:@' ChemPubSoc

*
* Eu

+

ok

DOI: 10.1002/cctc.201501099

CHEMCATCHEM
Full Papers

Modularized Biocatalysis: Immobilization of Whole Cells
for Preparative Applications in Microaqueous Organic

Solvents

Jochen Wachtmeister, Philip Mennicken, Andreas Hunold, and Dérte Rother*™

The use of whole-cell biocatalysts enables catalyst application
in microaqueous reaction systems, in which the liquid phase
consists of high substrate loadings in organic solvents, to
enable access to high concentrations of easy-to-purify product.
One current research focus is the modularization of single reac-
tion steps to (i) enable flexible combinations into multi-step
enzyme reactions, (ii) investigate ideal reaction conditions, and
(iii) facilitate catalyst handling and recycling. Therefore, we
published the easy-to-apply encapsulation of a lyophilized
whole-cell catalyst in a polymeric membrane recently. These
catalytic “teabags” were demonstrated to enable flexible cata-
lyst combinations for multi-step reactions and excellent recy-
clability during repeated batch experiments. We now describe
the applicability of these “teabags” on a larger scale by using

Introduction

Biocatalysis is becoming increasingly appealing to industrial
applications if sustainability is a target because it is mostly
a less toxic and more environmentally friendly technology in
comparison to established chemical processes. In recent years,
increasing attention in biocatalysis research has been paid to
the combination of single biocatalytic steps into synthetic
multi-step reactions to turn cheap starting materials into chiral
building blocks." To gain access to a broad product platform,
we focused on the establishment of enzyme toolboxes. These
toolboxes comprise numerous enzymes that catalyze one kind
of reaction, but the catalysts differ in their substrate spectrum
and stereoselectivity.”® As an example, by an enzymatic two-
step reaction, vicinal 1,2-diols can be generated. These com-
pounds are versatile building blocks for active pharmaceutical
ingredients” but their chemical synthesis often suffers from
low stereoselectivity, toxic reactants, or low yields.®'® Biocata-
lytically, we are able to access a platform of differently substi-
tuted diols selectively by the reduction of the corresponding
2-hydroxy ketones using a diverse toolbox of alcohol dehydro-
genases.”” The 2-hydroxy ketones can also be produced biocat-
alytically by the carboligation of aldehydes using another tool-
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the new SpinChem reactor and a classical stirred-tank reactor
model. As an alternative, we investigate the described alginate
entrapment approach and compare the results. The carboliga-
tion reaction towards (R)-benzoin, using lyophilized E. coli that
enclose Pseudomonas fluorescens benzaldehyde lyase (EC
4.1.2.38), served as a model reaction. It was demonstrated that
the catalytic “teabags” are scalable and perform equally on the
investigatory 5 mL scale and the preparative 140 mL reactor
scale. Tested in a more advanced application, the “teabags”
were proven to be useful in a one-pot two-step reaction for
the gram-scale production of 1-phenylpropane-1,2-diol by
using the SpinChem reactor, which allowed to reach an indus-
trially relevant product concentration (329 gL™') and space-
time yield (8.2 gL 'd ™).

o ThDP-dependent OH alcohol OH
Ar\ + m enzyme Ar ~R dehydrogenase Arﬁ/}'\R
I R Mg?*, ThDP R
o 9 O NAD(PH NAD(P)* OH

Scheme 1. Multi-step reaction that employs the carboligation of two alde-
hyde substrates and subsequent oxidoreduction of the resulting 2-hydroxy
ketone towards a 1,2-diol (Ar: aromatic residue, R: aliphatic residue, asterisk:
chiral center).

box of enzymes that depend on thiamine diphosphate (ThDP)
(Scheme 1).!

Despite the advantages of biocatalysis, many enzymatic re-
actions are limited by poor substrate solubility, limited product
concentrations, low catalyst stability, or expensive catalyst
preparation, which decrease the potential of implementation
into industrial-scale processes.'”'® To overcome these restric-
tions, our approach combines a cheap lyophilized (freeze-
dried) whole-cell catalyst"®?? with microaqueous organic sol-
vents. On one hand, whole cells might lead to the generation
of by-products or less specific biotransformations from the in-
terference of host-cell enzymes." On the other hand, the ap-
plication of a lyophilized whole-cell catalyst has the advan-
tages of () no need for expensive enzyme purification, (ii) facili-
tated handling (compared to wet cells), (i) excellent storability,
(iv) an often increased catalyst stability (compared to free
enzyme), and (v) no need to add any cofactor externally."®23-%!
In combination with microaqueous solvents, high concentra-
tions of poorly water-soluble compounds can be applied as
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the reaction medium is mainly composed of a suitable organic
solvent. The organic solvents are supplemented with small
amounts of buffer, just enough to restore the enzyme activity
within the lyophilized cells.*** Besides the high substrate
loads, these media enable a facilitated downstream processing
simply by solvent evaporation, which renders extraction steps
needless.

To enable an easier investigation of catalyst combinations or
reaction conditions and to further facilitate the recycling and
handling of catalyst, we are striving for the modularization of
single enzymatic steps. Well-established methods are, for ex-
ample, immobilization by entrapment in alginate, agar, or poly-
vinyl alcohol.”® As an alternative, we recently published the
encapsulation of lyophilized catalyst into a polyvinylidene fluo-
ride (PVDF) western blotting membrane (0.2 um cut-off) to
result in catalytic “teabags”.” The “teabags” are (i) easily appli-
cable, (i) recyclable in at least five consecutive batches, (iii) ap-
plicable in microaqueous organic solvents at elevated sub-
strate concentrations, and (iv) allow final product concentra-
tions to be reached similar to those obtained with freely sus-
pended cells.**?' However, the membrane seems to limit the
diffusion of substrates and products, which manifests in low
reaction rates. Furthermore, this “teabag” encapsulation has so
far not been used in a properly scalable reactor setup. To in-
vestigate and possibly overcome a diffusion limitation as well
as to shed light on the unproven scalability of “teabags” is the
target of the presented work. We used the newly developed
SpinChem reactor (Nordic ChemQuest AB, Umed, Sweden),
which was designed initially to be used in heterogeneous
chemocatalysis and is available for small-lab scale up to indus-
trial production dimensions. It was described to decrease mass
transfer limitations and at the same time prevent catalyst deg-
radation.””” In a SpinChem reactor, immobilizate particles are
loaded into a quartered cylinder (called the SpinChem). Upon
the rotation of the SpinChem in the reaction vessel, the reac-
tion medium is sucked through a hollow shaft at the bottom
of the cylinder and pushed through the reactor compartments
by centrifugal forces (Figure 1).

Here, we investigate whether the advantages of the
“teabag” encapsulation can be combined with those of the
SpinChem reactor, even though the manufacturer made us
aware that the SpinChem was not intended for immobilizate
preparations such as the catalytic “teabag”. Additionally, to test
a more ubiquitously usable alternative to scale up our reaction
system, we investigated the applicability of the catalytic “tea-
bags” in a stirred-tank model reactor on a 140 mL scale. As an
established alternative to the use of “teabags” in microaqueous
systems, we further investigated the alginate immobilization of
a whole-cell catalyst™ for comparison.

As a model reaction, we chose the carboligation of benzal-
dehyde towards (R)-benzoin (Scheme 2a) catalyzed by lyophi-
lized E. coli SG13009 cells that enclose overexpressed Pseudo-
monas fluorescens benzaldehyde lyase=" (BAL; EC 4.1.2.38;
UniProt code Q9F4L3). To prove the applicability in more ad-
vanced applications, such as one-pot two-step reactions, the
preparative synthesis of (1R,2R)-1-phenylpropane-1,2-diol (PPD)
using BAL and Ralstonia sp. alcohol dehydrogenase®**!
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Figure 1. a) Schematic side view of the SpinChem, b) schematic top view of
the SpinChem (blue balls: immobilizate particles, red arrows: liquid flux,
black arrows: direction of rotation; meshes are used to retain catalyst were
omitted in reactions in which the “teabag” ring was used; Scheme adapted
from Bystrom, E. (November 20, 2012), Video: SpinChem-Intro, Retrieved
February 2, 2015, from https://youtu.be/yF6cQblCgQQ.
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Scheme 2. a) Carboligation of benzaldehyde towards (R)-benzoin that em-
ploys whole-cell catalyst that encloses overexpressed P. fluorescens benzalde-
hyde lyase, b) one-pot two-step reaction of carboligation and oxidoreduc-
tion using a whole-cell catalyst for the production of a chiral 1,2-diol (BAL:

P. fluorescens benzaldehyde lyase overexpressed in E. coli, RasADH: Ralstonia
sp. alcohol dehydrogenase overexpressed in E. coli, ThDP: thiamine diphos-
phate, NADPH: nicotinamide adenine dinucleotide phosphate, (1): benzalde-
hyde, (2): (R)-benzoin, (3): acetaldehyde, (4): (R)-2-hydroxy-1-phenylpropan-1-
one, (5): (1R,2R)-1-phenylpropane-1,2-diol, (6): 2-propanol, (7): acetone).

(RasADH; EC 1.1.1.1; UniProt Code COIR58) in microaqueous
solvent was performed (Scheme 2b).2*234 We show that our
“teabags” are applicable for single-step biotransformations as
well as enzyme cascades not only on a small scale but also on
a preparative scale.
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Results and Discussion

Adaption of the “teabag” concept to the SpinChem reactor

As neither “teabags” nor microaqueous solvent systems for
biocatalysis have been used in the SpinChem reactor so far,
first an optimal setup of the reactor had to be developed. To
force a constant flux of reaction medium through the catalytic
“teabag”, we had to ensure that the bag covers the entire
inner reaction chamber wall properly. To do so, instead of
using a single “teabag” in each compartment of the SpinChem,
we decided to form a closed “teabag” ring of four adjacent
segments each filled with lyophilized whole-cell catalyst (for
“teabag” preparation see the Supporting Information SI-1). As
previous experience revealed, the density of the catalyst
loaded in the “teabag” has a strong influence on initial reac-
tion rates. On one hand, a higher catalyst load enables higher
initial reaction rates, but on the other hand, diffusion limita-
tions within the “teabag” itself are increased with a denser fill-
ing.””! Consequently, the catalyst load was varied to reach the
highest reaction rates allowed by the limited “teabag” ring di-
mensions. A total of 10.3 gL' lyophilized whole-cell catalyst
seemed to be an optimal catalyst load for the highest reactivi-
ty during benzoin formation (Figure 2; Scheme 2a). Higher
loadings led to decreased reaction rates because of the dense
packing, whereas lower cell amounts resulted in diminished re-
action rates because of the limited availability of the catalyst.

At the same time, the catalyst specific production rate (mass
of product per mass of catalyst per hour) increased steadily
with a decrease of the cell loading. Nevertheless, as whole
cells represent an inexpensive catalyst source,""” we decided to
proceed with a catalyst loading of 10.3 gL™" for the highest
absolute production rate.
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Figure 2. Impact of different catalyst loadings on the initial reaction rate
(white bars) and cell-specific reaction rate (black bars) during benzoin con-
densation (Scheme 2a) using a “teabag” ring filled with lyophilized cells in
the SpinChem reactor (measured in duplicate).

Impact of SpinChem stirring speed on the reaction rate

To stir the “teabag” ring in the SpinChem reactor at the opti-
mal initial reaction rate, the stirring speed was varied during
benzoin-forming reactions (Scheme 2a).
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A maximum in reaction rate was found between 500 rpm
(99.8+1.9%) and 630 rpm, whereas 60 rpm was not sufficient
to allow a proper flux of the reactants around the catalyst, as
judged from only 59% relative initial rate activity (Figure 3).
Speeds above 630 rpm appeared to be unsuitable as this led
to the suction of air into the liquid and thus an irregular con-
tact between reactants and catalyst (Supporting Information
SI-2). Therefore, we performed all further investigations and re-
actions at 500 rpm as a compromise of reaction speed and ma-
terial wear (of fittings in direct contact with the stirring shaft).
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Figure 3. Impact of the stirring speed on initial reaction rate using
a “teabag” ring filled with lyophilized cells in the SpinChem reactor (mea-
sured in duplicate).

Application of the “teabag” concept using different scales
and reactor types

To test different combinations of catalysts and optimize reac-
tion conditions of one-step or multi-step reactions, we general-
ly operated on a vial scale (4-5 mL scale in overhead-shaken
glass vials). The vials were agitated rather slowly by overhead
shaking at 30 rpom. We obtained 18.7 mmh™" of benzoin pro-
duction optimally, which served as a reference value for the
scaled-up reactions (Scheme 2a, Figure 4). When we performed
the assay under the same conditions on a 140 mL scale in the
SpinChem reactor, the reaction rate was almost identical with
an overlapping standard deviation (16.3 mmh™'). Therefore,
the “teabag” system is scalable to the SpinChem reactor, al-
though the reactor does not enable to overcome the diffusion
limitations exhibited by the “teabag” membrane material.

To also test ubiquitously available lab equipment for the ap-
plication of “teabag” catalysis on a larger scale, we used
a simple 250 mL round-bottomed glass flask equipped with
a stirrer bar as a model stirred-tank reactor. To avoid intense
mechanical forces on the membrane material, we adjusted the
stirring speed in such a way that the four freely suspended
“teabags” were sucked under the liquid surface but not hit by
the magnetic stir bar at the bottom of the vessel. We per-
formed the benzoin condensation assay under the same reac-
tion conditions as applied before and we reached a similar re-
action rate (18.5 mmh™"). Therefore, the model stirred tank is
an appropriate reactor alternative to the SpinChem (for this
particular application), although it does not lead to an in-
creased mass transfer.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Initial reaction rates during benzoin formation using alginate im-
mobilizates, catalytic “teabags”, or freely suspended cells in different reactor
types and volumes (n.d.: not determined, [a] measured in triplicate, [b] mea-
sured in duplicate, [c] benzaldehyde in MTBE (50 gL', 200 mm), immobili-
zate (103 gL’ dry cell weight), 90 min reaction time, [d] benzaldehyde in
MTBE (200 mm), 10.3 gL' dry cell weight, 10.3 mLL™", 1 m TEA buffer

(pH 10.0), 44.8 cm? membrane per gram cell dry weight, 90 min reaction
time, [e] benzaldehyde in MTBE (10.3 g L, 200 mm), dry cell weight

103 mLL™", 1M TEA buffer (pH 10.0), 10.5 min reaction time).

After we operated the “teabags” in the SpinChem, we no-
ticed a rather high standard deviation within repeated trials
(+45%) together with an aqueous phase (at the bottom of
the reactor vessel) that was present initially but disappeared
over the course of the reaction. Therefore, we assumed that
the standard deviation originated from the different hydration
states of the catalyst during measurements as the SpinChem
did not distribute the aqueous phase to an extent that it
crossed the membrane reproducibly. To solve this problem, we
incubated the “teabag” ring in buffer before we started the
assay. In doing so, we not only reduced the standard deviation
to only +16%, but simultaneously increased the reaction rate
to 29 mmh™'. This result demonstrates the necessity of proper
catalyst re-hydration if a lyophilized whole-cell catalyst is used.
We had fixed the buffer/catalyst ratio after initial trials to (i) cir-
cumvent clogging of the catalyst in excess water and (ii) avoid
the presence of a distinct second phase at the end of the reac-
tion, which thus bypassed the necessity of extraction steps for
product recovery (the latter of which is one of the main advan-
tages of the microaqueous reaction system). Disadvantageous-
ly, when the ring had been pre-incubated, most of the buffer
added to the reaction (to ensure the buffer saturation of the
organic solvent) remained at the bottom of the reaction vessel
and was not sucked into the “teabag” ring.

The impact of the “teabag” membrane on mass transfer be-
comes clear when the data of all three reactor setups that
employ the catalytic “teabag” are compared with freely sus-
pended cells, which reached an astonishing initial rate activity
of 136.7 and 200.3 mmh™" in the overhead-shaken vial and the
model stirred-tank reactor, respectively (Figure 4).

Nonetheless, although the mass transfer limitation caused
by the membrane material cannot be overcome by any of the
mixing modes, space-time yields of more than 3gL'h™" are
achieved during initial rate measurements with the catalytic
“teabags”, which is more than 30 times higher than the thresh-
old of industrial feasibility as stated by Wenda et al.** Further-
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more, new SpinChem designs, which have undergone further
optimization with regard to improved mass transfer in hetero-
geneous catalysis, are now available on the market and might
lead to higher reaction rates than those obtained here (Sup-
porting Information SI-3). Both reactor concepts used should
be easily scalable into the liter scale by using equipment of
a bigger volume. On all scales, the “teabag” retains its advan-
tages as a catalytic module that can be easily handled, stored
(Supporting Information SI-4), removed, and recycled as de-
scribed previously.” Thus it represents a valuable tool for
modularized biocatalysis especially in the search for optimized
new catalysts, catalyst combinations, and/or reaction- and pro-
cess parameters.

Application of alginate immobilizates using different scales
and reactor types

Despite the investigation of possibilities to scale up the
“teabag” approach, we tested alginate entrapment as an alter-
native method of whole-cell immobilization to be used in the
microaqueous systems. The method has already been applied
in the SpinChem reactor for the biocatalytic whole-cell oxygen-
ation of cyclohexanone towards e-caprolactone in buffer.””
Upon the first trials, it became clear that calcium alginate
beads are not compatible with the highly concentrated trietha-
nolamine (TEA) buffer (Supporting Information SI-2), which is
needed to boost the reaction by BAL cells to its maximum.?!
Therefore, we decided to test the beads in a solely organic
system as we expected the immobilizate (prepared from
frozen wet cells in alginate solution) to already contain
enough water to allow proper biocatalytic activity.

Similar to the “teabag” approach, we first optimized the
preparation of alginate beads to find the optimal operation
point (with respect to the maximum initial reaction rate). We
varied the amount of alginate and the concentration of the
CaCl, solution used for preparation and found a clear optimum
with the use of 20 gL' alginate and 50 mm of CaCl, (Support-
ing Information SI-2). In addition, the impact of the stirring
speed on the reaction rate in the SpinChem was investigated,
which resulted again in an optimum at 500 rpm (Supporting
Information SI-2). With these optimized parameters, we tested
the immobilizates with the same volumetric catalyst load as
that one used with the catalytic “teabags” in all three reactor
types (Figure 4). Among all three scales and mixing modes
tested, the alginate beads performed in a narrow range from
6.6 to 8.8 mmh™', which corresponds to less than half of the
initial rate activity of biotransformations with catalytic “tea-
bags”. As for the “teabags”, neither the vigorous mixing by the
stirrer bar nor the application of the SpinChem allowed to
overcome the mass transfer limitation of the alginate polymer.
Nevertheless, the use of the SpinChem is preferred over the
use of a stirred-tank reactor when alginate beads are used, as
the minimization of mechanical forces in contrast to a stirred-
tank reactor enables a better recyclability of the immobili-
zates.”” Furthermore, the beads are easy to manage once pre-
pared and storable for at least 30 days (Supporting Information
SI-4).

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemcatchem.org

AP ChemPubSoc
\{* Europe

The decreased initial reaction rate (at the same catalyst load-
ing) in comparison to the utilization of catalytic “teabags” is
most likely attributed to the impossibility of using the TEA
buffer. Jakoblinnert and Rother have proven a tremendous re-
action rate increase if this particular buffer is used.”?? As we
did not use any other buffer during the preparation of the algi-
nate beads, the pH inside the cells and in their surrounding re-
mains unknown (although indicator paper gave a pH of 8-9
for the suspension of alginate and resuspended cells). As
a result of the higher reaction rate and the faster preparation
we favored the “teabag” approach over the alginate entrap-
ment to be used in the preparative-scale synthesis of (1R,2R)-1-
phenylpropane-1,2-diol.

Application of the SpinChem reactor for a one-pot two-step
diol synthesis on a preparative scale

As a proof of concept for the application of multi-step bio-
catalysis and to take advantage of the flexible catalyst ex-
change using the “teabag” concept, catalytic “teabags” were
used to perform a sequential one-pot two-step reaction
(Scheme 2b) on a preparative scale of 140 mL by using the
SpinChem reactor. The first carboligation step of the cascade
was performed in a semi-automated fed-batch, in which acetal-
dehyde was fed in multiple pulses over time to avoid substrate
toxicity and thus the inactivation of the catalyst.***>¢ To un-
derline the big advantage of the “teabag” modules, the Spin-
Chem was simply removed from the reaction chamber and the
first “teabag” was replaced by one that contained lyophilized
E. coli with RasADH to switch to the oxidoreduction step. At
the same time, 2-propanol was added in excess to allow
NADPH regeneration and push the reaction to the diol
Side.[24,25,33]

The concentration of the product of the first step, (R)-2-hy-
droxy-1-phenylpropan-1-one ((R)-HPP), increases together with
that of the by-product (R)-benzoin during the first 4.5h
(Figure 5). Upon the addition of more acetaldehyde, the cleav-
age of (R)-benzoin is favored, which leads to a decrease in the

carboligation oxidoreduction
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Figure 5. Concentration curves during the one-pot two-step 1,2-diol synthe-
sis reaction of carboligation and oxidoreduction on a preparative scale using
a "teabag”-encapsulated whole-cell catalyst in the SpinChem reactor (blue:
benzaldehyde, green: (R)-benzoin, black: applied acetaldehyde (not measur-
able), red: (R)-2-hydroxy-1-phenylpropan-1-one, purple: (1R,2R)-1-phenylpro-
pane-1,2-diol, grey: benzyl alcohol).
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(R)-benzoin concentration. Within 24.8 h, a carboligation yield
of 79% (R)-HPP up to a notably high product concentration of
236 mMm was reached. At this point, 8 mm of benzoin remained
uncleaved and 28 mm of the initial 300 mm benzaldehyde was
unconverted (91% conversion). Negligible amounts of acetoin
can be detected (<5 mm), which results from the carboligation
of two acetaldehyde molecules catalyzed by BAL®” Upon the
addition of cosubstrate and buffer after 25.25 h (after the BAL-
containing “teabags” were exchanged with RasADH-containing
bags), the analyte concentrations decreased because of dilu-
tion. The following oxidoreduction yielded a 96% conversion
of (R)-HPP. The resulting final diol concentration of 32.9 gL'
(216 mm) can be considered to be in the lower industrially rel-
evant order of magnitude.”” The space-time yield of
8.2 gL'd™" is not optimal® but it is likely to be improved by
a more elaborate substrate feeding strategy during the carboli-
gation step or the implementation of the better accepted,
though more toxic, cyclohexanol as a cosubstrate for oxidore-
duction.”?**¥ Benzyl alcohol, which represents an unwanted
by-product that results from the reduction of residual benzal-
dehyde by RasADH, is present in a concentration of 21 mm.
Purification by column chromatography yielded 3.915 g (62%
isolated yield) 1-phenylpropane-1,2-diol with a purity of >99%
according to GC and a target (1R,2R)- isomer content of 98.6 %
of all PPD isomers (for the precise distribution of isomers see
Supporting Information SI-5). The product identity was con-
firmed by 'H- and *C NMR spectroscopy (Supporting Informa-
tion SI-5). In summary, the “teabag” approach has been dem-
onstrated to be useful for the preparative scale application of
modular multi-step reactions.

Conclusions

In the search for a suitable reactor to scale up the application
of an immobilized whole-cell catalyst in microaqueous systems,
we have tested two different cell retention techniques and
compared their performance in two 140 mL reactors. Alginate
beads and “teabag” encapsulation have been optimized and
compared for maximum reaction rates. Alginate beads were
not applicable in the chosen microaqueous systems as they
decomposed in the presence of triethanolamine buffer and
thus were used in the presence of only the organic solvent as
the liquid phase. Even though the recyclability of the alginate
preparations was not studied in depth, the recycling during ini-
tial rate measurements suggested good stability as reproduci-
ble initial rates were measured in three consecutive batches
(Supporting Information SI-2). For each of both respective im-
mobilization techniques we found the same initial reaction
rates at all scales tested, whereas the application of “teabags”
in microaqueous solvents enabled more than doubled initial
reaction rates. On one hand, the scale-up works reliably what-
ever reactor was used, on the other hand, diffusion limitations
induced by the “teabag” membrane and the alginate matrix
could not be overcome. This was visible from the more than
10-fold higher initial reaction rates observed with freely sus-
pended lyophilized whole-cell catalysts compared to both im-
mobilizates. Still, because of its recyclability and the extraordi-
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nary ease of addition and removal, the “teabag” approach is
a very user friendly mode to screen optimal reaction condi-
tions, process parameters, and/or catalyst combinations.
Whether the SpinChem reactor or the stirred-tank reactor is
recommended for a scaled-up application of “teabag”-encapsu-
lated catalyst depends on the equipment available. Although
the SpinChem reactor is the most elegant way to mix with the
least mechanical force, it is limited by availability and maxi-
mum catalyst loading. As an alternative, our model stirred-tank
reactor of a round-bottomed flask and a stirrer bar is easy to
set up and ubiquitously available.

To prove “teabag” encapsulation as a new alternative for
multi-step syntheses using whole-cell catalysts, the SpinChem
reactor was chosen for a one-pot two-step reaction on a prepa-
rative scale. The reaction was performed under microaqueous
conditions and afforded a concentration of 32.9 gL' (1R,2R)-1-
phenylpropane-1,2-diol at a very good stereoselectivity (98.6 %
target isomer content) and with a reasonable space-time yield
(8.2gL'd™"). This demonstrates that, despite the presence of
a diffusion limitation by the applied “teabag” membrane,
thresholds of industrial feasibility can still be exceeded.

In summary, an alternative way to implement whole-cell cat-
alysis for use in the emerging SpinChem technology was pre-
sented and its applicability was confirmed by the production
of a model fine chemical on a gram scale. Additionally, the
combination of “teabag” encapsulation and whole-cell catalysis
was also proven to be scalable to classical reactor concepts.
Therefore, this technique has become even more appealing to
users with and without a profound experience in biocatalysis
and the handling of biological systems. It combines the ad-
vantage of (j) facile and flexible catalyst combination screening,
(i) investigation of ideal reaction parameters and operation
modes, (iii) simple catalyst recovery, exchange, and recycling,
and (iv) applicability to various scales and reactor types.

Experimental Section
Chemicals

All chemicals were purchased in high chemical grade. Aldehydes
and benzoin were received from Fluka (Buchs, Switzerland), methyl
tert-butyl ether (MTBE) from Carl Roth (Karlsruhe, Germany), benzyl
alcohol from Sigma Aldrich (Munich, Germany), and alginic acid
sodium salt from AppliChem (Darmstadt, Germany). (R)-HPP and
PPD were synthesized in-house as described elsewhere.®?!

Preparation of lyophilized cells

E. coli SG13009 cells that contained overexpressed BAL were
lyophilized from a frozen cell pellet that was produced by fermen-
tation as described elsewhere.®**% E. coli BL21 (DE3) cells that con-
tained RasADH were cultivated for 48 h in a shake flask at 20°C in
an autoinduction medium according to a recipe published else-
where.”” DNA and amino acid sequences of both enzymes are
listed in Supporting Information SI-6. Cell pellets were lyophilized
for at least two days, and the lyophilized cells were stored as crude
powder at —20°C.
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Preparation of alginate immobilizates

Alginate was weighed into a small beaker and deionized water
(10 mL) was added to achieve a concentration of 20-30 gL™". The
heated mixture (45-55°C) was stirred for 30 min. Frozen cell pellet
(10 g) was resuspended in deionized water (10 mL) under gentle
stirring (25°C). The alginate solution was allowed to cool to 30-
35°C and mixed with the cell suspension. For bead formation,
20 pL of the mixture was dropped into stirred CaCl, (25-100 mm)
solution using a dispenser pipette. The beads were allowed to fur-
ther harden in the CaCl, solution overnight at 4°C (protocol was
modified from the method published by Hartmeier).*¥ Before use,
the beads were taken from the solution and dried for several sec-
onds between two paper towels.

“Teabag” preparation

“Teabags” were prepared from PVDF western blotting membranes
with a cut-off of 0.2 um (Bio-Rad Laboratories GmbH, Munich, Ger-
many). The ring structure consisted of four adjacent compart-
ments, each filled with a quarter of the total catalyst loading, cov-
ering the inner wall of the SpinChem chamber. Precise manufactur-
ing details for this ring can be found in Supporting Information SI-
1. For 5mL scale transformations, membrane material of 1.4x
2.7 cm was cut, folded, and sealed to give a small bag to be filled
with 51.5 mg lyophilized whole-cell catalyst.

Benzoin condensation on 5 mL scale in an overhead-shaken
vial

Benzaldehyde was weighed into a graduated flask that was filled
with MTBE to give a 200 mm benzaldehyde solution. For “teabag”-
catalyzed reactions, the solution was 202 mm to compensate for
dilution by the addition of buffer as described below. For the use
of alginate immobilizates in free suspension, alginate beads
(250 mg, which correspond to 10.3 mgmL™" cell dry weight within
the reaction; see Supporting Information SI-7) were weighed into
8 mL glass vials. Benzaldehyde/MTBE solution (5 mL, 200 mm) was
added to start the reaction. If “teabags” were used (filled with
51.5 mg catalyst), benzaldehyde/MTBE solution (4.95 mL, 202 mm)
was added into 8 mL glass vials and mixed with TEA buffer
(51.4 uL, 1™, pH 10.0). If freely suspended cells were used, lyophi-
lized cells (51.5 mg) were put into the 8 mL glass vial and reaction
solution (5 mL) composed of benzaldehyde, MTBE, and buffer was
added to start the reaction as described for the use of catalytic
“teabags”. All reactions were incubated with overhead shaking
(30 rpm, 30°Q).

Benzoin condensation on 140 mL scale by using the Spin-
Chem reactor

For alginate-bead-catalyzed reactions, each compartment of the
SpinChem (type S4530) was filled with beads (1.75 g in each com-
partment, in total corresponding to a dry catalyst load of
10.3 mgmL ™" reaction volume). Substrate stock solution (benzalde-
hyde in MTBE; 140 mL, 200 mm) was put into the prewarmed Spin-
Chem reactor (type R100), and the reaction was incubated while
stirring (500 rpm, 30°C; IKA stirrer RW20.n). During the investiga-
tion of the impact of the stirring speed on the reaction rate, the
beads were recycled twice between the benzoin condensation re-
actions. To avoid product carryover, the immobilizate was washed
(3%5 min) in water-saturated MTBE after each reaction, and excess
MTBE was removed by spinning the chamber above the liquid for
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2 min. For reactions that involved a pre-incubated “teabag” ring,
the ring was placed in the SpinChem and rotated (10 min,
500 rpm) in TEA buffer (1M, pH 10.0) to allow the cells to re-hy-
drate. Subsequently, the SpinChem was raised above the liquid sur-
face and stirred for another 2 min to remove excess buffer. The
outer surface of the chamber was wiped with a paper towel before
the SpinChem was placed in the reaction solution, which was com-
posed of substrate stock solution (138 mL, 202 mm) supplemented
with TEA buffer (1.4 mL; 1m, pH10.0). In cases in which the
“teabag” ring was not pre-wetted, the dry ring was placed directly
in the reaction solution.

Benzoin condensation on 140 mL scale by using a stirred-
tank reactor

A 250 mL closed round-bottomed flask equipped with a rounded-
down stirrer bar served as a model reactor. The temperature (30 °C)
in the double-walled flask was controlled by using an attached
water bath. All reactions were stirred (700 rpm) with a magnetic
stir bar. For reactions that employed alginate beads, the beads
(7 g, which corresponds to a dry cell load of 10.3 mgmL™" reaction
volume) were put into the flask before the addition of the sub-
strate stock solution (benzaldehyde in MTBE; 140 mL, 200 mwm).
When “teabags” were used, four identical “teabags” of 3.1x2.6 cm
dimension (comparable to the dimension of the “teabag” ring,
filled with dry catalyst load of 10.3 mgmL ' reaction volume) could
move independently in the stirred-tank reactor (without pre-incu-
bation in buffer). The reaction medium was composed of substrate
stock solution (138 mL, 202 mm) and TEA buffer (1.4 mL, 1w,
pH 10.0). The reaction was started by the addition of the “teabag”.
When free cells were used, the reaction medium was set up as de-
scribed for single “teabags” (see above). To start the reaction,
lyophilized cells (1.4 g) were added without pre-incubation.

One-pot two-step diol synthesis on a 140 mL scale using
a catalytic “teabag” ring inside the SpinChem reactor

To catalyze the first step of the reaction, the carboligation towards
HPP, a “teabag” ring was manufactured as described above and
filled with lyophilized cells (360 mg per compartment). Benzalde-
hyde (303 mm) was diluted in MTBE (to give a final concentration
of 299 mm after buffer addition). The ring was pre-incubated as de-
scribed above for the SpinChem approach. The reaction mixture
was composed of benzaldehyde reaction solution in MTBE
(138 mL), TEA buffer (1.4 mL; 1m, pH10.0), and acetaldehyde
(320 uL) that was introduced ice-cold with a pre-cooled, gas-tight
glass syringe. Additional pulses of acetaldehyde (320 pL each) were
added manually after 2.5 and 4.5 h. At 7 h of reaction, automated
feeding was initiated, which added 1280 L of dilute acetaldehyde
(1:4 dilution in MTBE) per pulse by using a Landgraf LA 160 syringe
pump system equipped with four gas-tight glass syringes. Auto-
mated pulses were given at 7, 10, 13, 16, 19, and 22 h of reaction
(approximately 369 mm acetaldehyde was applied in total). After
24.8 h, the first “teabag” was replaced by a “teabag” that contained
RasADH-inclosing cells (4x360 mg lyophilized cells) and which had
been pre-incubated in buffer as described above. Simultaneously,
TEA buffer (1.4 mL; 1m, pH 10.0) and 2-propanol (13.72 mL) as co-
substrate (1.1 m; approximately fivefold excess over (R)-HPP) were
added. The one-pot two-step reaction was incubated while stirring
(500 rpm, 30°C) and followed by HPLC and GC.
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