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1. Introduction

Characterization of lipase from Candida rugosa
entrapped in alginate beads to enhance its
thermal stability and recyclability

Alice Vetrano, (22 Francesco Gabriele,® Raimondo Germani® and
Nicoletta Spreti (2 *?

Lipase from Candida rugosa has been immobilized in different formulations of calcium alginate beads,
prepared by ionotropic gelation, which differ from each other in CaCl, concentration and hardening
time, to investigate the effects of immobilization conditions on enzyme properties. Morphological
studies on all hydrated beads, performed by SEM equipped with a Peltier plate, revealed a different
internal compactness. Despite this, all types of beads had an immobilization yield of 100% measured
with the Bradford method and about 94% evaluated from the residual activity of the preparation
solutions; moreover, all entrapped biocatalysts catalyzed the complete hydrolysis of p-nitrophenyl
acetate, even after one month of storage in distilled water at 4 °C. When the internal microstructure of
the beads was more compact, the rate of hydrolysis of the most hydrophobic p-nitrophenyl
dodecanoate was halved, probably due to mass transfer limiting effects. The immobilized lipase had
better resistance to temperature inactivation than the free form: enzyme residual activity at 50 °C after a
week were approximately 70% and 20% for the immobilized and free forms respectively. An excellent
recyclability in water at 25 °C of entrapped enzyme was also found, having residual activity greater than
80% at the tenth reaction cycle. The best bead formulation was then used for the resolution of (R)-1-
phenylethanol in aqueous solution starting from racemic (R,S)-1-phenylethyl acetate. The enantio-
selectivity found (E = 10) was slightly higher but did not differ significantly from that of free lipase
towards the same substrate (E = 4).

or protein and substrate engineering." Immobilization techni-
ques have also proven to be a very powerful tool for implement-

The employment of enzymes as biocatalysts has emerged as an
important tool in many industrial processes, such as the
synthesis of active pharmaceuticals, detergents, food ingredi-
ents and fine chemicals." However, although bioconversions
are more environmentally friendly and more sustainable, some
disadvantages limit the application of enzymes both in aca-
demic research and mainly in industry. These can be ascribed
to the lack of operational stability and to the difficult recovery
and reuse of biocatalysts, especially for their application in
industrial processes, where multiple high yield cycles are
required. Many technological implementations offer the possi-
bility to overcome these drawbacks, such as reaction medium

“ Department of Physical and Chemical Sciences, University of L’Aquila, Via Vetoio -
Coppito, I-67100 L'Aquila, Italy. E-mail: nicoletta.spreti@univaq.it

b CGEMIN, Centre of Excellence on Nanostructured Innovative Materials, Department
of Chemistry, Biology and Biotechnology, University of Perugia, Via Elce di Sotto 8,
06123 Perugia, Italy

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2nj01160c

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

ing enzyme properties.” In fact, immobilization, in addition to
allowing easier recovery and reuse of the enzyme reducing
operating costs, can improve other enzyme features, such
as its stability in many reaction media, activity, selectivity,
specificity, and resistance to temperature, chemicals and
inhibitors.>™ The modification of enzyme properties due to
its immobilization can sometimes be associated with changes
in its structure in a more active form. Many other causes must
also be considered, such as an increase in rigidity of the
enzyme structure that avoids distortions, a protective effect of
the support under harsh conditions, a decrease in substrate
and/or product inhibition or the creation of their partition
towards or away from the enzymatic environment.® Further-
more, in addition to the enzyme, the performance of an
immobilized biocatalyst strongly depends both on the
support materials (classic inorganic or organic supports and
new materials with desired properties) and on the method
of immobilization.®® Several approaches have been investi-
gated to improve enzyme performances, such as binding
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(physical, ionic or covalent) to a support, cross-linking, which
involves the formation of covalently linked protein-protein
aggregates, or entrapment, in which the enzyme is physically
confined within a three-dimensional polymeric network.'*™"?
Each of them can affect enzyme properties and a universal
method for enzyme immobilization still does not exist. There-
fore, the appropriate choice of the best immobilization process
must be made to obtain good catalytic activity, stability and
reusability of the enzymes."?

Lipases (triacylglycerol ester hydrolase, E.C. 3.1.1.3) are
ubiquitous enzymes widely employed to catalyze a wide range
of enantio- and regioselective reactions such as hydrolysis,
esterification, transesterification, aminolysis and ammo-
niolysis.**™® Unlike the usual esterases, lipases are able to hydro-
lyze long-chain acyl glycerols and contain an amphiphilic peptide
lid domain covering the active site of the enzyme, which, in the
presence of a hydrophobic interface, undergoes a conformational
rearrangement allowing the enzyme to switch to the active state, a
phenomenon known as interfacial activation.'®

Lipase from Candida rugosa (CRL), whose structural
features, mechanism of action and catalytic versatility are well
known, exists as several isoenzymes, with a high structural
homology, but different carbohydrate content, isoelectric point
and substrate specificity.>*>* CRL is one of the most used
enzymes for biotransformations, but the use of the free form is
not convenient, as it is deactivated when exposed to tempera-
tures higher than 50 °C for a long time>* and, above all, the
enzyme is not recyclable and its separation from the final
products requires many time-consuming steps. For these rea-
sons, several methods have been reported to improve enzyme
stability and recyclability: physical adsorption on solid
supports,>>2° cross-linking,*** covalent binding**™° and
encapsulation on a solid matrix.>*”*° Adsorption is the simplest
and cheapest method, but the leaching of the enzyme from the
support is a significant disadvantage for practical uses, com-
promising its reusability. Cross-linked enzyme aggregates,
employing bifunctional reagents, can be either used as
carrier-free macroparticles or immobilized on different
supports®>*" or they can be trapped in alginate beads.*” In
these cases, the operational stability and reusability of the
biocatalyst have been improved and the immobilization proto-
col can be decisive due to the variety of enzyme structural
conformations. Covalent binding to a support generally pre-
vents enzyme leaching from the surface, but this method could
have the disadvantage of a possible irreversible deactivation.
Reusability, storage stability and tolerance to organic solvents
were improved when CRL, chemically modified with a mono-
mer of the metal-organic frameworks was used to the “in situ”
synthesis of immobilized CRL composite,** as well as better
lipase activity was achieved as a result of irreversible enzyme
immobilization onto a ternary alginate/nanocellulose/mont-
morillonite composite.** The covalent immobilization of CRL
onto magnetic beads offered important advantages in terms of
enzyme reusability, thanks to the magnetically easy recovery of
the biocatalyst from the reaction media, and can be applied for
synthetic purpose,*” for food applications,**** and for biodiesel
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the presence of magnetic sporopollenin/Fe;O, nanoparticles,
B-cyclodextrin-grafted®® and in the presence of N-methylglucamine
based calix{4]arene magnetic nanoparticles® exhibited high ther-
mal stability, reusability and excellent enantioselective capability.

Naturally-derived polymers turn out to be more advanta-
geous in the entrapment of biomolecules than synthetic ones
thanks to their intrinsic properties such as biocompatibility,
non-toxicity, biodegradability and renewability that make them
very attractive supports in many applications in biomedical,
pharmaceutical and food sectors.** Among them, alginate, an
anionic polysaccharide derived from brown algae consisting of
B-o-mannuronate (M) and o-L-guluronate (G) as monomeric units,
is by far the most widely used polymer for immobilization and
microencapsulation technologies, thanks to its ability to easily form
the desired three-dimensional structures in an aqueous environ-
ment by coordinating divalent cations.”> Many alginate-based
supports have been developed for enzyme immobilization and
for the enhancement of enzyme properties, in terms of operational
stability and reusability, together with their biotechnological appli-
cations, have recently been reviewed.** CRL was also entrapped in
Ca-alginate beads and, thanks to the strong affinity of the poly-
saccharide for the enzyme, its thermal stability was improved as the
energy barrier of the first deactivation step was higher than that of
the free enzyme.>® Nevertheless, the main problem was the CRL
leaching from the beads,’® that can be partially overcome by
covering their surface with chitosan or silicate.”” Esterification
reactions were successfully performed in aqueous media using
biphasic alginate beads, consisting of a solid matrix of calcium
alginate and hexadecane,*® or in organic solvents when CRL was
immobilized in polyvinyl alcohol (PVA), alginate and boric acid
beads.”® In the latter case, the biocatalyst was more compatible
with both water and organic media, since a certain amount of water
molecules was also allowed in dehydrating solvents. The immobi-
lization of CRL in magnetic alginate beads made possible to easily
collect and reuse the biocatalyst for 6 cycles, but its activity was
lower with respect to the enzyme entrapped in alginate beads.>

In this paper, CRL was immobilized within six different for-
mulations of calcium-alginate beads. The operating conditions,
such as the concentration of CaCl, and the residence time in the
hardening solution, have been taken into account to evaluate their
effect on: (i) loading efficiency; (ii) biocatalytic hydrolysis toward
two substrates with different hydrophobicity p-nitrophenyl acetate
(p-NPA) and p-nitrophenyl dodecanoate (p-NPD); (iii) recyclability
and thermostability of the immobilized biocatalyst, decisive proper-
ties for industrial applications, and (iv) internal structure. Finally,
the best formulation was chosen to perform the kinetic resolution
of the racemic ester (R,S)-1-phenylethyl acetate.

Moreover, CRL, encapsulated in silica sol gels in
36,37

2. Experimental section
2.1 Chemicals

Alginic acid sodium salt from brown algae (low viscosity), lipase
from Candida rugosa (CRL, type VII, >1000 U mg™ " solid), p-nitro-
phenyl acetate (p-NPA), p-nitrophenyl dodecanoate (p-NPD),

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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racemic (R,S)-1-phenylethanol and (R)-(+)-1-phenylethanol were
purchased from Sigma Aldrich. Racemic (R,S)-1-phenylethyl
acetate was obtained from Merck. Coomassie Brilliant Blue G-250
dye was supplied by Bio-Rad. Enzyme and substrate were used
with no further purification. All other chemicals used were of
analytical grade.

2.2 Entrapment of CRL in calcium alginate beads

After an optimization of the shape and resistance to magnetic
stirring, the best six bead formulations were reported in
Table 1; they differed from each other in the concentration of
the calcium chloride solution and in the residence time in the
solution itself. CRL (2 mg ml™') was added in a 5% (w/v)
alginate aqueous solution and the mixture was stirred thor-
oughly to ensure complete mixing. Two ml of the resulting
solution were withdrawn with a syringe with a 23G needle
(inner diameter 600 pm) and dropped at a distance of about
2 c¢m into a 2% or 5% calcium chloride solution, maintained
under mechanical stirring at 50 rpm, obtaining about 120 beads
with a total weight of 1.2 + 1.4 g. After the formation of the
beads, they were left in the calcium chloride solution for a time
ranging from 10 min to 1 h, to increase their mechanical
strength. Finally, the beads were filtered under vacuum and
rinsed with distilled water to remove the excess of calcium
chloride solution.

2.3 Immobilization efficiency

Loading efficiency was determined by checking the amount of
CRL in both the bead preparation and washing solutions using
the Bradford method.’® A calibration curve was obtained by
measuring the absorbance of solutions containing from 0 to
0.3 mg ml™", prepared from a stock solution with a CRL
concentration of 2 mg ml', at A = 595 nm. The resulting
calibration curve had a R* correlation coefficient of 0.99. The
loss of enzyme from beads over time was assessed similarly. In
addition, the activity of the solution used to prepare the beads
was also measured and subtracted from that of the free enzyme
in order to determine the immobilized activity and therefore
the immobilization yield (%):*>

Immobilized activity

Yield (%) = - —
feld (%) Starting activity

x 100 (1)

We have taken as starting activity that of the free enzyme since
the entrapment process is very fast. Moreover, the immobiliza-
tion efficiency, that is the percentage of the immobilized

Table 1 Composition of alginate bead formulations®

CacCly,, % (W/v) Residence time, min

Beads 1 2 10
Beads 2 5 10
Beads 3 2 30
Beads 4 5 30
Beads 5 2 60
Beads 6 5 60

¢ Sodium alginate solution 5% (w/v) and CRL 2 mg ml ™.
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activity that remains after the entrapment (observed activity),
was calculated as:*

. Observed activity
Effi %) = 100 2
iciency (%) Immobilized activity X 2)

2.4 CRL activity assay

Hydrolytic activity of lipase was determined by spectrophoto-
metric measurements, by using Shimadzu UV-160A instrument,
following the hydrolysis reaction of p-nitrophenyl acetate
(p-NPA); the procedure was adapted from literature to this case
of study.>® Beads (1.2 + 1.4 g - 4 mg CRL) were placed in a
reaction vessel containing 9 ml of distilled water; then, 1 ml of
substrate stock solution (100 mM p-NPA in CH;CN) was added
to the vessel in order to start the reaction. The reaction was
carried out at room temperature under mild stirring and
monitored at different times, taking 20 pl from the reaction
solution, placing them in the 1 ml cuvette, where 0.98 ml of
distilled water were already present. Spectrophotometric mea-
surements were performed at A = 348 nm, which corresponds to
the isosbestic point of the equilibrium between p-nitrophenol/
p-nitrophenoxide (p-NP), with a molar extinction coefficient as
5400 M~" cm~'. Once the reaction was completed, the beads
were filtered under vacuum, washed, placed in a container with
distilled water and stored at 4 °C.

Activity of encapsulated lipase was also determined with
a more hydrophobic substrate, p-nitrophenyl dodecanoate
(p-NPD), dissolved in CH3;CN; 1 ml of a 100 mM stock solution
was placed in the reaction vessel containing 9 ml of tert-
butyl alcohol as a solvent and the beads containing the
enzyme (1.2 = 1.4 g - 4 mg CRL). The reaction was moni-
tored at different times following the appearance of p-NP at
348 nm.

2.5 CRL reusability

The stability of the encapsulated CRL and its reuse were tested
under the same conditions described in the previous section.
After each cycle, the biocatalyst was filtered, washed with water
several times to remove any product adsorbed on the beads and
reintroduced into a fresh reaction medium. The substrate
hydrolysis reaction was assayed at appropriate time intervals
up until its complete conversion to product.

2.6 Thermostability

Thermal stability of free and immobilized CRL was studied.
Both forms of the enzyme were incubated in distilled water at
25 and 50 °C for various periods, from 8 h up to one week. The
p-NPA hydrolysis reaction was conducted at the incubation
temperatures for 30 min in pure water to determine both the
initial and the remaining activity.

2.7 Kinetic resolution of racemic 1-phenylethyl acetate

Hydrolysis reaction of (R,S)-1-phenylethyl acetate was per-
formed by placing 1 ml from a stock solution (100 mM in
CH,;CN) into the reaction vessel containing 9 ml of water and

New J. Chem., 2022, 46,10037-10047 | 10039
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1.2 =+ 1.4 g of beads. At different times, the beads were
separated by filtration under vacuum, the aqueous phase was
extracted with ethyl ether and, after the solvent was removed,
isopropanol was added to the flask. The conversion, as well as
the enantiomeric excess value (ee%) of the reagents and pro-
ducts were determined by HPLC analysis with an Agilent — 1220
Infinity II instruments equipped with a chiral column (Lux
Cellulose-1) using 99:1 hexane/isopropanol as eluent at a flow
rate of 0.6 ml min~"'. The retention times were 3.6, 3.9, 14.7,
18.5 min for (R)-1-phenylethylacetate, (S)-1-phenylethylacetate,
(R)-1-phenylethanol, and (S)-1-phenylethanol, respectively. The
enantiomeric excess of the substrate (ee;) and product (eep),
conversion (c¢) and enantioselectivity (E), the latter determined
with the actual values of ¢ and ee, were calculated by applying
the following equations:>*

ees(%) = ‘f;ﬂ‘ x 100 (3)
cep(%) = |‘R+§‘| %100 o)
¢ (%) = eesefeep % 100 )
P In[(1 —¢)(1 — ees)] ©)

In[(1 —¢)(1 + ees)]

where R was values of peak areas for (R)-1-phenylethanol and
its ester, whereas S was values of peak areas for (S)-1-
phenylethanol and its ester.

2.8 Morphological characterization

The shape and size of the beads were analyzed using Leica
S8APO stereoscopic microscope with EC3 camera connected to
a computer. The diameters distribution of the beads was
evaluated by using the variance coefficient (CV), which
indicates the deviation of each diameter (D,) from the average
value (D,,), and was determined as follows:

)

Generally, with a CV less than 5%, 20-30 beads are sufficient
for measurement of sphericity indicator because they are gen-
erally uniform in size.*”

Sphericity factor (SF), indicating the roundness of the beads,
was determined by using the following equation:>>>°

dmax - dmin

F = Cmax — Cmin
5 dmax + dmin

(8)
where d.x and d.;, are the maximum and the minimum
diameter of Feret, respectively. This factor varies from zero,
for a perfect sphere, up to unity for an elongated particle.
The aspect ratio (AR) gives a good description of large
bead deformations but is less accurate on smaller ones.
AR varies from unity for a sphere to infinity for an
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elongated particle and was determined using the following
equation:

dmax
dmin

AR =

()

where dpay and dpin have been previously described.?®>®

The surface morphology and the internal structure of the
hydrate systems was investigated using a scanning electron
microscope (SEM) equipped with a Peltier cooling-device MK3
Cool stage Carl Zeiss SUPRA with a working distance of about
8 mm and high voltage of 10 KV. Analyses were done around
0 °C in variable pressure mode (20 Pa) using a BSE detector
(Signal A BSD4).

3. Results and discussion
3.1 Immobilization of CRL onto Ca-alginate beads

Different experimental conditions were tested to optimize the
best composition to obtain stable Ca-alginate beads. Both their
size and shape have a noticeable effect on their chemical and
mechanical stability, and the production of monodisperse and
spherical beads is preferable. The main factors affecting the
size and shape of Ca-alginate beads have been previously
reported and reviewed.>>*® Being alginate a family of linear
binary copolymers of mannuronic (M) and guluronic (G) acids,
the chemical properties of the commercial alginate used to
prepare the beads, namely the molecular weight (MW = 37.6 +
0.2 kDa) and the composition (M/G = 1.77), influenced their
cross-link ability; the data of alginate characterization are
reported in ESI{ (Tables S1, S2 and Fig. S1). Increasing sodium
alginate concentrations were tested to obtain spheres with good
mechanical strength, but below 5% (w/v) beads were fragile and
broke rapidly under mild magnetic stirring. Among the other
parameters that affect the size and shape of the beads, the
concentration of calcium chloride in gelation solution and the
hardening time in the reticulation bath play an important role.
The beads were prepared by extrusion dripping, one of the most
popular methods, in which an alginate solution containing the
enzyme is extruded through a capillary and dropped into a
calcium chloride solution at room temperature. Briefly, CRL
was dispersed in the aqueous alginate solution, added drop-
wise in two different calcium chloride solutions, i.e., 2 and 5%
(w/v) and maintained under magnetic stirring at 50 rpm for 10,
30 or 60 min, to obtain six different formulations indicated as
Beads 1-6, as reported in Table 1.

Fig. 1 shows a schematic representation of the synthetic process
for preparing the immobilized CRL on Ca-alginate beads.

3.2 Immobilization efficiency

The amount of the enzyme in the alginate beads, its loss in the
preparation procedure and over time were evaluated using
the Bradford method for all six different types of beads. In
the preparation and washing solutions, the amount of CRL
was found to be below the detection limit of the method
(22 pg ml™"). Furthermore, to evaluate the effective amount of
immobilized enzyme, the catalytic activity of the preparation

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 1 Schematic representation showing the preparation of CRL encapsulated in Ca-alginate beads: (a) a solution of 5% (w/v) alginate containing
CRL (2 mg ml™) is dropped into a (b) 2 or 5% CaCl, solution with a residence time of 10, 30 or 60 min.

solution was measured, and the immobilization yield, obtained
from eqn (1), resulted of about 94.4%. The immobilization
efficiency was also determined as previously described in
eqn (2) and turns out to be 76%. These parameters indicated
that 18% of the immobilized activity was lost due to entrap-
ment procedure because the enzyme was inactivated or inac-
cessible to the substrate. As regards the enzyme loss over time,
withdrawals of the storage water were taken at different times
for one month and subjected to the Bradford assay. The only
preparations that had a detectable enzyme loss after 48 h of
storage in the aqueous solution, which remained fairly con-
stant over time, were Beads 1 (1%) and Beads 2 (0.6%), ie.,
those with a shorter residence time in the calcium chloride
solution (10 min) (Table S3, ESIt). In the other cases, there was
an oscillation of the absorbance values that were below the
sensitivity of the detection method.

3.3 Hydrolytic activity of enzymatic Ca-alginate beads

Before evaluating the hydrolytic activity of the lipase from
Candida rugosa in alginate beads, blank tests were performed
to rule out that enzyme-free beads catalyze the p-NPA hydrolysis
reaction.

Once this was established, activity tests were performed with
the CRL-containing beads in pure water, rather than in buffer
solution. Indeed, notwithstanding the pH of the medium is a
critical parameter in enzymatic reactions, since it affects ioni-
zation state of enzyme leading to changes in the active site,”’
the presence of salts in the reactor vessel could lead to corro-
sion issues in view of industrial applications, as biofuel
production.”®

The first catalytic tests were performed with all the bead
formulations with p-NPA at a concentration of 10 mM. Fig. 2
shows the conversion percentage of the substrate over time for
the six types of beads.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Conversion, %

Beads1 Beads2 Beads3 Beads4 Beads5 Beads6

Fig. 2 Substrate conversion percentages for all types of beads at 30 min
(m), 1h (m), 2 h (m) and 3 h (m); [p-NPA] = 10 mM, T = 25 °C.

The figure clearly shows that, regardless of the bead for-
mulation, all reactions were complete within three hours with
an initial reaction rate of 130 & 10 uM min~ ", and only slight
differences were observed during the reaction between the
different types of beads. Therefore, it was not possible to
discriminate them in terms of conversion efficiency if used
immediately after their preparation.

In Section 3.2, we proved that there was no leakage of
enzyme from the beads during long-term storage, except for
Beads 1 and Beads 2, where the loss was still less than or equal
to 1%, but we had no information regarding its activity after a
long period of storage in water. Therefore, a reaction cycle was
performed one month after preparation to evaluate whether the
enzyme in the beads was still active. For all types of beads,
complete substrate conversion was achieved within four hours

New J. Chem., 2022, 46,10037-10047 | 10041
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indicating that there were no significant changes in the activity
of CRL after a month of storage (Fig. S2, ESIT).

3.4 CRL recyclability

One of the most useful advantages of enzyme immobilization is
its reusability, which is of great importance in the production
of biocatalysts. For this reason, many papers in the literature
deal with the stability and recyclability of CRL immobilized on
solid supports by adsorption,**”*° cross-linking,** covalent
binding,**”*° or entrapment.®®***7>° Although in most of them
the enzyme showed significant stabilization and recyclability,
the deactivation of proteins can frequently occur. This effect is
often due to the leakage of enzyme from the support or to its
conformational limitation; furthermore, low substrate diffu-
sion can also contribute to the loss of catalytic activity.

To assess the reusability of CRL within Ca-alginate beads,
the two extreme formulations, Beads 1 and Beads 6, were
chosen to perform ten catalytic cycles, in order to evaluate
the influence of both CaCl, concentration and residence time
in the solution itself. These tests were carried out with 10 mM
substrate and reactions were followed until to completion.
Fig. 3 shows the results of repeated uses obtained after 3 h of
reaction, which is the time required to the biocatalyst to
complete the first cycle.

The data obtained clearly indicated that Beads 1 and Beads 6
were able to convert all the substrate into product for the first
four and three cycles respectively and, at the tenth cycle, for
both formulations the loss of activity was less than 20%.
Despite this slightly decrease of relative activity, the reaction
time from 3 h to the first cycle increases up to 7 h to the tenth
one to reach the complete hydrolysis of the substrate, due to a
halving of initial reaction rate for both formulations (from
about 120 uM min~" to 60 uM min~'). The results obtained
so far showed that there were no differences in terms of
catalytic efficiency and recyclability between the different
formulations.

100
80 —
60 -

40

Relative activity, %

20

1 2 3 4 5 6 7 8 9 10
Reaction cycles

Fig. 3 Residual activity of immobilized CRL in Ca-alginate beads in water
after 3 h of reaction: Beads 1 (M) and Beads 6 (m); [oNPA] = 10 mM,
T=25°C.
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The use of alginate beads in the immobilization of CRL
according to our formulations, compared to other systems,
shows numerous advantages, as can be seen from Table 2.
The preparation of the support is simple and requires only two
steps, and high immobilization efficiency, recyclability and
storage stability are achieved. Furthermore, our biocatalyst is
active in distilled water, avoiding the buffer which is probably
the cause of the observed enzyme leakage*®*” and induces
swelling of the beads increasing their fragility (data not shown).

3.5 Morphological studies

The morphological characterization was performed to deter-
mine the macro- and microstructure of beads prepared with
different concentrations of calcium chloride and residence
times in the hardening solution; also in this case, Beads 1
and Beads 6 were chosen.

Analyses were initially performed using the stereomicro-
scope and the results are shown in Fig. 4.

Both Beads 1 and Beads 6 showed fairly uniform dimensions
and the size distribution of 25 beads was measured, since the
variance coefficient (CV), determined using eqn (7), was 0.9 and
3.7% respectively. Table 3 reports some of the dimensionless
shape indicators quantified using eqn (8) and (9) (Section 2.8).

Both bead formulations have similar dimensions of about
3 mm, but better spherical shape was obtained with Beads 1,
which are those prepared with lower calcium chloride concen-
tration and shorter hardening time, since SF < 0.05 and AR
was slightly higher than unity.>® On the other hand, Beads 6, as
already visible from the stereomicroscope image, are less
spherical; their SF value was very similar to that of alginate
particles reported in the literature and prepared with our same
experimental conditions, ie. concentration of alginate and
CaCl,, and hardening time.®® Then, the analyses by the scan-
ning electron microscope were performed on both the external
surface and the internal structure (by cutting them with a
scalpel). Generally, in literature, SEM morphological studies
are conducted on dehydrated beads, providing information
that often does not correspond to the real systems employed
in catalytic tests, which are hydrated. To avoid dehydration of
the samples, the application of variable-pressure equipment
(VP-SEM) and Peltier cooling-device allows the investigation of
wet samples and hydrated systems in SEM.®” Thanks to the aid
of this methodology, in this study we were able to investigate
the samples in their operating conditions. The SEM images
were acquired at different magnifications and the most sig-
nificant at 70x and 300x are shown in Fig. 5.

Although no significant differences were detected from their
external surface, the analysis of the cross section highlighted
less internal compactness of Beads 1 than that of Beads 6 which
seemed denser and more homogeneous. Further SEM analyses
were then performed to understand if the cause of this different
internal morphology was due to the CaCl, concentration
and/or to the hardening time. For these analyses, Beads 2
(CaCl, 5%, 10 min) and Beads 5 (CaCl, 2%, 60 min) were
selected and SEM images, reported in Fig. S3 (ESI{) of both the
whole beads and the internal structure highlighted that the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 4 Stereomicroscope images at 1x magnification of Beads 1 (a) and
Beads 6 (b).

Table 3 Average diameters of Beads 1 and Beads 6 and their sphericity
indicators

Beads 1 Beads 6
Average diameter (Dy,) 3.2 mm 3.4 mm
Sphericity factor (SF) 0.031 0.069
Aspect ratio (AR) 1.06 1.15

internal compactness depends on the gelation time and not on
CacCl, concentration.

3.6 Reaction with p-nitrophenyl dodecanoate

The p-nitrophenyl dodecanoate (p-NPD) was then chosen to
evaluate the efficiency of CRL immobilized on Beads 1 and 6 on
a more hydrophobic substrate. Being poorly soluble in water,

View Article Online
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p-NPD hydrolysis reaction was carried out in a sterically hin-
dered alcohol, i.e., tert-butyl alcohol, in order to avoid or at least
reduce the competitive transesterification reaction rate. In this
case, the conversion efficiency of the two formulations was very
different. In fact, Beads 1 were able to completely hydrolyze the
substrate in 6 h, while the rate of the reaction catalyzed by
Beads 6 was very low: after 6 h, little more than 40% of product
was formed and increased slowly over time (Fig. S4, ESIt). The
reaction did not complete even after 24 h, being the conversion
equal to 80%. This result clearly indicated that the internal
structure of Beads 6 compared to Beads 1 limited the mass
transfer of reagents and/or products in the reaction medium
and this drawback was evident with large, hydrophobic sub-
strates and therefore much more similar to natural ones. On
the other hand, Beads 1, thanks to their lower compactness,
were able to ensure the free diffusion of reagents within their
porous structure.

Furthermore, the time taken by Beads 1 to completely
hydrolyze p-NPD was twice than that required for the reaction
with p-NPA. Therefore, to determine if the increase in reaction
time was due to the substrate or to the solvent, the reaction of
p-NPA in tert-butyl alcohol was performed for comparison
purpose (Fig. S5, ESIT). After 48 h, only 58% of conversion
was achieved, and this result can be explained by the dehydra-
tion of the beads that became smaller and smaller over time.
The loss of water from the confined environment in which the
enzyme is located led to the observed slowdown of the reaction.
This hypothesis was confirmed by experiments performed by

Beads 1

External surface
70 x

70 x

Internal structure

300 x

10044 | New J. Chem., 2022, 46,10037-10047

Beads 6

Fig. 5 SEM images at 70x magnification of the external structure and at 70x and 300x magnifications of the internal structure of Beads 1 and Beads 6.
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varying the amount of water inside the reaction medium; the
time required for complete hydrolysis of the p-NPA was
decreased from 24 to 4 h with a water percentage of 5% and
75% respectively (Fig. S6, ESIt).

Therefore, given all the considerations made so far, the
Beads 1 formulation, being one of the fastest preparations
and ensuring better mass transfer, thus allowing their possible
use with a wide range of substrates, has been chosen to per-
form thermostability tests and kinetic resolution of (R,S)-1-
phenylethyl acetate.

3.7 Thermostability

One of the advantages of enzyme immobilization is the
improvement of thermal stability. Therefore, the stability of
both free and immobilized lipase in Beads 1 were determined
by incubating them for different times and the residual activity
was measured at 25.0 + 0.1 and 50.0 £ 0.1 °C (Fig. 6).

The effect of immobilization on Ca-alginate beads on CRL
stability is clearly highlighted by the figure at both investigated
temperatures. Immobilized CRL activity at 25 °C did not
decrease after 7 days of incubation while the free form lost
30% of its initial activity after 5 days and 60% after one week.
Even more evident was the stabilization effect at 50 °C. In fact,
the residual activity of free lipase, after only 8 h, was lower than
40% and continued to decrease over time until reaching a value
of about 20% after one week of incubation. On the other hand,
the remaining activity of immobilized CRL was about 70% after
1 day of heat treatment and remained unchanged throughout
the week.

Moreover, stability tests were carried out with Beads 6 at
50 °C to assess the effect of their higher compactness on the
enzyme thermal stability. They showed that the different opera-
tional conditions used in the preparation of the two formula-
tions did not affect the stability of the enzyme, being the loss of
activity after 24 h equal to 66% (data not shown).

The data reported in Fig. 6 show the trends of residual
activity over time, but do not consider the differences in the

100 b & 3 & )
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o
©
S 40
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time, day

Fig. 6 Thermal stability of free (@/0) and immobilized lipase (®/0) at
25 °C (empty symbols) and 50 °C (closed symbols).
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reaction rate before incubation. In particular, hydrolysis rate
with free CRL was 30% higher than that of immobilized
one both at 25 °C (183 vs. 132 uM min ') and 50 °C (520 vs.
370 uM min ). This effect could be due to a slower diffusion of
the substrate inside the support. However, after a week of incuba-
tion the reaction rate of Beads 1 at 25 °C and 50 °C was 2 times
higher than that of the free enzyme, thanks to the improvement in
enzymatic stabilization following the entrapment.

3.8 Kinetic resolution of (R,S)-1-phenylethyl acetate

Many studies have been devoted to the kinetic resolution of
racemic substrates with pharmacological activity, such as
naproxen®*”®® and ibuprofen®® by using immobilized CRL,
since the enantiomers of these non-steroidal anti-inflammatory
drugs demonstrate different therapeutic activities.

Given the excellent recyclability and thermal stability of
Beads 1, and therefore their possible application in industrial
processes, they were used in preliminary tests for the resolution
of (R)-1-phenylethanol in aqueous solution starting from race-
mic 1-phenylethyl acetate as model substrate. In the literature,
several papers report about the stereoselective kinetic resolu-
tion of rac-1-phenylethyl acetate catalyzed by other lipases,*®™"
in which very high enantiomeric excess towards the (R)-
enantiomer were obtained, but with not too satisfying
yields. More recently, marine microbial GDSL lipase MT6
showed opposite stereoselectivity, as it hydrolyzed racemic
1-phenylethyl acetate to generate (S)-1-phenylethanol instead
of (R)-1-phenylethanol.” During reaction course, as the conver-
sion increased, the ee of the product (ee,) decreased and, at the
optimal reaction time (12 h), a conversion of 28.5% with an ee
value of the substrate (ee;) higher than 97% was obtained. On
the other hand, CRL solubilized in phosphate buffer at pH 7.2
showed no enantiopreference for the (R)-acetate with an ee
value of only 44% and an enantioselectivity factor of 4.”

Here, the course and selectivity of the kinetic resolution of
(R,S)-1-phenylethyl acetate were checked, as reported in materi-
als and methods, by chiral HPLC and all the chromatograms
are shown in Fig. S7 (ESIT). The percentage of enantiomeric
excess (ees and eep,), conversion (c) as well as enantioselectivity
(E), determined using eqn (3)-(6), are reported in Table 4.

As observed from these results, while ee, increased with
reaction time and conversion, ee, remained almost constant.
After 96 h of reaction, the highest values of enantioselectivity
(E = 10.3), conversion (¢ = 57.8%) and enantiomeric excess of
substrate (ees = 83.3%) were observed. These values are slightly

Table 4 Enantiomeric excess of both substrate (ees) and product (eep),
conversion (c) and enantioselectivity (E) of the hydrolysis reaction of (R,S)-
1-phenylethyl acetate using Beads 1 at 25 °C

Reaction time (h) ees, % eep, % ¢, % E

8 3.5 61.5 5.3 4.3
24 17.6 62.8 21.9 5.2
32 18.1 61.9 22.6 5.1
48 23.1 64.5 26.4 5.8
72 49.5 61.7 44.5 6.8
96 83.3 60.9 57.8 10.3

New J. Chem., 2022, 46,10037-10047 | 10045
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higher but do not differ so much from those reported in the
literature regarding free lipase in phosphate buffer, which
showed an eeg value of 44% and an enantioselectivity factor
of 4.7° Given the intrinsic chirality of the matrix, we performed
these tests to assess whether the immobilization improved the
enantioselectivity of the enzyme towards the chosen substrate.
This has not happened, but the entrapment of CRL improved
its stability under non-physiological conditions and tempera-
tures and made it recyclable for multiple cycles, which is
essential for industrial applications.

4. Conclusion

In this study, lipase from Candida rugosa was efficiently trapped
in Ca-alginate beads prepared using different operating condi-
tions. Morphological studies highlighted that, despite differing
in their internal microstructure, all formulations exhibited
high immobilization efficiency, good recyclability and stability,
both operational and thermal. The effectiveness of the immo-
bilized CRL was instead dependent on the hydrophobicity of
the substrate. The higher internal compactness of Beads 6,
compared to Beads 1, did not affect the hydrolysis rate of p-
NPA, but limited the mass transfer of the more hydrophobic
substrate p-NPD causing a notable decrease in its reaction rate.
Further studies will be performed to improve the stereo-
selectivity of the immobilized biocatalyst by modifying either
the operational conditions or the bead composition.
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