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Abstract

Hollow silica microspheres with promising physical properties (MAT540™) as support for enzyme immobilization and biocatalyst were
investigated in this study. The amine-functionalized MAT540™ was activated by six bisepoxides inclosing different spacers and used as
epoxy-functionalized carrier for immobilization of lipase B from Candida antarctica (CaLB). The novel, covalently fixed CalLB biocatalysts
were compared in kinetic resolution (KR) of racemic 1-phenyethanol rac-1 and five racemic amines rac-3a-e using shaken flasks and
continuous-flow packed-bed microreactors. Mechanic stability, re-usability and the effect of temperature (0-90 °C) on productivity
and enantiomer selectivity of the covalently immobilized CalLB were investigated. The best performing CalLB biocatalyst showed good
mechanic stability after 24 h operation time in continuous-flow mode at 60 °C and provided in KRs of racemic 1-phenyethanol rac-1 with

vinyl acetate and of five racemic amines with isopropyl 2-ethoxyacetate as acylating agent the non-reacted (S)-alcohol [(S)-1] or (S)-amines

[(S)-3a-e] and the forming (R)-ester [(R)-2] or (R)-amide [(R)-4a-e] in good yields with high enantiomeric excess (ee > 99 %, for all).
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1 Introduction

Chirality is a key property of organic fine chemicals in the
field of agrochemical [1], pharmaceutical [2, 3] and food
industries [4, 5]. Consequently, there is an ever increas-
ing demand for optically pure final products especially by
active pharmaceutical ingredients [6-8] where particularly
hydroxyl [9, 10] and amine [11] functions or their deriva-
tives [12] are bound to the center of asymmetry. Asymmetric
techniques, such as aldol reaction [13], epoxide opening [14],
ketone reduction [15] or kinetic resolution of racemic mix-
tures [16] are well known methods to produce pure enantio-
mers of alcohols. On the other hand, synthesis of enantiopure
amines can rely on asymmetric synthesis catalyzed by chi-
ral metal-ligand complexes [17], differential crystallization

of their diastercomeric salts with chiral ligands [18, 19]
and diverse resolution methods [20]. It is important to note
that most of asymmetric chemical catalysts have their bio-
pair in form of enzymes and applied as biocatalyst such as
oxidoreductases [21, 22], transferases [23], hydrolases [24]
or lyases [25]. In this context, lipases (triacylglycerol ester
hydrolases, EC 3.1.1.3) [26] have gained popularity in lab-
oratory and industrial scale as well since they can perform
kinetic resolution [27] both of alcohols and amines in aque-
ous [28] or in organic medium [29] and do not require any
cofactors during the catalytic process.

Selectivity, specificity, catalytic activity and stability
are key factors that substantially affect the application of
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enzymes as industrial biocatalysts [30, 31]. With the aim
to improve these properties and focusing on the recov-
ery of enzymes, different immobilization techniques
were evolved [32-38]. It is crucial to keep the immobi-
lized enzyme in active and stable for many reaction
cycles [39-41]. For immobilization of lipases, fixing on
solid supports [42, 43] is the most known method enabling
heterogeneous catalysis in batch reactions [44] or in con-
tinuously operated packed-bed bioreactors [45-47].
Covalent attachment of enzymes onto solid supports is
based on a stable bound formation, therefore it requires the
activation of enzyme or support (or both) [48, 49]. This kind
of enzyme immobilization requires several steps including
modification and activation of support surface and enzyme
coupling [50]. Covalent bond formation between aldehyde
functions on the support — usually obtained by activation of
aminated surfaces with glutaraldehyde — and amine func-
tions of the enzyme is one of the most commonly used
coupling methods [33, 42], involving Schiff's base forma-
tion between surface exposed nucleophilic amino groups
(mostly terminal amino functions of Lys) and the aldehyde
moieties. This hydrolytically unstable Schiff's base type
bond is often reduced by sodium borohydride treatment to
prevent further enzyme release and to transform the resid-
ual aldehydes on the carrier to less active hydroxyl groups
[51]. Besides aldehydes, epoxy-activated carriers are also
applied to immobilize enzymes under mild conditions (e.g.
pH = 7.0). Besides being epoxy-carriers storable for long
terms, they can provide biocatalysts of improved stabil-
ity after the ring opening reactions due to the non-hydro-
lysable nature of the formed covalent bonds with the pro-
tein (secondary amine, ether, thioether structures may be
formed) [52-61]. In addition, mixed-functionalization of
surfaces by two or more functions involving reactive and
inert moieties allows fine tuning the properties of support
(such as polarity and functional group density) [62-64].
Two methods are widely applied for surface functionaliza-
tion of the carriers, the direct co-condensation synthesis
applying epoxy-containing monomers and the post-syn-
thesis surface grafting methods [65]. Surface grafting is a
process for modification of surface by covalently linking
species with reactive groups. The most conspicuous advan-
tage is the good preservation of carrier before or even after
the surface functionalization [66]. In case of carrier-bound
enzymes, the quality of solid support is another key factor
to create a productive immobilized biocatalyst. In this con-
text, high protein binding-capacity, high surface-to-volume
ratio, insolubility in application medium, high mechanical,

thermal, chemical stability contributing to efficient recov-
erability are crucial factors in support selection. Carriers
can be divided into two groups according to their porosity,
the porous and nonporous carriers and each have their own
limits and benefits [67]. In porous carriers, enzyme could
be fixed mostly within the pores of the system resulting in
high enzyme loading capacity due to the high specific area
of carrier. However, porous systems suffer from consider-
able mass transfer limitations depending on the porosity,
particle diameter and shape (pore size and volume) which
all can influence diffusion rate [68] and the kind of reactors
where the biocatalyst may be utilized [69, 70].

In this study, hollow silica microspheres (M540:
MATSPHERES® series 540; Materium Innovations)
were chosen as promising carrier for immobilization of
lipase B from Candida antarctica (CaLB). M540 micro-
spheres were developed for bio applications such as sup-
port to enhance microorganism's growth, immobilization
of enzymes, and additives for concentration or purifica-
tion of biomolecules. Accordingly, M540 microspheres
have promising properties for enzyme immobilization:
high surface-to-volume ratio (> 100 m?/g), proper parti-
cle size for batch and packed-bed continuous-flow biore-
actor applications (10-30 um), dispersibility in water and
in organic solvents as well and easy functionalisability
owing to the presence of amine groups on the surface.

Herein, we present a detailed study on application of
M3540 silica carriers for covalent immobilization of CalL.B
and biocatalytic application (batch and continuous-flow
modes) of the resulted biocatalysts.

2 Experimental Section

2.1 Materials

Isopropyl 2-ethoxyacetate was synthesized as described
previously [47], all other solvents and chemicals were
purchased from the following companies Sigma Aldrich
(Saint Louis, MO, USA), Alfa Aesar Europe (Karlsruhe,
Germany), Merck (Darmstadt, Germany) and used as
received. Lyophilized Lipase B from Candida antarctica
was purchased from c-LEcta (Leipzig, Germany).

M540 was the product of Materium Innovations
(Granby, Canada). M540-AE, M540-BE, M540-CE,
M540-DE, M540-EE, M540-FE supports were the prod-
ucts of SynBiocat LLC. (Budapest, Hungary). These bise-
poxide-activated derivatives of the M540 hollow silica
microspheres were prepared according to a previously
published method [71]. CV T2-150 dry acrylic beads (150-
300 um particle size) were the product of ChiralVision BV



Table 1 GC data of investigated compounds (oven programs and #,)

KR Oven program Comp. t, (min)
(S)-1¢ 34
(R)-1° 37
rac-1 120 °C isothermal, 8 min
(R)-2¢ 46
(S)-2° 4.8
(S)-3a® 2.8
100-180 °C 8 °C min™', 5 min b
at 180 °C (R)-3a 3.0
rac-3a (R, S)-4a® 10.7
100-180 °C 4 °C min", 5 min (8)-4a* 173
at 180 °C (R)-4a 17.6
(R, S)-3b® 2.5
140-170 °C 1 °C min
(R, S)-4b® 25.4
rac-3b
(S)-4b* 26.2
140-170 °C 1 °C min™
(R)-4b* 26.7
(R)-3¢" 73
5 min at 120 °C, 120-180 °C b
6.°C min”, 10 min at 180 °C (5)-3¢ T4
rac-3¢ (R, S)-4c® 27.4
40 min at 140 °C, 140155 °C (S)-4c* 69.8
0.5 °C min™, 155-180 °C ’
5°C min™, 5 min at 180 °C (R)-4c* 70.2
(R, S)-4d® 71
5 min at 50 °C, 50-200 °C b
rac-3d 10°C min (S)-4d 14.5
(R)-4d" 14.6
5 min at 100 °C, 100-142 °C (R, S)-3e° 1.3
3 °C min”, 142-182 °C
10 °C min! (R, S)-4¢* 176
rac-3e .
100-160 °C 4 °C min™!, (S)-4e* 11.7
160—180 °C 20 °C min™!, )
1 min at 180 °C (R)-de* 11.9

* Measured on Hydrodex -6 TBDM column.
® Measured on Hydrodex B-TBDAc column.

(Leiden, The Netherlands). N435-CaLB (Novozym® 435,
lipase B from C. antarctica, recombinant, expressed in
Aspergillus niger, adsorbed on acrylic resin) was obtained
from Sigma-Aldrich (Saint Louis, MO, USA).

2.2 Analytical instrumentation and methods

TLC was carried out using Kieselgel 60 F254 (Merck)
sheets. Spots were visualized under UV light (Vilber
Lourmat VL-6.LC, 254 nm) or after treatment with 5 %
ethanolic phosphomolybdic acid solution and heating
of the dried plates.

The NMR spectra were recorded in CDCI, on a Bruker
DRX-300 spectrometer operating at 300 MHz for 'H and
75 MHz for '*C, and signals are given in ppm on the & scale.

Optical rotation was measured on Perkin—Elmer 241
polarimeter at the D-line of sodium. The polarimeter was cal-
ibrated with measurements of both enantiomers of menthol.
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The morphology of different immobilized enzyme
preparations was analyzed by a JEOL JSM-5500LV scan-
ning electron microscope (SEM) in high vacuum at accel-
erating voltage 25 kV. For better imaging, samples were
coated with a gold nano-film layer by a vacuum nebulizer.

Elemental analysis was carried out on a VarioEL
15.5.6 instrument in CHN mode measuring two parallel
of each sample.

Samples (20 pL) from kinetic resolution reactions were
diluted with ethanol (1000 pL) and analyzed by two GC
equipped with different columns, an Agilent 5890 GC was
equipped with a Hydrodex B-TBDAc column (Macherey-
Nagel; 25 m % 0.25 mm x 0.25 pm, heptakis-(2,3-di-O-
acetyl-6-O-t-butyl-dimethylsilyl)-B-cyclodextrin) and an
Agilent 4890 GC was equipped with a Hydrodex -6 TBDM
column (Macherey-Nagel; 25 m x 0.25 mm x 0.25 pm, hep-
takis-(2,3-di-O-methyl-6-O-t-butyl-dimethylsilyl)-f-cyc-
lodextrin) [operation conditions for both instruments FID
(250 °C), injector (250 °C), H, (12 psi, split ratio: 1:50].

Conversion (c), enantiomeric excess (ee) and enantio-
meric ratio (£) were determined by GC. Enantiomeric
ratio (F) was calculated from ¢ and enantiomeric excess of

the products (ee ie. €€, , Or ey .0 [72]. To char-

(R)-product
acterize the productivity of the biocatalysts, the specific

reaction rates in batch reactions (r, ) and in continu-

batch
ous-flow systems (r, ) were calculated accordingly [73].

2.3 Characterization of modified silica supports

Elemental analysis for supports (two parallel samples
for each): M540: N: 3.747, C: 12.435 H: 3.516; M540-AE:
N:3.178, C: 16.480 H: 3.910; M540-BE: N: 3.438, C: 16.150
H: 4.039; M540-CE: N: 3.479, C: 17170 H: 4.052;
M540-DE: N: 3.280, C: 15.995 H: 3.966; M540-EE:
N:3.296, C: 17.765 H: 4.151; M540-FE: N: 3.230, C: 18.340
H: 4.321; M540-GA: N: 3.421, C: 17.040 H: 3.819.

2.4 Immobilization of CaLB on different supports
Aldehyde-modification: M540-GA was prepared by react-
ing of M540 silica (1000 mg) in the solution of glutar-
aldehyde (592 mg, 5.93 mmol) and ethanol (16 mL) in
shaken flask (350 rpm) at 60 °C for 24 h. The M540-GA
was filtered off from the reaction mixture, washed with
ethanol (2 x 20 mL) and dried in vacuum (RT, 24 h).
Then M540-GA was afforded as an off-white solid.
Immobilization: To a solution of CalLB (150.0 mg)
in phosphate buffer (37.5 mL, 100 mM, pH = 7.5, ionic
strength controlled with NaCl) was added to the carrier
(CV T2-150, M540, M540-GA, M540-AE, M540-BE,



522 | Olah et al.
Period. Polytech. Chem. Eng., 62(4), pp. 519-532, 2018

M540-CE, M540-DE, M540-EE or M540-FE: 750.0 mg)
and the resulted mixture was shaken at 350 rpm at RT for
24 h. The immobilized CalB biocatalyst was filtered off on
glass filter (G4), washed with phosphate buffer (2 x 20 mL,
100 mM, pH =17.5), distilled water (2 < 40 mL), propan-2-ol
(2 x 20 mL) and dried at RT (2 h) and stored at 4 °C (Fig. 1).

Removal of the non-covalently bound proteins: To a
solution of Triton X-100 (7 mg, 6.5 puL) in phosphate buf-
fer (7 mL, 100 mM, pH = 7.5, ionic strength controlled
with NaCl) was added the immobilized CalLB biocata-
lyst (CV T2-150-Cal.B, M540-CalL.B, M540-GA-CaLB,
M540-A-Cal.B, M540-B-CalB, M540-C-CalLB, M540-
D-CaLB, M540-E-CaLB or M540-F-CaLB: 200.0 mg). The
mixture was shaken for 2 h (350 rpm, RT). The suspension

&
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Fig. 1 Immobilization of CaLLB on epoxy-functionalized spherical
mesoporous silica carriers M540-XE

was centrifuged at 3500 rpm for 5 min at 4 °C (Hermle Z
400K). After the supernatant was decanted, distilled water
(15 mL) was added to precipitated biocatalyst and shaken
for 10 min (350 rpm, RT). This method was repeated until
the supernatant liquid turned foamless (ca. 12 cycles).

2.5 Kinetic resolution of racemic 1 phenyethanol rac-1
in batch mode

Into a screw cap reaction vial were added a mixture (2.0 mL)
of hexane and MTBE (volume ration 2:1), rac-1 (100 pL,
0.393 M), vinyl acetate (2.6 equiv., 200 pL, 1.022 M) and
the immobilized CalB biocatalyst (M540-CalLB, CV
T2-150-CalB, M540-GA-CalLB, M540-A-CalLB, M540-
B-CalLB, M540-C-CaLB, M540-D-CalLB, M540-E-CaLLB
or M540-F-CalB: 25.0 mg). The reaction mixture was
shaken (350 rpm) at 30 °C. The reactions were monitored
by taking samples and analyzed by TLC and GC.

2.6 Kinetic resolution of racemic amines rac-3a-e

in batch mode

Into a screw cap vial were added a solution of rac-3a-e
(.5 mmol) and isopropyl 2-ethoxyacetate (0.6 equiv.:
0.9 mmol, 132 mg, 130 puL) in dry toluene (2.0 mL) and the
M540-F-CalLB (50.0 mg) biocatalyst. The reaction mix-
ture was shaken (350 rpm) at 60 °C and monitored by tak-
ing samples several times (0.5, 1, 1.5, 2, 2.5, 3, 3.5 and 4 h)
and analyzed by TLC and GC.

The batch mode kinetic resolution reactions of racemic
amines rac-3a-e were stopped after 4 h and biocatalyst
was filtered off on glass filter (G4) and washed with tolu-
ene (2 x 5 mL) and ethyl acetate (2 x 5 mL). Hydrochloric
acid (10 mL, 20 %) was added to the combined organic
phase (filtrate and washing solvents) and mixture was
stirred for 20 min at rt. After separating the phases, the
aqueous phase was extracted with CH,Cl, (2 x 10 mL)
and the organic phases were unified and washed with sat-
urated brine (2 x 10 mL) and dried over Na,SO,. The sol-
vents and other volatiles were subsequently removed
in vacuum and (R)-2-ethoxyacetamides (R)-4a-e were
afforded as light yellow liquids.

(R)-2-Ethoxy-N-(I-phenylethyl)acetamide (R)-4a: Yield:
150 mg (48 %); €€ 4a = 99.8 % (GC on Hydrodex B-6
TBDM column) [47].

(R)-2-Ethoxy-N-(4-phenylbutan-2-yl)acetamide
(R)-4b: Yield: 164 mg (47 %); R, (5 % CH,OH / CH,Cl,)
0.86; [a] ,**+18.6 (¢ 1, CH,CL); €€ o = 99.2 % (GC on
Hydrodex -6 TBDM column); d,, (300 MHz, CDCI,):
1.19 3H, d, J = 6.6, CH,); 1.22 (3H, t, J = 7.0, CH,);



1.73-1.82 (2H, m, CH,); 2.64 (2H, t, CH,); 3.54 (2H, q, J,
=70, CH,); 3.88 (2H, s, CH,); 4.03-4.14 (1H, m, CH); 6.37
(1H, s, NH); 7.13-7.28 (SH, m, ArH); d.. (75 MHz, CDCI,)
169.15, 141.71, 128.44, 128.34, 125.93, 69.98, 67.09, 44.54,
3870, 32.54, 21.07, 15.08; n__ (liquid film): 2971, 1646,
1534, 1453, 1113, 749, 698, 518 cm™.

(R)-2-Ethoxy-N-(1, 2, 3, 4-tetrahydronaphtalen-1-yl)
acetamide (R)-4¢: Yield: 167 mg (47 %); R, (5 % CH,OH /
CH,CL,) 0.91; [a] ,** +41.7 (c 1, CH,CL); €€y e = 987 % (GC
on Hydrodex B-TBDM column); d , (300 MHz, CDCIl,): 1.01-
1.33 (3H, m, CH,); 1.72-1.94 (2H, m, CH,); 1.96-2.24 (2H,
m, CH,); 2.68-2.95 (2H, m, CH,); 3.57 (2H, g, /= 7.0, CH,);
4.00 (2H, s, CH,); 5.16-5.36 (1H, m, CH); 6.83 (1H, d, /= 7.4,
NH); 7.04-7.38 (4H, m, ArH); d.. (75 MHz, CDCIl,) 169.29,
137.62, 136.63, 129.21, 128.54, 127.30, 126.31, 70.02, 67.14,
46.88, 30.37, 29.29, 20.24, 15.03; n__ (liquid film): 3412,
3306, 2931, 1664, 1513, 1113, 746, 741, 549 cm"".

(R)-2-Ethoxy-N-(I-methoxypropan-2-yl)acetamide
(R)-4d: Yield: 110 mg (42 %); R, (5 % CH,OH / CH,Cl,)
0.85; [a] ,** + 11.0 (¢ 1, CH,CL,); €€ 49 = 96.5 % (GC on
Hydrodex B-TBDAc column); d,, (300 MHz, CDCL,): 1.19
(I1H, d,J= 6.8, CH,); 1.22 3H, t,J= 7.0, CH,); 3.35 (3H,
s, CH,); 3.36 (2H, d, J = 4.5, CH,); 3.54 (2H, q, J = 7.0,
CH,); 3.89 (2H, s, CH,); 4.07-4.27 (1H, m, J, = 8.7, J, =
6.8, J, = 4.5, CH), 6.55-6.77 (1H, m, NH); d. (75 MHz,
CDCIL,) 169.36, 75.54, 70.01, 67.10, 59.08, 44.21, 17.64,
15.03; n_ (liquid film): 3418, 3305, 2976, 2878, 1663,
1523, 1449, 1106, 569 cm™.

(R)-2-Ethoxy-N-(heptan-2-yl)acetamide (R)-4e: Yield:
139 mg (46 %); ee, ,, = 96.5 % (GC on Hydrodex B-6
TBDM column) [74].

2.7 Recyclability of immobilized CaLLB biocatalysts

Into a screw-capped flask (20 mL) were added the immo-
bilized CalLB biocatalyst (M540-C-CalLB, M540-D-
Cal.B, M540-F-CalLB, CV T2 150-CalLB, N435-CaL.B:
200.0 mg) and a solution of rac-1 (800 pL, 0.393 M),
vinyl acetate (2.6 equiv., 1600 pL, 1.022 M) in a mixture
of hexane and MTBE (2:1 volume ratio final volume 16
mL). The reaction mixture was shaken (350 rpm) at 30 °C
and the reaction was stopped after 30 min, sample was
taken and analyzed by TLC and GC. The biocatalyst was
filtered off on a glass filter (G4), washed with hexane (1 x
20 mL), MTBE (2 x 20 mL) and hexane (1 x 20 mL) and
dried at RT for 30 min. The recovered biocatalyst was
re-used in the next cycle under the same conditions (and
keeping the substrate / biocatalyst weight ratio constant)
in 10 cycles.
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2.8 Immobilized CalLB packed-bed columns
Immobilized CalLB biocatalyst (M540-C-Cal.B, M540-
D-CalB, M540-F-CaLB) was packed into stainless steel
columns (stainless steel, inner diameter: 4 mm; total
length: 70 mm; packed length: 65 mm; inner volume:
0.816 mL) according to the filling process of ThalesNano
Inc. The columns were sealed by silver metal [Sterlitech
Silver Membrane from Sigma Aldrich, 2623237, pore size
0.45 um; pure metallic silver, 99.97 % with no extract-
able or detectable contaminants] and PTFE [Whatman®
Sigma Aldrich, WHA10411311, pore size 0.45 pm] fil-
ter membranes and PTFE sealing. Filling weights of the
immobilized CalB biocatalysts in the packed-bed bio-
reactors were determined by using analytical balance
(M540-C-CalB: 220 £+ 3 mg; M540-D-CaLB: 230 +5 mg;
M540-F-CalB: 240 £ 6 mg).

2.9 Kinetic resolution of alcohol rac-1 and amines
rac-3a-e in continuous flow mode

Kinetic resolutions in the packed-bed bioreactors filled
with the CalB biocatalysts in continuous-flow mode
were performed in a laboratory scale flow reactor which
comprised a HPLC pump (Knauer, Azura 4.1S), packed-
bed column filled with CaLLB biocatalyst within an in
house made thermostated aluminum metal block holder
with precise temperature control (Lauda, Alpha RAS).
Before usage, the actual CaL.B-filled column was washed
with the corresponding solvent (for rac-1: 2:1 mixture of
hexane and MTBE for 1 phenylethanol; for rac-3a-e: tolu-
ene; 0.5 mL min™, 30 min). At each set of reaction parame-
ters (temperature, substrate concentration, flow rate), sam-
ples were analyzed by GC every 10 min up to 40 min after
the start of the experiment. After the stationary mode of
operation has been established (40 min after the start of
the experiment) samples were collected (20 uL sample
was diluted with ethanol to 1 mL) and analyzed by TLC
and GC. After a series of experiments, the actual CalLB-
filled column was washed with the corresponding solvent
(0.5 mL min™, 30 min) and stored in refrigerator (4 °C).

2.9.1 Continuous-flow mode kinetic resolution of
1-phenylethanol rac-1 in different concentrations

A solution containing 1-phenylethanol rac-1 at different
concentrations (1, 5, 10, 24, 48, 86 mg mL™" i.e. 0.008,
0.041, 0.082, 0.196, 0.393, 0.704 M) in a 2:1 mixture of
hexane and MTBE supplemented with vinyl acetate
(2.6 equiv.) was pumped through the CalLB-filled columns
thermostated to 30 °C at a flow rate of 0.20 mL min™.
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2.9.2 Continuous-flow mode kinetic resolution of
1-phenylethanol rac-1 at various temperatures
The solution of 1-phenylethanol rac-1 (0.704 M, 86 mg mL™)
and vinyl acetate (2.6 equiv., 1.830 M) in a 2:1 mixture of
hexane and MTBE was pumped through the Cal.B-filled
column thermostated to various temperatures (090 °C, in
15 °C steps) at a flow rate of 0.20 mL min™.
Continuous-flow mode kinetic resolution of 1 pheny-
lethanol rac-1 with elongated operation time: The solution
of 1-phenylethanol rac-1 (0.393 M, i.e. 48 mg mL™) and
vinyl acetate (2.6 equiv., 1.022 M) in a 2:1 mixture of hex-
ane and MTBE was pumped through an M540-F-CalB-
filled column at a flow rate of 0.10 mL min™' thermostated
to subsequently increasing temperatures (60 °C, 75 °C or
90 °C). Samples were collected after different operating
times (0.5, 1, 2, 3, 4, 5, 6, 10, 19, 20, 21, 22, 23, 24 h) and
analyzed by TLC and GC.

2.9.3 Continuous-flow mode kinetic resolution of
racemic amines rac-3a-e

The solution of racemic amine (rac-3a-e, 0.646 M) and iso-
propyl 2-ethoxyacetate (0.6 equiv., 0.388 mmol) in dry tolu-
ene was pumped through the M540-F-CaLB-filled column
thermostated to 60 °C at a flow rate of 0.10 mL min™".

3 Results and discussion
3.1 Covalent immobilization of lipase B from Candida
antarctica onto hollow silica microspheres and kinetic
resolution of 1 phenylethanol rac-1
By the aid of amine groups on surface of M540 hollow sil-
ica microspheres as support, six bisepoxide-activated carri-
ers (M540-A-F) were prepared having different length and
hydrophobicity in the spacer region of the activating bise-
poxide (Fig. 1). The carriers were characterized by FT-IR,
elemental analysis and scanning electron microscopy
(SEM). As reference, the unmodified M540 was used to
compare adsorptive immobilization and the glutaraldehyde
(GA)-activated form of M540 (M540 GA) was also inves-
tigated as further reference for covalent binding. For com-
parison, the commercially available epoxy-functionalized
polyacrylic carrier CV T2-150 (particle size 300-700 pm)
was also included in immobilization experiments. With the
three reference carriers and the six bisepoxide-activated
M3540 carriers in hand, immobilization of CaLLB was per-
formed using lyophilized form of CaLLB in phosphate buffer
(100 mM, pH 7.5) at room temperature (24 h).

To distinguish between the catalytic activity of the
physically adsorbed and the covalently bound enzymes, a

post-treatment with Triton X 100 non-ionic detergent solu-
tion was performed after the immobilization step which
could remove those enzyme molecules which were only
adsorbed by physical interactions onto the surface.
Catalytic performance of the resulted biocatalysts was
tested in kinetic resolution (KR) of racemic 1-phenyletha-
nol rac-1 in batch mode (Fig. 2) before and after the Triton
X-100 wash to provide information of enzyme immobiliza-
tion efficiency (i.e. washing resistance) of supports (Table 2).
As it was expected, the CalLB attached to unmodified
M540 carrier retained the least activity after post-treat-
ment (Table 2, Entry 1, 39 %) while the covalently fixed
biocatalysts retained at least 83 % residual activity

T
it
| & |

immobilized CalB

immaobilized CalB

Fig. 2 Immobilized CaLB in kinetic resolutions (KRs) of racemic
1-phenylethanol (rac-1) in batch mode using shaken flasks and in
continuous-flow mode using packed-bed microreactors

Table 2 Kinetic resolution of 1-phenylethanol rac-1 catalyzed by
variously immobilized CaLB biocatalysts in batch mode

No. Carrier for Conv.s  eey E* Washing
CalB*® [%] [%] [-] resistance? [%]
1 M540 2 97.9 95 39
2 M540-GA 5 98.6 145 88
3 CV T2-150 11 98.8 191 92
4 M540-AE 11 98.7 172 152
5 M540-BE 15 98.6 175 98
6 M540-CE 16 98.8 194 83
7 M540-DE 17 98.9 >200 101
8 M540-EE 15 98.7 175 89
9 M540-FE 19 98.9  >200 94

* Reaction conditions: rac-1 (100 puL, 0.393 M), vinyl acetate

(2.6 equiv., 200 pL, 1.022 M) in hexane and MTBE (2:1 volume ratio,
2.0 mL), enzyme preparations (25.0 mg), reaction time 30 min at 30 °C.
® CalLB preparations: (1) adsorbed on M540 support; (2) bound to
M540 support after glutaraldehyde treatment; (3) bound to CV T2-150
support; (4-9) bound to M540-XE supports.

¢ Determined by GC.

4 Washing resistance (%) = activity of biocatalyst washed with Triton
X-100 / activity of the preparation before Triton X-100 washing x 100



(Table 2, Entries 2-9) after detergent washing. This fact
strongly support that the non-activated M540 carrier could
not establish covalent attachment but only ionic and phys-
ical interactions to fix enzyme molecules on the surface.

In the case of M540-A-CaLB, an interesting effect was
observed. Instead of decreasing the enzyme activity upon
Triton X-100 washing a 52 % activation was observed.
This difference could be explained by assuming activation
due to the bioimprinting effect of surfactant [33, 75-77].
Compared to the adsorptive CaLB-M540 preparation, cat-
alytic performance of the GA-activated biocatalyst (M540-
GA-CaLB) was three times higher while conversion values
of epoxy-activated M540-X-CalLB (X = A-F) biocatalysts
were at least ten times higher in KR of rac-1 indicating the
beneficial nature of bisepoxide-activation over the widely
used GA-derivatization or adsorptive immobilization.
These results could be attributed to the enhanced covalent
bond formation capability of epoxy containing supports
compared to aldehyde-activated carriers under mild condi-
tions (approximately neutral pH, RT) [54].

Moreover, inspection of the length and lipophilicity of
epoxy-spacers (M540-A-F) revealed that flexibility and
hydrophobicity of sidechain affected the immobiliza-
tion efficiency of the bisepoxide-activated carriers. This
could be related to the first event of immobilization on
epoxy supports, since a physical adsorption of enzymes
onto the surface always preceded the covalent bond for-
mation by epoxide ring-openings. Analyzing the activi-
ties of covalently attached CaLLB on pre-activated carri-
ers indicated the role of functionalization and the quality
of spacers, where the aldehyde- and any epoxy-modifi-
cation exceeded the catalytic performance of untreated
silica carrier M540. Amongst the investigated bisepox-
ide-activated carriers, M540-FE with a poly(ethylene gly-
col) spacer proved to be the most suitable to immobilize
CalB in active form [78]. In addition, the enantiomeric
purity of formed product (R)-1 phenylethylacetate (R)-2
>98.6 %) when KR was catalyzed by

R)-2 =
covalently immobilized forms of CalLB.

was excellent (ee

3.2 Continuous-flow mode kinetic resolution of
1-phenylethanol rac-1 catalyzed by covalently attached
silica CaLLB preparations — substrate concentration and
temperature effects

Immobilization of enzymes plays an indispensable and
crucial role in the application of biocatalysts with natural
origin in batch and continuous-flow bioreactors [45-47, 79].
The operation temperature could substantially influence
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the productivity and selectivity of lipase-catalyzed hydro-
lytic and acylation reactions of chiral and non-chiral sub-
strates [73, 80]. Accordingly, two series of experiments
were performed to study the effect i) of substrate concen-
tration rac-1 (1-86 mg mL™") and i) of reaction tempera-
ture (0—90 °C, in 15 °C steps). The reactions were carried
out in heat and pressure resistant stainless steel packed-
bed columns operated within a lab reactor system with
precise temperature and flow rate control. The three most
effective CalLB preparations immobilized covalently onto
hollow silica microspheres (M540-C-CalLB, M540-D,
M540-F-CalLB CalLB) were selected as biocatalysts in
packed-bed columns for the continuous flow kinetic reso-
lution studies (Fig. 2).

During the substrate concentration dependence study,
the solution of substrate rac-1 in different (1-86 mg mL™")
and the vinyl acetate acylating agent in hexane and MTBE
was pumped through the CalB-filled columns thermo-
stated to 30 °C at a constant flow rate (0.20 mL min™).

The productivity, characterized by the specific reaction
rate (7, umol min" g') of enzyme preparations was inves-
tigated as a function of substrate concentration (Fig. 3,
panel A). The specific reaction rates (r,) with the three
selected, covalently immobilized CalLB biocatalysts were
quite similar at lower concentrations (1-48 mg mL™"),
while in higher concentration range (48—86 mg mL™"), the
M540-F-CalLB surpassed the performance of the two
other selected CaLLB forms, similarly as in case of batch
mode KRs. In addition, the ee, values of formed (R)-1-
phenylethyl acetate (R)-2 (Fig. 3, panel B) were significantly
w2 = 992-99.4 %) than
w2 = 98.8-989 %), due to the shorter
contact time between the biocatalyst and the racemic sub-

higher in continuous-flow mode (ee
in batch mode (ee

strate. The highly enantioselective KR process with these
CalB preparations immobilized covalently onto hollow sil-
ica microspheres also showed the prosperous technological
benefit of continuous-flows systems over the batch reactors.

Next, the thermal behavior of immobilized CalLB prepa-
rations on epoxy-activated carriers (M540-C-, M540-D-,
M540-F-CalB) was investigated to gain information about
their catalytic performance at different temperatures.
For these series of experiments, the former system (used
for the substrate concentration dependence studies) was
applied at the highest substrate concentration (86 mg mL"),
while the temperature was varied between 0-90 °C in
15 °C steps at a constant flow rate (0.20 mL min™).

First, as a function of temperature, the productivity of
enzyme preparations () was monitored (Fig. 3c, panel C).
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Fig. 3 Continuous-flow kinetic resolution of 1-phenylethanol rac-1
catalyzed by three covalently immobilized CaLB biocatalysts:
M540-C-CaLB (4), M540-D-CaLB (m) and M540-F-CalB (e) at a
flow rate of 0.20 mL min™ using 2.6 equiv. vinyl acetate as acyl donor.
Temperature in experiments (A) and (B) was 30 °C, concentration of
rac-1 in experiments (C) and (D) was 86 mg mL™"' (i.e. 0.704 M).

As shown, the productivity—temperature curves in the
lower temperature range (0—45 °C) were quasi-linear in
case of all the three selected CalLB preparations. In the

higher temperature range (45-90 °C), however, the M540-
D-CalB started to lose its activity and the productivity—
temperature curve descended, while the M540-C-CalB
and M540-F-CaL B biocatalysts kept the linearly increas-
ing tendency until 90 °C.

The influence of the temperature on the enantiomeric

excess of the product (ee , ) was also studied. It was

(R)-2

apparent, that the overall shapes of the ee , —tempera-

R)-2
ture curves were quite similar with all the( 3[hree CalB
preparations (Fig. 3, panel D) in the entire temperature
range. After a short ascending region (0-30 °C), local
(2 Values between 30 °C
and 60 °C after which a slightly decreasing region was

maxima were found by the ee

detected at elevated temperature (> 60 °C). According to
these results, the most productive and selective operating
temperature was at around 60 °C.

3.3 Kinetic resolution of racemic amines rac-3a-e

with M540-F-CaLL.B

After the catalytic performance and stability of CalLB
bound to hollow silica microspheres were investigated
in KR of alcohol rac-1, the best performing M540-F-
Cal.B was further studied in KRs of five racemic amines
rac-3a-e. Isopropyl 2-ethoxyacetate as acylating agent
in KR of l-phenylethylamine rac-3a [47] surpassed the
productivity and selectivity of the previously best per-
forming isopropyl 2-methoxyacetate [81] in terms of both
Roa 2 983 %0).
Accordingly, this acyl donor was selected for our study on

productivity (2-3-fold) and selectivity (ee

KRs of racemic amines rac-3a-e performed in batch and
continuous-flow bioreactors at 60 °C (Fig. 4) which was
the thermal optimum of M540-F-CaL.B with alcohol rac-1.
As the rate of product formation is not a linear function
of conversion [73], productivity (i.e. the specific reaction
rate, r) of a continuous-flow reaction (r) and of the corre-
sponding one in batch mode (r,) were compared at similar
degrees of conversions (> 49 %). As shown in Table 3, in
KRs of amines 1.5-2 higher r,_ values could be achieved in
values

batch
in batch system (in accordance with the known benefit of

packed-bed microreactors as compared to the r
continuous-flow systems compared to batch reactors [82]).

3.4 Reusability, mechanical and thermal stability of
covalently immobilized CaLLB preparations

Possibly the most beneficial advantage of immobilized
enzyme preparations is the capability of biocatalyst recy-
cling thus making the process more economical and envi-
ronment friendly. Therefore, beside the three best proven
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Fig. 4 M540-F-CalLB in kinetic resolutions (KRs) of racemic amines
rac-3a-e in batch and continuous-flow modes using shaken flasks and

packed-bed microreactors

Table 3 Catalytic performance of M540-F-CaLB in kinetic resolution
of racemic amines rac-3a-e performed in batch® and in continuous-
flow* modes at theoretical conversion (~ 50 %)

No. Substrate? [umol n:in L Yie;ﬁkﬁj-u-e e;/f;)]-g}-e
1 rac-3a® 83 48 99.8
2 rac-3a° 163 48 99.8
3 rac-3b® 123 47 99.2
4 rac-3b° 163 48 99.1
5 rac-3¢® 88 47 98.7
6 rac-3¢° 154 47 98.6
7 rac-3d° 88 42 96.5
8 rac-3d° 154 42 98.3
9 rac-3e® 87 46 96.5
10 rac-3e° 153 45 99.0

* Reaction conditions: rac-3a-e (0.646 M), isopropyl 2-ethoxyacetate
(0.6 equiv.: 0.388 M) in dry toluene at 60 °C.

® KR in batch mode: shaken at 350 rpm, M540-F-CaLB (50.0 mg).

¢ KR in continuous-flow mode: flow rate, 0.10 mL min; column filling,
M540-F-CaLB (209.0 mg).

¢ Determined by GC.

fMeasured from isolated products (R)-4a-e.

bisepoxide-activated biocatalysts (M540-C-, M540-D-,
M540-F-CaLB), the covalent standard (CV T2-150-CaLB)
and the widely applied commercially available adsorptive
Novozyme® 435 (N435-Cal.B) were selected for study-
ing the stability of enzyme preparations during re-cycling
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over 10 cycles using the KR of rac-1 (reported in the for-
mer sections) as reference reaction. Between each cycles,
the biocatalysts were filtered off from the reaction mix-
ture, washed with hexane and MTBE to remove organic
compounds and dried to determine their exact quantity.
As shown in Fig. 5, every biocatalyst presented decreas-
ing catalytic activity cycle-by-cycle whereas M540-F-
CaLB has proven the least vulnerable and retained 54 % of
its initial effectivity after the 10" cycle while CV T2-150-
CaLB kept only 23 %. This result agreed with our previous
experiences, where the carriers with hydrophobic charac-
teristic surface enhanced the immobilization efficiency of
CaLB and herein improved the capability of enzyme prepa-
rations to keep their activity for many catalytic cycles.
Besides the biocatalytic performance, mechanical sta-
bility of immobilized enzymes is also a crucial parame-
ter which is strongly related to the durability of support
material quality. Thus, samples were taken from the bio-
catalysts during recycling study — the best performing sil-
ica microspheres (M540-F-CaLB) and two macroporous
acrylic resins (CV T2-150-CalB and N435-CalLB) — and
their morphologies were analyzed by scanning electron
microscopy (SEM). As the SEM pictures in Fig. 6 illus-
trate, appreciable fractions were observed in acrylic poly-
mer based biocatalysts (CV T2-150 and N435) even after
the first cycle. The high level of fractionations after the
tenth cycle could be related to their low residual activity.
In case of the silica-based M540-F-CalLB, fractionation
was not a typical event but aggregated particles appeared.

Residual activ by (")

1 . 3 4 5 & 7T B 2 10
Number of cycles =)

Fig. 5 Recyclability of covalently immobilized M540-C-CaLB (¢)
M540-D-CaLB (m), M540-F-CaLB (e) and CV T2-150-CaLB (x)
preparations was compared to commercially available adsorbed
N435-CalB (A) in batch mode KR of 1-phenylethanol rac-1
[In each cycles rac-1 (0.393 M) and vinyl acetate (2.6 equiv., 1.022 M)
in hexane and MTBE (2:1 volume ratio) were reacted for 30 min
at 30 °C (Residual activity (%) = activity of the n" cycle / activity
of the 1* cycle x 100)]
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N‘!? 5-CalB-1

NA435-CalB-10

Fig. 6 Scanning electron microscopy images of immobilized CaLB
biocatalysts from reusability tests after 1* (M540-F-CaLB-1,
CV T2-150-1, N435-1) and 10" (M540-F-CaLB-10,

CV T2-150-10, N435-10) cycles

Aggregation could account for the descending activity due
to increasing diffusion resistance owing to the longer pore
length and the lower approachable surface area.

In possession of this information, we planned to set
our second series of experiments targeting long-term
thermal stability. Thus, lifetime of the best performing
M540-F-Cal.B biocatalyst was investigated by monitor-
ing production of (R)-1 phenylethyl acetate (R)-2 in KR of
1-phenylethanol rac-1 in continuous-flow mode for longer
operation time (24 h) at elevated temperatures (60 °C, 75
°C, 90 °C) using constant flow rate (0.10 mL min™'). After
the stationary operation has been established, samples
were taken after different time (0.5, 1, 2, 3, 4, 5, 6, 10, 19,
20, 21, 22, 23, 24 h).

As the productivity—operation time curves show (Fig. 7,
panel A), at all temperatures a linearly decreasing tendency
with diverse gradients was noticed. It was not surprising
that the biocatalyst started to lose its activity over 60 °C
after elongated reaction time. In accordance with our pre-
vious results in KRs of secondary alcohols [73], increas-
ing temperature resulted in lowered of ee , , values (Fig. 7,
panel B). Nevertheless, M540-F-CalLB kept more than
96 % of its catalytic activity after 24 hours uninterrupted
operation at 60 °C while 4 052 mg (25 mmol) of (R)-2 was
formed (17-fold of the catalyst mass applied) with excellent
enantiomeric purity (ee(R)_2 =99.1 %).

SEM picture of M540-F-CaLB applied in the packed-
bed reactor operated in continuous-flow mode revealed no
noticeable aggregates or fractions (Fig. 8) — in contrast to
the same biocatalyst utilized in batch mode (Fig. 6) — even
after a series of experiments (concentration, thermal and
continuous operational stability tests). This observation
could account for the higher stability of M540-F-CalLB
in packed-bed columns as compared to the reactions per-
formed in shaken flasks.
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Fig. 7 Uninterrupted operation of packed-bed continuous-flow
bioreactors for 24 h at various temperatures. KRs of 1-phenylethanol
rac-1 catalyzed by M540-F-CaLB biocatalyst were performed at
a flow rate of 0.10 mL min™ at 60 °C (m), 75 °C (A) and 90 °C (e).
Concentration of rac-1 was 48 mg mL"' (0.393 M) using 2.6 equiv. vinyl
acetate as acyl donor (1.022 M) in hexane and MTBE (2:1 volume ratio).

Fig. 8 SEM image of M540-F-CaLB biocatalyst after the concentration,
thermal and continuous operational stability tests

4 Conclusion

Our study focused on surface activation of MAT540™
hollow silica microspheres as support using six bisepox-
ides with different spacers allowing covalent immobiliza-
tion of CaLLB. To study the biocatalytic performance of the
six novel Cal.B preparations, operation conditions, stabil-
ity and recyclability of biocatalysts were investigated in



KRs of 1 phenylethanol 1 in batch and continuous-flow
microreactors. The biocatalytic parameters and durabil-
ity of M540-F-CalLB surpassed the corresponding prop-
erties of CaLLB on any other bisepoxide-modified presum-
ably due to the poly(ethylene glycol) spacer with moderate
hydrophobicity and high flexibility.

The biocatalytic usefulness of M540-F-CalLB was fur-
ther demonstrated with kinetic resolutions of five different
racemic amines rac-3a-e using isopropyl 2 ethoxyacetate
as acylating agent under the optimal reaction temperature
(60 °C). The formed 2 ethoxyacetamides (R)-4a-e could
be isolated in good yields (> 42 %) and with high enantio-

meric excess (ee >98.3 %). The bisepoxide activated

(R)-4a-e
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