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Abstract: Enzymes serve as biocatalysts for innumerable important reactions; however, their
application has limitations, which could be overcome by using appropriate immobilization
strategies. Here, a new support for immobilizing enzymes is proposed. This hybrid organic-
inorganic support is composed of chitosan—a natural, nontoxic, biodegradable, and edible
biopolymer—and sodium polyphosphate, which was the inorganic component. Lipase B from
Candida antarctica (CALB) was immobilized in microspheres by encapsulation using these polymers.
The characterization of the composites (by infrared spectroscopy, thermogravimetric analysis, and
confocal Raman microscopy) confirmed the hybrid nature of the support, whose external part
consisted of polyphosphate and core was composed of chitosan. The immobilized enzyme had the
following advantages: possibility of enzyme reuse, easy biocatalyst recovery, increased resistance
to variations in temperature (activity declined from 60°C and the enzyme was inactivated at 80°C),
and increased catalytic activity in the transesterification reactions. The encapsulated enzymes were
utilized as biocatalysts for transesterification reactions to produce the compound responsible for the
aroma of jasmine.
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1. Introduction
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Esters are chemicals of great economic importance in the food, pharmaceutical, and cosmetic
industries [1]. Among the esters of short-chain carboxylic acids, benzyl acetate is of vital interest, with
applications in different fields, and the annual production of this compound is up to 10,000 tons [2].
This ester can be obtained from natural sources, since it is present in plants, such as jasmine and
gardenia; however, its direct extraction and purification are highly complex and expensive [2].
Although the synthesis of this ester by conventional chemical methods is possible, such production
methods have many disadvantages, such as high temperature, toxicity of reagents, use of corrosive
catalysts, and low selectivity, and thus, increasing the possibility of the generation of by-products
that compromise the purity or hinder the purification of the target product [3]. Moreover, it cannot
be labeled as a green product.

In this regard, the use of lipases as biocatalysts has been gaining prominence in the recent years,
since they differ from conventional catalysts, because they often function at room temperature in
different types of solvents (ionic liquids, supercritical fluids, organic solvents, and less contaminant,
aqueous media), and are completely biodegradable [4-6]. The use of lipases as catalysts results in
selective synthesis, with low or no production of undesirable products and being environmentally
safe [7].

Among the enzymes with good performance in organic syntheses, lipases occupy a central
position [8]. Lipases are an important class of enzymes in biological systems [9,10]. However, the use
enzymes for industrial biocatalysis have certain disadvantages; for instance, the production cost is
high because they are synthesized in small concentrations by cells, and their extraction and
purification are expensive. This drawback has been overcome by the development of immobilization
techniques, which maintain enzyme activity and allow easy recovery of the catalyst from the reaction
medium through filtration as well as its cyclical use, thus reducing operational costs [11,12].
Considering that enzyme immobilization is virtually mandatory in the design of industrial
biocatalysts, many efforts have been made to combine immobilization with the attempts to overcome
other limitations of enzyme use. Thus, an appropriate immobilization technique can be used for
improving the stability, activity, selectivity, and specificity of the enzyme as well as its resistance to
inhibitors or denaturing chemicals during enzyme purification [13-18].

One of the preferred techniques for enzyme immobilization is immobilization on pre-existing
supports [19]; however, the production of de novo solid supports may also be of great interest. These
de novo solid supports may be synthesized from a mixture of polymers with opposite ionic charges.
Anionic polysaccharides, such as alginate [20-22], form coacervates maintained via strong
interactions or microspheres with cations (e.g., Ca?) or cationic polysaccharides, such as chitosan [23-
25]. Chitosan is a natural polymer, which is produced from chitin [26]. Chitin is normally isolated
from the exoskeletons of many species of insects and crustaceans [27]. It is non-toxic and
biodegradable. Partial deacetylation of chitin yields chitosan, a cationic polymer that is used
extensively in the field of biotechnology for the immobilization of enzymes and cells because of its
properties, such as the ability to stabilize proteins or enzymes while preserving their biological
activities [28,29]. The immobilization of lipase on polymeric beads, such as those of chitosan or
cellulose, has been reported in the literature [30-33].

It should be considered that the structure of the final microsphere that is used for enzyme
immobilization may determine its final performance in the target applications, such as the separation
and adsorption of biomacromolecules, or in the design of biosensors [26,34].

Sodium polyphosphate is an inorganic, polymeric, poly anionic electrolyte with high cation
sequestration ability [35]. Initially, it was named sodium hexametaphosphate, and later, the
nomenclature was modified because the widely used method for the production of this polymeric
salt produces a mixture of linear polymers with different lengths [36]. Sodium polyphosphate is still
prominent as the only water-soluble phosphate polymer, and because it consists of anionic groups
that are distributed throughout the polymeric chain, cations can interact with its anionic chain [37].

There are many techniques for enzyme immobilization, of which most have advantages and
disadvantages [38]. There are two types of approaches to enzyme immobilization, namely,
irreversible and reversible. The most common irreversible methods are covalent binding [39],
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entrapment in supports [40], cross-linking of the enzymes that were previously adsorbed physically
on the supports [41,42,43], and microencapsulation. The most common reversible method of
immobilization is physical adsorption [44]. The objective of this study was to analyze the effects of
the encapsulation of a model enzyme on a novel support formed of chitosan and polyphosphate. As
the model enzyme, we had selected the lipase B from Candida antarctica (CALB), which is one of the
most widely reported enzymes in the literature [29,45]. This biocatalyst was utilized to produce
benzyl acetate via a transesterification reaction. In the kinetically controlled reactions, the final yields
are transient (the product could be hydrolyzed), and the maximum yields are determined by the
properties of the biocatalysts [46].

2. Results and Discussion

2.1. Characterization of microspheres in the LPCS (lipase immobilized on polyphosphate and chitosan
support)

2.1.1. Infrared Spectroscopy

The degree of chitosan deacetylation was directly related to the increase in the number of
cationic sites present in the polymer. This could be followed by monitoring the axial deformation
band of the C = O amide bond at approximately 1656 cm-!.

The positions of the bands that characterized the center of the polyphosphate chain, the
chain and the terminal atoms were displaced (they were vs (P-O-P), Vs (terminal POs), and Vas
(PO? middle of the chain) at 877, 1105, and 1293 cm, respectively. The displacement of these
bands suggested that the center of the anionic chain and terminal sites of phosphate are involved
in ion exchange with the cationic chain of chitosan. Figure 1 shows that the identity bands of
each precursor polymer appeared in the spectral profile of the produced microspheres. This
confirmed the hybrid (organic-inorganic) nature of the microspheres.

Figure 1. FT-IR spectra of polyphosphate, chitosan and the microspheres formed
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2.1.2. Thermogravimetric analysis

In the thermal decomposition curve of chitosan, two peaks were observed: the first one, which
denoted an endothermic reaction, corresponded to the process of dehydration, and it was observed
at approximately 263°C; the second one, which denoted an exothermic reaction, corresponded to the
process of chitosan decomposition, which continued beyond the temperature limit, and resulted in
the formation of a residual solid mass of 1.8%.

Using polyphosphate, there was almost no decomposition even at 900°C, as it was a vitreous
precursor. The thermal resistance of the microspheres was higher than that of the precursors because
of strong interactions between sodium polyphosphate and chitosan. Figure 2 shows that the first
decomposition event occurred between 150°C and 250°C, depending on the sample of microspheres,
and the other decomposition event extended over a wide peak, during which, for the sample without
lipase, for the non-lipase sample, the thermal decomposition of the sample occurred between 299°C
and 834°C.

The residual mass of chitosan was 1.8%, whereas the sample of sodium polyphosphate did not
exhibit any loss in mass. On the other hand, the residual masses were 36.8 and 35% when the mixed
microspheres were used with and without lipase, respectively. This allowed us to conclude that
virtually all of the residual mass was sodium polyphosphate.

Figure 2. TGA curves of polyphosphate, chitosan, and microspheres.
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2.1.3. Confocal Raman microscopy

Confocal Raman microscopy suggested that the shells of the microspheres were composed of
sodium polyphosphate, and the cores were composed of mainly chitosan, as illustrated in Figure 3.
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Figure 3. Confocal Raman spectra of two points located on the outside and inside of the microspheres, at a
depth of 100 um.
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The peaks for polyphosphate, which were used as signature peaks, were of P-O-P vibrations and
PO? stretches, which were observed at approximately 690 and 1157 cm, respectively [47]. Although
the spectra of chitosan were similar to that of polyphosphate, it was possible to differentiate between
them. The spectral profiles exhibited by the cores of the microspheres suggested that chitosan was
the main component, because the peaks were observed at 896 and 936 cm™, which were characteristic
of C-H bending vibrations and C-N stretching [48].

The extent of encapsulation through the process of immobilization of the biocatalyst in the LPCS
support was approximately 100%, and no protein was detected in the supernatant by the Bradford’s
method, which suggested the complete encapsulation of the enzyme in the microspheres.

2.2. Characterization of LPCS
2.2.1. Preservation of the catalytic activity of the biocatalyst by LPCS

The ability of the biocatalyst to catalyze hydrolytic reactions was preserved upon it
encapsulation by the polyphosphate-chitosan support (Figure 4), which maintained 92% of the
hydrolytic activity of the free enzyme. This proved that the support that was developed in this study
did not compromise the catalytic activity of the enzyme.

1800
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Figure 4. Comparative bar graph of the hydrolytic activities of the free and immobilized enzyme.
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2.2.2. Effect of temperature on the activity of LPCS

The hydrolytic activity of the immobilized enzyme was evaluated at different temperatures.
Figure 5 shows that the activity of the immobilized enzyme increased up to 55°C and decreased at
temperatures higher than 60°C; the enzyme became fully inactive at 80°C while the free enzyme is
fully inactive at 70°C.

Figure 5. Activity profile of LPCS at different temperatures.
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2.2.3. Catalytic ability of the enzyme immobilized using different solvents.

The hydrolytic activity of the enzyme immobilized in the LPCS support was studied using
different mixtures of solvents and aqueous buffers (Figure 6). LPCS exhibited better performance in
the medium composed of dimethyl sulfoxide/phosphate buffer 7.0 mixture; the enzyme activity in
this medium was more than double that in pure aqueous medium. The lowest activity was obtained
when tetrahydrofuran/buffer 7.0 was used as the solvent for the reaction, as shown in figure 6.

Acetonitrile had a greater negative effect at 60% than at 75%, which suggested the possibility of
positive effects at lower concentrations. It is important to note that although the hydrolytic activity
of the enzyme in the different solvents was different, the immobilized enzyme was active in all of
them. It was also possible to highlight that the use of binary solvent mixtures with higher dielectric
constant (water, acetonitrile, and DMSO) resulted in higher hydrolytic activity of the enzyme. The
high resistance of the enzyme to organic solvents, together with the prevention of enzyme
aggregation could be due to the partition of the organic solvents away from the highly hydrophilic
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environment of LPCS, , and this phenomenon of solvent partition has been described in other cases

using other ionic polymers [49,50].

Figure 6. Hydrolytic activity of the enzyme in different media.
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2.2.4 Stability of the enzyme immobilized in the LPCS support at different values of pH

The analysis of the stability of LPCS at different values of pH at 65°C is represented in Figure 7.
The enzyme was highly stable at pH 4.0, with a half-life of 366 minutes. When the medium was basic
(pH 10.0), the biocatalyst half-life was reduced to 50 min, and even lower, to 25 min at pH 7.0. At pH
7, the enzyme could interact with both cationic and anionic groups in the support, which was the
driving force for the enzyme inactivation being faster at neutral pH value than at extreme pHs.

These results suggested greater thermal stability of the enzyme immobilized in the LPCS
support at different values of pH than those obtained when the enzyme was immobilized in a pre-
formed chitosan/polyphosphate support via ion exchange. Using LPCS with immobilization method
and support, the enzyme activity was reduced 45 times, while by the novel method, more than 90%
of the enzyme activity was maintained. The strong ion exchange between the enzyme and the ex novo
support, which involved the entire enzyme structure and reduced enzyme mobility, may be the

reasons for the excellent results in terms of activity and stability [51].

Figure 7. Half-lives (expressed in minutes) of the LPCS at different pH values at 65°C.
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*. Other specifications are provided in the Materials and Methods section.
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The enzyme stability of the immobilized in the acidic media agreed with the results of the
confocal Raman microscopy that polyphosphate constituted the shell of the microspheres, because
although it could undergo hydrolysis, this biopolymer was more resistant in acid media than chitosan,
which was highly soluble in acidic media. In this way, at acidic pH, the microsphere appeared to be
completely stable, and this prevented enzyme inactivation.

The temperature of 65°C for the pH test was selected in order to render the system less stable,
since preliminary results had already suggested a link between the high resistance of the immobilized
enzyme and variations in pH.

2.2.5. Enzymatic synthesis of the compound responsible for the aroma of jasmine catalyzed by LPCS

Another potential application of LPCS, which was evaluated in this study, was its ability to
artificially synthesize the compound responsible for the aroma of jasmine (Figure 8). This compound
has wide applications in the cosmetic and perfume industries [52]. The immobilized enzyme was able
to catalyze the acetylation of benzyl alcohol with different acyl donors. The activated acyl donor that
permitted the highest enzyme activity in the acetylation reaction was vinyl acetate, which gave rise
to the highest maximum yield. When acetic acid (this was a direct esterification reaction), ethyl
acetate, or butyl acetate (these were transesterification reactions) were used, the conversion levels
were below 40% (Figure 9). The yields of the direct esterification reaction were higher than those of
the transesterification reactions using esters, because in the latter, the released alcohols might have
competed with benzyl alcohol. In any case, in the reaction involving vinyl acetate, during which no
such competitive alcohol was released, an extremely high yield was observed within a short time (74%
conversion after 12 h, and 98 after 24 h, Figure 10). These results were better than those of previous
reports on the synthesis of esters used in perfumes, where the reported conversion levels were
usually lower. For example, conversion levels of less than 90% were reported after 24 hours of
reaction when the commercial enzyme Lipozyme RM IM was used [54].

Figure 8. Enzymatic production of the compound responsible for the aroma of jasmine.
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Figure 9. Effect of acyl donors on the acetylation of benzyl alcohol, catalyzed by LPCS.
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.This enzymatic process has differential great interest, both from environmental and operational
perspectives, because in typical chemical acetylation reactions, toxic catalysts (pyridine) are often

used with onerous recovery methods, and in general, they are not practicable [53,54].
2.2.6. LPCS recycling and storage stability

In order to evaluate the possibility of the reutilization of LPCS in this reaction, the same LPCS
biocataalyst was utilized for five consecutive cycles. It was possible to observe that the reaction yields
that were obtained using LPCS exhibited a progressive but relatively small decrease over successive

cycles, from 98% to 86% after the fifth cycle (Figure 10). Thus, the biocatalyst could be reused for
several cycles in this reaction.

2.2.7. LPCS recycling

In order to evaluate the possibility of the reutilization of LPCS in this reaction, the same LPCS
support was utilized for five cycles. It was possible to observe that the reaction yields that were

obtained using LPCS exhibited a progressive but relatively small decrease over successive cycles,
from 98% to 86% after the fifth cycle (Figure 10).

Figure 10. Reuse of LPCS in production of the compound responsible for jasmine aroma.

100 28 92 94 90 .
090
080
5 070
[}
2 060
§ 050
2 040
g
2 030
8 020
010
000 r T T T T 1

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5

Reaction cycles


http://dx.doi.org/10.20944/preprints201708.0038.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2017 d0i:10.20944/preprints201708.0038.v1

10 0f 18

Note: The reactions consumed 20 uL of benzyl alcohol, 5 mg of the immobilized enzyme, 50 pL
of acyl donor, and 2 mL of hexane as the solvent in a reaction time of 24 h

The microspheres lost their structures when they were stored under wet conditions at room
temperature after 30 days. This could be clearly visualized by the release of the liquid that was
trapped inside the LPCS support into the medium (as shown in the figure 1). However, when dried,
the spheres retained their shape, the particles became harder, and the enzyme remained immobilized
and active within them during after 30 days. This implied that the use of LPCS in an anhydrous
medium would be of great interest.

Figure 11. Photomicrographs of the microspheres at 50X magnification.
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3. Materials and Methods

3.1. Materials

The enzyme that was used in this study was lipase from Candida antarctica (CALB), which was
supplied by Novozymes (Spain). Chitosan was obtained from Sigma-Aldrich (USA); sodium
polyphosphate was supplied by Merck (USA), and used without further refinement. deionized water
was used in this study.

3.2. Equipment used for the characterization of the biocatalyst

*  Fourier transform infrared (FTIR) spectra from 4000 to 400 cm™ were recorded using an FTLA
2000-102 FTIR spectrophotometer(ABB - Bomem) using the KBr pellet technique at room
temperature.

*  Thermogravimetric (TG) analysis was performed using a thermogravimetric analyzer (model
TGA/SDTAS851e; (Mettler-Toledo) by heating the samples from 30°C to 900°C at 10°C.min™' in a
synthetic air atmosphere.

e The Raman spectra were obtained using a Renishaw’s Raman equipment coupled to a Leica
DM2500 M microscope, a Renishaw MS 20 motor stage with axial and lateral resolution of 0.10 mm,
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which was controlled using the wire 3.6 software, excited with radiation at 632.8 nm (He-Ne,
Renishaw) and at 785 nm (diode, Renishaw). The scattered radiation was dispersed using a
diffraction grating of 1200 lines:mm, and recorded using a peltier-cooled CCD camera. The samples
were observed using a LEICA objective lens with a numerical aperture of 0.9 and magnification of
50X.

e A QP2010SE Plus GC / MS apparatus (Shimadzu) using a 30-m Rtx®-5MS (95%
dimethylpolysiloxane and 5% diphenyl) capillary column, with an internal diameter of 0.25 mm and
film thickness of 0.1 um of the fixed phase was used; The temperatures of the injector and detector
were 240°C and 280°C, respectively. The column conditions were: 60-80°C at 5°C-min", held for 3
minutes, then, from 80°C-min" to 280°C at 30°C-min-1, remaining at this temperature for 10 minutes
using He as the gas for entrainment with a flow rate of 1.0 mL.min-!. Analysis was performed using
the mass spectrometer in scan mode with an analysis time in 23.67 min; The mass spectra were
recorded in the range of 35 to 500 daltons per electron impact (EMIE) with an ionization energy of 70
eV (voltage of 1.5 KV) using a quadrupole mass analyzer and an ion source at 240°C;

¢ The enzyme activities of free lipase and immobilized lipase were monitored by UV-Vis
spectroscopy using a FEMTO 600 S spectrophotometer at a specific wavelength.

¢ Images of the microspheres were observed using a LABOMED/ANALITICA LX 400 optical
microscope, with Siedentopf Binocular and Trinocular heads inclined at 30°, and 360°, respectively
rotation an interpupillary distance of 48-75 mm, with 10X/20 mm wide-field eye-pieces of optical
Infinite RP Series, and Achromatic Flat DIN Objectives of 4X (WD 30.0 mm), 10X (WD 7.0 mm), 40X
(WD 0.65 mm; retractable), and 100X (WD 0.23 mm).

3.3. Synthesis of the microspheres from chitosan and polyphosphate

Microspheres were synthesized by adding a 75-85% deacylated solution of chitosan (CH, 2%
m/v) drop wise to a solution of sodium polyphosphate (PP), (Merck = 68%, 0.2 mol L), with agitation
at room temperature. Microsphere samples with a molar ratio (PP:CH) ranging from 10:1 to 1000:1
were synthesized.

The chitosan solution was added drop wise to an aqueous solution of sodium polyphosphate at
a concentration of 0.2 mol-L-'. Ten milliliters of each of the polymer solutions was used; then, these
spheres were recovered by decantation, and washed with distilled water (figure 12). The standard
molar ratio of the two polyelectrolytes (polyphosphate: chitosan) used was 1000: 1, since this ratio
resulted in the synthesis of microspheres with higher mechanical resistance than those generated at
the ratios of 100:1 and 10:1. The supernatants were collected for further analysis by UV-Vis
spectroscopy.

Figure 12. Schematic representation of the procedure for the formation of microspheres.

Immobilized enzyme
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3.4. Immobilization of CALB

CALB solution (0.38 mL; 1 mg/mL) was mixed with 2.5 mL of 1% (w/v) chitosan solution,
and the system was subjected to magnetic stirring for 30 minutes; then, all the mixture of
chitosan and CALB was added drop wise to 10 mL of sodium polyphosphate solution, as
described in the previous section, and subjected to 30 minutes of mild magnetic stirring. The
formation of microspheres was instantaneous for each added drop. The new biocatalyst-
polyphosphate-chitosan support that encapsulated the lipase was referred to as LPCS.

3.5. Determination of the concentration of the immobilized enzyme

The concentration of the immobilized enzyme in the support was determined
according to equation 1.

Equation 1. Concentration of the immobilized enzyme

1% =100 | 1-Protein in supernatant

Free Protein Content
3.6. Hydrolytic Activity

The evaluation of the hydrolytic activity of CALB was based on the hydrolysis of p-
nitrophenyl acetate (PNPA). An aliquot of 300 pL of PNPA dissolved in acetone at 20 mmol was
added to 3 mL of phosphate buffer solution pH 7.0 (0.05 mol.L-1).Then, 5 mg of the immobilized
enzyme was added to the system with stirring (175 rpm) for 10 min. After this, the solution was
filtered, and the concentration of PNP that was released was quantified using a
spectrophotometer at 410 nm. One unit of hydrolytic activity (A) was defined as the amount of
enzyme required to release 1 umol of PNP per minute (umol-min'). At certain instances, the
temperature was varied between 30°C and 80°C, and different solvents were added. The
hydrolytic activity of the enzyme was calculated according to equation 2:

Equation 2. Hydrolytic activity

A =molar concentration (in pmol, PNPA)

Mass of immobilized enzyme (mg) . time (min)
3.7. Activity in organic solvents

The activity of the enzyme that was encapsulated in the microspheres was tested in different
mixtures of organic solvents (acetonitrile:CAN; Tetrahydrofuran (THF) and dimethyl sulfoxide)
and phosphate buffer (pH 7.0), according to the following methodology: 3.0 mL of the evaluated
solvent was added to 300 pL of p nitrophenyl acetate in acetone at 20 mmol.L-! with 5 mg of
dried immobilized enzyme.

3.8. Effect of pH

For the analysis of the thermal inactivation of the biocatalyst under stress, 5 mg of
biocatalyst was suspended in 1 mL of sodium acetate at 10 mmol-L-'and pH 4, sodium phosphate
at pH 7, or sodium carbonate at pH 9 at 65°C (+2). Periodically, samples were withdrawn, and
the activity was measured using PNPA. The deactivation constant and half-life of each
immobilized derivative were calculated according to the model of Sadana and Henley [55] using
Microcal Origin version 8.1 [29].
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3.9. Enzymatic synthesis of esters— Effect of the acyl donor groups and enzymatic synthesis of the compound
responsible for the aroma of jasmine

A quantity of 5 mg of the immobilized enzyme was added to 20 pL of benzyl alcohol and 50 uL of acyl
donor (vinyl acetate in acetic acid, ethyl acetate, and butyl acetate) in 2 mL of hexane solution. Then, aliquots
were withdrawn after 12 and 24 h, and analyzed by gas chromatography coupled with mass spectrometry using
chiral columns.

3.10. Reuse of the catalyst

For analyzing the reusability of the immobilized enzyme, a reaction with 20 uL of benzyl alcohol
was performed. The quantities of (5 mg) the immobilized enzyme and vinyl acetate (50 uL) were
maintained with hexane (2 mL) as the solvent. The reaction products were analyzed at different
reaction times (12 and 24 h). After 24 h, the reaction medium was filtered, and the immobilized
enzyme was washed twice with 5 mL of hexane, dried at room temperature for 30 minutes, and then,
subjected to a new reaction cycle (five times).

4. Conclusions

The new support that was formed by the mixture of polyphosphate and chitosan is highly
suitable for the physical entrapment of enzymes. The highly ionic the support allowed for the
partition of the enzyme into the hydrophobic compounds, such as organic solvents, and formed
interactions with the immobilized enzyme. It is important to emphasize that the use of
microencapsulation for immobilization using these polymers and this enzyme, as well as its use for
the synthesis of molecules of industrial importance is unprecedented in the literature.

The proposed biocatalyst, which is LPCS, exhibited higher thermal stability and operational
stability than the free lipase, as well as the retention of high activity in most of the organic solvents
that were tested, and facilitated the recovery of high activity. The biocatalyst exhibited good
performance during the production of the compound responsible for the aroma of jasmine, which
surpassed results, which were published previously in the literature.

The mechanism of enzyme molecules protection can be understood equilibrium thermodynamics of
electrolytes because the existence of attractive forces for all components LPCS. The mixture of
polyphosphate and lipase to produce a turbid system, a clear evidence of the electrostatic attraction
between like charged polyphosphate and cationic enzyme sites.

Acknowledgments: This work was supported by the Brazilian Agencies CNPq, CAPES, and
FUNCAP. We gratefully acknowledge the support from the MINECO of the Spanish Government
(project number CTQ2013-41507-R).

Author Contributions: A.D.Q.M. and F.A.D.F. conceived and designed the experiments; F.F.M.S.
and T.L.G.L. analyzed the data; ].C.S.S. and R.F.L. contributed reagents/materials/analysis tools; all
the authors wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and
in the decision to publish the results.

References

1. Berger, R. G. Biotechnology of flavours — the next generation. Biotechnol Lett 2009, 31, 1651-1659,
doi:10.1007/s10529-009-0083-5.


http://dx.doi.org/10.20944/preprints201708.0038.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2017

14 of 18

2. Garlapati, V. K; Kumari, A.; Mahapatra, P.; Banerjee, R. Modeling, Simulation, and Kinetic
Studies of Solvent-Free Biosynthesis of Benzyl Acetate. Journal of Chemistry. 2013, 2013, 1-9,
doi:10.1155/2013/451652.

3. Zhu, X,; Zhou, T.; Wu, X;; Cai, Y.; Yao, D.; Xie, C.; Liu, D. Covalent immobilization of enzymes
within micro-aqueous organic media. Journal of Molecular Catalysis B: Enzymatic. 2011, 72, 145-149,
doi:10.1016/j.molcatb.2011.05.012.

4. Manoel, E. A,; Ribeiro, M. E.P. ; Santos, J. C. S. ; Coelho, M. A. Z. ; Simas, A.B.C. ; Fernandez-
Lafuente, R.; Freire, D. M.G. Accurel MP 1000 as a support for the immobilization of lipase from
Burkholderia cepacia: Application to the kinetic resolution. Process Biochemistry. 2015, 2015, 1-39,
doi:10.1016/j.procbio.2015.06.023.

5. Villalba, M.; Verdasco-Martin, C. M.; Santos, J. C. S.; Fernandez-Lafuente, R.; Otero, C.
Operational stabilities of different chemical derivatives of Novozym 435 in an alcoholysis reaction.
Enzyme Microb. Technol. 2016, 90, 3544, d0i:10.1016/j.enzmictec.2016.04.007.

6. Bezerra, RM.; Andrade Neto, D.M.; Galvao, W.S.; Rios, N. S.; Carvalho, A.C.L.M.; Correa, M.A ;
Bohn, F.; Fernandez-Lafuente, R.; Fechine, P. B. A.; De Mattos, M. C.; Dos Santos, J.C.S.; Gongalves,
L.R.B. Design of a lipase-nano particle biocatalysts and its use in the kinetic resolution of medicament
precursors. Biochem. Eng. J. 2017, 1-45, d0i:10.1016/j.bej.2017.05.024.

7. Kuo, C; Chen, G.; Chen, C.; Liu, Y.; Shieh, C. Kinetics and optimization of lipase-catalyzed
synthesis of rose fragrance 2-phenylethyl acetate through transesterification. Process Biochem. 2014,
49, 437-444, doi:10.1016/j.procbio.2013.12.012.

8. Guterman, I.; Masci, T.; Chen, X.; Negre, F.; Pichersky, E.; Dudareva, N.; Weiss, D.; Vainstein, A.
Generation of phenylpropanoid pathway-derived volatiles in transgenic plants: rose alcohol
acetyltransferase produces phenylethyl acetate and benzyl acetate in petunia flowers. Plant Mol. Biol.
2006, 60, 555-563, d0i:10.1007/s11103-005-4924-x.

9. Cui, Y.; Chen, X; Li, Y; Liu, X;; Lei, L.; Xuan, S. Novel magnetic microspheres of P (GMA-b-
HEMA): Preparation, lipase immobilization and enzymatic activity in two phases. Appl. Microbiol.
Biotechnol. 2012, 95, 147-156, d0i:10.1007/s00253-011-3745-x.

10. Cui, L; Wei, J.; Du, X;; Zhou, X. Preparation and Evaluation of Self-Assembled Porous
Microspheres-Fibers for Removal of Bisphenol A from Aqueous Solution. Ind. Eng. Chem. Res. 2016,
55, 1566-1574, d0i:10.1021/acs.iecr.5b04306.

11. Griebenow, K; Laureano, Y. D.; Santos, A. M.; Clemente, I. M.; Rodriguez, L.; Vidal, M. W.;
Barletta, G. Improved enzyme activity and enantioselectivity in organic solvents by methyl-(3-
cyclodextrin. J. Am. Chem. Soc. 1999, 121, 8157-8163, doi:10.1021/ja990515u.

12. Velasco-Lozano, S.; Lopez-Gallego, F.; Vazquez-Duhalt, R.; Mateos-Diaz, J. C.; Guisan, J. M.;
Favela-Torres, E. Carrier-free immobilization of lipase from Candida rugosa with polyethyleneimines
by carboxyl-activated cross-linking. Biomacromolecules. 2014, 15, 1896-1903, doi:10.1021/bm500333v.

13. Sheldon, R. A ; Pelt, S.V. Enzyme immobilisation in biocatalysis: why, what and how. Chem Soc
Rev. 2013. 42, 6250-6261, d0i:10.1039/c3cs60075k.

14. Mateo, C.; Palomo, ]J. M.; Fernandez-Lorente, G.; Guisan, J. M.; Fernandez-Lafuente, R.
Improvement of enzyme activity, stability and selectivity via immobilization techniques. Enzyme
Microb. Technol. 2007, 40, 1451-1463, doi:10.1016/j.enzmictec.2007.01.018.

d0i:10.20944/preprints201708.0038.v1


http://dx.doi.org/10.20944/preprints201708.0038.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2017

15 0f 18

15. Garcia-Galan, C.; Fernandez-Lafuente, R.; Rodrigues, R. C. Potential of Different Enzyme
Immobilization Strategies to Improve Enzyme Performance. Adv. Synth. Catal. 2011. 353, 2885-2904,
doi:10.1002/adsc.201100534.

16. De Souza, T. C.; Fonseca, T. D. S,; Jessyca, A.; Valderez, M.; Rocha, P.; Carlos, M.; Mattos, D.;
Fernandez-Lafuente, R.; Gongalves, L. R. B.; Dos Santos, J. C. S. Enzymatic Cashew apple bagasse as
a support for the immobilization of lipase B from Candida antarctica: Application to the
chemoenzymatic production of (R)-Indanol. J. Mol. Catal. B Enzym. 2016, 130, 58-69,
do0i:10.1016/j.molcatb.2016.05.007.

17. Bonazza, H. L.; Manzo, R. M.; Santos, J. C. S.; Mammarella, E. J. Operational and Thermal
Stability Analysis of Thermomyces lanuginosus Lipase Covalently Immobilized onto Modified
Chitosan Supports. Appl. Biochem. Biotechnol. 2017. 2017, 1-15, d0i:10.1007/s12010-017-2546-9.

18. Rueda, N.; Albuquerque, T. L.; Bartolome-Cabrero, R.; Barbosa, O.; Fernandez-Lafuente, R.
Reversible Immobilization of Lipases on Heterofunctional Octyl-Amino Agarose Beads. Molecules,
2016, 21, 646, 1-18 doi:10.3390/molecules21050646.

19. dos Santos, J. C. S.; Barbosa, O.; Ortiz, C.; Berenguer-Murcia, A. Importance of the Support
Properties for Immobilization or Purification of Enzymes. ChemCatChem. 2015, 7, 2413-2432,
d0i:10.1002/cctc.201500310.

20. Kumar, M.N.V.R.; Muzzarelli, R. A. A.; Muzzarelli, C.; Sashiwa, H.; Domb, A. ]J. Chitosan
chemistry and phamaceutical perspective. Chem. Rev. 2004, 104, 6017-6084, d0i:10.1021/cr030441b.

21. DeQueiroz, A. A. A,; Passes, E. D.; De Brito Alves, S,; Silva, G. S.; Higa, O. Z.; Vitolo, M. Alginate-
poly(vinyl alcohol) core-shell microspheres for lipase immobilization. . Appl. Polym. Sci. 2006, 102,
1553-1560, doi:10.1002/app.23444.

22. Wen, Y,; Grendahl, L.; Gallego, M. R.; Jorgensen, L.; Moller, E. H.; Nielsen, H. M. Delivery of
Dermatan Sulfate from Polyelectrolyte Complex- Containing Alginate Composite Microspheres for
Tissue Regeneration. Biomacromolecules 2012, 13, 905-917, doi:10.1021/bm201821x.

23. Huo, W,; Xie, G.; Zhang, W.; Wang, W_; Shan, J.; Liu, H.; Zhou, X. Preparation of a novel chitosan-
microcapsules/starch blend film and the study of its drug-release mechanism. Int. ]. Biol. Macromol.
2016, 87, 114-122, doi:10.1016/j.ijpiomac.2016.02.049.

24. Jiang, R.; Zhu, H.-Y.; Chen, H.-H.; Yao, J.; Fu, Y.-Q.; Zhang, Z.-Y.; Xu, Y.-M. Effect of calcination
temperature on physical parameters and photocatalytic activity of mesoporous titania spheres using
chitosan/poly(vinyl alcohol) hydrogel beads as a template. Appl. Surf. Sci. 2014, 319, 189-196,
doi:10.1016/j.apsusc.2014.06.185.

25. Wang, |J.; Zhao, G;; Jing, L.; Peng, X,; Li, Y. Facile self-assembly of magnetite nanoparticles on
three-dimensional graphene oxide-chitosan composite for lipase immobilization. Biochem. Eng. J.
2015, 98, 75-83, d0i:10.1016/j.bej.2014.11.013.

26. Shukla, S. K.; Mishra, A. K.; Arotiba, O. A.; Mamba, B. B. Chitosan-based nanomaterials: A state-
of-the-art review. International Journal of Biological Macromolecules. 2013, 59, 46-58,
doi:10.1016/j.ijbiomac.2013.04.043.

27. Canella, K. M.N. C;; Garcia, R. B. Caracterizagao de quitosana por cromatografia de permeacao
em gel - influéncia do método de preparagao e do solvente. Quim. Nova. 2001, 24, 13-17,
doi:10.1590/50100-40422001000100004.

d0i:10.20944/preprints201708.0038.v1


http://dx.doi.org/10.20944/preprints201708.0038.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2017 d0i:10.20944/preprints201708.0038.v1

16 of 18

28. Gupta, A.; Terrell, J. L.; Fernandes, R.; Dowling, M. B.; Payne, G. F.; Raghavan, S. R.; Bentley, W.
E. Encapsulated fusion protein confers “sense and respond” activity to chitosan-alginate capsules to
manipulate bacterial quorum sensing. Biotechnol. Bioeng. 2013, 110, 552-562, d0i:10.1002/bit.24711.

29. Dos Santos, J. C. S.; Bonazza, H. L.; de Matos, L. ]. B. L.; Carneiro, E. A.; Barbosa, O.; Fernandez-
Lafuente, R.; Gongalves, L. R. B.; de Sant’ana, H. B.; Santiago-Aguiar, R. S. Immobilization of CALB
on activated chitosan: Application to enzymatic synthesis in supercritical and near-critical carbon
dioxide. Biotechnol. Reports. 2017, 14, 16-26, doi:10.1016/j.btre.2017.02.003.

30. Chen, Y.; Liu, J; Xia, C,; Zhao, C.; Ren, Z.; Zhang, W. Immobilization of lipase on porous
monodisperse chitosan microspheres. Biotechnol. Appl.  Biochem. 2015, 62, 101-106,
do0i:10.1002/bab.1242.

31. Chen, C; Zhu, Xue-Yan; Gao, Qiao-Ling; Fang, F.;, Wang, Li-Wei; Huang, Xiao-Jun
Immobilization of lipase onto functional cyclomatrix polyphosphazene microspheres. . Mol. Catal. B
Enzym. 2016, 132, 67-74, doi:10.1016/j.molcatb.2016.07.003.

32. Siqueira, N. M.; Garcia, K. C.; Bussamara, R.; Both, F. S.; Vainstein, M. H.; Soares, R. M. D. Poly
(lactic acid)/chitosan fiber mats: Investigation of effects of the support on lipase immobilization. Int.
J. Biol. Macromol. 2015, 72, 998-1004, doi:10.1016/j.ijpiomac.2014.08.048.

33. Ramirez, H. L.; Gdmez Brizuela, L.; Ubeda Iranzo, J.; Arevalo-Villena, M.; Briones Pérez, A. L.
Pectinase Immobilization on a Chitosan-Coated Chitin Support. J. Food Process Eng. 2016, 39, 97-104,
doi:10.1111/jfpe.12203.

34. Barrow, C.]J.; Nolan, C.; Holub, B. ]. Bioequivalence of encapsulated and microencapsulated fish-
oil supplementation. J. Funct. Foods. 2009, 1, 38-43, d0i:10.1016/j.jf£.2008.09.006.

35. Kopp, W.; Barud, H. S;; Paz, M. F.; Bueno, L. A,; Giordano, R. L. C.; Ribeiro, S. J. L. Calcium
polyphosphate coacervates: effects of thermal treatment. |. Sol-Gel Sci. Technol. 2012, 63, 219-223,
d0i:10.1007/s10971-012-2749-z.

36. Momeni, A.; Filiaggi, M. ]. Comprehensive study of the chelation and coacervation of alkaline
earth metals in the presence of sodium polyphosphate solution. Langmuir. 2014, 30, 5256-5266,
doi:10.1021/1a500474;.

37. Wang, J.; Zhao, G.; Yu, F. Facile preparation of FesO:@MOF core-shell microspheres for lipase
immobilization. J. Taiwan Inst. Chem. Eng. 2016, 69, 139-145, d0i:10.1016/j.jtice.2016.10.004.

38. Zhang, D.-H.; Yuwen, L.-X.; Peng, L.-]. Parameters Affecting the Performance of Immobilized
Enzyme. |. Chem. 2013, 2013, 1-7, doi:10.1155/2013/946248.

39. Yuce-Dursun, B,; Cigil, A. B.; Dongez, D.; Kahraman, M. V.; Ogan, A.; Demir, S. Preparation and
characterization of sol-gel hybrid coating films for covalent immobilization of lipase enzyme. J. Mol.
Catal. B Enzym. 2016, 127, 18-25, d0i:10.1016/j.molcatb.2016.02.007.

40. Brady, D.; Jordaan, J. Advances in enzyme immobilisation. Biotechnol. Lett. 2009, 31, 1639-1650,
doi:10.1007/s10529-009-0076-4.

41. Groboillot, A.F.; Champagne, C.P.; Darling, G.D.; Poncelet, D.; Neufeld, R.J. Membrane
Formation by Interfacial Cross-Linking of Chitosan for Microencapsulation of Lactococcus lactis.
Biotechnol. Bioeng. 1993, 42, 1157-1163, doi:10.1002/bit.260421005.


http://dx.doi.org/10.20944/preprints201708.0038.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2017 d0i:10.20944/preprints201708.0038.v1

17 of 18

42. Piacentini, E.; Yan, M.; Giorno, L. Development of enzyme-loaded PVA microspheres by
membrane emulsification. J. Memb. Sci. 2017, 524, 79-86, doi:10.1016/j.memsci.2016.11.008.

43. Anderson, E. M.; Larsson, K. M.; Kirk, O. One biocatalyst many applications: the use of Candida
antarctica b-lipase in organic synthesis. Biocatalysis and Biotransformation. 1998, 16, 181-204,
doi:10.3109/10242429809003198.

44. Mondal, S.; Li, C; Wang, K. Bovine Serum Albumin Adsorption on Glutaraldehyde Cross-
Linked Chitosan Hydrogels. |. Chem. Eng. Data. 2015, 60, 23562362, d0i:10.1021/acs.jced.5b00264.

45. Dos Santos, J. C. S.; Rueda, N.; Sanchez, A.; Villalonga, R.; Gongalves, L. R. B.; Fernandez-
Lafuente, R. Versatility of divinylsulfone supports permits the tuning of CALB properties during its
immobilization. RSC Adv. 2015, 35801-35810, doi:10.1039/C5RA03798K.

46. Rodrigues, R.C.; Ortiz, C.; Berenguer-Murcia, A.; Torres, R.; Fernandez-Lafuente, R.; Modifying
enzyme activity and selectivity by immobilization. Chem Soc Rev. 2012. 42(15), 6290-307,
doi:10.1039/c2cs35231a.

47. Majed, N.; Gu, A. Z. Application of Raman Microscopy for Simultaneous and Quantitative
Evaluation of Multiple Intracellular Polymers Dynamics Functionally Relevant to Enhanced
Biological Phosphorus Removal Processes. Environ. Sci. Technol. 2010, 44, 8601-8608,
doi:10.1021/es1016526.

48. Zajac, A.; Hanuza, J.; Wandas, M.; Dyminiska, L. Determination of N-acetylation degree in
chitosan using Raman spectroscopy. Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy. 2015, 134, 114-120, doi:10.1016/j.saa.2014.06.071.

49. Wilson, L.; Lllanes, A.; Abian, O.; Pessela, B. C. C.; Fernandez-Lafuente, R.; Guisan, J. M. Co-
Aggregation of Penicillin G Acylase and Polyionic Polymers: An Easy Methodology to Prepare
Enzyme Biocatalysts Stable in Organic Media. Biomacromolecules. 2004, 5, 852-857,
do0i:10.1021/bm0343895.

50. Abian, O.; Wilson, L.; Mateo, C.; Fernandez-Lorente, G.; Palomo, J. M.; Fernandez-Lafuente, R.;
Guisan, J. M,; Re, D.; Tam, A.; Daminatti, M. Preparation of artificial hyper-hydrophilic micro-
environments (polymeric salts) surrounding enzyme molecules New enzyme derivatives to be used
in any reaction medium. J. Mol. Catal. B Enzym. 2002, 19, 295-303, doi:10.1016/51381-1177(02)00180-7.

51. Majumder, A. B.; Singh, B.; Dutta, D.; Sadhukhan, S.; Gupta, M. N. Lipase catalyzed synthesis of
benzyl acetate in solvent-free medium using vinyl acetate as acyl donor. Bioorg. Med. Chem. Lett. 2006,
16, 4041-4044, doi:10.1016/j.bmcl.2006.05.006.

52. Kumar, R.; Modak, ].; Madras, G. Effect of the chain length of the acid on the enzymatic synthesis
of flavors in supercritical carbon dioxide. Biochemical Engineering Journal. 2005, 23, 199-202,
doi:10.1016/j.bej.2005.01.007.

53. Teixeira, R.; Lourengo, N. M. T. Enzymatic kinetic resolution of sec-alcohols using an ionic liquid
anhydride as  acylating agent.  Tetrahedron:  Asymmetry 2014, 25,  944-948,
doi:10.1016/j.tetasy.2014.05.001.

54. Larkov, O.; Zaks, A.; Bar, E.; Lewinsohn, E.; Dudai, N.; Mayer, A. M.; Ravid, U. Enantioselective
monoterpene alcohol acetylation in Origanum, Mentha and Salvia species. Phytochemistry 2008, 69,
2565-2571, d0i:10.1016/j.phytochem.2008.07.018.


http://dx.doi.org/10.20944/preprints201708.0038.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2017 d0i:10.20944/preprints201708.0038.v1

18 0f 18
55.Sadana, A.; Henley, J. P. Analysis of Enzyme Deactivations by a Series-Type Mechanism: Influence
of Modification on the Activity and Stability of Enzymes. Ann. N. Y. Acad. Sci. 1987, 501, 73-79,
doi:10.1111/j.1749-6632.1987.tb45687 x.

Sample Availability: Samples of the compounds ...... are available from the authors.

Graphical abstract

CH,OH

Acyl donor\ Benzyl Alcohol

Polyphosphate Chitosan Microspheres

A

Benzyl acetate /



http://dx.doi.org/10.20944/preprints201708.0038.v1

