a
mixed suspension

The main purpose for using a combination of magnetic and non-
magnetic carriers in tandem is the option for separation and
recovery of the immobilized enzymes individually after reaction.
Separation of a mixture of solid particles can be challenging and
magnetic separation offer a unique pathway to achieve that. To
attain the separation efficiency between the nickel ferrite
(NiFe;04) MNPs and the nonmagentic nickel/silicon oxide
(NiO/SiO,) carriers in the immobilized combined enzyme cascade,
an experiment on magnetic separation of the two carriers was
performed. In this experiment, a mixed suspension of NiFe,0,
MNPs and NiO/SiO, particles was prepared in potassium phos-
phate buffer (see Scheme I). After the magnetic separation using
a neodymium (NdFeB) magnet, the iron content in the superna-
tant was then analyzed using atomic absorption spectroscopy
(AAS) to assess the separation efficiency. The magnetic properties
of these two carriers also were measured using SQUID magne-
tometry and shown in Fig. 3(a). NiFe,0, MNPs showed a typical
superparamagnetic character with a saturation of 53.0 emu g™
atH = 15 kOe whereas NiO/SiO, particles did not show any signif-
icant magnetization at the measured range. The AAS result sug-
gested that only 17.6 pg Fe was found in the supernatant.
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Figure 2. (a) Cascade system using Halomonas elongata (HewT) and alcohol dehydrogenase (ADH) for the transformation of s-methylbenzylamine to acet-
ophenone then to 1-phenylethanol. Glucose dehydrogenase from Bacillus subtilis (Bs-GDH) was used for regenerating the NADH cofactor using glucose as a
sacrificial hydrogen donor; (b) illustration of how this three-enzyme system can be separated using a combination of magnetic and nonmagnetic support.
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Figure 3. Characterization of NiFe,0, MNPs and NiO/SiO, particles. (a) TEM image for NiFe,O, MNPs; (b) plots of M versus H; (c) XRD pattern with indexes

(JCPDS card no. 10-0325 for NiFe,0, MNPs and 73-1523 NiO/SiO,).

Because the initial Fe content in the mixed particle suspension
was 4.7 mg (10 mg NiFe,O4 MNPs), only an equivalent to 0.37%
Fe was found in the supernatant after magnetic separation. This
indicates a successful separation of a magnetic and nonmagnetic
carrier from a mixed suspension.

A model cascade reaction of three enzymes on different
supports

Table 2 shows the yield of 1-phenylethanol after 1 h for both free
and immobilized cascade reactions. From the data we can draw a

preliminary conclusion that the free enzyme cascade reaction has
produced the target alcohol product, 1-phenylethanol. Moreover,
the yield for 1-phenylethanol was higher than that from a free
enzyme system, which seemed to produce acetophenone for
the first step but failed to convert it to 1-phenylethanol. Experi-
mental details can be found in Scheme I.

The low yield of 1-phenylethanol could be attributed to the
poor acceptance of acetophenone in the active site of ADH. This
was seen previously in the free ADH activity test and it may be
one of the causes of a low production of 1-phenylethanol even
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Table 2. Free enzyme cascade system concentrations of substrate, intermediate and product after 1 h

s-Methylbenzyl amine

Cascade system concentration (mmol L™")

Acetophenone
concentration (mmol L‘1)

1-Phenylethanol
concentration (mmol L_‘)

Free enzymes 62.206
Immobilized cascade system 82.159

after 2 h (0.166 pmol mgenzyme‘1). Screening a range of ADHs
could be beneficial to optimize both reactions by identifying an
ADH enzyme that could better work with acetophenone as a sub-
strate to increase the yield of product in both cascade systems. To
further validate the production of 1-phenylethanol in both sys-
tems (free and immobilized enzymes), there is an increase in glu-
conic acid over time, suggesting that the Bs-GDH was functioning
normally. According to Fig. 2(a), Bs-GDH's primary function is to
recycle NADP* back to NADPH as the cofactor for ADH by convert-
ing glucose (the sacrificial H donor) to gluconic acid. In theory if
there was an increase in gluconic acid over time, Bs-GDH was con-
verting NADP" to NADPH for the ADH to consume in its reaction.
Both enzymes in the cascade are intrinsically reliant on each
other, meaning that one reaction would not be able to proceed
without the other.

Other observations of the two cascades include a much lower
production of the products acetophenone and gluconic acid from
immobilized HewT and Bs-GDH over the same period. This is not
unexpected as both immobilized enzymes are less active than
the free enzymes due to mass transfer constraints for heteroge-
neous catalysts in general. This also would account for a lower
concentration of acetophenone available for the second step in
this cascade. The same observation on the production of gluconic
acid over the same time was also featured, with a lower productiv-
ity observed in the immobilized cascade than its free cascade
counterpart. This emphasises that both cascades require much
more effort in optimization in terms of screening ADHs for better
compatibility with the intermediates of the reaction and to also
fine-tune each enzymatic stage to ensure that the cascades can
work at optimum efficiency.

The NiFe,0, MNPs used in this case study have a magnetization
value (53.0 emu g™ '), which is comparable to the Fe;0, MNPs
(usually 40-80 emu g~") widely used as a benchmark for MNP
research. As discussed, magnetic separation offers advantages
such as a high recovery of immobilized enzyme on the magnetic
support, especially if an enzyme is hard to purify. One clear
advantage of using magnetic separation in a multi-enzyme sys-
tem is that the enzymes can be separated from each other post-
reaction as demonstrated here. In this case study, the three
enzymes all can be separated individually, using MNP-supported,
nonmagnetic-supported and unsupported enzymes. In general,
nonmagnetic supports are difficult to separate from each other
and co-immobilization is to be implement without the prospect
of separation of enzymes postreaction. The system demonstrated
here also would be useful in cascade reactions with one enzyme
that is more valuable than the others, and it is essential to recover
that particular enzyme. This system also could enhance the prac-
ticality of some heterogeneous cascade systems and reduces the
operational cost by recycling the expensive enzymes.

This case study demonstrated that a separable tri-enzyme sys-
tem using a combination of magnetic and nonmagnetic supports
is feasible despite the low yield recorded for the target product. As
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19.256 0.095
0.406 0.264

the results from the free enzyme system suggested, this combina-
tion of enzymes has not been optimized and this is a typical
obstacle for an artificial enzymatic cascade. In nature, the cascade
systems in cells were optimized and that can be difficult to mimic
in laboratories. In this particular system, use of the most compat-
ible ADH could be critical. As suggested earlier, screening a range
of ADHs is necessary in order to optimize all three in tandem reac-
tions and maximize the production of 1-phenylethanol. However,
even an optimized multi-enzyme system may behave very differ-
ently once immobilized, as demonstrated here. Optimization is
key for a successful cascade, no matter if it is an immobilized sys-
tem of free-enzyme system, and this can involve intensive studies.

CONCLUSIONS

In nature, many complex compounds are made from multi-
enzyme cascade systems in vivo. We can exploit these systems
in simulated environments and scale them up for the production
of fine chemicals as well as valuable natural products. Enzymatic
systems are generally of low energy consumption and low waste
emission, and thus are considered to be environmentally friendly.
Indeed, several enzymatic cascades also have been demonstrated
for the production of biodiesel and bioethanol, as well as CO, con-
version to methanol. The challenges in developing enzymatic cas-
cades include enzyme recycling and compatibility among
enzymes. Use of immobilized enzymes can mitigate the first chal-
lenge but the issues of enzyme compatibility will need lots of
research to address. Regarding immobilized systems, separation
between enzymes postreaction can be problematic, even if they
are immobilized on supports. We have demonstrated a separable
system of three enzymes using magnetic and nonmagnetic sup-
ports. Such a system can open up many opportunities for indus-
tries to consider enzyme cascades because recycling enzymes
can reduce operational costs.
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