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Particles and their Application in a Bi-enzymatic Reaction

Claudia Engelmann,*™ Narendhiran Ekambaram,® Jens Johannsen,™ Oliver Fellechner,
Thomas Waluga,” Georg Fieg,” Andreas Liese,” and Paul Bubenheim*®!

The application of enzymes presents a great advantage
regarding highly selective reactions; however, it involves also
challenges due to their sensitivity. Immobilization offers one
strategy to overcome those challenges enabling enzyme
stabilization, as well as retention. In the present study, covalent
attachment on hydrophilic amino-functionalized carriers is
found to be the most promising immobilization method for the
investigated reaction system. To achieve this, a novel method
for preparation of silica particles with subsequent amino-
functionalization is developed to prepare spherical carriers for

Introduction

Biocatalytic processes are promising alternatives to conven-
tional chemical reactions, if they fulfill certain requirements like
less byproduct formation, less intermediates, environmentally
friendly and sustainable reactions. In addition, the application
of enzymes offers different advantages like reactions at ambient
temperature, pH and pressure, as well as high stereo and
regioselectivities.!" Limitations using these catalysts like the
need of cofactors or the recyclability can be overcome with an
efficient cofactor regeneration and simplified downstream
processing, which are key techniques to develop biocatalytic
processes. Thereby, enzyme immobilization plays a major role,
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enzyme immobilization, whereby high porosities are obtained
based on polymerization. With these particles, immobilization
of an alcohol dehydrogenase and a formate dehydrogenase is
realized with residual activities of 70 and 80% after 12
consecutive batches, respectively. The two immobilized en-
zymes are used in the reduction of cinnamyl aldehyde with
in situ cofactor regeneration, obtaining a conversion of 100%
and up to 10-fold higher turnover numbers compared to the
free enzyme.

since it enables an easier recovery and recyclability of these
often cost intensive catalysts, as well as possible stabilization in
the reaction. Since there is not one immobilization method
suitable for all biocatalysts, various factors and numerous
procedures have to be considered establishing a suitable
immobilization method for the applied enzyme and reaction
system.”?

The variety of different immobilization techniques can be
divided into three main approaches: non-covalent binding,
covalent binding and the entrapment of enzymes. Non-covalent
binding via adsorption or ionic interaction is a simple attach-
ment to a carrier; however, enzyme leaching is often an issue,
due to weak interactions of the enzyme and the carrier. In
contrast, covalent immobilization onto carriers is well-known
for a tight fixation of the enzyme resulting in very good residual
activities applying the immobilized enzyme in consecutive
batches.”! In addition, the multipoint-covalent attachment of
the enzyme to the carrier enables prevention of denaturation
through unfolding.” In comparison to covalent immobilization
onto a carrier, cross-linking, as a very easy method, realizes
strong binding of enzyme molecules by linking components.
However, the distortion of the conformation and chemical
modifications can influence the active center and are disadvan-
tages of this method. A further approach is enzyme entrap-
ment. This method generates stable enzyme preparations with
high immobilization yields, nevertheless, leaching and diffusion
limitation are reported as main problems using this technique.®
Other interesting methods are the formation of enzyme-
inorganic crystal hybrid catalysts including enzyme-inorganic
crystal hybrid nanoflowers and enzyme—metal organic frame-
work composites. These techniques provide self-assembly
systems by one-step co-precipitation via complexation of the
enzyme molecule and the metal component. Nevertheless,
these metals can affect the enzyme activity as well.”
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However, not only the method itself, also the choice of
support is of great importance for the effectiveness of enzyme
immobilization. The properties of the material like polarity,
charge and dielectric constant have a strong influence affecting
activity and stability. Based on this, increased stability by
immobilization of enzymes allows inertness against reaction
conditions and mechanical stability and therefore the applica-
tion in different reactor types.” Furthermore, the used material
should exhibit appropriate biocompatibility and biodegradabil-
ity, as well as good regeneration feasibility for re-usage of the
carrier. An increasing number of immobilized enzymes are
applied in chemical industry, due to easier separation of the
biocatalyst to simplify the downstream processing for economy
improvement. For example, Merck developed a new adsorp-
tively immobilized CalB preparation with a significantly in-
creased stability in comparison to Novozym 435° for the
production of odanacatib, a cathepsin K inhibitor.”’ In contrast,
Tate and Lyle immobilized an epimerase on ion exchange resin
realizing the production of the sweetener allulose in a
continuous fixed bed reactor. Since March 2017 they are selling
this calorie sweetener manufactured in their patented
process."”

In the study presented, the immobilization of two commer-
cially available enzymes, the alcohol dehydrogenase 97 L (ADH)
expressed by c-LEcta and a formate dehydrogenase (FDH) from
Candida boidinii (Sigma Aldrich), is under investigation for
application in a model reaction system with in situ cofactor
regeneration (Scheme 1). This system is of interest, because it
can be applied for synthesis of flavors as well as fragrances and
serves as an alternative to chemically produced cinnamon
derivates. The ADH is reducing cinnamal aldehyde (1) to
cinnamyl alcohol (2), while the FDH is regenerating the cofactor
NADH. Different immobilization techniques were screened to
find a suitable method with high immobilization and activity
yield, for application in this bi-enzymatic reaction system. The
ADH and FDH were immobilized using the method with the
best results and characterized regarding surface area and
recyclability. Both immobilized enzymes were applied in the bi-
enzymatic reaction and compared with their free state.

O OH
X H ADH X H
1) " . (2)
NADH +H NAD
+ H
CO, ;_4 Na _ /&

FDH (0]
sodium formate

Scheme 1. Reduction of cinnamyl aldehyde (1) to cinnamyl alcohol (2) with
in situ cofactor regeneration. (ADH - alcohol dehydrogenase, FDH - formate
dehydrogenase)
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Results and Discussion
Screening of different immobilization procedures

A screening of immobilization methods was carried out using
the reduction of cinnamyl aldehyde to cinnamyl alcohol
catalyzed by the ADH to find a suitable technique. Investigated
methods were: covalent immobilization on hydrophobic and
hydrophilic carriers, entrapment in alginate beads and forma-
tion of cross-linking enzyme aggregates (CLEAs). The screened
immobilization techniques were investigated regarding activity
and immobilization yield, results shown in Figure 1.

Entrapment was investigated using sodium alginate and
chitosan for stabilization, based on the investigations of Zhou
and co-workers."" The high immobilization yield reported in
the mentioned study was reproduced in the present screening.
Lower chitosan concentrations resulted in even higher immobi-
lization and activity yields, 90 and 1% respectively (Figure 1,
entrap. A-C). In contrast, Zhou et al. reported a residual activity
of 62%. However, a disintegration of the matrix was observed,
which resulted in an activity loss of 60% after 6 batches.""!

For CLEA preparation, different precipitation methods were
tested to find a suitable one (data not shown). The best results
were obtained using 70% (w/v) ammonium sulfate and follow-
up cross-linking with glutaraldehyde to achieve CLEAs. The
CLEAs reached a high immobilization yield of 74% and the
highest activity yield of 7.3% in comparison to all investigated
techniques in this study. However, the particles showed poor
stability, abrasion and re-dissolution occurred during activity
measurements. In contrast, Hu et al. reported a residual activity
of an ADH CLEA with a higher yield of 41%.1"”

Commercially available hydrophobic and hydrophilic carriers
from Purolite® were tested with different pre-functionalizations,
according to the method of the supplier. As hydrophobic
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Figure 1. Influence of immobilization method on activity and immobilization
yield. Highlighted in red: Synthesized silica particles. (MA - methacrylate, TP
- Trisoperl®, entrap. A-C — 0.05, 0.25, 0.5 % chitosan, CLEA - cross-linked
enzyme aggregates) Cond.: The immobilizations were carried out according
to the described methods with Tris—HCI buffer pH 8, 0.1 M and phosphate
buffer pH 8, 0.1 M, rt, cxp,=0.5 mg/mL. Activity: V=100 mL, cypoy=0.1 mM,

Ccinnamyl aldehyde = 5 mM.
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materials two carriers made of methacrylate with epoxy-
functionalization (ECR204F and ECR206F) were used and one
with amino-functionalization (ECR309F). All three carriers
showed a comparable low activity and a low immobilization
yield; however, using the amino-functionalized carrier the
highest immobilization yield of 22% was reached. Since the
properties of the carrier can have a significant influence on the
immobilization of the enzyme, a hydrophilic carrier was
investigated as well. The application of this carrier showed a 3-
fold higher activity yield and in addition, an immobilization
yield as twice as high. A comparable immobilization behaviour
for glass beads was already described by Goldberg et al. in our
research group, whereby TRISOPERL® beads were used for ADH
immobilization as well."® Nevertheless, a higher residual activity
of 45% was reported. The higher activity can be based on the
enzyme and reaction system, but also on particles with already
opened epoxy-groups and therefore less active functional
groups for enzyme immobilization.™ For further investigation
of the influence of buffer salts on immobilization, phosphate
buffer was tested using hydrophilic carriers.”” This resulted in
an increase in immobilization yield from 42 to up to 55% and a
3.4-fold higher activity yield was determined. Beside the
conformational changes during covalent immobilization, the
hydrophobicity of the surface area of the enzyme has a major
influence on the activity, which became obvious during the
screening in this study.” Cao assumed that the immobilized
enzyme is either active in aqueous or organic solvent, depend-
ing on the properties of the support, e.g. immobilization on
hydrophilic carriers could show a higher activity in aqueous
media." Supports with polyhydroxyl groups, e.g. glass and
polysaccharides, have the advantage, that these groups are
poor leaving groups and need a pre-activation in contrast to
e.g. usage of epoxy-functionalized hydrophobic carriers, where
the ring opening could occur over time.™™ Therefore, several
functionalization methods for amino-functionalized carriers, e.g.
with 3-aminopropyltriethoxysilane (APTES), vinyltriethoxysilane

(VTES) or glutaraldehyde, are known to result in different
immobilization yields and retained activities."®

Summarizing the immobilization screening, the reaction
system as well as the nature of the applied enzyme plays an
important role for activity retention. For subsequent investiga-
tions of the reduction of cinnamyl aldehyde in the bi-enzymatic
reaction, CLEAs were not further evaluated, due to instable
aggregates. Entrapped enzyme in alginate showed a very low
activity, possibly because of diffusion limitation, so that the
method was also not taken into account. Using ADH covalently
immobilized on hydrophobic carriers resulted in the lowest
immobilization and activity yield of all procedures. A higher
activity was yielded by covalent immobilization via Schiff base
formation on hydrophobic covalent supports using amino-
functionalized carriers. Covalent immobilization on hydrophilic
carriers showed a comparable high immobilization yield with a
significantly higher activity of the ADH in comparison to
hydrophobic supports and entrapment, so that this method
was highly promising for the application in the present process.

Preparation of silica carrier

The commercial hydrophilic silica particles showed the best
results during the screening of immobilization, however, these
carriers are not on the market anymore. Functionalized
mesoporous silica is already established for enzyme immobiliza-
tion offering pores with a suitable pore size for diffusion of the
enzyme and the reaction compounds, as well as functional
groups for immobilization."” Due to the very promising results,
hydrophilic spherical silica beads were synthesized based on
the condensation of tetraethylorthosilicate (TEOS) and function-
alized according to Wérmeyer et al., shown in Scheme 2.1'®

For this, TEOS was hydrolyzed under acidic conditions and
subsequently polycondensated with a base to obtain a highly
porous material. The synthesis of spherical particles was realized
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Scheme 2. Functionalization of hydrophilic carriers with subsequent immobilization of the enzyme. (TEOS - tetraethylorthosilicate, APTES - 3-

aminopropyltriethoxysilane, SiO, - silica, Glu - glutaraldehyde, E — enzyme)
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by dropping the solution into a column filled with a mixture of
rapeseed oil/heptane/n-butylamine (0.81/0.16/0.03 (v/v)) and
with an 1 cm heptane phase on top for reduction of the surface
tension, shown in Scheme 3. The homogenous oil/heptane
mixture was important for slowly sinking particles, to harden in
the outer phase until reaching the bottom avoiding deforma-
tions. After complete condensation, the obtained spherical
particles were washed and functionalized in two steps with
APTES as linker and glutaraldehyde (GA) as spacer. Subse-
quently, the synthesized and functionalized particles were
tested regarding enzyme immobilization. In respect to the ADH,
an immobilization yield of 40% and activity yield of up to 4%
were reached, highlighted in Figure 1 (red frame). In compar-
ison to reported yields using hydrophilic carriers, the obtained
results were rather low in this study.*'” However, compared to
immobilization on functionalized mesoporous silica described

/ sol/gel

| Htfﬂ:}»—fj

syringe pump

o

rapeseed olil,
n-heptane,
butylamine

silica particles

magnetic stirrer

Scheme 3. Set-up for the preparation of silica particles.
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Figure 2. BET measurements of synthesized hydrophilic silica particles.
(unfunt. - unfunctionalized, funct. - functionalized with APTES and GA, ADH
immo, - functionalized with APTES, GA and immobilized ADH)
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by Lei etal. with an immobilization yield of 3% and the
immobilization methods described above, the immobilized
enzyme on silica particles is in the mid-range of immobilization
yield and show one of the highest activity yields."” The results
are comparable to commercial hydrophilic carrier preparations
presenting a promising alternative for the applied enzyme, so
that method is of great interest for the reduction of cinnamyl
aldeyde (cf. Figure 1).

Due to the polycondensation, the carriers show a high
porosity with a surface area of approximately 750 m”> and a
pore diameter of 5 nm. Those values were revealed by measure-
ments of the adsorption isotherms with the BET (Brunauer-
Emmet-Teller) method. In Figure 2, unfunctionalized particles
were compared with functionalized ones (APTES and GA) and
particles with immobilized ADH to see possible influences. A
significant decrease in surface area was observed between
unfunctionalized and functionalized particles, which is resulting
from the binding of APTES and GA. A similar trend was reported
by Gopinath and Sugunan, who investigated the adsorptive
immobilization of an a-amylase on the grafted hydrophilic
natural mineral montmorillonite.”” They reported also a slight
decrease of surface area by functionalization with APTES and
GA. With immobilization of the enzyme a further decrease was
measured by Gopinath and Sugunan, whereby it does not
changed significantly in the present study. The determined
pore diameter is increasing with functionalization and showed
an additional rise with the linking of the enzyme. This might be
due to a blockage of smaller pores by functionalization with
APTES and GA leading to the decrease of the surface. However,
this effect did not occur in the study of Gopinath and Sugunan.
They compared also different enzyme concentrations for
immobilization and observed a similar behaviour as for the
functionalization with APTES and GA. With an increasing
enzyme loading on the montmorillonite, they found a decrease
in the surface area. However, with the prepared silica particles a
2 and 4 times higher surface area than reported for the particles
of Gopinath and Sugunan was obtained and half of the pore
diameter. In addition, BET measurements of self-assembled
asparagine nanoflowers investigated by Wu et al. with 32 m*/g
also in a much lower surface area and with 112.5 nm in an 8-
fold higher pore size.”" The silica particles prepared during our
investigations offer a high surface for multi-point attachment
during covalent immobilization in comparison to other techni-
ques.

Even if the retained activity is lower than for reported
techniques, the enhanced stability and therefore the recycling
as the most interesting property of immobilized enzymes,
beside its activity, was investigated with the ADH as well as the
FDH applied in their corresponding reactions (cf. Scheme 1).
Twelve consecutive batches for the ADH and the FDH were
carried out using the same immobilized enzyme preparation,
which were stored at room temperature in buffer in between.
The batches showed slight fluctuations, however, both enzymes
were used with a retained activity of 70% and 83 % for the ADH
and FDH, respectively. The deviations of the 12 batches using
the single enzymes could result from different handlings, as
well as the deviations of the measurements itself, so that no

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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reliable activity calculations were possible regarding kinetics (cf.
Sl).

The comparable high activities after 12 consecutive batches
were obtained over one month with no further loss in activity,
showing the excellent suitability for the application in the
target reactions (cf. Figure 3).

The main objective of this study was to use the immobilized
enzyme for the reduction of cinnamyl aldehyde to cinnamyl
alcohol with in situ cofactor regeneration. The application of
immobilized versus free ADH/FDH applied in the bi-enzymatic
reaction is shown in Figure4. In both reactions 100%
conversion of the substrate was reached, however, the reaction
progress deviates. Here, it has to be considered that the amount
of enzyme for the free reaction was calculated based on the
theoretically immobilized amount onto the carriers. The immo-
bilized enzyme can show a lower retained activity based on e.g.
changes in enzyme conformation. Diffusion limitation plays an
additional role for immobilized enzymes, differentiated between
internal and external diffusion limitation and can cause the
deviations seen in Figure 4. Studies of possible internal diffusion

~
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N @ A G o

8 8 &8 8 38
NADH yield,, . [%]
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Figure 3. Recycling measurements for ADH (left) and FDH (right) applied in
their separated target reaction. Cond.: Phosphate buffer 0.1 M, pH 8,
T=30°C, V=25 mL, Mgppyme =2 g, Caidehyde = MM, Cpa formate = 200 MM,

Cnaon = 0.1 MM, Cyap, =0.1 mM, A =360 nm.
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Figure 4. Final reaction system with process conditions: Reduction of
cinnamyl aldehyde to cinnamyl alcohol using free and immobilized ADH and
FDH. Cond.: Phosphate buffer 0.1 M, pH 8, T=30°C, V=25 mL,

Chidehyde = 3-5 MM, Cxg formate = 200 MM, Cyppn=0.15 MM, (A) Mo oy =2.8 Mg,
Mpee o = 0.38 MY, (B) Mo ap = 2.8 MY, Mo ron=0.38 Mg.
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restrictions in the case of synthesized silica particles did reveal
any significant limitation (cf. SI).

However, the reactions using free and immobilized enzymes
were performed in a batch reactor with an overhead stirrer,
whereby external diffusion limitation can occur using immobi-
lized enzymes. For further investigations, different reactors with
an increased flow through the particles should be used to
decrease a possible external diffusion limitation and to increase
the reaction rate for the immobilized enzymes.”?

The direct comparison of the cinnamyl aldehyde reduction
using free and immobilized enzyme can be made using the
total turnover number (TTN). This value describes the ratio of
converted substrate to applied catalyst and the calculated
values for both enzymes of the reaction cascade are shown in
Table 1. Based on the lower amount of applied FDH (m=
0.38 mg) the TTN is higher than for the ADH (m =2.8 mg). For
the ADH and the FDH a significant increase in the TTN value
after immobilization was obtained due to the successful
application in 12 consecutive reactions and despite the
observed activity loss, caused by immobilization. The ADH
showed an 8-fold increase to 34.7 g, psurate’9eae @aNd the immobi-
lized FDH showed a 10-fold increase to 303.1 g, psirate/Jear SiNCE
for both enzymes high conversion after 12 batches were
obtained, the TTN values could increase more if the immobi-
lized enzymes are applied in more consecutive batch reactions.

Tufvesson and co-worker described the allowable cost
contribution of the used catalyst and the corresponding range
of required productivity for different applications, e.g. for bulk
chemicals or pharmaceuticals.”® The aromatic components
investigated in this study are possible cosmetic ingredients and
belong to the group of specialty chemicals. With the immobili-
zation of the FDH with a TTN of over 300 g pcate/9ear Values in
the target region of specialty chemicals are enabled, if the price
of the catalyst is within 100-500 €/kg. However, the price of
the biocatalyst is always dependent on the market volume and
same immobilized enzymes can be used in the production of
pharmaceutical and bulk chemicals, so that the catalyst
production is shared.

The synthesis of cinnamyl alcohol with insitu cofactor
regeneration was subsequently performed in 3 batches using
the same immobilized enzymes. In Figure 5 it can be seen, that
the conversions are decreasing with the number of batches.
This decreased recyclability of the enzymes in comparison to
the recycling experiments of the individual immobilized enzyme
(cf. Figure 3) can result from an influence of bi-enzymatic
reaction on the single enzymes. For example, a rapid deactiva-

Table 1. Comparison of TN and TTN of free and immobilized enzyme.

Enzyme TN free TN immobilized TTN immobilized
[gsubstrate/gcat] [gsubstrate/gca(] [gsubstrate/gcat]

ADH 43 43 347

FDH 30.4 304 303.1

TTN were calculated based on substrate conversion and applied enzyme
amount. For the immobilized enzymes the theoretical amount of
immobilized enzyme was used and the residual activity during the 12.

Batch in the recycling experiments.
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Figure 5. Repetitive reduction of cinnamyl aldehyde to cinnamyl alcohol
using immobilized ADH and FDH. Cond.: Phosphate buffer 0.1 M, pH 8,
T=30°C, V=25 mL, Cagehyge = 3.5 MM, Cy; formate = 200 MM, Cyppy =0.15 mM,
Mimmo Aok = 2.8 MY, Mirmo ron = 0.38 Mg.

tion of the FDH from Candida boidinii in biotransformations is
known and different methods to overcome this deactivation are
investigated, e.g. via protein engineering or downstream
processing.?”

A further reason can be the different diffusion behaviour of
the single components. For example, cinnamyl alcohol provides
a higher hydrophobicity (logP=1.82) than the substrate
cinnamyl aldeyhde (logP=2.00)."" Based on the different
properties of the components, they can exhibit different
interactions with the carrier resulting in different mass trans-
ports into, through and out of the particle.” Nevertheless, the
recyclability for the enzymes applied in the reduction of
cinnamyl aldehyde with in situ cofactor regeneration needs still
an optimization to obtain high conversion in consecutive
batches applying the bi-enzymatic reaction.

Conclusion

In the present study, a screening of different immobilization
techniques was performed and showed that hydrophilic carriers
with amino-functionalization resulted in high immobilization
and activity yields for the applied enzymes. A method to
prepare hydrophilic spherical particles was developed based on
a polymerization reaction. Preparation of the particles could be
easily scaled up, showing a high potential for commercial
applications and resulted in spherical highly porous particles
with a surface area around 750 m?%/g. Using these particles and
an additional functionalization with APTES and glutaraldehyde,
the obtained immobilization and activity yields after immobili-
zation of the applied ADH were comparable to commercially
available particles. The immobilized ADH as well as FDH were
investigated regarding recycling behavior and showed a high
stability on the developed carrier. Thereby residual activities of
over 80% could be found after 12 batches storing the particles

ChemCatChem 2020, 12, 2245-2252 www.chemcatchem.org
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in buffer at room temperature. This emphasizes the highly
promising properties of these immobilized enzyme prepara-
tions, which were also investigated for the cofactor dependent
reduction of cinnamyl aldehyde. With free and immobilized
enzymes 100% conversion was reached, with different reaction
rates. The TTN of the applied immobilized enzymes is up to 10-
fold higher based on their recyclability, so that the process is
more cost-efficient than using the free enzymes. However,
applying the enzymes in consecutive batches of the bi-
enzymatic reaction an inactivation is occurring.

Recyclization of biocatalysts is a key prerequisite for
industrial application resulting in an enhanced economic
efficiency of large-scale processes. The promising results for
enzyme immobilization of the individual enzymes during this
study are based on the efficient recycling resulting in a high
amount of produced cinnamyl alcohol. With this, the invest-
ment for the used enzymes can be decreased significantly.

Experimental Section

Materials

The catalysts for the investigations, the alcohol dehydrogenase
97 L, was purchased from c-LEcta (Germany) and the formate
dehydrogenase from Candida boidinii from Sigma-Aldrich (Ger-
many).

Sodium formate, cinnamyl aldehyde, butylamine, tetraethyl orthosi-
licate were bought from Sigma-Aldrich (Germany), whereby NAD™,
NADH, sodium alginate, chitosan, hydrochloric acid, glutaraldehyde,
ethanol, heptane, potassium dihydrogenphosphate and dipotassi-
um hydrogen phosphate were purchased from Roth (Germany) and
APTES from TCl (Germany).

Immobilization procedures
Covalent immobilization

Amino-functionalized hydrophobic carrier

For this immobilization, the commercial resin ECR309F from
Purolite® was applied and a Tris—HCl buffer (0.1 M, 2 mM MgCl,,
pH 7) was used. The experiments were carried out at 25°C. First,
the resins were washed 3 times for equilibration with a resin/buffer
ratio of 1:1(w/v). Afterwards the carrier was pre-functionalized with
2% (v/v) glutaraldehyde with a resin/solution ratio of 1:4(w/v) for
60 min at 25°C. The resin was suspended in an ADH solution of
0.5 mg/mL with a resin/solution ratio of 2.5:1 and stirred for 18 h
with an overhead stirrer. The solution was filtered (0.45 um) and
washed 3 times with 50 mL buffer and with 50 mL of 0.5 M NaCl.

Epoxy-functionalized hydrophobic carriers

For this immobilization, the resins ECR204F and ECR206F from
Purolite® were applied and the immobilization performed with
Tris—HCl buffer (0.1 M, 2 mM MgCl,, pH 7) at 25°C. The immobiliza-
tion was carried out in the same way as the immobilization onto
amino-functionalized carriers, but without glutaraldehyde. The
resins were suspended directly into the enzyme solution and stirred
for 18 h with an overhead stirrer and the solution was left

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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afterwards for immobilization without stirring for 22 h at room
temperature. Afterwards the resins were filtered and washed buffer.

Amino-functionalized hydrophilic carrier

The immobilization on hydrophilic carrier was carried out with the
glass beads TRISOPERL® (particle size 100-200 um, pore size
100.46 nm) using the method of Goldberg et al.® 200 mg beads
were pre-activated in 10 mL 2.5% glutaraldehyde solution prepared
with phosphate buffer (0.1 M, pH 7) under vacuum (60 mbar) for
30 min and subsequently 50 min under ambient pressure. Thereby
the color was changed from white to reddish. The beads were
washed with 200 mL deionized water to remove the excess of the
linker and dried at 65 °C for 4 h. The beads were suspended in ADH
solution 0.5 mg/mL dissolved in phosphate buffer (100 mM, pH 7).
The immobilization was carried out under vacuum (60 mbar) at 4°C
for 35 min and stirred further under ambient pressure at 4°C.
Subsequently the resins were filtered and washed 5 times with
100 mL phosphate buffer and suspended in 10 mL glycine buffer
(0.1 M, pH 7.5) at 4°C. After 3 h, the filtered particles were washed 5
times with 10 mL phosphate buffer (0.1 M, pH 7.5). In addition, this
immobilization method was also carried out with a Tris—HCI buffer
(0.1 M, 2 mM MgCl,, pH 7).

Cross-linked enzyme crystals

CLEAs were prepared according to the protocol described by Hu
etal."® First, the ADH was precipitated adding 70% (w/v)
ammonium sulfate to the enzyme solution in 1 mL. The solution
was incubated at 4°C for 2h. Afterwards, the mixture was
centrifuged at 13,000 rpm for 15 min at 4°C. The precipitated
enzyme was cross-linked with 2.5%(v/v) glutaraldehyde solution
with a ratio of 0.5:1(w/w) glutaraldehyde/protein. The mixture was
shaken for 90 min at 25°C and centrifuged afterwards at 5,000 rpm
for 10 min. The solution above the obtained pellets was decanted
and the pellets washed 3 times with 5 mL buffer.

Entrapment

The ADH was entrapped according to the method described by
Zhou et al."" The different conditions used for the entrapment are
shown in Table 2.

The sodium alginate was added to 50 mL deionized water and was
shaken for 2 h at 30°C to obtain a homogenous solution. A 0.5 mg/
mL ADH solution was dissolved in Tris-buffer (0.1 M, 2 mM MgCl,,
pH 7) and mixed with an equal volume of the alginate solution at
ambient temperature. As curing bath, a solution of 2% (w/v)
calcium chloride (CaCl,) was prepared in the chitosan solution,
which was dispersed in 5% acetic acid and mixed at 7,000 rpm for
30 min. The ADH-alginate mixture was added dropwise (20 cm
height) into the CaCl, bath using a 10 mL syringe and a 18G needle.
The beads were cured for 6 h at 4°C and washed afterwards 3 times
with 10 mL of a 0.9% (w/v) NaCl solution. The beads were treated
for 2 h with a 0.5% glutaraldehyde solution and finally washed with
deionized water (3% 10 mL).

Table 2. Immobilization conditions for entrapment.

Immobilization Cchitosan Ca-alginate Ccaciz
time [h] (w/v) [%] (w/v) [%] (w/v) [%]
6 0.25 4 2

6 0.05 3 2

6 0.5 3 2
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Preparation of silica particles

For the preparation of the silica particles a mixture of 1 mol TEQS,
4 mol water, 2.4 mol ethanol and 10~° mol HCl was prepared and
stirred for 30 minutes, afterwards it was dropped into a mixture of
rape seed oil, butyl amine and n-heptane (890 mL/178 mL/33 mL)
via a syringe pump (60 mL syringe, 10 mL/min) and the prepared
particles were cured overnight.

For functionalization, 100 g APTES (3-(Aminopropyl)triethoxysilane)
were dissolved in 50 mL ethanol and 10 g particles were incubated
at 50°C for 48 h. The particles were washed with ethanol and
stored in water. For cross-linking the particles were treated with a
2.5%(v/v) glutaraldehyde solution for 1h at 30°C and washed
afterwards with water for 30 min to remove residual glutaralde-
hyde. The enzyme immobilization onto the particles was carried
out with a solution of 0.5 mg/mL ADH dissolved in phosphate
buffer (0.1 M, pH 8), whereby the particles were incubated for 2 h at
25°C. Subsequently, they were washed with water to remove
unbound enzyme.

Determination of immobilization and activity yield

Immobilization yields were determined spectrophotometrically
according to the Pierce Protein Assay. 10 uL of the sample was
mixed with 150 pL of the Pierce solution and incubated for
5 minutes. Subsequently, the absorbance was measured at 562 nm
and the protein concentration determined via a calibration of
bovine serum albumin (BSA) as standard. The immobilization
efficiency was determined by subtraction of the protein content of
the solution after immobilization and all washing solutions from
the starting ADH solution applied for immobilization.

The enzyme activity was determined based on NADH, which was
quantified spectrophotometrically at 360 nm and 30°C. The yield
was calculated based on the measured activity of the immobilized
protein and the theoretical activity, which was possible based on
the immobilization yield.

BET measurements

The measurements of the specific surface area and the pore
diameter were performed according to Raman et al..”’ The samples
were degassed prior to the investigations for 24 h at 348 K. The
data was determined using Brunauer-Emmet-Teller (BET) method
and low-temperature nitrogen adsorption-desorption analysis
(Quantachrome Nova 3000e) between p/p, range of 0.05-0.30.>

Recycling of ADH and FDH

For the measurement of recyclability of the immobilized enzymes, a
3-neck flask was used and the solution was stirred continuously
with an overhead stirrer. The reactions were carried out in 25 mL
phosphate buffer (0.1 M, pH 8) at 30°C using 2 g of the immobilized
enzyme. The measurement of the ADH was performed with 5 mM
cinnamyl aldehyde and 0.1 mM NADH, whereby the FDH was
investigated with 200 mM sodium formate and 0.1 mM NAD". The
conversions were measured spectrophotometrically based on the
NADH consumption or production at a wavelength of 360 nm.

Cofactor regeneration

For the investigation of the insitu cofactor regeneration both
enzymes, ADH and FDH, were applied in their free and immobilized
form. The reactions were carried out with the same set-up, which

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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was used for the recyclability measurements. Both reactions were
carried out in 25 mL phosphate buffer (0.1 M, pH 8) at 30°C and
with 3.5 mM cinnamyl aldehyde, 100 mM sodium formate and
0.15 mM NADH. For the reactions with immobilized enzymes 5 g of
FDH particles and 1 g of ADH particles were used. Based on the
calculations for the immobilization of the enzymes onto the carriers
2.8 mg ADH and 0.38 mg FDH were used for the reaction of the
free enzymes.

For the reaction monitoring 500 uL samples were taken and mixed
gently with 500 uL p-xylene. After centrifugation 300 pL were
measured via gas chromatography with an HP-5 column (Agilent
Technologies, United States) and helium as carrier gas. The temper-
ature was increased from 120°C with 40°C/min to 160°C holding
for 2 min, and was increased again with 40°C/min 320°C holding
for 2 min.

Acknowledgements

This work was supported by Deutsche Forschungsgemeinschaft
(DFG, BU 3409/1-1 and DFG, WA 3957/1-1). We thank Purolite® for
the carriers used for covalent immobilization and Grit Brauck-
mann for the great laboratory work.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Biocatalysis Cofactor regeneration
Immobilization - Aromatic compounds - Alcohol dehydrogenase

[1] R. A. Sheldon, S. van Pelt, Chem. Soc. Rev. 2013, 42, 6223-6235.

[2] a) K. Goldberg, K. Schroer, S. Liitz, A. Liese, Appl. Microbiol. Biotechnol.
2007, 76, 237; b) C. Scherkus, S. Schmidt, U. T. Bornscheuer, H. Groger, S.
Kara, A. Liese, ChemCatChem 2016, 8, 3446-3452.

a) S. Soni, J. Desai, S. Devi, J. Appl. Polym. Sci. 2001, 82, 1299-1305;
b) R. A. Sheldon, Adv. Synth. Catal. 2007, 349, 1289-1307.

U. Hanefeld, L. Gardossi, E. Magner, Chem. Soc. Rev. 2009, 38, 453-468.
A. Sassolas, L. J. Blum, B. D. Leca-Bouvier, Biotechnol. Adv. 2012, 30, 489-
511.

a) X. Wu, M. Hou, J. Ge, Catal. Sci. Technol. 2015, 5, 5077-5085; b) X. Wu,
J. Ge, C. Yang, M. Hou, Z. Liu, Chem. Commun. 2015, 51, 13408-13411;
c) J. Ge, J. Lei, R. N. Zare, Nat. Nanotechnol. 2012, 7, 428.

v

SE

E)

[7] a) A. Horn, S. Kumar, A. Liese, U. Kragl, Handbook of Heterogeneous
Catalysis: Online 2008, 3831-3865; b) A. Liese, L. Hilterhaus, Chem. Soc.
Rev. 2013, 42, 6236-6249; c) U. Sohling, K. Suck, P. Jonczyk, F. Sander, S.
Beutel, T. Scheper, A. Thiefes, U. Schuldt, C. Aldenhoven, G. Egri,
Biocatalysis for pharmaceutica industry-discovery, development and
manufactoring 2016; d) L. Hilterhaus, A. Liese, U. Kettling, G. Antranikian,
Applied biocatalysis: from fundamental science to industrial applications,
John Wiley & Sons, 2016.

[8] a) M. L. Foresti, M. Pedernera, V. Bucald, M. L. Ferreira, Enzyme Microb.
Technol. 2007, 41, 62-70; b) N.R. Mohamad, N.H.C. Marzuki, N.A.
Buang, F. Huyop, R. A. Wahab, Biotechnol. Biotechnol. Equip. 2015, 29,
205-220; c) B. Brena, P. Gonzalez-Pombo, F. Batista-Viera, in Immobiliza-
tion of enzymes and cells, Springer, 2013, pp. 15-31; d) M. Cespugli, S.
Lotteria, L. Navarini, V. Lonzarich, L. Del Terra, F. Vita, M. Zweyer, G.
Baldini, V. Ferrario, C. Ebert, Catalysts 2018, 8, 471.

[9] M.D. Truppo, G. Hughes, Org. Process Res. Dev. 2011, 15, 1033-1035.

[10] a) A. Basso, S. Serban, Molecular Catalysis 2019, 479, 110607; b) T. L. plc,
Vol. 2019, 2016; c)R.D. Woodyer, R.W. Armentrout, in European
publication server, Vol. WO 2014/049373 (Ed.: T. L. . A. LLC), 2018.

[11] G.-Y.Li, Y.-J. Li, Int. J. Biol. Macromol. 2010, 47, 21-26.

[12] X. Hu, L. Liu, D. Chen, Y. Wang, J. Zhang, L. Shao, Bioresour. Technol.
2017, 224, 531-535.

[13] K. Goldberg, A. Krueger, T. Meinhardt, W. Kroutil, B. Mautner, A. Liese,
Tetrahedron: Asymmetry 2008, 19, 1171-1173.

[14] L. Cao, Carrier-bound immobilized enzymes: principles, application and
design, John Wiley & Sons, 2006.

[15] S.J. Novick, J. D. Rozzell, in Microbial enzymes and biotransformations,
Springer, 2005, pp. 247-271.

16] A. M. Chong, X. Zhao, Catal. Today 2004, 93, 293-299.

[17] C. Lei, Y. Shin, J. Liu, E. J. Ackerman, J. Am. Chem. Soc. 2002, 124, 11242-
11243.

[18] K. Wormeyer, M. Alnaief, I. Smirnova, Adsorption 2012, 18, 163-171.

[19] Y.-X.Bai, Y.-F. Li, Y. Yang, L.-X. Yi, J. Biotechnol. 2006, 125, 574-582.

[20] S. Gopinath, S. Sugunan, Appl. Clay Sci. 2007, 35, 67-75.

[21] Z-F. Wy, Z. Wang, Y. Zhang, Y.-L. Ma, C.-Y. He, H. Li, L. Chen, Q.-S. Huo,

L. Wang, Z.-Q. Li, Sci. Rep. 2016, 6, 22412.

[22] a) H. Chmiel, R. Takors, D. Weuster-Botz, Bioprozesstechnik, Springer,
2018; b) W. Tischer, V. Kasche, Trends in Biotechnol. 1999, 17, 326-335.

[23] P. Tufvesson, J. Lima-Ramos, M. Nordblad, J. M. Woodley, Org. Process
Res. Dev. 2011, 15, 266-274.

[24] a) U. Kragl, W. Kruse, W. Hummel, C. Wandrey, Biotechnol. Bioeng. 1996,
52, 309-319; b) M. B. Ansorge-Schumacher, H. Slusarczyk, J. Schiimers,
D. Hirtz, FEBS J. 2006, 273, 3938-3945; c) A.S. Bommarius, A. Karau,
Biotechnol. Prog. 2005, 21, 1663-1672.

[25] S. Raman, C. Keil, P. Dieringer, C. Hubner, A. Bueno, P. Gurikov, J. Nissen,
M. Holtkamp, U. Karst, H. Haase, J. Supercrit. Fluids 2019, 153, 104545.

Manuscript received: December 9, 2019
Revised manuscript received: January 20, 2020
Accepted manuscript online: January 27, 2020
Version of record online: February 27, 2020

ChemCatChem 2020, 12, 2245-2252 www.chemcatchem.org

2252

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


https://doi.org/10.1039/C3CS60075K
https://doi.org/10.1007/s00253-007-1002-0
https://doi.org/10.1007/s00253-007-1002-0
https://doi.org/10.1002/cctc.201600806
https://doi.org/10.1002/app.1964
https://doi.org/10.1002/adsc.200700082
https://doi.org/10.1039/B711564B
https://doi.org/10.1016/j.biotechadv.2011.09.003
https://doi.org/10.1016/j.biotechadv.2011.09.003
https://doi.org/10.1039/C5CY01181G
https://doi.org/10.1039/C5CC05136C
https://doi.org/10.1038/nnano.2012.80
https://doi.org/10.1039/c3cs35511j
https://doi.org/10.1039/c3cs35511j
https://doi.org/10.1016/j.enzmictec.2006.11.023
https://doi.org/10.1016/j.enzmictec.2006.11.023
https://doi.org/10.1080/13102818.2015.1008192
https://doi.org/10.1080/13102818.2015.1008192
https://doi.org/10.3390/catal8100471
https://doi.org/10.1021/op200157c
https://doi.org/10.1016/j.mcat.2019.110607
https://doi.org/10.1016/j.biortech.2016.10.076
https://doi.org/10.1016/j.biortech.2016.10.076
https://doi.org/10.1016/j.tetasy.2008.04.034
https://doi.org/10.1016/j.cattod.2004.06.064
https://doi.org/10.1021/ja026855o
https://doi.org/10.1021/ja026855o
https://doi.org/10.1016/j.jbiotec.2006.04.003
https://doi.org/10.1016/j.clay.2006.04.007
https://doi.org/10.1016/S0167-7799(99)01322-0
https://doi.org/10.1021/op1002165
https://doi.org/10.1021/op1002165
https://doi.org/10.1021/bp050249q
https://doi.org/10.1016/j.supflu.2019.104545
https://doi.org/10.1016/j.supflu.2019.104545

