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Abstract: This study implements a convenient microreactor for biocatalysis with enzymes immobi-
lized on magnetic nanoparticles (MNPs). The enzyme immobilized onto MNPs by adsorption or by
covalent bonds was lipase B from Candida antarctica (CaLB). The MNPs for adsorption were ob-
tained by covering the magnetite core with a silica shell and later with hexadecyltrimethoxysilane,
while for covalent immobilization, the silica-covered MNPs were functionalized by a layer forming
from mixtures of hexadecyl- and 3-(2-aminoethylamino)propyldimethoxymethylsilanes in 16:1 mo-
lar ratio, which was further activated with neopentyl glycol diglycidyl ether (NGDE). The resulting
CaLB-MNPs were tested in a convenient continuous flow system, created by 3D printing to hold six
adjustable permanent magnets beneath a polytetrafluoroethylene tube (PTFE) to anchor the MNP
biocatalyst inside the tube reactor. The anchored CaLB-MNPs formed reaction chambers in the tube
for passing the fluid through and above the MNP biocatalysts, thus increasing the mixing during
the fluid flow and resulting in enhanced activity of CaLB on MNPs. The enantiomer selective acyl-
ation of 4-(morpholin-4-yl)butan-2-ol (+)-1, being the chiral alcohol constituent of the mucolytic
drug Fedrilate, was carried out by CaLB-MNPs in the U-shape reactor. The CaLB-MNPs in the U-
shape reactor were compared in batch reactions to the lyophilized CaLB and to the CaLB-MNPs
using the same reaction composition, and the same amounts of CaLB showed similar or higher ac-
tivity in flow mode and superior activity as compared to the lyophilized powder form. The U-shape
permanent magnet design represents a general and easy-to-access implementation of MNP-based
flow microreactors, being useful for many biotransformations and reducing costly and time-con-
suming downstream processes.

Keywords: magnetic nanoparticles; enzyme immobilization; lipase; flow biocatalysis;
reactor design; magnetic agitation; kinetic resolution; chiral morpholine derivative

1. Introduction

Day by day, biocatalysts become more and more important for the bio, food, fuel,
and pharmaceutical industries [1-4].

Lipases (EC 3.1.1.3) are enzymes that metabolize fats by hydrolysis and are present
in almost all the Earth's flora and wildlife. In biotechnological applications, lipases, mostly
of bacteria, fungi, and yeasts, have gained increasing attention [5-7]. Lipases are utilized
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to make diverse substances such as octyl acetate, methyl salicylate, ethyl acetate, and ethyl
lactate, among other short-chain esters [8]. They can also be used as an alternative ap-
proach for producing poly(butylene succinate) (PBS) [9] or trimethylolpropane triesters
[10]. Cold active lipases are gaining popularity in the detergent industry. They also use
less energy because they work at low temperatures [11]. Many biotechnological processes
are accelerated at high temperatures. Therefore, thermostable lipases are the focus of sig-
nificant research [12]. From a psychrophilic basidomycetous yeast Pseudozyma antarctica
(first isolated from a lake in Antarctica, previously also named Candida antarctica), two
lipases were isolated, purified, and named as lipases A and B (CaLA and CaLB, respec-
tively) [13]. They were later cloned and overexpressed in the fungus Aspergillus oryzae.
Nowadays, CaLA and CaLB, of microbial origin, are known for their extreme properties,
rendering them useful biocatalysts for various applications [14,15]. In this study, the lipase
B from Candida antarctica (CaLB) was selected as biocatalyst, due to the versatility and
stability of this enzyme [16,17].

Enzyme immobilization can solve the problem of enzyme recovery and reuse, and
may be used to improve enzyme stability, activity, selectivity, specificity, reducing inhi-
bitions, and may be coupled with purification [18]. The major modes of immobilization
are binding to carrier (by various modes such as adsorption by physical, ionic forces, co-
valent, or affinity binding), carrier-free methods (such as cross-linked enzyme aggregates
(CLEAs or cross-linked enzyme crystals (CLECs)), or physical entrapment (within micro-
capsules or porous polymer matrices). However, not all immobilization protocols should
be expected to produce all these positive results [19].

Immobilized lipases are effective biocatalysts for enzymatic synthesis [17-21] or for
biosensing [22]. Immobilization of lipases on hydrophobic supports often results in activ-
ity enhancement by interfacial activation [21]. The most widely used immobilization of
CaLB applies adsorption on a macroporous polymeric carrier [17]. Covalent immobiliza-
tion of CaLB on functionalized macroporous polymeric carriers could result in thermal
stabilization [23]. Entrapment of CaLLB within sol-gel matrices could also enhance thermal
and other properties of the biocatalyst [24]. Such a form of CaLB could be applied to syn-
thesize a variety of taste esters for foods applied in a green and sustainable way [25].

With increased scientific understanding and nanotechnological innovation, the use
of nano-sized support matrices for enzyme-based biotransformation bioprocesses is ris-
ing. Several nanomaterials are used as supports for enzyme immobilization for enhancing
enzyme catalytic properties in industrial applications such as carbon nanotubes, gra-
phene/graphene oxide, electrospun nanofibers, metal-organic frameworks, magnetic and
non-magnetic nanoparticles, silica nanoparticles, and other nanohybrid matrices [26]. Ac-
cordingly, lipases immobilized on nano-carriers as robust biocatalysts have shown prom-
ise in recent years [5-7,27,28]. Electrospun fibrous systems proved to be advantageous
forms of CalB in enantiomer selective biotransformations [29] or in enzymatic
Knoevenagel condensations [30]. Cross-linked enzyme adhered nanoparticles (CLEANS),
a form of CaLB, were applied to produce bio-grade fragrance esters [31]. CaLB could be
covalently attached to functionalized single-walled carbon nanotubes, creating an effec-
tive nano bioconjugate for kinetic resolution of various racemic 1-arylethan-1-ols in batch
and flow modes [32].

Iron oxide nanoparticles are particles with a diameter of about 1 to 500 nm. They are
also called magnetic nanoparticles (MNPs) and are used as a support in enzyme immobi-
lization. Magnetite (FesOs) and maghemite (y-Fe20s) are the two most common types of
superparamagnetic iron oxide. They have sparked broad interest as enzyme carriers due
to their unique features [33-35]. Some of the superior features of these materials are the
high surface area, low mass transfer resistance, and ease of enzyme isolation from the
reaction mixture relative to other supports used for enzyme immobilization [33,36]. Li-
pases immobilized on heterogeneous magnetic carriers are easy to recover in biotransfor-
mations by magnetic field, thereby lowering operational costs and enhancing the purity
of the products [35,37].
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Heterofunctional supports proved to be advantageous for lipase immobilizations
[38]. Candida antarctica lipase B (CaLB) has been also immobilized on hetero-functional
MNPs by numerous methods, such as (i) adsorption on aminopropyltrimethoxysilane
(ApTMOS)-modified MNPs for kinetic resolution (KR) of secondary alcohols [39], on Lys-
modified MNPs [40], on gallic acid-formaldehyde grafted MNPs [41], (ii) affinity binding
of His-tagged CalLB on magnetite MNPs containing long-armed nickel-nitrilotriacetic acid
surface groups [42], or by (iii) covalent binding using diazonium chemistry for immobili-
zation on carbon-coated MNPs [43], epoxy functionalized polymer-grafted MNPs [44], or
(after glutaraldehyde activation) onto chitosan-coated MNPs [45,46], onto ApTMOS-acti-
vated MNPs [47-50], onto Lys-modified MNPs [40], and (iv) a combination of covalent
attachment and polymer embedding onto MNPs [51]. The above-mentioned CaLB-MNP
biocatalysts were already applied to produce short- and medium-chain fatty esters, em-
ployed as taste components [52], flavor esters [50,51,53], biodiesel [54], or to perform ki-
netic resolution of racemic secondary alcohols [39,46]. It was also shown that ultrasound
agitation improves CaLB-MNPs activity [52].

In addition to their use in shake flasks in batch mode, enzyme-coated MNPs could
be used as biocatalysts in various reactor configurations [36,55], such as the chip-sized
flow-through reactor with cells containing magnetically anchored MNP biocatalysts in
bioreaction screening applications [56,57]. The performance of the MNP-based magnetic
systems depends on the behavior of the MNPs under the influence of the magnetic field,
which is related to the magnetic force, Stokes drag, and diffusive motions [58]. Mass trans-
fer resistance at the boundary surface of a particle plays a crucial role in heterogeneous
sorption from strongly diluted solutions, as it may often limit the total reaction rate [59].
It is therefore of particular interest to accelerate mass transfer in such systems. In the field
of biocatalysis, microreactor technology is increasingly being used because of its cost-ef-
fectiveness and environmental sustainability [60,61]. Enzyme-coated MNP-based biocat-
alysts that have a large surface area are also applicable in various systems with decreased
mass transfer limitations [34,55].

A major benefit of the MNP-based microreactors is the ease of replacing the MNP
biocatalyst with fresh or other types of MNP biocatalysts, thereby creating a unique op-
portunity to develop modular micro-systems with the ability to have flexible variation of
biocatalysts [56,57]. Numerous magnetic particle (MP)-based reactors were already devel-
oped. For chemical processes, a continuously stirred tank reactor (CSTR) setup was de-
veloped, using magnetic cation exchanger stirring with alternating current [59]. A tube
reactor with external agitation with permanent magnets was applied for chemical kinetic
resolution performed by MNP-bound chiral catalyst [62]. Biocatalytic processes were also
performed in MNP-based reactors. For example, in a tubular device, cholesterol determi-
nation was performed with co-immobilized cholesterol esterase/cholesterol oxidase-MNP
anchored with a permanent magnet [63]. A much higher biocatalytic efficiency was ob-
tained with MNP-bound pectinase in an MNP-based membrane reactor than in a batch
reactor [64]. Lipase-catalyzed methanolysis of castor oil was performed in a tube reactor
containing electromagnet-agitated magnetic biocatalyst [65]. Lipase-catalyzed kinetic res-
olution of an amine was performed in a tube reactor, fluidizing co-immobilized magnet-
ite-enzyme in cross-linked chitosan particles with an external electromagnet [66]. A mul-
ticell MagneChip device with permanent magnets for continuous flow biocatalysis was
developed for biotransformations with MNP-bound phenylalanine ammonia-lyase
[56,57]. It is worth noting that electromagnets are easier to control, but permanent magnets
can generate a much stronger electric field.

Structural analysis of the marketed drugs revealed the phenyl ring as the most abun-
dant ring fragment. The aromatic ring contains only sp® hybridized heavy atoms that are
planar, thus the phenyl ring is the most typical 2D fragment. Following the most abundant
2D ring, the other three most frequently occurring ring fragments are morpholine, piper-
idine, and piperazine [67]. These saturated heterocycles are so-called 3D fragments con-
taining at least one sp? hybridized heavy atom, rendering them non-planar. A later
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structural analysis of the marketed drugs indicated that “escaping from Flatland” due to
3D fragments—allowing more complex and less rigid molecules by introducing asymmet-
ric centers—contributed to enhanced drug-likeliness of the molecules without signifi-
cantly increasing molecular weight [68]. Accordingly, morpholine is a critical structural
component of bioactive compounds and experimental medicines commonly employed in
medicinal chemistry and pharmacology [69]. This scaffold and its derivative's frequent
use in these fields are related to their favorable physicochemical, biological, and metabolic
features and simple synthesis methods. Appropriately substituted morpholines have long
been known to have many biological effects, including analgesic, anti-inflammatory, an-
tioxidant activity, antimicrobial, and anticancer properties [69,70]. The two compounds
with significant biological activities in Figure 1 illustrate bioactive molecules containing
the morpholine ring. For example, Fedrilate is a centrally acting cough suppressant which
was patented as a mucolytic by UCB [71,72]. Additionally, in vitro antitumor activity tests
showed ICso value of 1.2 uM for compound 193 on Nagoya University-Gastric Cancer-3
(NUGC-3) cell line [73]. Since the alcohol part of these bioactive compounds, the 4-(mor-
pholin-4-yl)butan-2-ol (1) moiety, is chiral, but was never synthesized in enantiopure
form, the CaLB-MNP-catalyzed kinetic resolution of this heterocycle-containing scaffold

has been selected as a major focus of this study.
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Figure 1. Structure of the cough suppressant Fedrilate and Compound 193 with antitumor activity
both containing the 4-(morpholin-4-yl)butan-2-ol (1) unit as common chiral element (shown in blue
and marking the center of asymmetry by the symbol *).

Based on the above background, this study aimed to investigate new surface modifi-
cation of MNPs for CaLLB immobilization by adsorption and covalent binding and to apply
the CaLB-MNPs in a convenient novel microreactor system to produce enantiomers of 4-
(morpholin-4-yl)butan-2-ol (1) by acylation-based kinetic resolution.

2. Results and Discussion
2.1. Immobilization of Lipase B from Candida antarctica onto Magnetic Nanoparticles

As the CaLB-MNP biocatalyst for this study, lipase immobilization onto hydrophobic
MNPs using simple adsorption and covalent binding was investigated (Scheme 1). The
hydrophobic MNPs for adsorption were created by covering the magnetite core with a
simple silica shell by tetraethoxysilane (TEOS) treatment, followed by etching with hexa-
decyltrimethoxysilane (HdTMOS). The heterofunctionalized MNPs for covalent binding
were created by modification and a combination of our methods for bisepoxide activation
of silica shell coated and aminopropyltrimethoxysilane (ApTMOS)-treated MNPs [74] and
coating of silica nanoparticles [31] or silica-shelled MNPs [75] with mixed functions. Based
on our previous experiences [75], the ratio of 1:16 for 3-(2-aminoethylamino)propyl-
dimethoxymethylsilane (ApDMOMS) and HdTMOS was selected for heterofunctionali-
zation prior to bisepoxide activation. Another study on tailoring the spacer arm for cova-
lent immobilization of CaLB onto bisepoxide-activated aminoalkyl resins [23] indicated
neopentyl glycol diglycidyl ether (NGDE) as a suitable spacer unit for activation of the
aminoalkyl functions.
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Scheme 1. Production of MNP carriers and immobilization of lipase B from Candida antarctica
(CaLB) by adsorption (CaLB-MNPan) or by covalent binding (CaLB-MNPcm) at room temperature
(RT) (where n = 5-40 and m = 5-40; reflecting to the MNP:CaLB mass ratio applied).

After creating the hexadecyl etched MNPs for adsorption (MNPa) and the hetero-
functionalized and NGDE-activated MNPs for covalent binding (MNPc), the capacity of
the MNP carriers for CaLB immobilization was investigated by applying CaLB:MNP mass
ratio between 1:5 and 1:40. Thus, first, the immobilization yield as a function of CaLB
loading and immobilization time was investigated (Figure 2).

Adsortive immobilization of CaL.B CalB:MNP Covalent immobilization of CalLB CalLB:MNP
mis5 1 [ m1s5
20
. = : m1:10 - 1 m1:10
w115 70 . I m1:15
m1:20 :\Q\ 60 m1:20
140 E 50 m1:40
-°;‘, 40
30
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- L L 0 - _ -
60 e (min) 90 120 30 60 (e (min) 90 120
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Figure 2. Immobilization yields for lipase B from Candida antarctica (CaLB) on MNPs at a different
CaLB:MNP ratio (between 1:5 and 1:40) after various immobilization times (5 mg mL~' MNP carrier,
CaLB (8.0, 4.0, 2.66, 2.0, 1.0 mg mL™), in sodium phosphate buffer (pH 7.5, 100 mM) at room tem-
perature). The differently colored bars in the two charts show data of experiments (a) for adsorption
immobilization, with MNPs etched by hexadecyl functions (HdTMOS) resulting in CaLB-MNPan,
and (b) for covalent binding onto MNPs etched by ApDMOMS:HdTMOS (1:16) and further acti-
vated with NGDE, resulting in CaLB-MNPcm (where n =5-40 and m =540 reflect to the CaLB:MNP
mass ratio applied).
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As expected, the adsorption on the hexadecyl etched MNPs (MNP4) proved to be
rapid, as the highest immobilization yields (Y1) were observed after the first 30 min period
(Figure 2a). The lower immobilization yields after 60, 90, and 120 min in the adsorption
experiments indicated a slower partial desorption of the fixed proteins following the rapid
adsorption. Thus, out of the preparations immobilized by adsorption, CaLB-MNPaio (after
60 min immobilization time), which had a relatively high amount of CaLB (90 mgcars
gmnra) and was almost fully immobilized (Y1 =99%), was selected for the further experi-
ments.

The covalent binding of CaLB on the heterofunctionalized and NGDE-activated
MNPs (MNPc) exhibited a somewhat lower binding capacity, but no desorption (Figure
2b). Since the preparation with CaLB:MNP ratio of 1:15 exhibited after 120 min almost full
fixed the CaLB (Y1 = 98%) in relatively high amounts (61 mgcais gmnec?), this biocatalyst
was selected out of the covalently fixed forms for the further parts of the study.

2.2. Kinetic Resolution of Racemic 4-(Morpholin-4-yl)butan-2-ol ()-1 with CaLB-MINP
Biocatalysts in Batch Mode

After testing the immobilization yields, the two selected CaLB forms (CaLB-MNPato
and CaLB-MNPcis) were investigated further in the desired kinetic resolution (KR) of ra-
cemic 4-(morpholin-4-yl)butan-2-ol (+)-1 using vinyl acetate (Scheme 2).

Flow-

©-0Q

! CalB-MNPgis  CalB-MNPajp !

mode LY (S)1

Scheme 2. Kinetic resolution of racemic 4-(morpholin-4-yl)butan-2-ol (+)-1 with lipase B from Can-
dida antarctica (CaLB) immobilized on magnetic nanoparticles (MNPs) in various reaction modes.

First, the time course of the KR process for racemic 4-(morpholin-4-yl)butan-2-ol (+)-
1 with the two selected CaLB biocatalysts was investigated in batch mode (Figure 3).
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Figure 3. Time course of the kinetic resolution of racemic 4-(morpholin-4-yl)butan-2-ol (+)-1 with
vinyl acetate in batch mode used as a biocatalyst, (a) adsorptively immobilized CaLB-MNPaio, or
(b) covalently immobilized CaLB-MNPcis (for details see Section 3.3).

It is apparent that the kinetic resolutions with the aid of CaLB-MNPcis obtained by
covalent attachment (Figure 3b) were faster at any substrate concentrations between 12.5-
100 mM than those catalyzed by the CaLB-MNPaw prepared by adsorption immobiliza-
tion (Figure 3a), although CaLB-MNPcis contained a smaller amount of immobilized CaLB
than the same amount of CaLB-MNPauw. In fact, with CaLB-MNPauo, the fastest process
was observed at 25 mM ()-1 concentration (reaching 40% conversion after 8 h and the
theoretically possible 50% conversion limit of a highly selective KR after 24 h) and the KRs
with smaller or higher substrate concentrations were slower (Figure 3a). If the apparent
Kwu of the faster reacting alcohol (R)-1 is close to 10 mM, the slower rate of the KR at 12.5
mM concentration of (+)-1 can be rationalized. At elevated concentrations of (+)-1 (such as
50 and 100 mM), the enzyme is at saturation and can only transform a constant molar
amount of (R)-1, meaning lower conversion at higher substrate concentrations.

The specific activity of CaLB for the acylation of racemic 4-(morpholin-4-yl)butan-2-
ol (£)-1 (Ucats) could be estimated at the low conversion regime (¢ < 20%) where the line-
arity conditions are valid. Comparing the specific activities for (+)-1 with the two kinds of
biocatalysts in the reaction at 25 mM after 30 min revealed Ucats = 90 umol min g for
the CaLB-MNPai1o form, while Ucars =261 pmol min™ g for the CaLB-MNPcis form. Usu-
ally, the adsorptive immobilization results in higher specific activity of the biocatalyst
than the covalent technique. We can rationalize our results by assuming that hydrophobic
adsorption happens mostly at the hydrophobic site, forming by lid opening of the lipase
and causing some steric hindrance for substrate access. In our case, however, the NGDE-
activated carrier can fix the CaLB molecules at their surface-exposed nucleophilic residues
(mostly at lysine residues), resulting in a higher proportion of fixing without steric hin-
drance at the active site entrance. The significant biocatalytic enhancement effect of the
immobilization of CaLB was indicated by comparing the activity of CaLB-MNP forms to
the lyophilized native form of the enzyme as well. In fact, by the same amount of CaLB
powder as attached to the CaLB:MNDPs at 1:10 mass ratio, only 1.4% conversion was ob-
served after 24 h in the KR of (+)-1 (meaning Ucats <1 umol min g-1). This result, being a
consequence of the significant mass transfer resistance within the nanopores of the mi-
cron-sized aggregate particles of the lyophilized form, indicated the importance of form-
ing a monolayer of CaLB on the MNPs with high accessible surface area to eliminate these
mass transfer issues.

Based on these experiments, the preparative scale KR of racemic 4-(morpholin-4-
yl)butan-2-ol (+)-1 was performed with the aid of CaLB-MNPcis at 25 mM substrate con-
centration (Table 1).

Table 1. Kinetic resolution of racemic 4-(morpholin-4-yl)butan-2-ol (+)-1 with CaLB-MNPcisin batch
mode.

Product Yield 1 (%) ee 2 (%) [a]3
(R)-2 47.5 >99 +1.2
(S)-1 37.5 >99 +3.2

(S)-24 90 4 >99 -1.2

! From a kinetic resolution of (+)-1 in batch mode after reaching 50% conversion ((+)-1 (320 mg),
CaLB-MNPci5 (20 mg) and vinyl acetate (500 uL) in MTBE-hexane mixture (1:2 ratio, 10 mL) at room
temperature (25 °C) for 24 h). 2 Determined by chiral GC. 3 Determined at the D-line of sodium, at
25 °C (c = 3, in ethanol). * Prepared by acetylation of (S)-1 by AcCl/5M NaOH in ethyl acetate (see
Section 54.4 of Supplementary Materials).

The enzymatic KR, at 320 mg substrate/20 mg CaLB-MNPcs scale, resulted in virtu-
ally enantiopure (R)-acetate (R)-2 and (S)-alcohol (S)-1 at room temperature (25 °C) in 24
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h. The absolute configuration of the product was assumed by analogy with the (R)-con-
figuration of the faster-reacting enantiomer of the isosteric 4-phenybutan-2-ol [76], and
was confirmed by our established calculation method [77]. Chemical acetylation of the
residual (5)-1 with [a]o® = +3.2 supported absolute configuration assignment, because the
resulting (S)-acetate (S)-2 had the same but opposite sign of optical rotation ([a]p? = -1.2)
as the (R)-acetate (R)-2 produced by the CaLB-catalysis ([a]po? = +1.2) (Table 1).

2.3. Kinetic Resolution of Racemic 4-(Morpholin-4-yl)butan-2-ol (+)-1 with CaLB-MINP
Biocatalysts in the U-Shape Reactor in Continuous Flow Mode

Although a MagneChip reactor design with six chamber anchoring MNP biocatalysts
by properly positioned adjustable permanent magnets was already developed and tested
for various biotransformations with phenylalanine ammonia-lyase [56,57], this reactor de-
sign required sophisticated manufacturing of the PDMS-based chip-like reactor body and
allowed only low capacity charging with MNP biocatalyst (<1 mg per chamber).

Therefore, to perform the required enantiomer selective acylation of racemic 4-(mor-
pholin-4-yl)butan-2-ol (+)-1 with MNP-based CaLB biocatalyst in continuous flow mode
on a larger scale, a new microreactor design was applied (Figure 4). The simple design
applied a PTFE tube (ID = 0.75 mm) both as connection and as the body of reactor. The
tube was placed in U-shape arrangement into a holder comprising six adjustable bars with
permanent magnets. Positioning the permanent magnets under the tube could anchor the
MNP-based catalysts within the tube, thus forming six reaction chambers in a tubular
continuous flow reactor (Figure 4).

Figure 4. A simple U-shape MNP microreactor holding six adjustable permanent magnets under
the PTFE tube reactor body. The MNP tube microreactor holder was created by 3D printing. The
first excerpt shows the modeled magnetic field distribution within the empty tube. The second ex-
cerpt illustrates an idealized packing of the magnetically retained CaLB-MNPs.

Based on preliminary investigation in the U-shape reactor comprising PTFE tube of
0.75 mm ID charged with 5 mg of CaLB-MNPcis distributed in six reaction chamber parts
at various flow rates (1, 2, and 3 pL min; solution of (+)-1 (25 mM) and vinyl acetate (2.5
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equiv.) in MTBE-hexane 1:2 at room temperature (25 °C)), the 1 uL min™' flow rate was
studied further.

First, the conditions for reaching the steady state within the U-shape reactor at vari-
ous substrate concentrations (12.5-100 mM of (+)-1) were investigated (Figure 5a). In ac-
cordance with the substrate concentration dependence study of the KRs in batch mode
(Figure 3b), the best results were achieved at 25 mM concentration. With 25 mM of (+)-1,
the conversion reached 48%, being quite close to the theoretical limit of a fully selective
KR, within 8 h; at the lower (12.5 mM) or higher concentrations (50, 100 mM), the conver-
sion within 8 h remained well below 40%. In a second run at 25 mM concentration using
a preconditioned reactor (Figure 5b), the 40% conversion was exceeded even after 4 h, and

the steady-state of a full KR (>48-49%) stabilized after 12 h and remained stable until 48
h.

KR steady-state stabilization [(+)-1, 25 mM]
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Figure 5. Use of the U-shape reactor charged with CaLB-MNPcis (5 mg) for continuous flow mode
kinetic resolution of racemic 4-(morpholin-4-yl)butan-2-ol (+)-1 ((+)-1 (varied concentrations), vinyl
acetate (2.5 equiv.), MTBE:hexane 1:2, 25 °C, 1 uL min™"). The (a) initial stabilization phase at various
concentrations of (+)-1 (12.5-100 mM) and (b) the time course of steady-state stabilization at 25 mM
substrate concentration in the U-shape reactor are shown. The CaLB-MNPcis charged reactor used

in (a) the concentration dependence investigations was recovered and applied in (b) the steady-state
stabilization study.

To investigate the capability of the U-shape CaLB-MNPcis reactor system for prepar-
ative scale purposes and gain information on its long-term stability under continuous flow
conditions, the preconditioned CaLB-MNPcis charged reactor for the preliminary flow re-
action investigations was operated for a further 2 week period (Figure 6).
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Figure 6. Long-term operational stability of the KR of racemic 4-(morpholin-4-yl)butan-2-ol (+)-1
within the preconditioned U-shape CaLB-MNPcis reactor. The blue dots represent the conversion
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(50 + 0.9%) in a sample at each day of a two weeks long run at room temperature (25 °C), while the
red square shows the average. In each sample, the ee of products ((R)-2 and (S)-1) exceeded 98%.

During the long term run of the U-shape CaLB-MNPcis reactor, 20 mL reaction mix-
ture was collected. The average and standard error data (c = 49.8 + 1.33) for the samples
during the steady state of the long-term run (Figure 6) were in good agreement with the
conversion value (c =49.8%) determined for the collected total outflow solution. The prod-
ucts isolated from this mixture ((R)-2: Y =48.0%, [a]®p =+1.2; (S)-1: Y =40.5%, [a]*p=+3.2;
ee > 99.5% by GC for both) were indistinguishable from those which were isolated from
the KR of ()-1 in batch mode.

Finally, the space time yields, starting from 25 mM (+)-1 in the KR processes, could
be compared. The KR process in batch mode revealed STYs = 4.0 mmol L h for the (R)-
acetate ((R)-2) formation. When the total U-shape volume (Vu-shape = 118 pL) for the con-
tinuous flow KR process, starting from 25 mM (+)-1, was considered, a STYU-shape = 1.8
mmol L7 h™' could be determined. However, considering only the volume of the MNP-
filled reaction chambers (Vu-shape =28 pL) of the U-shape MNP reactor, a STYjited = 7.4 mmol
L h could be calculated. The situation STYiea being two times higher than STYs resem-
bled to comparing a continuous flow KR in a packed-bed reactor to a KR batch mode [78].

3. Materials and Methods
3.1. Materials

CaLB for immobilization experiments (recombinant Candida antarctica lipase B pro-
duced by microbial fermentation in Pichia pastoris, exhibiting a single band around 33 kDa
on SDS-gel EF; provided as lyophilized powder, Lot-NO: MA-b-0002, activity: 59,900
TBU/g) was obtained from c-LEcta (Leipzig, Germany).

Details on materials, solvents, methods for CaLB immobilization, parameters neces-
sary to define the immobilized enzyme preparation [79], and synthesis of the racemic 4-
(morpholin-4-yl)butan-2-ol (+)-1 substrate are given in Supplementary information.

3.2. Analytical and Separation Methods

Optical rotations were measured on a Perkin-Elmer 241 polarimeter (Waltham, MA,
USA) at the D-line of sodium in ethanol. The polarimeter was calibrated with measure-
ments of both enantiomers of menthol.

Gas chromatographic (GC) analyses were performed with an Agilent 4890 gas chro-
matograph (Santa Clara, CA, USA) equipped with FID detector using H: carrier gas (in-
jector: 250 °C, detector: 250 °C, head pressure: 12 psi, split ratio: 50:1) using Hydrodex 3-
6TBDM column (25 m x 0.25 mm x 0.25 um film of heptakis-(2,3-di-O-methyl-6-O-t-butyl-
dimethylsilyl)- 3-cyclodextrin; Macherey and Nagel, Diiren, Germany). Details on meth-
ods and retention times of components in the kinetic resolution reactions are given in Ta-
ble S1 in Supplementary information.

3.3. Comparative Activity Tests of the CaLB-MNP Biocatalysts by Acetylation of (+)-1

The biocatalytic activities of the various CaLB-MNP biocatalysts were assayed and
compared using the enzymic acylation reactions of the racemic 4-(morpholin-4-yl)butan-
2-ol (+)-1 with vinyl acetate as acylating agent.

The assays for the various CaLB-MNP preparations were performed in clean screw-
capped vials (1.5 mL, 8-425 Vial Small Opening V813/V817, Aijjiren Technology Inc.,
Zhejiang, China), using CaLB-MNPs (5 mg) as biocatalyst in the reaction mixture contain-
ing racemic 4-(morpholin-4-yl)butan-2-ol (+)-1 (12.5, 25, 50, or 100 mM) and vinyl acetate
(31.5, 62.5, 125, or 250 mM, respectively) in a mixture of methyl ¢-butyl ether (MTBE)-
hexane (1:2 ratio, 1 mL) at room temperature (25 °C) in a Vibramax 100 shaker (Heidolph,
Schwabach, Germany).
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For sampling from reactions under various conditions, samples (20 uL) taken from
the reaction mixtures were diluted with ethanol (480 pL) and analyzed by GC as described
in Section 3.2. The preliminary activity test in batch mode performed as triplicates indi-
cated a variation within 2%. Therefore, further optimization and time course experiments
were performed as single series.

3.4. Kinetic Resolution of (+)-1 by the CaLB-MNPc1s Biocatalysts in Batch Mode

Into a 20 ml screw-cap vial, racemic 4-(morpholin-4-yl)butan-2-ol (+)-1 (320 mg, 2
mmol), CaLB-MNPci5 (50 mg), and vinyl acetate (500 uL) were added to a mixture of me-
thyl t-butyl ether (MTBE)-hexane (1:2 ratio, 10 mL), and the suspension was shaken at
room temperature (25 °C) in a Vibramax 100 shaker for 24 h. The CaLB-MNPcisbiocatalyst
was removed by anchoring with the aid of a neodymium magnet and decanting. The re-
suspended CaLB-MNPcis was washed by a mixture of methyl ¢t-butyl ether (MTBE)-hex-
ane (1:2 ratio, 2 x 2.5 mL). After removing the volatiles from the combined solutions by
vacuum rotary evaporation, the resulted products were separated by chromatography on
a silica gel column (silica gel (15 g), dichloromethane-methanol-35% ammonia solution
10:1:0.5 as eluant) to give the formed enantiopure (R)-acetate (R)-2 and residual (S)-alcohol
(S)-1.

3.4.1. (R)-4-(Morpholin-4-yl)butan-2-yl acetate (R)-2

Yield: 191 mg, 47.5%. [a]p? = +1.2 (¢ 3, EtOH) for the sample having ee > 99.5% by GC.
[a]®p =-1.2 (c 3, EtOH) for the sample having ee > 99.5% by GC.IR (film, cm?): 2955, 2853,
2810, 1734, 1459, 1448, 1372, 1242, 1118, 1071, 1013, 867. 'TH NMR (500 MHz, CDCls, d ppm)
1.25 (d, ]= 6.2 Hz, 3H, -CHs), 1.70 (m, 1H, CHH-CH-0O), 1.82 (m, 1H, CHH-CH-0O), 2.03 (s,
3H, -COCHs), 2.39 (m, 4H, CHCH2CH>), 2.45 (br s, 4H, NCH>CH-0), 3.73 (t, ]= 4.6 Hz, 4H,
NCH:CH:0), 4.97 (m, 1H, CH-O). 3C NMR (126 MHz, CDCls,  ppm): 20.09, 21.33, 32.50,
53.54, 55.02, 66.56, 69.37, 170.66.

3.4.2. (S)-4-(Morpholin-4-yl)butan-2-ol (S)-1

Yield: 119 mg, 37.5%. [a]p?® = +3.2 (c 3, EtOH) for the sample having ee > 99.5% by GC.
IR (film, cm?): 3389, 2961, 2852, 2614, 1453, 1448, 1288, 1115, 1031, 912, 867, 769. TH NMR
(300 MHz, CDCls,  ppm) 1.15 (dd, 3H, -CHs), 1.50 (m, 1H, CHH-CH-O), 1.63 (m, 1H, CHH-
CH-0), 2.41 (br s, 2H, CHCH2CH>), 2.62 (m, 4H, NCH2CH-0), 3.70 (br s, 4H, NCH.CH-0),
3.94 (m, 1H, CH-0O), 4.9 (br s, 1H, C-OH). 3C NMR (75 MHz, CDCls, 6 ppm): 22.5, 33.0,
53.7,58.1, 66.8, 69.6.

3.5. Design and Assembly of the U-Shape MNP Reactor

The U-shape MNP reactor system (Figure 4) was designed by the AutoCAD (2020
student version) program and printed by a Rankfor100 3D printer (CEI Conrad Electronic
International, Ltd., New Territories, Hong Kong). For this study, neodymium disc mag-
nets, 4 mm x 2 mm, N35 (Euromagnet Ltd, Budapest, Hungary), were as permanent mag-
nets, and polytetrafluoroethylene (PTFE) tube ID 0.75 mm was used as the reactor body
and for connection parts.

3.6. Kinetic Resolution of (+)-1 by the CaLB-MNUPc1s Biocatalysts in the U-Shape Reactor in
Continuous Flow Mode

The U-shape reactor for continuous flow kinetic resolution comprised a PTFE tube
(ID = 0.75 mm) placed in a holder, allowing the adjustable positioning of six permanent
magnets under the tube. This formed six positions at which CaLB-MNPcis could be an-
chored by the magnets within the tube (Figure 4).

To be comparable to the results of the KR in batch mode, similar reaction conditions
were applied for the KR in the U-shape reactor (CaLB-MNPcis amount (5 mg), concentra-
tion of substrate (+)-1 (25 mM), and vinyl acetate concentration (62.5 mM) in a mixture of
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methyl t-butyl ether (MTBE)-hexane (1:2 ratio), room temperature (25 °C)) as applied in
the KRs in batch mode (see Section 3.3).

For filling the six chambers of the reactor, suspensions of CaLB-MNPcis (6 x 0.83 mg
MNPs suspended in 1 mL of solvent at 50 uL min™) were fed in a counter-current direction
to the later fluid flow, starting from the last chamber until the first one.

Experiments were performed at various flow rates (1, 2, 3 uL min) to achieve differ-
ent residence times (8, 4, 2.5 min, respectively). Sampling was performed in a similar way,
as described in Section 3.3.

For the preparative scale experiment, the U-shape MNP tube reactor was fed with
racemic 4-(morpholin-4-yl)butan-2-ol (+)-1 (40 mg, 0.25 mmol) and vinyl acetate (231 pL,
2.5 equiv.) in 10 mL of solvent (MTBE-hexane 1:2) at a flow rate of 1 uL min~'. After col-
lecting the outflowing solutions (20 mL, 14 days), the volatiles were evaporated by vac-
uum rotary evaporation, and the resulting products were separated by chromatography
on a silica gel column (silica gel (5 g), dichloromethane-methanol-35% ammonia solution
10:1:0.5 as eluant) to leave the formed enantiopure (R)-acetate (R)-2 and (5)-alcohol (5)-1.

3.6.1. (R)-4-(Morpholin-4-yl)butan-2-yl acetate (R)-2
Yield: 38.4 mg, 48.0%. [a]®p = +1.2 (c 3, EtOH) for a sample having ee > 99.5% by GC.

3.6.2. (S)-4-(Morpholin-4-yl)butan-2-ol (S)-1
Yield: 32.4 mg, 40.5%. [a]®p = +3.2 (c 3, EtOH) for a sample having ee > 99.5% by GC.

4. Conclusions

In this study, a convenient U-shape tubular microreactor for MNP-catalysis was de-
veloped and applied for kinetic resolution of the pharmaceutically relevant racemic 4-
(morpholin-4-yl)butan-2-ol (+)-1 with lipase B from Candida antarctica immobilized on
magnetic nanoparticles. In the new U-shape MNP reactor, the enzyme-coated MNPs,
forming nanochannels within the individual MNPs, allowed passing the fluid through
and above the MNP biocatalysts, thus breaking the streamline of laminar flow and in-
creasing the mixing during the fluid flow. The mixing of the streamline for fluid flow
enabled enhanced effective activity of enzymes. The results of a KR process with a cova-
lently immobilized CaLB-MNP biocatalyst (CaLB-MNP ci5) in the U-shape reactor oper-
ated under continuous flow conditions compared to the KR with the same reaction com-
position and the same amount of CaLB-MNP ci5 in batch mode confirmed this effective
enhancement effect.

The U-shape tubular microreactor developed for this study represents a general and
easy-to-access implementation of the MNP-based flow microreactor technology for vari-
ous biotransformations, avoiding costly and time-consuming manufacturing and down-
stream processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-
cle/10.3390/catal12091065/s1, Materials and methods for preparation of MNP carriers and CaLB im-
mobilization; Synthesis of (+)-1, and the racemic acetate and (S)-acetate ((+)-2 and (S)-2, respec-
tively); Table S1: GC method and retention times for analysis of the kinetic resolution reactions by
chiral GC; Figure S1-517: "TH NMR spectrum of 4-(morpholin-4-yl)butan-2-one; and GC chromato-
grams, 'H- and ®*C-NMR, and IR spectra of compounds (+)-1, (+)-2, (R)-2, and (S)-1 [76,77,80-82].

Author Contributions: Conceptualization, L.P. and A.O.L; methodology, A.O.L, L.T., AM.-L,ES.-
B. and L.P,; validation, L.P. and A.O.I; investigation, A.O.L, FM.W.G.S,, L.T. and ].S.; resources,
L.P.; writing—original draft preparation, A.O.I, FM.W.G.S. and AM-L,; writing —review and ed-
iting, A.O.I. and L.P.; visualization, A.O.I. and L.P.; supervision, L.P.; funding acquisition, L.P. All
authors have read and agreed to the published version of the manuscript.

Funding: The research reported in this paper is part of project no. TKP2021-EGA-02, implemented
with the support provided by the Ministry for Innovation and Technology of Hungary from the
National Research, Development and Innovation Fund, financed under the TKP2021 funding



Catalysts 2022, 12, 1065 13 of 16

scheme. The National Research, Development and Innovation Office (Budapest, Hungary) is
acknowledged for funding (SNN-125637). This work was also supported by a grant of the Romanian
Ministry of Education and Research, CCCDI-UEFISCD], project number PN-III-P2-2.1-PED-2019-
5031, within PNCDI III.

Data Availability Statement: Not applicable.

Acknowledgments: Technical assistance of Edit Téth Németh in lab work is thankfully acknowl-
edged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fasim, A.; More, V.S.; More, S.S. Large-scale production of enzymes for biotechnology uses. Curr. Opin. Biotechnol. 2021, 69, 68—
76. https://doi.org/10.1016/j.copbio.2020.12.002.

Bell, E.L.; Finnigan, W.; France, S.P.; Green, A.P.; Hayes, M.A.; Hepworth, L.J.; Lovelock, S.L.; Niikura, H.; Osuna, S.; Romero,
E.; et al. Biocatalysis. Nat. Rev. Method. Prim. 2021, 1, 46. https://doi.org/10.1038/s43586-021-00044-z.

Sheldon, R.A.; Brady, D. Green chemistry, biocatalysis, and the chemical industry of the future. ChemSusChem 2022, 15,
€202102628. https://doi.org/10.1002/cssc.202102628.

Fehér, A.; Bedd, S.; Fehér, C. Comparison of Enzymatic and Acidic Fractionation of Corn Fiber for Glucose-rich Hydrolysate
and Bioethanol Production by Candida  boidinii.  Period.  Polytech. =~ Chem. Engin. 2021, 65,  320-330.
https://doi.org/10.3311/PPch.17431.

Bilal, M.; Fernandes, C.D.; Mehmood, T.; Nadeem, F.; Tabassam, Q.; Ferreira, L.F.R. Immobilized lipases-based nano-
biocatalytic systems— A versatile platform with incredible biotechnological potential. Int. ]. Biol. Macromol. 2021, 175, 108-122.
https://doi.org/10.1016/j.ijpiomac.2021.02.010.

Chandra, P.; Enespa, E.; Singh, R.; Arora, P.K. Microbial lipases and their industrial applications: A comprehensive review.
Microb. Cell Fact. 2020, 19, 169. https://doi.org/10.1186/s12934-020-01428-8.

Ismail, A.R.; Kashtoh, H.; Baek, K.H. Temperature-resistant and solvent-tolerant lipases as industrial biocatalysts:
Biotechnological approaches and applications. Int. J. Biol. Macromol. 2021, 187, 127-142.
https://doi.org/10.1016/j.ijpiomac.2021.07.101.

Mehta, A.; Grover, C.; Bhardwaj, KK.; Gupta, R. Application of lipase purified from Aspergillus fumigatus in the syntheses of
ethyl acetate and ethyl lactate. ]. Oleo Sci. 2020, 69, 23-29. https://doi.org/10.5650/jos.ess19202.

Gkountela, C.; Rigopoulou, M.; Barampouti, E.M.; Vouyiouka, S. Enzymatic prepolymerization combined with bulk post-
polymerization towards the production of bio-based polyesters: The case of poly(butylene succinate). Eur. Polym. ]. 2021, 143,
110197. https://doi.org/10.1016/j.eurpolym;j.2020.110197.

Carvalho, W.C.A.; Luiz, JJH.H., Fernandez-Lafuente, R.; Hirata, D.B.; Mendes, A.A. Eco-friendly production of
trimethylolpropane triesters from refined and used soybean cooking oils using an immobilized low-cost lipase (Eversa>®
Transform 2.0) as heterogeneous catalyst. Biomass Bioenergy 2021, 155, 106302. https://doi.org/10.1016/j.biombioe.2021.106302.
Kumari, M.; Padhi, S.; Sharma, S.; Phukon, L.C.; Singh, S.P.; Rai, A.K. Biotechnological potential of psychrophilic
microorganisms as the source of cold-active enzymes in food processing applications. 3 Biotech 2021, 11, 479.
https://doi.org/10.1007/s13205-021-03008-y.

Hamdan, S.H.; Maiangwa, J.; Ali, M.S.M.; Normi, Y.M.; Sabri, S.; Leow, T.C. Thermostable lipases and their dynamics of
improved enzymatic properties. Appl. Microbiol. Biotechnol. 2021, 105, 7069-7094. https://doi.org/10.1007/s00253-021-11520-7.
Patkar, S.A.; Bjorking, F.; Zundel, M.; Schulein, M.; Svendsen, A.; Heldt Hansen, H.P.; Gormsen, E. Purification of two lipases
from Candida antarctica and their inhibition by various inhibitors. Indian . Chem. 1993, 32B, 76-80.

Kirk, O.; Christensen, M.W. Lipases from Candida antarctica: Unique biocatalysts from a unique origin. Org. Process Res. Dev.
2002, 6, 446—451. https://doi.org/10.1021/0p0200165.

Maria, P.D.; Carboni-Oerlemans, C.; Tuin, B.; Bargeman, G.; Van Der Meer, A.; Van Gemert, R. Biotechnological applications of
Candida antarctica lipase A: State-of-the-art, J. Mol. Catal. B Enzym. 2005, 37, 36—46. https://doi.org/10.1016/j.molcatb.2005.09.001.
Lima, R.N.; dos Anjos, C.S.; Orozco, E.V.M.; Porto, A.L.M. Versatility of Candida antarctica lipase in the amide bond formation
applied in  organic synthesis and  biotechnological = processes. = Mol.  Catal. 2019, 466, 75-105.
https://doi.org/10.1016/j.mcat.2019.01.007.

Ortiz, C.; Ferreira, M.L.; Barbosa, O.; Dos Santos, ]J.C.S.; Rodrigues, R.C.; Berenguer-Murcia, A.; Briand, L.E.; Fernandez-
Lafuente, R. Novozym 435: The “perfect” lipase immobilized biocatalyst? Catal. Sci. Technol. 2019, 9, 2380-2420.
https://doi.org/10.1039/c9cy00415g.

Sheldon, R.A.; Basso, A.; Brady, D. New frontiers in enzyme immobilisation: Robust biocatalysts for a circular bio-based
economy. Chem. Soc. Rev. 2021, 50, 5850-5862. https://doi.org/10.1039/D1CS00015B.

Bolivar, J.M.; Woodley, ].M.; Fernandez-Lafuente, R. Is enzyme immobilization a mature discipline? Some critical
considerations to capitalize on the benefits of immobilization. Chem. Soc. Rev. 2022, 51, 6251-6290.
https://doi.org/10.1039/D2CS00083K.



Catalysts 2022, 12, 1065 14 of 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Remonatto, D.; Miotti, R.H.; Jr.; Monti, R.; Bassan, ].C.; de Paula, A.V. Applications of immobilized lipases in enzymatic reactors:
A review. Proc. Biochem. 2022, 114, 1-20. https://doi.org/10.1016/j.procbio.2022.01.004.

Arana-Pefia, S.; Rios, N.S.; Carballares, D.; Gongalves, L.R.B.; Fernandez-Lafuente, R. Immobilization of lipases via interfacial
activation on hydrophobic supports: Production of biocatalysts libraries by altering the immobilization conditions. Catal. Today
2021, 362, 130-140. https://doi.org/10.1016/j.cattod.2020.03.059.

Nandinj, S.; Anurag, V.; Ishman, K.; Soham, C. A comprehensive review on the potential use of immobilized lipase as biosensor—
present scenario and prospects. Res. J. Biotechnol. 2022, 17, 145-150. https://doi.org/10.25303/1704rjbt145150.

Abahazi, E.; Lestal, D.; Boros, Z.; Poppe, L. Tailoring the spacer arm for covalent immobilization of Candida antarctica lipase B-
thermal stabilization by bisepoxide-activated aminoalkyl resins in continuous-flow reactors. Molecules 2016, 21, 767.
https://doi.org/10.3390/molecules21060767.

Weiser, D.; Nagy, F.; Banoczi, G.; Olah, M.; Farkas, A.; Szilagyi, A.; Laszlo, K.; Gellért, A.; Marosi, G.; Kemény, S.; Poppe, L.
Immobilization engineering-How to design advanced sol-gel systems for biocatalysis? Green Chem. 2017, 19, 3927-3937.
https://doi.org/10.1039/c7gc00896a.

Dudu, A.IL; Lacatus, M.A.; Bencze, L.C.; Paizs, C.; Tosa, M.I. Green Process for the Enzymatic Synthesis of Aroma Compounds
Mediated by Lipases Entrapped in Tailored Sol-Gel Matrices. ACS Sustain. Chem. Eng. 2021, 9, 5461-5469.
https://doi.org/10.1021/acssuschemeng.1c00965.

Razzaghi, M.; Homaei, A.; Vianello, F.; Azad, T.; Sharma, T.; Nadda, A.K,; Stevanto, R.; Bilal, M.; Iqbal, H.M.N. Industrial
applications of immobilized nano-biocatalysts. Bioproc. Biosys. Engin. 2022, 45, 237-256. https://doi.org/10.1007/s00449-021-
02647-y.

Shuai, W.; Das, R.K.; Naghdi, M.; Brar, S.K.; Verma, M. A review on the important aspects of lipase immobilization on
nanomaterials. Biotechnol. Appl. Biochem. 2017, 64, 496-508. https://doi.org/10.1002/bab.1515.

Kumar, N.; Chauhan, N.S. Nano-biocatalysts: Potential biotechnological applications. Indian |. Microbiol. 2021, 61, 441-448.
https://doi.org/10.1007/s12088-021-00975-x.

Weiser, D.; S6ti, P.L.; Bandczi, G.; Bédai, V.; Kiss, B.; Gellért, A.; Nagy, Z.K.; Koczka, B.; Szilagyi, A.; Marosi, G.; Poppe, L.
Bioimprinted lipases in PVA nanofibers as efficient immobilized biocatalysts. Tetrahedron 2016, 72, 7335-7342.
https://doi.org/10.1016/j.tet.2016.06.027.

Wang, C.; Wang, N.; Liu, X.; Wan, P.; He, X.; Shang, Y. Expanding application of immobilized Candida antarctica lipase B: A
green enzyme catalyst for Knoevenagel condensation reaction. Fibers Polym. 2018, 19, 1611-1617. https://doi.org/10.1007/s12221-
018-8200-5.

Nagy, F.; Santa-Bell, E.; Jipa, M.; Hornyanszky, G.; Szilagyi, A.; Laszlo, K.; Katona, G.; Paizs, C.; Poppe, L.; Balogh-Weiser, D.
Cross-linked enzyme-adhered nanoparticles (CLEANS) for continuous-flow bioproduction. ChemSusChem 2022, 15, e202102284.
https://doi.org/10.1002/cssc.202102284.

Gal, C.A.; Barabas, L.E.; Vari, ].H.B.; Moisa, M.E.; Weiser-Balogh, D.; Bencze, L.C.; Poppe, L.; Paizs, C. Lipase on carbon
nanotubes-an active, selective, stable and easy-to-optimize nanobiocatalyst for kinetic resolutions. React. Chem. Eng. 2021, 6,
2391-2399. https://doi.org/10.1039/d1re00342a.

Bilal, M.; Zhao, Y.; Rasheed, T.; Igbal, H.M.N. Magnetic nanoparticles as versatile carriers for enzymes immobilization: A review.
Int. J. Biol. Macromol. 2018, 120, 2530-2544. https://doi.org/10.1016/j.ijpiomac.2018.09.025.

Matveeva, V.G.; Bronstein, L.M. Magnetic nanoparticle-containing supports as carriers of immobilized enzymes: Key factors
influencing the biocatalyst performance. Nanomaterials 2021, 11, 2257. https://doi.org/10.3390/nano11092257.

Netto, C.G.C.M.; Toma, H.E.; Andrade, L.H. Superparamagnetic nanoparticles as versatile carriers and supporting materials
for enzymes. J. Mol. Catal. B Enzym. 2013, 85-86, 71-92. https://doi.org/10.1016/j.molcatb.2012.08.010.

Arsalan, A.; Younus, H. Enzymes and nanoparticles: Modulation of enzymatic activity via nanoparticles. Int. |. Biol. Macromol.
2018, 118, 1833-1847. https://doi.org/10.1016/j.ijpiomac.2018.07.030.

Tan, Z.; Bilal, M; Li, X;; Ju, F.; Teng, Y.; Iqbal, H.M.N. Nanomaterial-immobilized lipases for sustainable recovery of biodiesel—-
A review. Fuel 2022, 316, 123429. https://doi.org/10.1016/j.fuel.2022.123429.

Okura, N.S.; Sabi, G.J.; Crivellenti, M.C.; Gomes, R.A.B.; Fernandez-Lafuente, R.; Mendes, A. A. Improved immobilization of
lipase from Thermomyces lanuginosus on a new chitosan-based heterofunctional support: Mixed ion exchange plus hydrophobic
interactions. Int. ]. Biol. Macromol. 2020, 163, 550-561. https://doi.org/10.1016/j.ijbiomac.2020.07.021.

Netto, C.G.C.M.; Andrade, L.H.; Toma, H.E. Enantioselective transesterification catalysis by Candida antarctica lipase
immobilized on superparamagnetic nanoparticles. Tetrahedron Asymmetry 2009, 20, 2299-2304.
https://doi.org/10.1016/j.tetasy.2009.08.022.

Nicolas, P.; Lassalle, V.; Ferreira, M.L. Immobilization of CALB on lysine-modified magnetic nanoparticles: Influence of the
immobilization protocol. Bioproc. Biosyst. Engin. 2018, 41, 171-184. https://doi.org/10.1007/s00449-017-1855-2.

SreeHarsha, N.; Ghorpade, R.V.; Alzahrani, A.M.; Al-Dhubiab, B.E.; Venugopala, K.N. Immobilization studies of Candida
antarctica lipase B on gallic acid resin-grafted magnetic iron oxide nanoparticles. Int. J. Nanomed. 2019, 14, 3235-3244.
https://doi.org/10.2147/IJN.5203547.

Vahidi, A.K,; Yang, Y.; Ngo, T.P.N,; Li, Z. Simple and efficient immobilization of extracellular his-tagged enzyme directly from
cell culture supernatant as active and recyclable nanobiocatalyst: High-performance production of biodiesel from waste grease.
ACS Catal. 2015, 5, 3157-3161. https://doi.org/10.1021/acscatal.5b00550.



Catalysts 2022, 12, 1065 15 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Zlateski, V.; Fuhrer, R.; Koehler, F.M.; Wharry, S.; Zeltner, M.; Stark, W.].; Moody, T.S.; Grass, R.N. Efficient magnetic recycling
of covalently attached enzymes on carbon-coated metallic nanomagnets. Bioconjugate Chem. 2014, 25, 677-684.
https://doi.org/10.1021/bc400476y.

Afzal, H.A.; Ghorpade, R.V.; Thorve, A K,; Nagaraja, S.; Al-Dhubiab, B.E.; Meravanige, G.; Rasool, S.T.; Roopashree, T.S. Epoxy
functionalized polymer grafted magnetic nanoparticles by facile surface initiated polymerization for immobilization studies of
Candida antarctica lipase B. React. Function. Polym. 2020, 147, 104454. https://doi.org/10.1016/j.reactfunctpolym.2019.104454.
Nicolas, P.; Lassalle, V.; Ferreira, M.L. Development of a magnetic biocatalyst useful for the synthesis of ethyloleate. Bioproc.
Biosyst. Engin. 2014, 37, 585-591. https://doi.org/10.1007/s00449-013-1010-7.

Spelmezan, C.G.; Bencze, L.C.; Katona, G.; Irimie, F.D.; Paizs, C.; Tosa, M.I. Effcient and stable magnetic chitosan-lipase B from
Candida antarctica bioconjugates in the enzymatic kinetic resolution of racemic heteroarylethanols. Molecules 2020, 25, 350.
https://doi.org/10.3390/molecules25020350.

Nicolas, P.; Lassalle, V.L.; Ferreira, M.L. About the role of typical spacer/crosslinker on the design of efficient magnetic
biocatalysts based on  nanosized magnetite. J. Mol  Catal. B  Enzym. 2015, 122,  296-304.
https://doi.org/10.1016/j.molcatb.2015.09.013.

Costa, V.M.; De Souza, M.C.M.; Fechine, P.B.A.; Macedo, A.C.; Gongalves, L.R.B. Nanobiocatalytic systems based on lipase-
FesOs and conventional systems for isoniazid synthesis: A comparative study. Braz. J. Chem. Engin. 2016, 33, 661-673.
https://doi.org/10.1590/0104-6632.20160333s20150137.

Modenez, I.A.; Sastre, D.E.; Moares, F.C.; Marques Netto, C.G.C. Influence of dlutaraldehyde cross-linking modes on the
recyclability of immobilized lipase B from Candida antarctica for transesterification of soy bean oil. Molecules 2018, 23, 2230.
https://doi.org/10.3390/molecules23092230.

Monteiro, RR.C.; Neto, D.M.A.; Fechine, P.B.A.; Lopes, A.A.S.; Gongalves, L.R.B.; Dos Santos, J.C.S.; de Souza, M.C.M,;
Fernandez-Lafuente, R. Ethyl butyrate synthesis catalyzed by lipases A and B from Candida antarctica immobilized onto
magnetic nanoparticles. improvement of biocatalysts” performance under ultrasonic irradiation. Int. . Mol. Sci. 2019, 20, 5807.
https://doi.org/10.3390/ijms20225807.

Vasilescu, C.; Todea, A.; Nan, A.; Circu, M,; Turcu, R.; Benea, I.; Peter, F. Enzymatic synthesis of short-chain flavor esters from
natural sources using tailored magnetic biocatalysts. Food Chem. 2019, 296, 1-8. https://doi.org/10.1016/j.foodchem.2019.05.179.
Brandao Junior, J.; Ferreira, D.C.L.; Maia, F.S.; Mota, G.F.; Nascimento, J.G.A.; Monteiro, R.R.C.; Fonseca, A.M.; Maria Souza,
C.M. Immobilization of CalB Lipase by adsorption on magnetic nanoparticles: A heterogeneous biocatalysis/Imobilizagao da
lipase CalB por adsor¢ao em nanoparticulas magnéticas: Um biocatalisador heterogéneo. Braz. |. Dev. 2021, 7, 76015-76024.
https://doi.org/10.34117/bjdv7n8-022.

De Souza, M.C.M.; Dos Santos, K.P.; Freire, R.M.; Barreto, A.C.H.; Fechine, P.B.A.; Gongalves, L.R.B. Production of flavor esters
catalyzed by Lipase B from Candida antarctica immobilized on magnetic nanoparticles. Braz. J. Chem. Engin. 2017, 34, 681-690.
https://doi.org/10.1590/0104-6632.20170343s20150575.

Mehrasbi, M.R.; Mohammadi, J.; Peyda, M.; Mohammadi, M. Covalent immobilization of Candida antarctica lipase on core-shell
magnetic nanoparticles for production of biodiesel from waste cooking oil. Renew. Energy 2017, 101, 593-602.
https://doi.org/10.1016/j.renene.2016.09.022.

Gkantzou, E.; Patila, M.; Stamatis, H. Magnetic microreactors with immobilized enzymes-from assemblage to contemporary
applications. Catalysts 2018, 8, 282. https://doi.org/10.3390/catal8070282.

Weiser, D.; Bencze, L.C.; Banoczi, G.; Ender, F.; Kiss, R.; Kokai, E.; Szilagyi, A.; Vértessy, B.G.; Farkas, O.; Paizs, C.; Poppe, L.
Phenylalanine Ammonia-Lyase-Catalyzed Deamination of an Acyclic Amino Acid: Enzyme Mechanistic Studies Aided by a
Novel Microreactor Filled with Magnetic Nanoparticles. ChemBioChem 2015, 16, 2283-2288.
https://doi.org/10.1002/cbic.201500444.

Ender, F.; Weiser, D.; Nagy, B.; Bencze, L.C.; Paizs, C.; Palovics, P.; Poppe, L. Microfluidic multiple cell chip reactor filled with
enzyme-coated magnetic nanoparticles-An efficient and flexible novel tool for enzyme catalyzed biotransformations. J. Flow
Chem. 2016, 6, 43-52. https://doi.org/10.1556/1846.2015.00036.

Imarah, A.O.; Csuka, P.; Bataa, N.; Decsi, B.; Santa-Bell, E.; Molnar, Z.; Balogh-Weiser, D.; Poppe, L. Magnetically agitated
nanoparticle-based batch reactors for biocatalysis with immobilized aspartate ammonia-lyase. Cafalysts 2021, 11, 7-9.
https://doi.org/10.3390/catal11040483.

Reichert, C.; Hoell, W.H.; Franzreb, M. Mass transfer enhancement in stirred suspensions of magnetic particles by the use of
alternating magnetic fields. Powder Technol. 2004, 145, 131-138. https://doi.org/10.1016/j.powtec.2004.06.010.

Znidar$i¢-Plazl, P. Biocatalytic process intensification via efficient biocatalyst immobilization, miniaturization, and process
integration. Curr. Opin. Green Sustain. Chem. 2021, 32, 100546. https://doi.org/10.1016/j.cogsc.2021.100546.

Bras, E.J.S.; Chu, V.; Conde, J.P.; Fernandes, P. Recent developments in microreactor technology for biocatalysis applications.
React. Chem. Engin. 2021, 6, 815-827. https://doi.org/10.1039/d1re00024a.

Schitz, A.; Grass, R.N.; Kainz, Q.; Stark, W.].; Reiser, O. Cu(Il)~Azabis(oxazoline) Complexes Immobilized on Magnetic Co/C
Nanoparticles: Kinetic Resolution of 1,2-Diphenylethane-1,2-diol under Batch and Continuous-Flow Conditions. Chem. Mater.
2010, 22, 305-310. https://doi.org/10.1021/cm9019099.

Roman-Pizarro, V.; Ramirez-Gutiérrez, M.; Gomez-Hens, A.; Fernandez-Romero, ].M. Usefulness of magnetically-controlled
MNPs-enzymes microreactors for the fluorimetric determination of total cholesterol in serum. Talanta 2020, 208, 120426.
https://doi.org/10.1016/j.talanta.2019.120426.



Catalysts 2022, 12, 1065 16 of 16

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Gebreyohannes, A.Y.; Giorno, L.; Vankelecom, L.F.].; Verbiest, T.; Aimar, P. Effect of operational parameters on the performance
of amagnetic responsive biocatalytic membrane reactor. Chem. Eng. ]. 2017, 308, 853-862. https://doi.org/10.1016/j.cej.2016.09.057.
Hajar, M.; Vahabzadeh, F. Biolubricant production from castor oil in a magnetically stabilized fluidized bed reactor using lipase
immobilized on FesOs nanoparticles. Ind. Crops Prod. 2016, 94, 544-556. https://doi.org/10.1016/j.indcrop.2016.09.030.

Ou, Z,; Pan, J.; Tang, L.; Shi, H. Continuous enantiomer-selective acylation reaction of 1-phenylethanamine in a magnetic
fluidized bed reactor system (MFBRS). J. Chem. Technol. Biotechnol. 2019, 94, 1951-1957. https://doi.org/10.1002/jctb.5978.
Aldeghi, M.; Malhotra, S.; Selwood, D.L.; Chan, A.W.E. Two- and Three-dimensional Rings in Drugs. Chem. Biol. Drug Des. 2014,
83, 450—461. https://doi.org/10.1111/cbdd.12260.

Lovering, F.; Bikker, J.; Humblet, C. Escape from Flatland: Increasing Saturation as an Approach to Improving Clinical Success.
J. Med. Chem. 2009, 52, 6752—-6756. https://doi.org/10.1021/jm901241e.

Kourounakis, A.P.; Xanthopoulos, D.; Tzara, A. Morpholine as a privileged structure: A review on the medicinal chemistry and
pharmacological activity of morpholine containing bioactive molecules. Med. Res. Rev. 2020, 40, 709-752.
https://doi.org/10.1002/med.21634.

Tzara, A.; Xanthopoulos, D.; Kourounakis, A.P. Morpholine As a Scaffold in Medicinal Chemistry: An Update on Synthetic
Strategies. ChemMedChem 2020, 15, 392-403. https://doi.org/10.1002/cmdc.201900682.

Moran, H. Basische Ester von Derivaten der Tetrahydropyran-4-Carbonsdure Und Deren Pharmakologisch Nicht Giftige
Saureadditionssalze. German Patent DE 1,518,403 B1, 16 July 1970.

Moran, H. Mucolytic Salts, Compositions and Process for Treating Mucus. U.S. Patent US 3,567,835, 2 March 1971.
Martinsson, J.; Faernegardh, K ; Joensson, M.; Ringom, R.; Gustafsson Sheppard, N.; Helleday, T.; Groth, P. Bisarylsulfonamide
Derivatives Useful in the Treatment of Inflammation and Cancer. U.S. Patent US 10,000,449 B2, 19 July 2018.

Csuka, P.; Molnar, Z.; Téth, V.; Imarah, A.O.; Balogh-Weiser, D.; Vértessy, B.G.; Poppe, L. Immobilization of the Aspartate
Ammonia-Lyase from Pseudomonas fluorescens R124 on Magnetic Nanoparticles: Characterization and Kinetics. ChemBioChem
2022, 23, €202100708. https://doi.org/10.1002/cbic.202100708.

Santa-Bell, E.; Molnér, Z.; Varga, A.; Nagy, F.; Hornyanszky, G.; Paizs, C.; Balogh-Weiser, D.; Poppe, L. “Fishing and hunting”—
Selective immobilization of a recombinant phenylalanine ammonia-lyase from fermentation media. Molecules 2019, 24, 4146.
https://doi.org/10.3390/molecules24224146.

Choi, J.H.; Choi, Y.K,; Kim, Y.H.; Park, E.S.; Kim, E.J.; Kim, M.-].; Park, J. Aminocyclopentadienyl Ruthenium Complexes as
Racemization Catalysts for Dynamic Kinetic Resolution of Secondary Alcohols at Ambient Temperature. J. Org. Chem. 2004, 69,
1972-1977. https://doi.org/10.1021/jo0355799.

Tosa, M; Pilbdk, S.; Moldovan, P.; Paizs, C.; Szatzker, G.; Szakacs, G.; Novak, L.; Irimie, F.-D.; Poppe, L. Lipase-catalyzed kinetic
resolution of racemic 1-heteroarylethanols—experimental and QM/MM study. Tetrahedron Asymmetry 2008, 19, 1844-1852.
https://doi.org/10.1016/j.tetasy.2008.07.004.

Csajagi, Cs.; Szatzker, G.; T6ke, ER,; Urge, L.; Darvas, F.; Poppe, L. Enantiomer selective acylation of racemic alcohols by lipases
in continuous-flow bioreactors. Tetrahedron:Asymmetry 2008, 19, 237-246. https://doi.org/10.1016/j.tetasy.2008.01.002.

Boudrant, J.; Woodley, ].M.; Fernandez-Lafuente, R. Parameters necessary to define an immobilized enzyme preparation. Proc.
Biochem. 2020, 90, 66-80. https://doi.org/10.1016/j.procbio.2019.11.026.

Bradford, M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248-254. https://doi.org/10.1006/abio.1976.9999.

Rossi, D.; Pedrali, A.; Urbano, M.; Gaggeri, R.; Serra, M.; Fernandez, L.; Fernandez, M.; Caballero, J.; Ronsisvalle, S.; Prezzavento,
O.; et al. Identification of a potent and selective o1 receptor agonist potentiating NGF-induced neurite outgrowth in PC12 cells.
Bioorg. Med. Chem. 2011, 19, 6210-6224. https://doi.org/10.1016/j.bmc.2011.09.016.

Nakamura, Y.; Ohta, T.; Oe, Y. A formal anti-Markovnikov hydroamination of allylic alcohols via tandem oxidation/1,4-
conjugate addition/1,2-reduction using a Ru catalyst. Chem. Commun. 2015, 51, 7459-7462. https://doi.org/10.1039/c5cc01584g.



