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Abstract. Silica gel/alginate/poly(aspartic acid) composite beads were prepared for immobilization of lipase B enzyme from
Candida antarctica (CaLB). CalLB was first adsorbed on functionalized mesoporous silica gel particles, which were then
entrapped in the interpenetrating network of thiolated poly(aspartic acid) and alginate, cross-linked by zinc ions. Finally,
the beads were chemically stabilized by poly(ethylene glycol) diglycidyl ether, a bisepoxide cross-linker. In this manner,
spherical biocatalysts with a diameter of 3—4 mm were prepared and their biocatalytic performance was tested by kinetic
resolution of racemic 1-phenylethanol. The activity of CaLLB in the beads was comparable to that of CaLB physically ad-
sorbed on silica gel particles. The composite beads were easy to recover after use and no loss of biocatalytic activity was
observed even after five test reaction cycles. Furthermore, the CaLB in the composite beads showed sufficient thermal sta-
bility up to 90 °C, contrary to CalLB adsorbed only on silica gel particles.
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1. Introduction

The use of biocatalysis makes chemical reactions se-
lective and environmentally friendly, but its industrial
application is often hampered by the lack of long-
term operational stability and difficult recovery and
re-use of the enzymes. These drawbacks can be over-
come by immobilizing of the enzymes. Conventional
immobilization methods can be classified into three
main groups, cross-linking, binding to a support (car-
rier) and entrapment (encapsulation) [1]. Cross-linked
enzyme aggregates (CLEAs) or crystals (CLECs)
are usually prepared in the absence of any carrier by
a multifunctional cross-linker such as glutaraldehyde.
Their advantages are improved specific and volu-
metric activity, but their use is limited by their poor
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mechanical properties [2, 3]. The enzyme can be im-
mobilized on the surface of a pre-fabricated solid sup-
port by physical or even chemical adsorption [4—6].
Typical supports for the enzyme immobilization in-
clude synthetic resins (e.g. porous polymer resins [7],
such as the commercially available Novozym 435),
biopolymers (e.g. chitosan [8, 9]) or inorganic solids
(e.g. zeolite [10] or silica gel [11]). In the third ap-
proach the enzyme is entrapped within the organic or
inorganic matrix, which requires the synthesis of the
support in the presence of the enzyme [12]. To entrap
enzymes usually either silica gel or polymers (most
frequently poly(vinyl alcohol), PVA) [13-22] are used.
Enzymes, such as lipase from Candida rugosa[15, 16],
Pseudomonas aeruginosa [17], or amyloglucosidase
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from Aspergillus niger [14] have been entrapped in
PVA matrices of different forms, including beads [13,
15, 17-19], microfibers [16, 20, 21] or films [14].
PVA beads are often synthesized with the aid of sodi-
um alginate, while microfibers have been prepared
via electrospinning. Although these PVA based beads
possessed good mechanical strength and biocatalytic
activity, PVA lacks functional groups that could be
used for covalent entrapment of the enzymes in the
polymer matrix. Physical entrapment of enzymes
often results in leakage and activity loss because the
size of the enzyme molecules is comparable to the
pores of the support. Leakage can be avoided by in-
creasing the molecular weight of the enzyme via
cross-linking, although this usually decreases the en-
zymatic activity [23]. In composite immobilization
protocols, amino-functionalized inorganic supports
proved to be especially useful to form covalent
bonds between enzymes (e.g. lipase from Candida
rugosa) and the support [24, 25]. Formation of cova-
lent bonds between the reactive functional groups of
the support and the enzyme molecules could prove
to be a better solution. To answer these challenges,
a combination of different methods is needed.

Here, a combined method is proposed using surface-
grafted silica gel as solid support followed by en-
trapment in a polymer matrix and fixing by bisepox-
ide cross-linking for efficient immobilization of Can-
dida antarctica lipase B (CalLB). CalLB was selected
due to its extensive utilization in organic syntheses
as a biocatalyst, and also because CaLB is industri-
ally relevant. Mesoporous silica gel particles were
chosen for the physical adsorption of the enzyme
molecules because a large surface area must be avail-
able for the bioactive molecules to achieve a high re-
action rate. To ensure easy recovery and re-use, the
particles should be embedded in larger beads, there-
by facilitating the separation from the reaction mix-
ture. Alginate (Alg) was used to form beads of reg-
ular shape. Finally, thiolated poly(aspartic acid) (PASP-
SH) provided reactive groups for subsequent chem-
ical stabilization. Poly(aspartic acid) (PASP) deriv-
atives are advantageous in that they simply combine
the benefits of synthetic polymers (e.g. well-defined
molecular weight and structure [26, 27]) and natural
polymers (e.g. biocompatibility [28], biodegradabil-
ity [29]). PASP derivatives can be synthesized from
its precursor polymer, polysuccinimide, by using
simple pathways [26, 30-33]. PASP-SH was chosen
for the composite support because the concentration
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of reactive groups in the polymer matrix can be varied
easily, while the activity of CaLLB is expected to re-
main high, as conformational changes of the enzyme
molecules are not limited due to the flexible structure
of PASP. In addition, the presence of thiol groups en-
ables us to establish covalent bonds with bisepoxide
cross-linker molecules under mild reaction conditions,
particularly at mild pH values, which is important for
preserving the activity of entrapped enzyme mole-
cules. Details of the synthesis and characterization of
the chemical structure of the PASP-SH are described
in our previous papers [31, 34].

Accordingly, the conventional enzyme immobiliza-
tion techniques were combined consecutively (Fig-
ure 1). First, CalLB was adsorbed on the mesoporous
silica gel support (gSG) that had previously been
modified with aminopropyl and phenyl groups [35].
The silica gel particles with immobilized CalLB
(CalLB/gSG) were then dispersed in the aqueous so-
lution of PASP-SH and sodium alginate (Alg). Spher-
ical beads (CalLB/gSG/Alg/PASP-SH) were formed
with a diameter of a few mm by physical cross-link-
ing of alginate with zinc ions. Finally, covalent bonds
were established between the thiol groups of PASP-
SH, the amine groups on the silica gel particles and/or
the accessible nucleophilic groups (amine, thiol and
hydroxyl groups) of CalLB using a bisepoxide cross-
linker molecule to avoid leakage of the enzyme. The
biocatalytic performance including biocatalytic ac-
tivity, reusability and thermostability were investi-
gated as a function of the CaLB/gSG content of the
Cal.B/gSG/Alg/PASP-SH composite beads and the
thiol content of PASP-SH. Kinetic resolution of
racemic 1-phenylethanol was selected as a simple
and robust model reaction to evaluate the biocatalyt-
ic performance of the biocatalysts in a stereoselec-
tive transesterification using an organic solvent.

2. Experimental

2.1. Chemicals and reagents

L-Aspartic acid (99%), cysteamine (98%) and dithio-
threitol (DTT, 99%) were purchased from Reanal
(Hungary). Phosphoric acid (99%) and dimethylfor-
mamide (DMF) were bought from Lach-Ner (Czech
Republic). Poly(ethylene glycol) diglycidyl ether
(PEGDE, M, = 500 g-mol™), tris(hydroxymethyl)
aminomethane (TRIS), racemic 1-phenylethanol
(rac-1), vinyl acetate, ZnCl, and sodium alginate
(Alg) from brown algae were purchased from Sigma-
Aldrich (Hungary). Imidazole was bought from
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Figure 1. Immobilization of CaLB in cross-linked Cal.B/gSG/Alg/PASP-SH composite beads: a) adsorption, b) bead formation
and c) chemical stabilization. In the control samples the composite beads were not cross-linked with poly(ethylene
glycol) diglycidyl ether (PEGDE), i.e., step ‘c’ was omitted.
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Acros Organics (Belgium). Aminopropyl/phenyl-
grafted (molar ratio: 1:3) mesoporous silica gel (ir-
regular shape) was obtained from SynBiocat Ltd
(Hungary). Candida antarctica lipase B (CalLB) as
freeze dried powder was bought from c-LEcta GmbH
(Germany). Organic solvents such as n-hexane, ¢-butyl
methyl ether (MTBE) and 2-propanol were obtained
from Merck (Hungary).

The imidazole buffer (pH = 8.0; /= 0.15 M) was
prepared by dissolving 6.81 g imidazole and 10.39 g
KClin 1 dm? of water, and the pH was adjusted with
1 M HCI. The phosphate buffered saline (PBS) solu-
tion of pH = 7.4 was prepared by dissolving 8.00 g
of NaCl, 0.20 g of KCl, 1.44 g of Na,HPO4:2H,0
and 0.12 g of KH,PO, in 1 dm? of water, the pH
being adjusted with 0.1 M HCI. The pH of the buffer
solutions was checked with a Radelkis OP-271/1
pH/ion analyser. All reagents were used without fur-
ther purification and their quality was ‘for analysis’
unless otherwise indicated. Ultrapure water (p >
18.2 MQ-cm, Millipore, USA) was used for the
preparation of the aqueous solutions.

2.2. Synthesis of thiolated poly(aspartic acid)
Polysuccinimide (PSI), as the precursor polymer of
thiolated poly(aspartic acid) (PASP-SH), was pre-
pared by thermal polycondensation of L-aspartic acid,
as reported earlier [36]. Briefly, 20.0 g of L-aspartic
acid and 20.0 g of phosphoric acid was mixed in a
1 dm’ boiling flask. The mixture was then heated in
a rotary evaporator using silicone oil heating bath at
200 °C and rotated at 180 rpm for 7 h at 10 mbar. The
resultant PSI was dissolved in 250 cm? of DMF, then
precipitated and washed with a large amount of
water, then finally dried for 2 days at 40 °C. The yield
of PSI was 95%. The chemical structure of PSI was
confirmed by 'H NMR (300 MHz, DMSO-ds, §:
5.12 ppm (1H, CO-CH-CH,—CO); 3.22 ppm and
2.74 ppm (2H, CO—CH—CH,—CQ)). The molecular
weight of the resulting PSI was 31.5 kDa measured
by a rolling ball viscometer (Anton Paar Lovis 2000
ME, solvent: 0.1 M LiCl in DMF, Mark-Houwink
constants [37]: a = 0.76; K = 1.32-1072).

To prepare PASP-SH [34], PSI was reacted with cys-
teamine (0.1, 0.3 or 0.5 molar equivalents to the suc-
cinimide repeating units) in DMF under nitrogen at-
mosphere (ambient temperature, 72 h). The reaction
mixture was poured into ten-fold volume of buffer so-
lution (imidazole, pH = 8.0, /=0.15 M) and stirred for
3 days. Owing to the slightly alkaline environment,
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Table 1. Theoretical (Xsy) and calculated (Xspnmr) thiol
content of PASP-SH.

Polymer [m)f)sll:A)] ﬁi’éﬁ%]‘
PASP-SH,, 10 6.6
PASP-SH3, 30 255
PASP-SHs, 50 39.4

hydrolysis of the residual succinimide rings yielded
PASP-SH. The PASP-SH was purified with dialysis
against water (cut off: ~13000 Da, pH was around 5.5)
until the specific conductivity of water decreased
below 10 uS-cm™!, the solid PASP-SH was obtained
by freeze drying. The resulting dry polymer was kept
under argon and stored at 4 °C. The chemical struc-
ture was confirmed by 'H NMR (300 MHz, DO, §:
4.58 ppm (1H, CO-CH-CH,—CO), 3.36 ppm (2H,
NH-CH,-CH,-SH), 2.81 ppm (2H,
CO-CH-CH,—CO), 2.64 ppm (2H,
NH-CH,—CH>-SH). The thiol contents was also de-
termined by NMR spectroscopy [31, 34] and are
shown in Table 1.

2.3. Immobilization of CalLB

First, CaLLB (4.0 g of freeze dried powder) was ad-
sorbed from its solution in TRIS buffer (500 cm?,
100 mM, pH = 7.5) on silica gel grafted with amino-
propyl and phenyl functions (gSG, 20.0 g) according
to our previous method [30], thus producing Cal.B
adsorbed on gSG (CalLB/gSG). Then, an aqueous sus-
pension was prepared from PASP-SH, sodium algi-
nate (30 and 5 wt%, respectively) and CalLB/gSG
particles by strong mixing by magnetic stirrer (at
750 rpm for 30 min at ambient temperature). After-
wards, the suspension (3.0 g) was added dropwise into
the aqueous solution of ZnCl, (200 cm?, 24.5 g-dm™)
by a syringe pump (flow rate 5 cm3-h™"). The spher-
ical beads formed were magnetically stirred (30 min,
at 250 rpm), then washed twice with water (20 cm?).
The silica gel content of the composite beads varied
between 36 and 85 wt%, while the thiol content of
PASP-SH ranged between 10 and 50%.

Finally, the formed composite beads were shaken in
an aqueous solution of PEGDE (200 cm?, 20 g-dm™
at pH = 9.0 adjusted with 1 M NaOH, at ambient
temperature) for 24 h, then washed twice with water
(50 cm?) and once with isopropyl alcohol (20 cm?).
The resulting composite beads were dried in vacuum
(< 1 mbar) at room temperature overnight and stored
at 4 °C until further use. Composite beads not cross-
linked with PEGDE were the control samples.
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Compositions of the synthesized biocatalysts are
designated by the abbreviation as CaLB/gSGx/Alg/
PASP-SHy in the later sections of this study. Candi-
da antarctica lipase B was adsorbed on grafted silica
gel (CalLB/gSG), that was entrapped in the interpen-
etrating network of thiolated poly(aspartic acid)
(PASP-SH) and alginate cross-linked by zinc ions
(Alg). Finally, covalent bonds were established with
PEGDE. The mass fraction of CaLLB/gSG (35, 53 or
70%) is designated by X in the dried CaLB/gSGyx/
Alg/PASP-SHy beads, where Y is the thiol content
of PASP-SH i.e., the feed ratio of the cysteamine to
the repeating units of PSI (10, 30 or 50%).

2.4. Degree of swelling

The degree of swelling (Qv) is defined as the volume
ratio of the swollen (V) to the dried composite beads
(V4). Vacuum dried (4 h, 25 °C, <1 mbar) composite
beads were immersed in the mixture of hexane/
MTBE (2/1 V/V). After given times the diameter of
the composite beads was measured with a calliper.
Qv was calculated using Equation (1):

v &

S

szvd:d_é (D

The diameters of the swollen (ds) and the dried (dj)
beads were the average of three measurements. The
degree of swelling was calculated by using at least
three beads.

2.5. Morphological characterization (SEM

and low temperature nitrogen adsorption)
The beads were analysed by JEOL JSM-5500LV
(Japan) scanning electron microscope (SEM) in high
vacuum at accelerating voltage of 20 kV. For better
imaging the samples were coated with gold.
Nitrogen adsorption/desorption isotherms were meas-
ured at —196 °C with a Nova2000e (Quantachrome,
USA) computer controlled apparatus. The apparent
surface area Sggr was calculated using the Brunauer—
Emmett—Teller (BET) model. The total pore volume
Vot Was derived from the amount of vapour adsorbed
at relative pressure p/pp — 1, assuming that the
pores are filled with liquid adsorbate. The pore size
distribution was derived by the BJH model. Trans-
formation of all the primary adsorption data was per-
formed by the Quantachrome software ASiQwin
version 3.0.

2.6. Kinetic resolution of racemic
1-phenylethanol

The biocatalytic activity of the biocatalysts (CalLB/
2SG or CalLB/gSG/Alg/PASP-SH beads) was stud-
ied in kinetic resolution of racemic 1-phenylethanol
(rac-1). In a typical test, ~10 mg (the mass of one
bead) were added to a sealed vial (4 cm?) containing
hexane/MTBE (1 cm?, 2/1 V/V), vinyl acetate (90 pl)
and rac-1 (45 pl) and the resulting mixture was
shaken at 40 °C. Samples (50 pl, diluted with 1 cm?
ethanol) from the reaction mixture were taken after
2 h and analysed by gas chromatography (GC).

The reaction mixtures were analysed on an Agilent
4890 GC (USA) instrument equipped with flame
ionization detector (FID). A Hydrodex f-6TBDM
column [25 mx0.25 mm, with a heptakis-(2,3-di-O-
methyl-6-O-t-butyl-dimethylsilyl)-p-cyclodextrin
containing film of thickness 0.25 pm] was used for
the separation at 120 °C. The injector and the FID
were used at 250°C, with H, as carrier gas (head
pressure 12 psi, split ratio 1:50). The area of the
peaks (A4) at the retention times — (S)-1-phenylethyl
acetate, (5)-2: 3.9 min; (R)-1-phenylethyl acetate,
(R)-2: 4.3 min; (R)-1-phenylethanol, (R)-1: 5.5 min;
(S)-1-phenylethanol, (S)-1: 5.8 min — were deter-
mined. The enantiomeric excess of the product
(ee(r)-2) was calculated using Equation (2) [38]:

e — AR)-2 ~As)-2 )
®=27 Agy-2 H As)-2

The conversion of racemic substrate (c) was calcu-
lated using Equation (3) [35], where f'is molar re-
sponse factor (1.23):

Aw-2tAs)-2

S
Ar-2TAs)-2
7 TAR)-1 T Ag)-1

C:

)

The specific activity (Ug [umol-min~!-g~']) and ac-
tivity (U [umol-min~!]) of the biocatalyst were cal-
culated from Equation (4) and (5), respectively [35]:

I’lr -—1 - C
U = nrac;l c (5)

where 7,41 [umol] is the amount of racemic
1-phenylethanol, # [min] is the reaction time and mp
[g] is the total mass of the biocatalyst.
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2.7. Stability of the biocatalysts

The reusability of the biocatalysts was investigated
in consecutive tests of biocatalytic activity as de-
scribed in Section 2.6. After each cycle (one cycle
lasted 20 h, samples being taken after 6 h), the bio-
catalyst was removed from the reaction mixture by
centrifugation (2200 g, 15 min, 8 °C, CaLB/gSG) or
by decantation (CaLB/gSG/Alg/PASP-SH beads),
the supernatant was decanted and the residual biocat-
alyst was washed twice with hexane and dried for 4 h
under vacuum (25 °C, <1 mbar). Afterwards, the bio-
catalyst was added to fresh reaction medium and the
reaction was repeated under the same conditions.
The activity of the biocatalysts was determined after
each run.

To test the stability of the biocatalysts at different
pretreatment temperatures, the samples (~10 mg)
were placed in 1 cm? of toluene and kept in an oil
bath at constant temperature for 16 h (at 50, 60, 70,
80 or 90°C). Afterwards, the specific activity of the
biocatalysts was measured according to Section 2.6.

3. Results and discussion

Our goal was to immobilize Candida antarctica li-
pase B (CaLLB) enzyme in a solid composite matrix
in order to obtain good catalytic activity, reusability
and thermal stability. A combination of different im-
mobilization methods was used. CalLB was first phys-
ically adsorbed on the aminopropyl and phenyl graft-
ed mesoporous silica gel support of high surface area
(280 m?-g™"). Functionalised mesoporous silica gel
particles were able to adsorb enzymes and our pre-
vious study indicated that the presence of phenyl and
aminopropyl groups provided strong interactions
with the functional groups of CaLLB [30]. Silica gel
particles visualized with SEM were found to have
irregular shapes with particle sizes of around 40—
60 um. The enzyme decoration slightly reduced the
surface area (250 m?-g™"). The desorption branch of
the isotherm was used to calculate the pore size dis-
tribution, as the isotherm had a H1 type hysteresis
loop [39]. The pore size distribution showed a single
narrow peak with a maximum at 17 nm.

Next, CalLB/gSG particles were dispersed in the
aqueous solution of thiolated PASP and sodium algi-
nate. Sodium alginate was applied to obtain beads of
regular shape and controlled size, whereas the thio-
lated PASP had a key role in the physical entrapment
and chemical immobilization of the CaL.B/gSG par-
ticles. The precursor suspension was added dropwise

into ZnCl, solution. Due to replacement of the
monovalent Na* of alginate by divalent Zn>" ions,
an interpenetrating network was formed almost in-
stantaneously. Based on pre-experiments, which fo-
cused on the shape and the mechanical integrity of
the beads, the mass ratio of sodium alginate to PASP-
SH [wt%] in the composite beads was chosen to be
1:6 to yield uniform spherical beads in ZnCl, solu-
tion. Chemical links were formed by the addition of
bifunctional PEGDE. The epoxy groups of the cross-
linker can react easily with the thiol groups of PASP-
SH, the amine groups of the silica gel particles and
the functional groups of CalLB (-NH,, —SH, —OH),
which ensures stability for the biocatalyst through
chemical interactions.

The properties of composite beads were investigated
as a function of CalLB/gSG content (the mass frac-
tion of CalLB/gSG in the dried CalLB/gSG/Alg/
PASP-SH beads varied between 36 and 85 wt%) and
the thiol content of PASP-SH (10, 30 and 50 mol%).
The beads, regardless of the composition, were uni-
formly shaped spherical beads of diameter around
3—4 mm (Figure 2).

Control samples were prepared without PEGDE to
demonstrate the role of chemical immobilization. The
control samples were expected to dissolve in the pres-
ence of excess Na' ions, due to re-formation of water-
soluble sodium alginate polymer chains as a result
of disruption of physical cross-links of alginate by
Zn>" ions. Both the control samples and the compos-
ite beads with chemical linkages were shaken for one
day in PBS, and, as expected, the control samples dis-
integrated, while the beads with chemical linkages

................

Figure 2. Cal.B/gSGs3/Alg/PASP-SHs, composite beads.
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kept their original size and shape. The experiment
proved that chemical cross-linking is a key step in
the formation and stabilization of the CalLB/gSG/
Alg/PASP-SH beads.

The swelling properties of the biocatalyst are impor-
tant if they are used as filling materials, e.g. for
columns in flow reactors. Swelling of the biocatalyst
used in a flow reactor can hinder the continuous
stream of the eluent by narrowing the microchannels
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- &
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0 5 20 25
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Figure 3. Degree of swelling of the CalLB/gSGs3/Alg/PASP-
SHy composite beads as a function of time in the
mixture of hexane and MTBE in the volume ratio
2:1 (CalLB/gSGs3/Alg/PASP-SH: squares (0),
CalL.B/gSGs3/Alg/PASP-SHjy: circles (o),
CalLB/gSGs3/Alg/PASP-SHsg: triangles (A)).

ST ’ (=

d)

or even plugging the column. The degree of swelling
of the CalB/gSGs3/Alg/PASP-SHy cross-linked
composite beads was studied in the mixture of hexane
and MTBE in the volume ratio 2:1 (this mixture was
used in the evaluation of biocatalytic performance).
The degree of swelling was almost constant over the
whole experiment and was approximately 1.0. Thus
we can conclude that CalLB/gSGs3/Alg/PASP-SHy
composite beads do not swell in the chosen solvent
mixture (Figure 3) and they can be conveniently
stored in their dried state prior to use. The small de-
viation of diameter values proves the spherical shape
of the beads. Composite beads preserved their me-
chanical integrity throughout the experiment.

SEM images were taken of the surface (Figure 4a—
4c) and the cross-section (Figure 4d—4f) of the com-
posite beads at different magnifications. Since silica
gel particles can be clearly seen on the cross-section-
al images, we may conclude that silica gel particles
with 40-60 pm are successfully embedded into the
polymer matrix of the composite beads. Further-
more, free volume among the silica gel particles can
be observed (Figure 4f). This structure facilitates dif-
fusion of the substrate to the enzyme molecules.
Cal.B/gSG/Alg/PASP-SH composite beads were
studied as enantiomer-selective biocatalysts in the
enzymatic resolution of racemic 1-phenylethanol
(rac-1) by vinyl acetate in hexane/MTBE (Figure 5).

X450 Soum [

43 50 sSEl

Figure 4. Morphology of the CaLB/gSGs3/Alg/PASP-SH5 bead, (a—c) the surface and (d—f) the cross-section of the bead at

different magnifications.
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Figure 5. CaLB catalysed kinetic resolution of racemic
1-phenylethanol (rac-1) to (R)-1-phenylethyl ac-
etate [(R)-2] and (S)-1-phenylethanol [(S)-1].

Catalytic properties, such as enantiomeric excess (ee),
conversion (¢) and biocatalytic activity (activity, U or
specific activity, Ug) of the prepared biocatalysts were
compared to determine the effect of thiol content of
PASP-SH and CaLB/gSG content of the beads on
catalytic performance.

Specific activity (Ug) of CaLB/gSG/Alg/PASP-SH
composite beads is shown in Figure 6. The specific
activity of composite beads without chemical cross-
linking (control samples, hatched columns) is signif-
icantly lower than those of cross-linked composite
beads (plain columns). The most likely reason for this
phenomenon could be that the CaLB/gSG particles
were washed out from the polymer matrix due to ab-
sence of covalent bonds. The huge difference in the
activities of the control samples and the cross-linked
composite beads confirms the necessity of chemical
cross-links in the CalLB/gSG/Alg/PASP-SH com-
posite beads. The specific activity of the composite
beads increased largely with increasing CaLB/gSG
content, due to increasing enzyme content. The thiol
content of PASP-SH, however, seems to have a less
significant effect on the catalytic performance. In
some cases, the specific activity of the composite
beads approached, or even surpassed, the specific ac-
tivity of the non-entrapped CalLB/gSG particles
(crossed column), despite the fact that the enzyme
content was lower in the beads and the polymer ma-
trix partially hindered the substrate diffusion. This sug-
gests the importance of chemical interactions with
the polymer matrix, which may help to keep the ac-
tive tertiary structure of the enzyme. Enantiomeric
excess (eer)-2) of the product was >99% in all ex-
periments. A conversion between 10% (lowest CalLLB/
2SG content) and 25% (highest CaLB/gSG content)
was achieved at the reaction time of two hours.

The reusability of biocatalysts is a key parameter in
both environmental and economic aspects. The com-
posite beads were tested in five consecutive cycles
to follow the change in their catalytic performance.
Although the cross-linked CalLB/gSG/Alg/PASP-SH
composite beads with higher CalLB/gSG content
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beads cross-linked with PEGDE (plain columns)
or without cross-linking (hatched columns) in the
kinetic resolution of racemic 1-phenylethanol

(rac-1) at different compositions:
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b) CaLB/gSGx/Alg/PASP-SH3;
¢) CaLB/gSGx/Alg/PASP-SHs.
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showed larger biocatalytic activity, the composite
beads with 70 wt% or more CalLB/gSG content dis-
integrated during the second cycle in the reusability
test. The composite beads with CaLB/gSG content of
36 and 53 wt% were mechanically stable, and the
reusability tests were carried out with the samples
showing better activity (CaLB/gSG content of
53 wt%). In the context of reusability the most im-
portant property is the activity (U) of the biocatalyst,
which depends on the mass of the biocatalyst recov-
ered after the cycles. Activities of the CalLB/gSGs3/
Alg/PASP-SHy composite beads after the different
cycles are shown in Figure 7a. While activity of the
composite beads remains almost the same even after
five cycles, silica gel particles exhibit a significant
decrease in their activity. The relatively low activity
of CalLB/gSGs3/Alg/PASP-SH in the first cycle
can be explained by the residual water left in the
beads after drying. In organic media the residual
water can reduce the activity of the lipase [40]. Due
to poor recoverability, the decreasing activity of
CaLB/gSG is caused primarily by the significant
mass loss (Figure 7b). By contrast, the composite
beads of diameter around 3—4 mm could be recov-
ered completely due to their easy-to-handle form and
only negligible mass loss was observed.

The stability at different pretreatment temperatures
of the CaL.B/gSGs3/Alg/PASP-SHy composite beads
with different thiol content of PASP-SH (10, 30 and
50%) and that of CaLLB/gSG were tested. The specif-
ic activity (Ug) was calculated to show the potential

400
i
:::
300 :E:
A 7 7 I
2 7iMe 70y "R TH 7
£ <1 7o) 7Rl I 7
= 7u V. W
: 7 72l 7iml 7I Y
: VbV
<ol B BV
7<0 7l 7:m 7l g
S VY
LY
b b
1 2 3 4 g
a) Cycles

activity loss due to denaturation of the enzyme upon
heating. The biocatalysts were kept in toluene at a
certain temperature (40-90°C) for 16 h and then
their specific activity was determined and compared
to the value of Ug after storage at 40 °C (relative spe-
cific activity, Up/Ug, 40°c). As seen on Figure 8 the
composite beads suffered only slight loss in activity
upon heating in contrast to the CaLLB/gSG biocata-
lyst. The polymer network may better preserve the ac-
tive structure of the enzyme through the first order in-
teractions.
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Figure 7. a) Activity (U) and b) relative mass of the cross-linked composite beads with different thiol content of PASP-SH
and the CalLB/gSG particles in consecutive cycles of reactions (CaLB/gSGs3/Alg/PASP-SH|: plain columns,
CalLB/gSGs3/Alg/PASP-SH3: black columns, Cal.B/gSGs3/Alg/PASP-SHs: hatched columns and CalLB/gSG

particles: crossed columns).
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4. Conclusions

A method was developed for the immobilization of
Candida antarctica lipase B (CalLB) by the entrap-
ment of CalB loaded silica gel particles in a poly-
mer matrix. CaLB was first adsorbed into amino-
propyl/phenyl grafted mesoporous silica gel (gSG)
followed by the entrapment of the enzyme-loaded
particles in the interpenetrating network of thiolated
poly(aspartic acid) (PASP-SH) and sodium alginate
cross-linked by Zn?* ions to obtain spherical beads.
Finally, the enzyme and the particles were stabilized
by covalent cross-linking with a bisepoxide cross-
linker, poly(ethylene glycol) diglycidyl ether, which
established chemical bonds between the thiol groups
of PASP-SH, the amine groups on the silica gel par-
ticles and the functional groups of the CaLB. The
biocatalysts developed were tested in the kinetic res-
olution of racemic 1-phenylethanol. Despite of the
diffusion path length and the covalent immobiliza-
tion the biocatalytic activity of the enzyme in the
Cal.B/gSG/Alg/PASP-SH beads did not decrease
and approached that of the non-entrapped CalLB/gSG.
Furthermore, the CalLB/gSG/Alg/PASP-SH beads
(34 mm) were easy to recover from the reaction
mixture, in contrast to the CalLB/gSG particles (40—
60 um). The CalLB/gSG/Alg/PASP-SH composite
beads, contrary to the CalLB/gSG particles, did not
suffer considerable activity loss even after five cycles
of test reaction. In addition, the biocatalytic activity
of the CalLB/gSG/Alg/PASP-SH composite beads
was stable up to 90 °C. These results indicate the po-
tential application of this formulation of CaLB as a
biocatalyst on laboratory or even on an industrial
scale. The applied immobilization process deserves
further investigations for possible utilization in con-
tinuous processes and in scaling-up and for the gen-
eral applicability with other enzymes.
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