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Abstract Enzyme immobilization in polymerized ionic liquids (PILs)
promises to be a versatile tool for simple recovery and reuse of cata-
lysts. In this study, a raw extract of CalB was encapsulated in poly(VEIm-
Br) and assessed with respect to solvent, temperature, amount of en-
zyme, leaching behavior, and reusability on the example of the kinetic
resolution of rac-1-phenylethanol with vinyl acetate. This immobiliza-
tion method increased the enzyme activity of the CalB raw extract in
comparison to the non-immobilized enzyme. The desired product was
synthesized with high enantiomeric excess (ee) and no leaching of ac-
tive enzyme was observed in the experiments. The immobilization
method was compared to Novozyme 435 and Lipozyme RM IM, as com-
mercially available immobilisates. Nonpolar solvents, including n-hep-
tane and n-dodecane, proved to be the best reaction solvents, showing
nearly full conversion and high catalytic activities. The encapsulated
lipase was easily recovered from the reaction mixture and reused for
ten cycles.
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The majority of biocatalytic industrial processes operate
with heterogeneous catalysts, using immobilized enzymes
that are easily removed from the process stream.! Immobi-
lization is regarded as the key enabling technology for en-
hancing handling and stability of the enzymes. Other ad-
vantages include an easier reactor operation, simple prod-
uct separation, application in continuous processes, and a
wider reactor choice. In terms of ‘green’ and ‘sustainable’
chemistry, complete recovery of the enzyme and a pure
product uncontaminated with protein reduce possible al-
lergenicity.>-* These reasons account for the increasing im-
portance of immobilization, for which several methods are
already known, including immobilizing biocatalysts on sol-
id supports or in synthetic or natural polymers by covalent

attachment, adsorption, and physical entrapment.>6 One
carrier-free immobilization technique involves crosslinking
of enzymes, which, with the help of their superficial amino
groups, are connected to each other by a bifunctional re-
agent, commonly glutaraldehyde.® Generally, two proce-
dures for this process are known. First, to form insoluble
crosslinked enzyme crystals (CLECs), the enzyme must
crystallize from an aqueous buffer before the crosslinker is
added.* The second method is much easier because it re-
places crystallization with precipitation. Salts (e.g., ammo-
nium sulfate) or water-miscible organic solvents are added
to an aqueous enzyme solution. After the crosslinker is add-
ed, the crosslinked enzyme aggregates (CLEAS) precipitate.
Thereafter, no purification is necessary, and the enzyme
can be employed immediately.” However, immobilization
via crosslinking has several drawbacks, including low activ-
ity, poor reproducibility, and low mechanical stability,® the
latter of which can be improved by entrapping enzymes
into a solid support. Apart from the traditional carriers,
which include polysaccharides, synthetic resins, and zeo-
lites, polymer networks are also used to entrap biocata-
lysts.>® However, entrapping enzymes into a solid support
often results in decreased activity and increased leaching
behavior due to the structure of the supporting polymers.>®
To overcome this disadvantage, novel immobilization meth-
ods and novel polymeric materials have been investigated
and reported in the literature.'® In particular, incorporating
enzymes into polymer frameworks based on ionic liquids
(ILs) has sparked significant interest. Polymerized ILs, also
called ‘polyionic liquids’, are a sub-class of polyelectrolytes
that have attracted increasing interest.!! PILs are usually
prepared by polymerizing IL monomers; as a result, they
combine the advantages of ILs (e.g., ionic conductivity, ther-
mal, and chemical stability, tunable solution properties)
and the properties of polymers, and polymerized ILs have
potential applications in catalysis, energy, the environment,
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and materials science.'? For example, Goto et al. encapsulat-
ed horseradish peroxidase in PIL microparticles (pIL-MP),
which were prepared by polymerizing an IL-monomer in a
concentrated water-in-oil emulsion.!®> The enzyme encap-
sulated in pIL-MP was chemically modified with comb
shaped polyethylene glycol-grafted (PEG) molecules and
showed more than twice the activity of the enzyme encap-
sulated in a polyacrylamide microparticle. In addition, they
showed enzyme solubility without loss of catalytic activity
by forming aqueous microemulsion droplets in a hydropho-
bic IL.'"* Three years later, the same research group reported
the encapsulation of Candida rugosa lipase in surfactant ag-
gregates formed in a PILs-monomer ([VEIm][Tf,N]).!> The
encapsulated lipase remained active and exhibited excel-
lent stability after five reaction cycles for the lipase-cata-
lyzed hydrolysis of p-nitrophenyl butyrate. In 2006, po-
ly(VEImBr) was used to immobilize glucose oxidase, which
resulted in microparticles that were used as biosensors to
quantify glucose in human serum samples.'® In electro-
chemical applications, Zhang et al. synthesized a PILs-func-
tionalized graphene nanocomposite to immobilize glucose
oxidase.!”

The present study investigates the use of PILs-based hy-
drogels to support immobilizing lipases. Our group has re-
cently reported successfully entrapping quinine-based or-
ganocatalysts in PILs-based hydrogels.'® Controlling the wa-
ter content in the hydrogels significantly reduced catalyst
leaching (<0.01%). Previous research has described in detail
the synthesis of these very interesting materials, and they
have been characterized as being extremely flexible and
stable against various organic solvents.!?

PILs-based hydrogels provide a good environment for li-
pases due to their high chemical stability and adjustable
water content for folding the protein, which is responsible
for its activity and selectivity. The applied lipases, the
monomer vinyl-imidazolium-based IL (1-vinyl-3-ethylim-
idazolium bromide; VEImBTr), crosslinker N,N'-methylenbi-
sacrylamide, initiator ammonium peroxydisulfate (APS),
and N,N,N,N-tetramethylethylenediamine (TEMED) yielded
the enzyme-encapsulated PILs-network using a radical po-
lymerization (Scheme 1). Gelation time and gel consistency
depend on which lipase is used and how much of it is incor-
porated. Generally, the gelation process was complete and
transparent gels formed after 10 to 120 min. Unless other-
wise noted, the hydrogels were air-dried for one day. The
encapsulated enzyme provided a robust biocatalyst due to
the great advantages of the PILs-based framework, includ-
ing its enhanced mechanical stability, processability, flexi-
bility, and durability.

A simple kinetic resolution reaction of rac-1-phenyleth-
anol 1 by transesterification with vinyl acetate 2 was used
as a test system (Scheme 2). This is catalyzed by lipases that
preferentially transesterify (R)-1-phenylethanol, yielding
the desired (R)-product according to Kazlauskas’ rule.?® The
(S)-enantiomer remains unchanged.
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Scheme 1 Preparing encapsulated lipase in PIL-based hydrogels; radi-
cal polymerization of an imidazolium-based IL bearing a vinyl group,
[VEIm][Br] - 1-vinyl-3-ethylimidazolium bromide, and cross-linker N,N'-
methylenebisacrylamide (BisA). APS - Ammonium peroxydisulfate,
TEMED - N,N,N',N'-tetramethylethane-1,2-diamine.
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Scheme 2 Lipase-catalyzed kinetic resolution of 1-phenylethanol by
transesterification

The first screening tests used Lipase B from Candida
antarctica. This enzyme has been proven to be a robust
protein that is stable over a wide temperature range up to
50-60 °C.2! Initially, various common solvents were tested
under the same reaction conditions for both the hydrogel-
immobilized lipase and the non-immobilized lipase. In con-
trast, the use of pure hydrogel without encapsulated en-
zyme showed no catalytic influence on the reaction. Figure
1 shows the conversions for the test system after 5 h of re-
action time. For both the immobilized and non-immobi-
lized lipase, the best results were achieved in less polar sol-
vents, including hexane, heptane or dodecane. Generally,
the non-immobilized enzyme achieved higher conversions
of up to 22%, except in dodecane. Conversion was increased
by 2.5% by applying hydrogel-immobilized enzyme. More
polar solvents, including methyl tert-butyl ether (MTBE)
and dichloromethane, showed rather poor results: approxi-
mately 1% for the non-immobilized enzyme and <1% for the
hydrogel-immobilized enzyme. This differed from results in
the literature, which show that CalB achieved good conver-
sions using MTBE as a reaction solvent.?> However, even a
prolonged reaction time of 49 h did not enhance the con-
version of the non-immobilized CalB in MTBE beyond 2%. In
addition, the present study investigated a possible relation-
ship between the water activity in each reaction solution
and the determined conversion but found no correlation
(see the Supporting Information S1). Nevertheless, there
was a clear correlation between the log of their octanol-wa-
ter partition coefficient (logP) and the conversion. Increas-
ing the hydrophobicity of the solvent increased the conver-
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sion from 0.3% for MTBE (logP = 0.94) to 24.6% for dodecane
(logP = 6.1). Therefore, in the present study, we subsequent-
ly used heptane and dodecane exclusively.

Solvent

[ CalB immobilized in hydrogel
B CalB not immabilized
T — - e e

0 5 10 15 20 25
Conversion (%)

Figure 1 Results of solvent screening for the test reaction with CalB
immobilized in hydrogel (green bar) and non-immobilized (red bar).
The number in bold font is the predicted logKyy. Conditions: 20 mL sol-
vent, 10 mM rac-1-phenylethanol, 100 mM vinyl acetate, 200 pL CalB
either non-immobilized or immobilized in hydrogel, 40 °C, 5 h, mea-
sured twice.

For both immobilized and non-immobilized enzymes,
we performed a temperature screening at temperatures
from 25 °C to 55 °C in both dodecane and heptane (Figure
2). A typical temperature curve showed an apparent maxi-
mum of 40 °C for both the immobilized and non-immobi-
lized CalB. Generally, the conversion decreased at higher
temperatures due to the inactivation of the enzyme during
the chosen reaction time. The results of the reactions in do-
decane showed that hydrogel-immobilized CalB generally
achieved higher conversions than non-immobilized CalB.
This can be explained by the positive interactions between
the hydrogel and the enzyme, especially the imidazolium
cation and the active site of the lipase. The literature de-
scribes similar negative or positive effects on CalB activity
caused by imidazolium cations.?*?* Yingling et al. noted
that the cation probably affected the conformation and dy-
namics of the CalB, influencing the size of the catalytic cav-
ity. They further emphasized that they found no correlation
between the reaction rate and the length of the cation chain
or other properties of the cation.??

The screening results show two temperature maxima,
25 °C and 40 °C for the hydrogel-immobilized CalB in do-
decane. The non-immobilized enzyme achieved the best re-
sults between 25 °C and 40 °C for dodecane and between
35 °C and 45 °C for heptane. In all cases, conversions de-
creased at higher temperatures. Further experiments were
performed in dodecane by varying the amount of enzyme
at 40 °C. No significant increase of conversion was observed
with enzyme amounts of 200 uL and 400 pL (see the Sup-
porting Information S2). The best reaction conditions for
further experiments were identified as 200 pL of enzyme,
dodecane as reaction solvent, and 40 °C as the reaction
temperature. Despite incomplete conversion, a reaction
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Figure 2 Results of temperature screening in dodecane (circle) and in

heptane (square) forimmobilized and non-immobilized enzyme. Condi-

tions: 20 mL solvent, 10 mM rac-1-phenylethanol, 100 mM vinyl ace-
tate, 200 pL CalB, 5 h, measured twice.

time of 5 h was defined for the subsequent screening exper-
iments, which were conducted to identify the most import-
ant differences between various lipases (immobilized or
non-immobilized).

Furthermore, to classify the results for the non-immobi-
lized enzymes, the reaction was also performed using Ama-
no PS, CalB raw extract, and lyophilized CalB (referred to as
CalB powder) (Figure 3). The enzymes achieved maximum
conversions of 50% after 24 h for CalB powder and 48 h for
Amano PS. CalB raw extract (non- immobilized) achieved a
conversion of only 29% in the same time periods. The CalB
raw extract established no equilibrium, probably due to the
inactivation of the enzyme. This was confirmed by a re-
newed increase in conversion after fresh enzyme was added
(see the Supporting Information S3). In addition, a high wa-
ter content, 35.7%, was measured for CalB raw extract. In
the presence of water, acetaldehyde is generated as a by-
product (Scheme 3), which often leads to enzyme deactiva-
tion over time due to Schiff base formation with lysine resi-
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Figure 3 Comparison of various lipases applied for kinetic racemic res-
olution. Conditions: 20 mL dodecane, 10 mM rac-1-phenylethanol, 100
mM vinyl acetate, 26.4 mg Amano PS | 200 pL CalB raw extract [ 75.4
mg CalB powder non-immobilized, 40 °C, 49 h, measured once.
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dues.?> Nevertheless, CalB was not excluded, because deac-
tivation due to acetaldehyde can be prevented by immobi-
lizing the enzyme.26

Interestingly, each of the three enzymes showed a dif-
ferent behavior after immobilization in hydrogel (Figure 4).
Initially, the conversions of CalB powder and CalB raw ex-
tract showed equal increases, whereas the conversion of
Amano PS increased more slowly. Using this immobiliza-
tion technique, CalB raw extract achieved the best result of
44% conversion, followed by CalB powder with 40% conver-
sion and Amano PS with 37%. Conversion with the hydro-
gel-immobilized CalB raw extract was 15% higher than that
of the non-immobilized form, probably due to the previ-
ously mentioned positive effect of imidazolium cation on
CalB activity. The CalB powder suffered inactivation by the
immobilization procedure and, therefore, the conversion
percentage was lower than that for the non-immobilized
enzyme. Amano PS also exhibited decreased activity after
immobilization.

Unfortunately, none of the three hydrogel-immobilized
lipases achieved the maximum conversion of 50%. Kazlaus-
kas et al. reported that, even under anhydrous reaction con-
ditions, the hydrolysis of the vinyl acetate was three times
faster than the desired acetylation of 1-phenylethanol.?’ Us-
ing hydrogels as an immobilization matrix, the amount of
water increased in the reaction system. Consequently, the
amount of vinyl acetate available for the transesterification
decreased rapidly.

To improve the conversion, the hydrogels were dried
under vacuum (10-3 mbar) for either 6 or 13 h, rather than
being air dried for one day. As shown in the Supporting In-
formation S4, the water content in the hydrogel decreased
from 18.6% to 5.1% after 6 h drying time and from 16.6% to
2.0% after 13 h drying time. As Figure 5 shows, using vacu-
um-dried hydrogels caused a loss of enzyme activity. The
conversion decreased from 44% for air-dried hydrogels to
43% after 6 h of drying and to 33% after 13 h drying. Gener-
ally, the water in hydrogels is categorized as either free or
bound.?® Lower amounts of free water might affect the en-
zyme folding, resulting in reduced conversion. In addition,
diffusion is limited by the pore size of the hydrogel and the
reduced solvent content, leading to lower reaction rates. Fu-
ture work will concentrate on small hydrogel particles in a
fixed-bed reactor or as a thin film in a continuously operat-
ed plug-flow reactor. Doing this can engineer the reaction
to overcome mass-transport limitations. This will allow use
of different concentration-time and concentration-place
behaviors of the batch-reactor, continuously operated plug-
flow reactor, or stirred-tank reactor.

Apart from the influence of water, acetic acid can be
produced in both side reactions (Scheme 3). The resulting
acidification of the system may result in pH values beyond
the preferred optimum or may even damage the enzyme. In
general, the hydrogel itself can buffer the system at a pH of
about 7.0 based on its composition. However, to exclude
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Figure 4 Comparison of various hydrogel-immobilized lipases applied
for kinetic racemic resolution. Conditions: 20 mL dodecane, 10 mM rac-
1-phenylethanol, 100 mM vinyl acetate, 26.4 mg Amano PS [ 200 pL
CalB raw extract [ 75.4 mg CalB powder immobilized in hydrogel, 40 °C,
49 h, measured once.
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Figure 5 Influence of various drying methods on the conversion. Con-
ditions: 20 mL dodecane, 10 mM rac-1-phenylethanol, 100 mM vinyl
acetate, 200 pL CalB raw extract immobilized in hydrogel, 40 °C, 49 h,
measured once.

this possibility, additional phosphate buffer was embedded
during the synthesis procedure. As the Supporting Informa-
tion S5 shows, the results were very similar, and no further
improvement was obtained.
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Scheme 3 Undesired side reactions of kinetic racemic resolution
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The hydrogel-immobilization method presented was
compared to Novozyme 435 and Lipozyme RM IM as com-
mercially available immobilisates (Figure 6). Both showed
higher activities compared to the immobilized enzyme in
the hydrogel. Conversion rates of 49% for Novozyme 435
and 47% for Lipozyme RM IM were achieved after 5 h reac-
tion time. In the same period, the hydrogel-immobilized
CalB achieved only 36% conversion. A possible reason for
the longer reaction time is the limitation on diffusion im-
posed by the polymeric structure, which is quite different
from the other immobilized forms. Novozyme 435 is the li-
pase B from Candida Antarctica that has been immobilized
by adsorption on a microporous resin?® and Lipozyme RM
IM, a lipase from Rhizomucor miehei, is adsorbed onto an
anion exchange resin.? In both cases, lipases were immobi-
lized by adsorption on a resin surface, whereas CalB raw ex-
tract is embedded in the polymeric hydrogel framework.
These primary experiments show that the immobilization
matrix and the procedure itself influences the performance
of the reaction. Diffusion and mass-transport behavior are
under investigation in our laboratories. In addition, adsorp-
tion of the desired product inside the polymer structure
cannot be excluded at this time. The dependency of the
crosslinker to IL ratio on the transport behavior is also being
investigated.
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Figure 6 Comparison to commonly used immobilization methods. Re-
action conditions: 20 mL dodecane, 10 mM rac-1-phenylethanol, 100
mM vinyl acetate, 200 pL CalB immobilized in hydrogel or 0.4 g Novo-
zyme 435 or 0.4 g Lipozyme RM IM, 40 °C, 49 h, measured once.

One great disadvantage of immobilization by adsorption
is the high amount of enzyme leaching; whereas an eco-
nomically viable process requires complete recovery of the
enzyme. For this reason, we examined the leaching behav-
ior of hydrogels containing enzyme amounts of between
200 pL and 400 pL at 25 °C and 40 °C. Fortunately, no en-
zyme leaching was found (see experimental section) and
even higher amounts of CalB raw extract can be immobi-
lized in hydrogel without enzyme leaching. Another bene-
fit, observed during the immobilization process, was that

the hydrogels became more stable and less adhesive when
higher amounts of CalB raw extract were embedded, al-
though this did not influence the velocity of the reaction.
Furthermore, leaching was analyzed using gel electrophore-
sis, and no enzyme leaching was detected for either swollen
or shrunken hydrogels.

The lipase B from Candida antarctica has proven to be
non-specific towards triglycerides but very enantio- and
stereospecific. In the reaction performed, the CalB prefer-
entially catalyzed the transformation of (R)-1-phenyletha-
nol. Therefore, the (R)-enantiomer of the product should be
achieved with a high enantiomeric excess (ee) and a maxi-
mum conversion of 50%. Over time, the (S)-enantiomer of
the educt should accumulate in the reaction mixture. Figure
7 shows the results for conversion and ee at 40 °C (the con-
version and ee at 25 °C are shown in the Supporting Infor-
mation S6).

= (R)-Product
80
.' (S)-Educt
e
Fe .
P 40+
=2
201 ® B CalB not immobilized
@ CalB in hydrogel
o0le = B Product (not) immobilized
0 20 40 60 80 100

Conversion (%)

Figure 7 Conversion and enantiomeric excess of (R)-product and (S)-
educt at 40 °C. Reaction conditions: 20 mL dodecane, 10 mM rac-1-
phenylethanol, 100 mM vinyl acetate, 200 pL CalB raw extract non-im-
mobilized or immobilized in hydrogel, 40 °C, 49 h, measured once.

As expected, the (R)-product was steadily formed with
an ee of >99%. This means that only the (R)-1-phenylethanol
was converted by the CalB. This was confirmed by the accu-
mulation of the (S)-educt in the reaction mixture, which
also resulted in its increased ee. This trend was observed
with both the non-immobilized and the hydrogel-immobi-
lized CalB raw extract. In the case of the non-immobilized
CalB, the (S)-1-phenylethanol developed an ee of 39.8% in
the reaction mixture after 49 h at 40 °C. Using the hydrogel-
immobilized enzyme, the conversion was 15% higher and
included higher enrichment of the (S)-educt (80.5% ee).

One of the key criteria of commercial immobilized en-
zymes is reusability for a large number of reaction cycles
combined with nearly no loss of activity. The recycling po-
tential of hydrogel-immobilized CalB raw extract was test-
ed over 8 h at 40 °C (Figure 8, blue bar). After the first run,
conversion decreased from 26% to 18%. After six cycles, the
conversion remained constant at 10%. In comparison, when
the procedure was repeated at 25 °C (Figure 8, red bar), the
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conversion was generally higher, decreasing by only by 0.6%
after the first run. Typically, the highest loss of activity
should be seen between the first and second runs due to
the leaching of unfixed enzyme. In this case, after the sec-
ond run, the conversion decreased to 22.6% and after the
tenth run to 8.7%. Furthermore, recycling experiments were
performed over a reaction time of 48 h at 25 °C using vari-
ous dried hydrogels.

50 Bl 25 °C, 8 h, air-dried
45 I 40 °C, 8 h, air-dried
B 25 °C, 48 h, vacuum-dried
40 [_]25°C, 48 h, air-dried
T B8 25 °C, 48 h, CalB not immobilized
~ 35 28 25 °C, 48 h, Novozyme 435
£
c 301
iel
@ 254
e
c 201 -
=] :
O 15 4 :
oA W i
5\ O
hEL i g £ £ ¢
1 2 3 4 5 6 7 8 9 10
Run

Figure 8 Results for recycling experiments for air-dried and vacuum-
dried hydrogels over a period of 8 h and 48 h. As a reference, non-im-
mobilized CalB and Novozyme 435 were used. Reaction conditions: 20
mL dodecane, 10 mM rac-1-phenylethanol, 100 mM vinyl acetate, 200
pL CalB raw extract immobilized in hydrogel (air-dried/vacuum-dried), 8
h [ 48 h, measured once.

The results were compared using non-immobilized CalB
and commercially available Novozyme 435, which is com-
posed of CalB immobilized on a microporous acrylic resin
and is a biocatalyst much used in industry. The application
of vacuum-dried hydrogels led to higher losses of activity of
6% from cycle to cycle. The best results were achieved with
air-dried hydrogels at 25 °C with conversions of 42% after
the first cycle and 32% after the third cycle. The activity of
non-immobilized CalB decreased significantly from 40% af-
ter the first cycle to 25% after the second. In addition, the
hydrogels (immobilized CalB) showed better performance
than the non-immobilized CalB. In comparison, Novozyme
435 showed good performance, having conversions of 48%
after the first cycle and 36% after the fifth. However, it also
experienced a significant decrease in conversion from batch
to batch. In spite of the relatively good performance and the
many advantages that Novozyme 435 offers, there are two
general concerns related to this enzyme. Firstly, the high
cost, which can be attributed at least partly to the immobi-
lization-support material, and secondly, the high amount of
enzyme leaching. Novozyme 435 has been shown to suffer
from physical desorption or leaching of CalB during various
reactions.?® The presence of water enhances leaching from
the surface of Novozyme 435.3! In some applications, in-

cluding for medical materials or pharmaceuticals, protein
contamination of products is unacceptable. Although the
hydrogels studied are not as good as the Novozyme 435,
they offer several advantages under various conditions. The
present study presents another mode of attachment of the
enzyme that prevented the catalyst from leaching. No
leaching of enzymes was found in organic or aqueous sol-
vents. This new immobilization matrix could be very inter-
esting in unconventional media including supercritical CO,
or ILs, in which Novozyme 435 has sometimes shown lower
activity. For example, Hobbs et al. found that CalB CLEA had
higher activity than Novozyme 435 in the kinetic resolution
of 1-phenylethanol by acylation with vinyl acetate in super-
critical CO,.32 In addition, decreased activity has been found
in Novozyme 435 in the kinetic resolution of 1-phenyl etha-
nol and 1-phenylethylamine in various ILs.?? Furthermore,
the choice of enzyme immobilisates is strongly dependent
on the reactor configuration used (e.g., stirred tank, fixed
bed, fluidized bed) and the mode of downstream process-
ing. Using simple methodology, hydrogels can be prepared
in various shapes, including small particles, that have dif-
ferent surface-area-to-volume ratios for fixed-bed reactors,
or thin films for continuously operated plug-flow reactors.
This method combines immobilization and purification,
and the enzyme does not need to be highly purified.

This study found that immobilization of CalB in po-
ly(VEImBr) is possible and achieves good results in nonpo-
lar solvents. To enable assessment of the potential of PIL-
based hydrogels for catalyst immobilization and identifica-
tion of areas that need further research, Figure 9 presents a
SWOT analysis. The greatest strengths of this method are
the simplified downstream processing and the complete
lack of catalyst leaching during the reaction time. This will
lead to increased productivity; whereas decoupling the res-
idence time of biocatalyst and reactants will at the same
time reduce the product-specific catalyst consumption.

However, the largest threat is the novelty of this meth-
od. Possible interactions between enzymes and enzyme
support differ with the enzyme applied and the reaction
used and must be investigated for each reaction. In the ex-
ample presented herein, the immobilization matrix led to
positive interactions between the enzyme and enzyme
support and the immobilized enzyme showed higher activ-
ity than the non-immobilized enzyme.

Although the present study did not achieve a maximum
conversion of 50%, this was not due to the immobilization
matrix. The study used a highly water-dependent enzymat-
ic reaction. Undesirable side reactions were observed in the
presence of water. Future work will investigate the influ-
ence of water content and water activity. Apart from that,
hydrogel-immobilized CalB could also be applied in a less
water-sensitive reaction, or this immobilization technique
could be applied to other enzymes for a wider range of ap-
plications.
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Strengths Weaknesses

Reuse of biocatalysts
Simplified product separation and
purification

Easy to operate
Simple Equipment
No Leaching

High mechanical and
chemical stability

= Swelling in different solvents
Mass-transport limitations

Opportunities Threats

= High applicability

+ Decoupling of residence time of
reactants and catalyst

» Continuous operated reactor

+ Novel Material

-

* Interaction between enzyme and
enzyme support

+ Gel consistency depends on the
applied enzyme

J

Figure 9 SWOT analysis for the potential of PIL-based hydrogels as a
novel immobilization method for biocatalysts

Future work will concentrate on diffusion behavior,
mass-transport limitations, and the influence of varying the
crosslinker-to-IL ratio. In addition, this technique offers
many advantages for practical applications, including easy
removal of the catalyst, and novel reactor concepts due to
its enhanced mechanical and chemical stability.

In summary, the present study demonstrates the combi-
nation of enzymes with PIL-based hydrogels as an immobi-
lization technique for easy reusability and separation of en-
zymes. This immobilization method increases the enzyme
activity of CalB raw extract in comparison to the non-im-
mobilized enzyme. The desired product is synthesized with
a high enantiomeric excess and the enzyme is easily reused
for several steps due to the high mechanical and chemical
stability of the PILs.

All chemicals and solvents were purchased from Sigma-Aldrich, Alfa
Aesar, Carl Roth GmbH & Co KG., and TCI and used as received. Lipase
B from Candida antarctica was obtained as a purified raw extract
from C. Lecta (Germany). Lipase B Candida Antarctica recombinant
from Aspergillus oryzae and Amano Lipase PS from Burkholderia cepa-
cia were obtained from Sigma-Aldrich.

Enzyme Encapsulation in PIL-Based Hydrogels

1-Vinyl-3-ethylimidazolium bromide (VEImBr) was synthesized ac-
cording to the reported procedure.?* The IL monomer (VEImBr, 0.3 g)
was dissolved in deionized water (432 pL) and Rotiphorese Gel B (232
uL, N,N'-methylenebisacrylamide) was added. In the case of enzyme
embedding, the required amount of water was reduced by the added
enzyme volume. When a solid enzyme was used, no correction was
made. The enzyme solution was added to the IL monomer solution.
Polymerization was initiated with fresh ammonium persulfate (30 pL,
10%, w/w) and TEMED (6 pL), and the resulting solution was thor-
oughly mixed for 10s. The gelation process was complete, forming
transparent gels after 10 to 120 min. The hydrogels were air-dried for
one day, unless otherwise noted. To achieve equal activities, the fol-
lowing enzyme amounts were used: 200 uL of CalB raw extract, 75.39

mg of CalB powder, and 26.34 mg of Amano PS. However, due to the
relatively high masses for the CalB powder, the calculated enzyme
amount was split and immobilized into two hydrogel charges.

Enzyme Assay: Lipases

Hydrolysis of p-nitrophenyl esters to p-nitrophenol was used. The re-
action was carried out using 10 mM of p-nitrophenyl acetate in DMSO
and 100 mM of phosphate buffer at pH 7.5. The various enzyme dilu-
tions were prepared in buffer in the following way: Lipase B from
Candida antarctica = 1:100, Lipase B Candida Antarctica recombinant
from Aspergillus oryzae = 2 mg/mL or Amano Lipase PS from Burk-
holderia cepacia = 1 mg/mL. The yellow phenolate ion that formed
was photometrically measured three times over a period of 60 s at
401 nm and 30 °C.

Immobilized enzymes were handled differently. A defined amount of
the immobilized enzyme (10 mg of Novozyme 435 or 20 mg of Lipo-
zyme RM IM) was stirred in a 50 mL batch reactor using cuvette con-
centrations. Samples of 1000 pL were taken at defined intervals, fil-
tered, and the extinctions determined.

Kinetic Resolution of (R,S)-1-Phenylethanol with Vinyl Acetate

For each reaction, rac-1-phenylethanol (24.2 uL, 10 mM), vinyl ace-
tate (185.2 pL, 100 mM) and CalB (non-immobilized or immobilized
in hydrogel) were added to solvent (20 mL) in a glass vial. The reac-
tion mixture was shaken at a fixed temperature in a Thermomixer at
500 rpm. Samples of 400 pL were taken at intervals and analyzed by
gas chromatography.

Gas Chromatography Conditions

The analytical investigations were performed by gas chromatography
using a cyclodextrin column CP-ChiraSil-Dex CB (25 m x 0.25 mm
0.25 pm). Both temperature and solvent screening tests were ana-
lyzed under isothermic conditions of 120 °C for 10 min. Experiments
performed in dodecane were treated differently: the initial tempera-
ture was 60 °C, which was followed by a heating rate of 25 °C-min-' to
135 °Cand 2 °C-min~"' to 160 °C. The final temperature was held for 1
min. Conversions and enantiomeric excesses were calculated by inte-
grating the respective peak areas.

Determination of Enzyme Leaching

The leaching behavior was investigated first by determining the con-
version and then by gel electrophoresis. Reactions were performed in
dodecane at 25 °C, 40 °C, and 55 °C over a period of 5 h. Samples of
700 uL were taken at 0 min, 15 min, 30 min, 1 h, 3 h and 5 h. After
centrifuging, 300 pL was taken from the supernatant and analyzed by
GC; whereas the remaining volume was mixed at 40 °C for 2 more
hours, after which samples were taken and analyzed. If there was any
enzyme in the mixture, an increase in conversion should be seen after
2 more hours. Gel electrophoresis (SDS-PAGE) as a reliable method for
protein detection was chosen to confirm the previous results. Two
different approaches were adopted. In both cases 200 pL of CalB raw
extract immobilized in hydrogel was applied. Firstly, the kinetic reso-
lution was performed as usual at 40 °C, using dodecane as a solvent.
Samples of 400 pL were taken at 1 h, 3 h, and 5 h without centrifug-
ing. For gel electrophoresis, the dodecane was evaporated and the res-
idue was redissolved in phosphate buffer (200 uL, pH 7.5, 100 mM).
Secondly, the hydrogel was shaken in phosphate buffer (20 mlL,
pH 7.5, 100 mM) for 1 h at 25 °C. After 0 min, 10 min, 30 min, and 60
min, samples of 400 uL were taken without subsequent centrifuga-
tion. In addition, an enzyme dilution was prepared (CalB raw ex-
tract/water = 1:2).
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Determination of Water Activity

The water activity measurements were carried out according to the
reported procedure.® 15 mL of each sample (enzyme solutions, reac-
tion solutions and organic solvents) was prepared and determined.
The humidity sensor was a Greisinger TFS 0100E, connected to a
Greisinger GMH 3330 hygrometer. Water activity is simply calculated
as the ratio of measured vapor pressure to the saturation value of
pure water at the same temperature.
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