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Development of an amine transaminase-lipase
cascade for chiral amide synthesis under flow
conditions†
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and Alexey Volkov *b

The use of multienzymatic systems has gained increasing attention as a method of choice for complex

(asymmetric) syntheses. Incompatibilities between substrates, reagents and/or enzymes in one-pot batch

conditions can hamper the applicability of a pursued cascade, so the use of flow systems provide useful

synthetic solutions. The implementation of immobilised enzymes in continuous flow reactors allows the

compartmentalisation and segregation of the enzymes in separate reactors, leading to otherwise dis-

favoured reaction cascades. Here, an amine transaminase and a lipase have been immobilised on

polymer-coated controlled porosity glass carrier materials and studied for the first time together in the

transamination of a prochiral ketone followed by acylation of the corresponding chiral amine in flow

mode, two incompatible transformations under batch. Thus, the preparation of (R)-N-(1-phenoxypropan-

2-yl)acetamide was accomplished after optimisation of the reaction conditions.

Introduction

Biocatalytic processes have gained maturity and are currently
considered emerging alternatives to chemical synthesis of
industrially relevant (chiral) complex molecules.1,2 Traditional
stepwise chemical routes and successive batch-reactions are
now often replaced by multienzymatic systems, thus avoiding
the isolation of (unstable) intermediates, reducing work-up
steps and usually leading to high-yielding overall processes.3,4

Advances in enzyme immobilisation provide several advan-
tages compared to the use of enzymes in solution, especially
related to the possibility to perform reactions in non-aqueous
media, streamlined downstream processing and finally bioca-
talyst recovery and reusability.5,6 Nevertheless, there are still
limitations to one-pot systems that require special consider-
ation during cascade assembly such as: (i) enzyme inhibition
by any of the reagents, products or catalysts; (ii) ideal substrate
concentrations for the different enzyme classes; (iii) optimal
pH ranges and temperatures for the individual enzymes; or (iv)
reaction medium including the use of surfactants,7,8 or alter-

natively partial or full organic media9 to improve the substrate
solubility.

Some of these challenges can be circumvented with
implementation of a flow setup, where different enzymes can
be compartmentalised and segregated in separate reactors.10,11

The implementation of processes in continuous flow has
several advantages compared to the work under batch con-
ditions, such as improved scalability, higher volumetric pro-
ductivity, good versatility in system design, energy saving,
easier thermal control and handling of hazardous
components.12,13 Moreover, multi-phase reactions can benefit
from better mass transfer obtaining higher performances.14

Hence, the field of flow biocatalysis has seen increasing inter-
est recently;15–19 the combination of enabling technologies
that flow chemistry offers with the advantages of enzymatic
catalysis has led to the development of a number of sustain-
able synthetic tools with expanded chemistries.

Combination of different enzyme classes has provided
elegant access towards different families of chemical products.
Based on the importance of nitrogenated compounds, and the
possibilities that enzymes bring for their preparation in opti-
cally pure forms, we have focused on the efficient synthesis
and selective modification of chiral amines. For that reason,
the combination of ATAs20–28 and lipases29,30 was selected for
investigation, especially since these two enzyme classes have
been largely employed in single transformations with
scarce examples of reported cascade reactions (Scheme 1).
Kroutil and co-workers described the synthesis of enantiopure
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3-substituted cyclohexylamine derivatives bearing two chiral
centres through a three-step route.31 Starting from prochiral
bicyclic diketones, the first chiral centre was introduced using
a C–C hydrolase (6-oxocamphor hydrolase from Rhodococus
ruber NCIMB 9784, OCH), leading to the corresponding keto
acids that were subsequently esterified using Candida antarc-
tica lipase B (CALB) and methanol. Final amination using
stereocomplementary transaminases allowed the formation of
the second chiral centre, furnishing the desired amino ester
diastereoisomers (Scheme 1a). The first two steps were success-
fully developed in a one-pot cascade and mostly organic
media, requiring the filtration of the hydrolases before per-
forming the transamination reaction in the same medium.

A year later, Berglund, Córdova and co-workers described
the synthesis of capsaicinoids from vanillyl alcohol combining
a palladium catalyst, an ATA, and a lipase (Scheme 1b).32 The
cascade could be successfully performed in a sequential mode
without any purification of intermediates, however the reac-
tion medium had to be changed for each individual step.
Herein, we sought to find suitable conditions for a lipase-ATA
cascade for the formation of chiral nitrogenated compounds
in organic solvent, exploiting the potential of flow chemistry to
accomplish a stereoselective bienzymatic cascade to transform
a ketone into a chiral amine in organic medium (Scheme 1c).
With this purpose and selecting 1-phenoxypropan-2-one as
model substrate, (R)-selective Arthrobacter sp. round 11 variant
transaminase (ArRmut11ATA)33 and CALB, an efficient hydro-
lase for amide synthesis,34–36 were considered. The choice of
both enzymes was based on the excellent selectivity displayed

by ArRmut11ATA and CALB in the modification of structurally
similar ketones,37 and racemic amines,38,39 respectively.

Results and discussion

Both enzymes were immobilised on EziG-Amber, a polymer
coated glass with a semi-hydrophilic polymer surface. For each
step, optimal conditions were investigated employing iso-
propylamine (2-PrNH2) and EtOAc as amine and acyl donors,
respectively. The first reaction of the cascade, the transamin-
ation, has been previously studied with other ATAs on EziG car-
riers. It was shown that the amount of water in the system
plays a key role in the ATA activity and is required to be opti-
mised for each individual enzyme.40 Thus, one of the main
objectives in the current investigation was to adopt a reaction
engineering approach for ArRmut11ATA to facilitate a smooth
transition between the two steps of the cascade, as well as to
investigate the possibility of establishing a one-pot system.
The motivation behind using EtOAc originated from the goal
of employing it as both acyl donor and solvent in following
steps of the cascade.17,41

Enzyme immobilisation (ATA and lipase)

EziG, provided by EnginZyme AB (Sweden), is a material based
on controlled pore glass, which is coated with organic polymer
and chelated Fe(III) for His-tag binding. EziG is available in
three different versions with varied surface properties. The
first type of material, henceforth called EziG-Opal (LCAA CPG),

Scheme 1 Enzymatic cascades combining ATAs and lipases.
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is characterised with a hydrophilic surface, EziG-Coral
(HybCPG VBC) has a hydrophobic surface polymer and
EziG-Amber (HybCPG copo) is coated with a semi-hydrophilic
polymer. The immobilisation of ArRmut11ATA was performed
on the three types of EziG materials while CALB was immobi-
lised on EziG-Amber as it was previously showed to be the
most efficient support.42 The immobilisation of enzymes was
performed by incubating the desired amount of cell free
extract (CFE) in buffer supplied with EziG carrier material
according to the protocol described in the Experimental
section. The immobilisation progress was monitored by
measuring the remaining enzymatic activity of the supernatant
using a spectrophotometric assay for ArRmut11ATA and active-
site titration assay for CALB.

The immobilised ATA was used in aqueous media for the
amination of 1-phenoxypropan-2-one with 2-PrNH2. Such
model reaction was used to compare the activity of the
immobilised enzyme on the three different supports. The
model reaction for the immobilised CALB was the kinetic
resolution of 1-phenylethan-1-ol by the transesterification with
vinyl acetate in organic solvent. ArRmut11ATA was successfully
immobilised on the three different EziG supports, from the
CFE. Table 1 shows that the highest protein loading was
achieved with EziG-Amber, which resulted in 5.7 w/w%
loading and 43% recovered activity. Further improvement in
protein loading up to 8.1 w/w% was possible when the enzyme
was purified before immobilisation, as shown in Fig. S1 in
ESI.† Although Opal provided higher recovered activity, the
overnight reaction led to a higher conversion into the target
amine when Amber was used. Therefore, support Amber was
selected as the preferred option for this study. The immobilis-
ation yield obtained for CALB was 67%, which corresponds to
7.5 w/w% protein loading, and the conversion towards the
O-acetylated 1-phenylethan-1-ol was 15% after 0.5 h. Under the
same conditions, Novozyme 435 (the most commercially
applied enzyme preparation of CALB) gave 13% conversion.

ATA-catalysed reaction in organic solvent

EziG-ATAs require a certain water activity in the reaction to
remain active in an organic solvent. This preserves the func-
tionality of the enzyme as water is required in the local
environment around the protein, to ensure that 3-dimensional
structure remains intact, and to prevent self-aggregation.43

Each ATA-catalysed reaction requires its own level of water
activity in the reaction mixture for optimum functionality.
Normally, less than a monolayer of water is required for an
enzyme molecule to have activity in organic solvent. There are
several ways to control and set this water activity with the most
straightforward one being the addition of water to the reaction
mixture.

In this project the immobilised ATAs were used as wet for-
mulations. Since the immobilisation was done in aqueous
buffer, the immobilised enzyme could not be used directly in
the reaction due to the excessive amount of water in the formu-
lation. While such water excess could protect the enzyme from
bulk organic solvent, it also hinders the uniform distribution
of the catalyst within the reaction mixture and impedes
efficient mass transfer of the target compound to the enzyme.
Thus, an additional step was introduced to the immobilisation
protocol aimed to reduce the amount of water in a controlled
fashion for the final preparation, to later allow the remaining
water to re-equilibrate with the reaction mixture. Such mild
protocol is designed to maintain a certain amount of water
within the immobilised enzyme preventing a decrease in enzy-
matic activity. Following this procedure, it was possible to set
the water content in the immobilisation preparation through a
series of washing steps: first with 2-propanol (2-PrOH) with set
volume (v/v%) of deionised water and second with an organic
solvent to remove 2-PrOH. Since the exact amount of water in
the immobilised preparation was never quantified in this
study, each water activity level will be characterised as “water
content in 2-PrOH during ATA-EziG wash” referring to v/v% of
water in 2-PrOH used during the washing steps after immobil-
isation. In future studies, Karl Fischer titration will be utilised
to allow for better quantification of water content in the reac-
tion media.

A set of reactions in EtOAc with 1-phenoxypropan-2-one
(100 mM) and 2-PrNH2 (250 mM) as an amine donor was
chosen to assess the activity of the ArRmut11ATA immobilised
on the three different supports. The water amount was set by
first washing with 10 v/v% water in 2-PrOH and second,
running the reaction in EtOAc with 3 v/v% water. Based on
experimental results, it was observed that additional amount
of water in the reaction mixture was needed (apart from that
present in the immobilised catalyst) leading to higher conver-
sions (Fig. S3 in ESI†).

Table 1 Immobilisation of ArRmut11ATA and CALB on EziG supportsa

Enzyme Support Immobilisation yieldb [%] Target protein loadingc [w/w%] Recovered activityd [%]

ArRmut11ATA Amber 69 ± 6 5.7 ± 0.5 43 ± 1.3
ArRmut11ATA Coral 66 ± 6 5.4 ± 0.5 35 ± 1.4
ArRmut11ATA Opal 57 ± 3 4.7 ± 0.2 66 ± 1.6
CALB Amber 67 ± 2 7.5 ± 3.7 —

a For the ArRmut11ATA: 7.5 mg of CFE containing 0.825 mg of target protein were used with 10 mg of support in all cases. For the CALB: 1 L of
liquid CFE was used with 50 g of support. b Immobilisation yield = [(activity of the free enzyme − activity of the supernatant after immobilis-
ation)/activity of the free enzyme] × 100. c Protein loading = (amount of target protein offered to the support × Immobilisation yield/10).
d Recovered activity = (specific activity of immobilised enzyme/specific activity of the free enzyme) × 100. Activities for free and immobilised
enzyme were obtained from the initial rates (Fig. S2 in ESI†).
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Under the target operational conditions, the yields obtained
with the immobilised enzyme on Amber, Coral and Opal were
58%, 50% and 58%, respectively (Fig. S4 in ESI†). Apart from
immobilised preparation, freeze-dried CFE was also explored
in organic solvent reactions resulting in 26% conversion to the
target amine. The amount of target protein used in the reac-
tions depended on the catalyst formulation (CFE or immobi-
lised) and on the immobilisation yield obtained for the
enzyme on the different supports. It was 0.825 mg for the CFE
and 0.621 mg, 0.588 mg and 0.495 mg for Amber, Coral and
Opal, respectively. These results showed that although less
amount of target protein was used in the reactions when using
immobilised enzyme, higher activities were achieved due to
potential stabilisation under non optimal conditions such as
organic solvents as reaction media.

For all enzyme formulations when moving to organic
solvent, a change in the stereoselectivity was observed, with an
increase from 30% in buffer to 94% in organic solvent. The
cause has not been investigated, but a similar behaviour was
observed for the Halomonas elongata TA, where subtle changes
in the reaction conditions affected the enzyme enantioprefer-
ence.44 Apart from the activity and selectivity, another impor-
tant factor to be considered was the operational stability under
process conditions. To assess the stability of the immobilised
enzymes, batch recyclability studies were carried out for
ArRmut11ATA and compared to the freeze dried CFE. The con-
ditions were the same as those previously used and all the
immobilised preparations and CFE were washed twice in
between runs with 3 v/v% water in EtOAc to remove any
residual substrate or product that could be adsorbed on the
catalyst. It was observed that the activity decreased to the same
extent for all the immobilised formulations and CFE. After one
cycle all tested catalysts lost 20–25% of their initial activity
(Fig. 1) and after four recycles 80% of initial activity was lost.

The fact that there are no big differences between the three
tested supports and the CFE indicates that the stability is an
enzyme dependent characteristic and changing the support
would not lead to any significant improvement. In order to
streamline the experimental process, a decision regarding the
support had to be made, leading to the selection of Amber.
Although there were no significant differences observed in
terms of activity towards the target reaction and recyclability
among the various supports tested, Amber was chosen based
on slightly higher protein loading. Additionally, selecting
Amber was advantageous because it was the same support
used for the immobilisation of the lipase enzyme. This
decision aimed to maintain consistency and simplify the
overall experimental setup.

Stepwise ATA-lipase cascade in batch

In order to determine the operational window between trans-
aminase and lipase reactions, it was necessary to explore the
role of the reaction medium, particularly the water content in
ethyl acetate. While the transaminase reaction benefits from
higher water levels, excessive water could hinder the lipase-cat-
alysed acylation step. To address this, both reactions were
carried out using EtOAc with different water concentrations
ranging from 0 to 3 v/v% (Fig. 2).

As previously described, ArRmut11ATA was immobilised on
Amber and this preparation was washed with 10 v/v% water
solution in 2-PrOH. The obtained results were consistent with
previous observations. Hence, when the reactions were per-
formed in neat EtOAc, target amine was not detected, however,
with 1 v/v% water, conversions higher than 30% into the enan-
tiopure amine were observed after 18 h. In parallel, the lipase-
catalysed reactions were run in the presence of water to simul-

Fig. 1 Recyclability studies of the CFE and immobilised ArRmut11ATA
on the three different supports. Biotransformation conditions: 100 mM
1-phenoxypropan-2-one, 250 mM 2-PrNH2, 3 v/v% water in EtOAc,
10 mg of immobilised catalyst or 7.5 mg CFE in 1 mL total reaction
volume, 18 h, 37 °C, 1200 rpm. Between runs the catalysts were washed
twice with 1 mL of 3 v/v% water in EtOAc. Relative activity is the activity
obtained in each recycle relative to that calculated in the first reaction
cycle (set as 100%, Fig. S4 in ESI†). Reactions were performed in dupli-
cate, and yields were determined using GC, after derivatisation of the
samples with acetic anhydride.

Fig. 2 Yield data from the biotransformations of 1-phenoxypropan-2-
one using ArRmut11ATA immobilised on Amber and for the kinetic
resolution of the racemic 1-phenoxypropan-2-amine using CALB
immobilised on the same support. ATA-catalysed reaction: 100 mM
1-phenoxypropan-2-one, 250 mM 2-PrNH2, different water contents in
EtOAc, ArRmut11ATA-EziG (10 mg of EziG with 0.5 mL of 15 mg mL−1

CFE) in 1 mL total reaction volume, 18 h reaction time, 37 °C, 1200 rpm.
Lipase reaction: 100 mM racemic 1-phenoxypropan-2-amine, 250 mM
2-PrNH2, different water contents in EtOAc, 1 mL total reaction volume,
24 h, 37 °C, 1200 rpm. Reactions were performed in duplicate, and
yields were determined using GC.
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taneously confirm its influence in the amidation reaction. It
was determined that the activity of the lipase with racemic
1-phenoxypropan-2-amine decreased even when 1 v/v% water
was present in the reaction mixture (more than 50% activity
decrease, Fig. 2), and higher amounts were incompatible with
this step. The obtained results validated our hypothesis regard-
ing the importance of water content in the reaction, enabling
an operational window for both enzymes under the same reac-
tion conditions. Specifically, it was determined that adding a 1
v/v% water in EtOAc was necessary for both enzymes to be
sufficiently active.

Since the optimum water amount in the organic solvent
was modified, as the next step it was necessary to re-evaluate
the water content in the washes for immobilised
ArRmut11ATA. Such study was aimed to ensure the compatibil-
ity between both steps. For this purpose, different immobilised
ArRmut11ATA samples were prepared with variation in
washing conditions (0–10 v/v% water in 2-PrOH). Later, cata-
lysts were subjected to the previously identified conditions
that were compatible with the lipase step (1 v/v% water in
EtOAc as solvent). After 18 h, the supernatants were transferred
to new tubes and the lipase was added, following a stepwise
approach to run the cascade reaction in batch (Fig. 3).

The yields obtained from the ATA-catalysed reaction were in
agreement with previous results, approximately 30% was
achieved when at least 10 v/v% water in 2-PrOH was used as
washing solution. Washing conditions with higher water
content were not included in this study since in previous
experiments it was observed that between 10 to 20 v/v% water
in 2-PrOH, the resulting activity for the enzymatic preparations
were similar (Fig. S3 in ESI†). When ATA reaction mixture was
used directly, lipase step proceeded as expected exhibiting
similar activity as was observed previously at 1 v/v% water
content in EtOAc with commercial racemic amine (Fig. 2).

Despite incomplete conversions in ATA reactions and thus
limited substrate availability in the second step of the cascade,
it seemed that the lipase activity was not influenced by the
water content in the washing solutions used for immobilised
ArRmut11ATA (Fig. 3).

The total yield in the cascade was calculated based on the
amide formation and initial substrate concentration, increas-
ing from 4% to 15% at higher water percentage in the washing
solutions (0–10 v/v%, Fig. 3). These results showed that the
limiting step in this cascade is the ATA-catalysed reaction and
that the water percentage during the washes had a limited
effect on the lipase activity. For the following experiments, 10
v/v% water in 2-PrOH was chosen as the washing solution for
the ATA to ensure the highest activity of immobilised catalyst
in the first step of the cascade. The maximum yield to the
amide under the best batch conditions was 15%, corres-
ponding to a productivity value of 2.8 mg g−1 h−1. The full
cascade was also run in batch in a one-pot approach with both
enzymes present in the reaction vessel from the beginning. In
this case, no conversion was observed to the intermediate or
the final product (amine or amide).

A closer analysis of the composition of the reaction
mixture revealed the formation of N-isopropylacetamide as by-
product. Initially, it was speculated that the consumption of
2-PrNH2 by the acetylation reaction might deplete the offered
amine donor for the transaminase reaction. Consequently,
experiments were conducted with increasing concentrations of
2-PrNH2 to ensure sufficient equivalents for the transaminase.
However, the results remained unchanged with no detected
conversion to the intermediate amine. It is possible that the
acetylated 2-PrNH2 or the co-product ethanol, formed during
the acetylation reaction, may inhibit the transaminase
enzyme. To investigate this hypothesis, the transaminase reac-
tion was carried out in the presence of different concentrations
of ethanol (1–10 mM, equivalent amounts of formed
N-isopropylacetamide), however in all cases, conversion to the
desired amine was observed.

Simultaneously, the potential inhibition of the transamin-
ase by any component present in the lipase formulation was
examined. The transaminase reaction was performed under
the previously tested conditions, with the solvent (ethyl acetate
with 1 v/v% water) preincubated with EziG-CALB. Interestingly,
no conversion was observed under these reaction conditions.
Furthermore, the addition of 2-PrNH2 to this preincubated
solvent resulted in a liquid–liquid phase separation. Such
behaviour could be attributed to salt-induced liquid–liquid
phase separation caused by the buffer salts present in the
immobilised CALB. Subjecting immobilised CALB to a
washing procedure to remove impurities and buffer salts
before the solvent incubation procedure did not eliminate
phase separation. Although the cause behind this phenom-
enon remains unknown, it is evident that the addition of
immobilised CALB alters the reaction mixture, causing phase
separation and impairing the transaminase activity. These
results highlight the need for compartmentalisation of both
catalysts to make the cascade system feasible.

Fig. 3 Yield data for the biocascades starting from 1-phenoxypropan-
2-one using ArRmut11ATA immobilised on Amber containing varying
levels of water and CALB immobilised on the same support.
Biotransformation conditions: 100 mM 1-phenoxypropan-2-one,
250 mM 2-PrNH2, 1 v/v% water in EtOAc, ArRmut11ATA-EziG (10 mg) in
1 mL total reaction volume, 18 h, and then CALB-Amber (10 mg) was
added, 20 h, 37 °C, 1200 rpm. Reactions were performed in duplicate,
and yields were determined using GC.
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ATA-lipase cascade in continuous mode

The bienzymatic system was applied in a continuous flow
setting. Since when the cascade was tested in batch one-pot
mode no conversion was observed, physical catalyst separation
was needed to achieve turnover of both catalysts. Therefore,
the immobilised ArRmut11ATA and CALB were used as separ-
ate packed bed reactors (PBR), thus compartmentalising them.
The reaction mixture composition used for the flow was identi-
cal to the best batch mode experiments: 100 mM 1-phenoxy-
propan-2-one, 250 mM 2-PrNH2 and 1 v/v% water in EtOAc as
solvent.

Two glass column reactors (15 mm i.d., 10 cm length) were
filled with 1 gram of the corresponding immobilised catalyst.
A slurry of immobilised ArRmut11ATA in 1 v/v% water in
EtOAc was poured into the column, the bed was allowed to
settle, and the solvent excess was drained. EziG-CALB catalyst
was packed dry in a separate column.

Once the flow setup was assembled (Scheme 2 and Fig. S5
in ESI†), a washing step with 1 v/v% water in EtOAc was per-
formed, to equilibrate the columns. Then, a substrate solution
containing 1-phenoxypropan-2-one (100 mM) and 2-PrNH2

(250 mM) in EtOAc with 1 v/v% water was pumped through the
reactors at 1.6 mL h−1 flow rate. The ArRmut11ATA PBR
volume was calculated to 7.1 mL, corresponding to a residence
time of 4.4 h. For the CALB PBR the volume was 5.3 mL, and
the residence time was 3.3 h. The system was run for 11 days,
which corresponds to 60.4 and 80.6 reactor volumes, for
ArRmut11ATA and CALB, respectively.

As depicted in Scheme 2, two additional 3-position valves
were introduced in the system. The first one located after the
pump and before the reactors, this allowed the analysis of the
feed composition. The second was placed in between the
ArRmut11ATA and CALB reactors, and was used to analyse the
progress of the ArRmut11ATA-catalysed reaction to check the
stability of this enzyme. Finally, the performance of the full
cascade was measured at the outlet of the second reactor with
CALB catalyst. The integration of consecutive sampling valves
highlights a potential to adopt such an approach in an auto-
mated fashion and may allow for the design of closed loop
self-optimising continuous biocatalytic systems.

To ensure that stable pressure and temperature throughout
the experiment were obtained, the system was run for 25.5 h
before the first samples which was considered as stabilisation
time, corresponding to approximately three reactor volumes.

Then, aliquots were taken and the composition of the feed,
ArRmut11ATA outlet and CALB outlet were analysed. (R)-N-(1-
phenoxypropan-2-yl)acetamide was obtained with 99% ee and
an initial productivity of the cascade of 9.6 mg g−1 h−1. This
means a 3.4-fold increase in productivity compared to the
batch experiments. These initial values decreased to half after
11 days, due to the ATA activity loss (Fig. 4). The activity of the
lipase catalyst appeared to be stable, however since the ATA
activity was gradually decreasing, the substrate concentration
for the lipase step also was diminishing throughout the runs.
Thus, for the acylation CALB/amine ratio was continuously
increasing, and for this reason activity losses for the lipase
could not be detected.

It is worth mentioning that one unknown peak was
observed in all the outlets, i.e., feed, ATA, and lipase. The
higher intensity of this peak was observed in the feed, and the
relative area was stable throughout the flow run time (40%). It
was not possible to isolate this compound, since after solvent
evaporation (leaving the solvent to be evaporated at room
temperature and atmospheric pressure) the area of the peak
was decreasing to residual amount, which was not enough for

Scheme 2 Continuous flow setup for the ArRmut11ATA and CALB cascade reaction for the production of (R)-N-(1-phenoxypropan-2-yl)acetamide.
Residence time is defined here as the measured flow rate over the catalyst bed volume (calculated by using the bed height and internal diameter of
the reactor).

Fig. 4 In flow stability test of the ArRmut11ATA and CALB cascade. For
the ATA-catalysed amination the yield is calculated based on the initial
1-phenoxypropan-2-one concentration (100 mM) and (R)-1-phenoxy-
propan-2-amine measured at the outlet of the ATA reactor. For the
lipase the yield is calculated based on the (R)-1-phenoxypropan-2-
amine concentration measured at outlet of the ATA reactor and (R)-N-
(1-phenoxypropan-2-yl)acetamide at the outlet of the lipase reactor.
The cascade yield corresponds to the total conversion into (R)-N-(1-
phenoxypropan-2-yl)acetamide and is based on the product formed
and the initial ketone concentration (100 mM). The yields were deter-
mined using GC. TOS means time on stream.
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characterisation. Instead, the reaction mixture was analysed by
1H-NMR (preparing the mixture in toluene-d8) and GC-MS
(preparing the mixture in EtOAc). From both experiments, the
peak was identified as the imine derived from the reaction of
1-phenoxypropan-2-one and 2-PrNH2, N-isopropyl-1-phenoxy-
propan-2-imine (Fig. S6–S9 in ESI†).

Transaminase stability

One important consideration for the application of a catalyst
in industry is the long-term stability, and this can be improved
by decreasing the operation temperature. Thus, in the next
experiments the reactors were run under the same conditions
but at room temperature (not controlled), to see whether mild
conditions would lead to an improved stability of the immobi-
lised enzymes.

Aiming to obtain the same activity or conversion values as
before, in order to compare both continuous mode experi-
ments, the flow rate was decreased three-fold, to 0.54 mL h−1.
The flow rate was adjusted according to the data obtained
from batch reactions – at room temperature the activity was
three times lower compared to 37 °C. The results showed a
decrease in the initial productivity to 2.6 mg g−1 h−1.
Moreover, the activity retention after 56 h on stream of the
room temperature flow run appeared to be identical to the one
at 37 °C, showing that in this case catalyst stability may not be
temperature dependent (Fig. S10 in ESI†).

E factor calculation

The E factor was first introduced by Sheldon in 1992 and can
be used to measure the sustainability of a process. This metric
takes into account the product yield in addition to waste com-
ponents such as solvent and material losses from (multi)step
processes.45 To consider the environmental implications of
our continuous biocatalytic process, we calculated E factor
taking into consideration the waste generated due to the
different components present. To determine the quantities
wasted, the yield used was averaged over the whole flow run
(39.6%), and total volume was calculated from the flow rate
(Table 2). Obviously, the main component that contributed to
E factor was EtOAc employed as both solvent and acylating

agent, followed by 2-PrNH2 and water. The unreacted substrate
was considered as material loss. The high E factor (117.5) in
this case highlights the need to run continuous processes at
high conversions with stable catalyst formulations.46 However,
this number could largely diminish if a solvent recycling
system would be implemented.

Conclusions

A bienzymatic cascade for the stereoselective preparation of
optically active (R)-N-(1-phenoxypropan-2-yl)acetamide from
the corresponding prochiral 1-phenoxypropan-2-one was
designed. As biocatalysts, (R)-selective Arthrobacter sp. round
11 variant transaminase and the Candida antarctica lipase
type B were found to be active enzymes to catalyse the
corresponding bioamination and acylation in a smooth
manner. After immobilisation of the amine transaminase on
different EziG supports, EziG-Amber resulted in the most
active preparation for investigation of the bienzymatic
cascade in EtOAc with different water contents. Under opti-
mised conditions, the immobilised ATA showed higher
activity compared to the CFE, which might be attributed to a
potential stabilisation under non-native conditions such as
the use of organic solvents as reaction media. To assemble
the cascade, the amount of water in EtOAc was the most
important parameter to be optimised. Enzymes under inves-
tigation required different water amounts in reaction mixture
for optimum operation. In order for the cascade to produce
the target compound, enzyme activities trade-off was un-
avoidable. Further screening revealed 1 v/v% water amount
in the reaction mixture to be viable for target enzymes
resulting in 30% activity retention for both of them, com-
pared to the observed activities under optimal amount of
water for the individual steps. Although low or no conversion
were observed when the cascade was tested in batch one-pot
mode, the system was successful in a continuous flow
setting.

Despite the exhaustive optimisation performed to identify
the best reaction parameters and to understand the cascade
performance dependencies, our approach remains as a proof
of concept. Further development is necessary, which includes
not only the identification and engineering of superior
enzymes, but also the investigation of methods such as co-
immobilisation or alternative compartmentalisation. These
strategies could improve the bienzymatic approach
outcome.7,8,47,48

To achieve good results, the immobilised ArRmut11ATA
and CALB were packed in separate PBR, compartmentalising
and segregating them. The implementation of the flow setup
resulted in a great improvement of the metrics (up to 3.4-fold
for productivity) towards the enantiopure (R)-amide when com-
pared to the equivalent batch cascade in a stepwise approach.
These results demonstrate the potential that modular PBR in
flow setups can offer to overcome incompatibilities in cascade
(bio)transformations.

Table 2 Calculation of E factor for the lipase-transaminase continuous
biocatalytic process

Component
Mass wasted for
3.23 g of amidea (g)

Contribution to
E factor (kg kg−1)

Ethyl acetate 362.40 112.20
Water 4.22 1.31
Isopropylamine 5.29 1.64
EziG-CALB 1.00 0.31
EziG-ArRmut11ATA 1.00 0.31
Acetone (co-product) 0.97 0.30
Ethanol (co-product) 0.77 0.24
Material loss 3.83 1.19
Total 117.50

a Taking an average yield value of 39.6%.
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Experimental
Materials

All chemicals were purchased from Sigma Aldrich unless
stated otherwise. EziG supports were provided by EnginZyme
AB.

Enzyme expression and lysis

The enzymes were overexpressed in E. coli BL21(DE3), 50 µL of
glycerol stock were inoculated to terrific broth autoinduction
media (TB AIM 500 mL) with 100 µg mL−1 of kanamycin. The
cultures were incubated at 200 rpm and 37 °C for 5 h and then
at 200 rpm and 30 °C for 19 h. After 24 h the OD was
measured, and the cells were harvested by centrifugation at
8000 rpm for 10 min at 4 °C. The collected cell pellets were
resuspended in MOPS buffer and cell lysis of all the samples
was performed using a Microfluidizer at 1200 bar over five
passes. After lysis the OD was checked again to ensure the
cells had been properly disrupted. The lysed cells were centri-
fuged at 15 000 rpm for 1 h at 4 °C and the CALB was stored as
liquid CFE in the fridge. For ArRmut11ATA the supernatant
was recovered and PLP was added to a final concentration of
0.01 mM before freeze drying. Freeze drying of the CFE was
performed using a freeze dryer and stored in the fridge.

ArRmut11ATA protein purification

For the samples that were purified, the supernatant was col-
lected and filtered (0.45 µm). The purification was performed
on a Ni-IDA agarose column using standardised immobilised
metal affinity chromatography (IMAC) protocol with ÄKTA
explorer. The binding buffer was 50 mM MOPS, 150 mM NaCl,
pH 7.6. The elution buffer was the same as the binding buffer
but with 1 M imidazole. Fractions with containing target
enzyme were merged and buffer exchanged to MOPS buffer
(50 mM, pH 7.6) with 0.3 mM pyridoxal-5′-phosphate (PLP)
using a PD10 desalting column. The concentration of pure pro-
teins in solution was determined by measuring the absorbance
of the solution at 280 nm.

Determination of target enzyme content in CFE

To quantify the amount of target enzyme present in the CFE, a
known quantity of the extract was subjected to purification,
and the purified enzyme was quantified based on its absor-
bance at 280 nm. Specifically, 300 mg of CFE were purified,
yielding 18 mL of purified enzyme solution with a concen-
tration of 1.9 mg mL−1. Based on this measurement, the target
enzyme constituted 11% of the CFE.

Immobilisation procedure

The freeze-dried powder of ArRmut11ATA-His was rehydrated
in 20 mM sodium phosphate buffer, pH 8 containing 0.3 mM
pyridoxal phosphate to obtain a CFE concentration of 15 mg
mL−1 (freeze-dried powder/buffer solution). The prepared CFE
was resuspended on an end-over-end rotator for 1 h (20 rpm,
rt) and then centrifuged for 5 min (7000 rpm, rt). After cen-
trifugation, the CFE (500 μL) was transferred to a new tube

containing the 10 mg of the support. Tubes were covered with
foil and immobilisation was performed on an end-over-end
rotator, 20 rpm, at room temperature for 2 h. Then, the super-
natants were removed, and the immobilised supports were
washed first with immobilisation buffer (1 × 1 mL, 30 s each),
second with 2-PrOH washing solutions (2 × 1 mL, 30 s each)
and third with the solvent used for the reaction (1 × 1 mL, 30
s), then the catalyst was used directly after removal of remain-
ing solvent.

When immobilised from the pure protein solution, the
same procedure was done but 434 μL of pure enzyme solution
were incubated with the support and PLP to 0.3 mM final con-
centration. In both cases the amount of target protein offered
to the support (10 mg) was 0.825 mg.

For the immobilisation of CALB, the CFE was buffered with
20 mM MOPS pH 7.5 and EziG-Amber was then added. The
ratio 1 : 20 EziG : CFE was chosen based on previous optimis-
ations done at EnginZyme (data not shown). The immobilis-
ation was performed with end-over-end mixing for 3 h before
rinsing with the same buffer and vacuum drying for 16 h.

Immobilisation yield

For ArRmut11ATA, the CFE and supernatant from the immobi-
lisations were diluted with 20 mM sodium phosphate buffer,
pH 8. An aliquot of the diluted enzyme solution (100 μL) was
mixed with a reaction mixture (100 μL) containing 10 mM
1-phenylethylamine, 20 mM sodium pyruvate in 20 mM
sodium phosphate buffer, pH 8. The formation of acetophe-
none was measured by the absorbance (A245) at 245 nm every
49 s for 20 minutes using a plate reader. Reaction rates with
each supernatant from immobilisations and fresh enzyme
solution were extracted from linear regression of the data
points (A245 min−1). The immobilised yield was calculated by
determining the percentage of enzymatic activity left in the
supernatant after immobilisation, relative to the enzymatic
activity in the CFE.

For CALB, the immobilised enzyme content was calculated
by the tributyrin hydrolysis activity (TBU) assay, by comparing
the activity of the starting CFE and the supernatant during
immobilisation.

Recovered activity of immobilised catalysts

The recovered activity was obtained from the specific activity of
immobilised enzyme compared to the specific activity of CFE
in aqueous buffer as follows: recovered activity = (specific
activity of immobilised enzyme/specific activity of the free
enzyme) × 100. The specific activity was determined using
initial reaction rates, considering the amount of enzyme used
in the reaction. For the immobilised enzyme, the immobilis-
ation yield was included in the calculations to consider only
the amount of immobilised enzyme. The activity of
ArRmut11ATA was determined by its ability to convert 1-phe-
noxypropan-2-one to 1-phenoxypropan-2-amine using iso-
propylamine as amine donor. A reaction mixture (1 mL) con-
taining 50 mM 1-phenoxypropan-2-one, 250 mM isopropyl-
amine and 5 v/v% DMSO in 20 mM sodium phosphate buffer,
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pH 8 was added to the immobilised catalyst, and the mixture
was incubated for 5, 15, 30 and 45 min (1200 rpm, 37 °C).
After that time, the reaction was quenched by adding 5 M
NaOH. Then the reaction was extracted, and the yield of 1-phe-
noxypropan-2-amine was obtained by GC-FID analyses. Each
reaction was performed in duplicate, and a single reaction was
conducted for each time point. The activity of the immobilised
CALB was tested in the kinetic resolution of racemic 1-pheny-
lethan-1-ol with vinyl acetate as the acyl donor. The reaction
mixture contained 1 M 1-phenylethan-1-ol, 600 mM vinyl
acetate and 1 v/v% dodecane in tert-butyl methyl ether
(MTBE).

Continuous flow setup

Continuous flow reactions were performed using the following
equipment: DIONEX dual piston HPLC pump (flow rate
1.6 mL h−1), PTFE/Steel tubing (1/16″ ID), IDEX stainless steel
BPR (back pressure regulator) holder fitted with a 7 bar car-
tridge, restek adjustable BPR with 5 µL dead volume, glass
columns (15 mm ID), UNIQSIS heater block unit and OMNIFIT
3 way switching valves.

GC-FID analysis

Gas chromatography coupled to flame ionisation detector
(GC-FID) was used for analysis of the reactions and identifi-
cation of unknown peaks (GC-MS). The ATA-catalysed reactions
were analysed after derivatisation with acetic anhydride to
facilitate the separation of both amine enantiomers. The
lipase and cascade reactions in flow were analysed directly by
sample dilution. Dodecane was used as internal standard.
Method specifications on GC columns: CP-Chirasil Dex DB
(25 m × 0.25 mm × 0.25 µm) or HP-5MS (30 m × 0.25 mm ×
0.25 µm). 2 mL min−1 hydrogen, 47 kPa. Injection 1 µL with
20 : 1 split ratio. Injection temperature: 200 °C, Detector temp-
erature: 250 °C, Detector type: FID Oven temperature: 100 °C,
hold 2 min, 15 °C min−1 ramp to 195 °C, hold 2 min.
Treatment of results: calibration curve with dodecane as an
internal standard. Retention times (min) CP-Chirasil Dex DB:
dodecane (4.5), 1-phenoxypropan-2-one (5.7), (R)-1-phenoxy-
propan-2-amine (5.9), N-isopropyl-1-phenoxypropan-2-imine
(6.5) and (R)-N-(1-phenoxypropan-2-yl)acetamide (8.8).
Retention times (min) HP-5MS: 1-phenoxypropan-2-one (4.4)
and N-isopropyl-1-phenoxypropan-2-imine (6.1).
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