Appl Biochem Biotechnol (2018) 184:1263—1285 @ CrossMark
DOI 10.1007/s12010-017-2622-1

Effect of the Presence of Surfactants and Immobilization
Conditions on Catalysts’ Properties of Rhizomucor miehei
Lipase onto Chitosan

Ulisses M. F. de Oliveira’ -

Leonardo J. B. Lima de Matos' -

Maria Cristiane M. de Souza? « Bruna B. Pinheiro! -
José C. S. dos Santos” « Luciana R. B. Gong:alves1

Received: 5 July 2017 /Accepted: 2 October 2017 /
Published online: 10 October 2017
© Springer Science+Business Media, LLC 2017

Abstract Lipase from Rhizomucor miehei (RML) was immobilized onto chitosan sup-
port in the presence of some surfactants added at low levels using two different
strategies. In the first approach, the enzyme was immobilized in the presence of surfac-
tants on chitosan supports previously functionalized with glutaraldehyde. In the second
one, after prior enzyme adsorption on chitosan beads in the presence of surfactants, the
complex chitosan beads-enzyme was then cross-linked with glutaraldehyde. The effects
of surfactant concentrations on the activities of free and immobilized RML were eval-
uated. Hexadecyltrimethylammonium bromide (CTAB) promoted an inhibition of en-
zyme activity while the nonionic surfactant Triton X-100 caused a slight increase in the
catalytic activity of the free enzyme and the derivatives produced in both methods of
immobilization. The best derivatives were achieved when the lipase was firstly adsorbed
on chitosan beads at 4 °C for 1 h, 220 rpm followed by cross-link the complex chitosan
beads-enzyme with glutaraldehyde 0.6% v.v'' at pH 7. The derivatives obtained under
these conditions showed high catalytic activity and excellent thermal stability at 60° and
37 °C. The best derivative was also evaluated in the synthesis of two flavor esters
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namely methyl and ethyl butyrate. At non-optimized conditions, the maximum conver-
sion yield for methyl butyrate was 89%, and for ethyl butyrate, the esterification yield
was 92%. The results for both esterifications were similar to those obtained when the
commercial enzyme Lipozyme® and free enzyme were used in the same reaction
conditions and higher than the one achieved in the absence of the selected surfactant.

Keywords RML hyperactivation - Surfactants - Immobilization - Chitosan - Ester synthesis

Introduction

Lipases (glycerol ester hydrolases E.C. 3.1.1.3) are an important group of enzymes whose
biological function is to catalyze the hydrolysis of oils and fats. Apart from hydrolysis, under
micro-aqueous environment, they can catalyze reactions such as esterification [1-3],
transesterification [4], alcoholysis [5], acidolysis [6], epoxidations [7], etc.

The great versatility of lipases makes them suitable for various applications in food and
flavor making, pharmaceutical, fine chemical and cosmetic industries, among others [8].

Despite the advantages of these biocatalysts, problems arise when these enzymes are
utilized in its free form. They are unstable at moderately high temperatures and solvents
and hard to be recovered from the reaction medium [9]. Therefore, immobilization is
often requested for most of the industrial applications involving these enzymes. Immo-
bilization of lipases on an insoluble support can overcome the mentioned limitations,
avoiding product contamination, diminishing thermal deactivation of the enzyme, and
allowing easy biocatalyst recovery, reuse, and continuous operation, minimizing down-
stream process costs as well as environmental impact [10]. Lipases have been
immobilized using several types of carriers and by numerous methods like physical
adsorption [11], covalent attachment to a solid matrix [12], entrapment or encapsulation
in an insoluble carrier. Various inorganic and organic supports have been used for the
immobilization of lipases. However, the high cost of some materials like silica-based
carriers, acrylic resins, synthetic polymers, and exchange resins, as well as the techniques
commonly used for immobilization of these enzymes, significantly increases the costs of
biocatalysts. Among several supports employed for the immobilization of lipases, chito-
san has shown suitable properties for this purpose [13—15].

Chitosan is a low-cost linear (-1, a 4-linked polysaccharide that is obtained by the
partial deacetylation of chitin. Chitin is an abundant raw material found in cell walls of
some fungi and especially in the shells of some shellfish (mainly shrimp, lobster, krill,
and crabs), wastes of the seafood industry [16]. Chitosan has found broad application in
the immobilization of enzymes to present desirable properties such as hydrophilicity,
biocompatibility, biodegradability, nontoxicity, physiological inertness also possessing
high affinity for proteins [14].

Due to its amine groups, chitosan is a cationic polyelectrolyte (pKa = 6.5) being insoluble
in neutral aqueous solutions, but it is soluble in acidic solutions below pH 6.5.

This biopolymer has hydroxyl and reactive amine groups in its structure amenable to
modification with bifunctional reagents such as glycidol and glutaraldehyde [17].

Glutaraldehyde is a versatile reagent that under specific conditions reacts with themselves
and with different groups (e.g., thiols, phenols, and imidazoles) but mainly with primary amino
groups of proteins [17].
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At least three distinct reaction types of glutaraldehyde are known: (i) the free
glutaraldehyde, (ii) the glutaraldehyde-amino, and (iii) the amino-glutaraldehyde-
glutaraldehyde moiety. These active forms can react with themselves or with structures
closely related depending on the medium pH [18]. At extreme pH conditions (pH values
above 8) or higher concentrations (e.g., 1 mol LY, uncontrolled polymerization of
glutaraldehyde in solution is observed [18].

This reagent has been widely used as a cross-linker to immobilize enzyme molecules
onto various supports, but in most cases, this bifunctional compound is commonly used
to immobilize enzymes on supports having primary amino groups [15].

When glutaraldehyde is used as a cross-linker, two general immobilization strategies
can be employed. In the first one, the enzyme is primarily adsorbed by ionic exchange
onto the laminated support, and then the enzyme-support compound is treated with
glutaraldehyde under mild conditions [18]. In such strategy, all the primary amino groups
of the enzyme and the support are modified with just one molecule of the glutaraldehyde
and an intense multipoint covalent enzyme-support attachment may be achieved [19].

The second possibility is to immobilize the enzyme in a glutaraldehyde-activated
support. In this procedure, conditions under which modification of the amine group
occurred specifically with one or two glutaraldehyde molecules [19]. The resulting
structure would react with the primary amino groups of the enzyme (pK 7-8) usually
at neutral pH value. At this pH, the reactivity of €-amino groups of lysine (Lys) is quite
small (pK over 10) and, as a result, the intensity of the multipoint covalent attachment
may not be so high as in the first case [19].

While the second approach limits the chemical modification of the enzyme to only the
groups of the protein involved in the immobilization, the entire surface of the enzyme
may be modified with glutaraldehyde when the first immobilization protocol is used [18].
Thus, the selection of one of the immobilization methods aforementioned will produce
biocatalysts with different properties regarding activity and stability.

Esters of short chain carboxylic acids and alcohols are the major components of some
natural flavors widely used as additives or precursors in food, beverages, cosmetics,
agrochemical, and pharmaceutical preparations [20]. Nowadays, most flavor and fra-
grances are obtained from a plant extract or by chemical synthesis. Esters from plant
materials are very scarce, and the high costs of extraction and isolating of such com-
pounds due to their low concentrations and meager extraction yields makes this process
prohibitive [21]. By the other hand, chemical synthesis of these esters is considered
economical but makes use of strong acids or alkalis as a catalyst and high temperature
and pressure conditions being considered environmentally unsafe, requiring too addi-
tional post-treatment steps [22].

Lipase-catalyzed ester synthesis has been pointed out as a promising alternative to the
traditional methods. The enzymatic approach allows mild operation conditions, elimina-
tion of side reactions, low energy-cost, a higher degree of purity of the products which
may lead to lower the overall operating costs [23]. Besides, the products are labeled as
“natural” by some food regulatory agencies [24].

Lipases from different sources immobilized onto various kinds of supports have been
used in some non-conventional media (e.g., ionic liquids, supercritical fluids) but
especially on organic solvents aiming at the production of various flavoring esters
[25]. Thus, the development of biocatalysts that fulfill some requirements such as high
catalytic activity, thermal stability, excellent operational stability, and low cost must be
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taken into account for a possible application of these biocatalysts in various industrial
processes including the large-scale production of such esters using immobilized lipases
[26].

Rhizomucor miehei lipase (RML) is an extracellular enzyme whose structure was well
resolved at 1.9 A resolution [27]. The molecular size of RML is 31,600 Da, and its isoelectric
point is 3.8 [28]. Its active site is composed of the catalytic triad Ser144, His257, and Asp203
with an active serine buried under a short helical fragment of an extended surface loop
(lid).This enzyme is a single polypeptide chain of 269 residues [27].

R. miehei lipase in homogeneous aqueous solutions exhibit two different conformations in
equilibrium: a closed form (inactive) where the catalytic site of the enzyme is secluded from
the reaction medium by means of a helicoidal polypeptide chain (flat or lid) and the second
form (open form) active, where this lid is entirely displaced in the presence of hydrophobic
surfaces exposing the catalytic site of the enzyme to the reaction medium [11]. On a
homogeneous aqueous medium, some lipases including RML tends to form bimolecular
aggregates (dimmers) with reduced activity [29]. The aggregate formed will have an active
center open but partially blocked leading to certain implications in some of its biochemical
properties like activity, stability, and enantioselectivity.

Thus, a suitable method to obtain biocatalysts with high catalytical activity should try to
immobilize these enzymes in a given support in their most active form (open form). In this
sense, some strategies such as the immobilization of lipases on porous hydrophobic supports
or in the presence of additives like surfactants have been proposed [30]. Several studies have
shown that the presence of some surfactants stabilizes the open form of lipases which can be
fixed to a support via chemical or physical immobilization leading to the formation of
hyperactivated biocatalysts [15]. To obtain biocatalysts with high catalytic efficiency,
R. miehei lipase (RML) was immobilized onto chitosan support in the presence of some
surfactants added at low concentrations. The lipases’ activities can be improved in the presence
of surfactants, and this effect has been attributed mainly to the breakdown of lipase aggregates
(dimmers) and/or the shift in the open-closed equilibrium of the individual enzyme molecules
towards the open form more active [31]. It is believed that lipase-surfactant interactions are
primarily hydrophobic, but the nature of the hydrophilic group on the surfactant also contrib-
utes to the contact, and the intensity of such interactions may be responsible for the breakdown
of these self-assembled structures.

Two immobilization strategies were adopted. In the first, lipases were immobilized
in the presence of surfactants on chitosan supports previously activated with glutaral-
dehyde. In the second protocol, chitosan was reticulated with glutaraldehyde after
prior adsorption of the enzymes. This study evaluated the influence of surfactants
added at various concentration levels on the enzymatic activity of free and
immobilized enzymes. Although some studies on the use of surfactants for the
stabilization of lipases have been reported, to our knowledge, this is the first report
on the use of surfactants to improve catalytical properties of immobilized R. miehei
lipase onto chitosan supports.

To evaluate its potential as a useful biocatalyst, the best derivative was used in the synthesis
of two flavor esters of commercial interest, namely methyl butyrate and butyl butyrate. The
experimental results were compared concerning commercial enzyme Lipozyme®, free en-
zyme, and the biocatalyst produced in the absence of the selected surfactant in the best
conditions of immobilization in the synthesis of such esters in the same reaction conditions.
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Materials and Methods
Materials

Powdered chitosan, 85.2% deacetylation degree, was purchased from Polymar Ind Ltda
(Ceard, Brazil). R. miehei lipase (128 + 3 Uynpp/mL), Lipozyme® (immobilized lipase
from Mucor miehei, > 30 units.g” ' against tristearin at pH 8.0 and 70 °C), p-nitrophenyl
butyrate (pNPB), and glutaraldehyde 25% (v.v'') were acquired from Sigma-Aldrich
Chemical Co. (St. Louis, MO). All other reagents and solvents used were of analytical
grade.

Methods

All experiments were performed in triplicate, and the results are reported as the mean of this
value and the standard deviation (under 10%).

Preparation of Chitosan Beads

Powdered chitosan was dissolved in an acetic acid 5%v.v ' solution. The obtained
solution of 2.5% (m.v_') was dropped into a gently stirred NaOH 100 mM solution at
25 °C (ratio chitosan/NaOH = 1:10). After 24 h, chitosan beads were washed exhaus-
tively with distilled water until neutrality and then dried by vacuum filtration.

Activation with Glutaraldehyde

Chitosan beads were activated in sodium phosphate buffer solution 100 mM pH 7.0
containing 0.6% (v.v b glutaraldehyde (ratio Vgei/Vigar 1:10) for 60 min at 25 °C under
slow stirring. After that, chitosan support was washed thoroughly with distilled water to
remove glutaraldehyde excess and then dried under vacuum.

Immobilization Strategies

In this work, two immobilization strategies were performed, named: Immobilization strategy I
and Immobilization strategy II (Fig. 1).

Immobilization Strategy I In the first step, chitosan beads were activated with glutar-
aldehyde according to item 2.2.2. After that, the support and the enzymes were incubated
in the presence of surfactants under slow stirring for 5 h at 25 °C. Afterwards; the
immobilized enzyme was washed several times with distilled water to remove excess of
surfactant and glutaraldehyde and stored at 4 °C.

Immobilization Strategy II R. miehei lipase (RML) was firstly adsorbed at the support in
the presence of surfactants in phosphate buffer 100 mM pH 7.0 under moderate agitation for
5hat 25 °C. The composite RML-chitosan was reticulated with glutaraldehyde under the same
conditions described (at 2.2.2. item), and then the detergent was added. The obtained deriv-
ative was then washed several times with distilled water and stored at 4 °C.
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Fig. 1 Strategies used for Rhizomucor miehei (RML) lipase immobilization onto chitosan support in the
presence of surfactants

In all strategies, to evaluate enzyme deactivation during immobilization (control assay), a
solution of RML was placed in a reactor under the same conditions of immobilization, but in
the absence of support.

Assay of Hydrolytic Activity: Hydrolysis of pNPB

The hydrolysis of p-nitrophenyl butyrate ()NPB) was used to follow the free and immobilized
enzyme hydrolytic activities. Assays were performed by measuring the increase in the
absorbance at 400 nm produced by the release of p-nitrophenol in the hydrolysis of 0.5 mM
PpNPB in 25 mM sodium phosphate buffer at pH 7.0 and 25 °C, according to the methodology
described in the literature, with some modifications [32]. The reaction time was 12 min. One
unit of pNPB activity (U,nps) Was defined as the amount of enzyme that is necessary to
hydrolyze 1 pmol of pNPB per minute under the conditions described.

Protein concentration was measured according to Bradford [33] using bovine serum
albumin (BSA) as a standard.

Assay of Thermal Stabilities of Free and Immobilized RMLs

Free and immobilized enzymes were incubated in a sodium phosphate buffer 25 mM and pH
7 at 60 °C. Periodically, samples were withdrawn, and their residual hydrolytic activities were
assayed. The single step on the first-order model, proposed by Sadana and Henley [34], was

fitted to the experimental data. This model considers that a single step inactivation leads to a
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final state that exhibits a residual activity, which is very stable. The activity-time expression is
expressed in Eq. 1:

Ag = (I—a) x e X' + o (1)

where Ag is the residual activity (dimensionless), the ratio between the specific activity of the
final state, A, and one of the initial state, At,; and ky is the first-order deactivation rate
constant (time ). With the exponential nonlinear decay model and its parameters, it was
possible to determine the inactivation constant (kg) and the half-lives (¢, 5) of the immobilized
and free enzyme. Stabilization factor (Sg) was given as the ratio between the half-life of the
immobilized enzyme and the half-life (¢,,) of the free enzyme at the same conditions.

Enzymatic Synthesis of Methyl and Butyl Butyrate

The esterification reactions were carried out in 125 mL glass-stoppered flasks using n-heptane
as a solvent. The reactional medium containing substrates and biocatalysts was 20 mL. To
initiate the reaction, 150 mg of the biocatalyst for methyl butyrate and 200 mg for ethyl
butyrate was added to the freshly prepared reaction medium that was kept on an orbital shaker
(Tecnal TE-420, Piracicaba, Brazil) at 25 °C and 150 rpm. For methyl butyrate synthesis, the
molar ratio [alcohol]/[acid] was 1.5:1 with a fixed acid concentration of 0.1 mol L. For ethyl
butyrate, both substrates were added at equimolar concentrations (0.2 mol L™ each, molar
ratio [alcohol]/[acid] 1:1). In all experiments, the offer enzyme loaded was 50 units.gflsuppon
(1.63 mg.gﬁlsupport). Before and after 6 h reaction, aliquots of the reaction mixture were
withdrawn and titrated against standard potassium hydroxide using phenolphthalein as an
indicator to determine the residual acid concentration [25]. Ethanol was used as quenching
agent [35]. The percentage of esterification was calculated from the acid consumed in the
reaction mixture according to Eq. 2:

Esterification (%) = C‘gC x 100 (2)

where C is the true concentration of acid measured before the start of reaction and C is the
residual acid concentration after 6 h reaction time. Control experiments were also conducted
without lipase under similar reaction conditions.

Scanning Electron Microscopy

The scanning electron microscopy analyses were performed in a TESCAN electron micro-
scope scanning electron microscopy (SEM) (Model VEGA/Xmu, Brno, Czech Republic)
using accelerating voltage of 30 kV. The samples were sputter-coated with gold before
analysis.

Immobilization Parameters

The immobilization parameters, immobilization yield (IY), theoretical activity (At of
immobilized lipase, and recovery activity (At,), were calculated according to Santos et al.
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2017 [32]. For doing that, the initial (At,) and the final (Atp) enzyme activities in the
supernatant and the blank assay were determined. The remaining enzyme activity in the
supernatant (At, — Aty) was used to calculate the immobilization yield (IY), according to Eq. 3.

At,—Atg
— X

Iy (%) ==

100 (3)

The theoretical activity (At;) of immobilized lipase was determined by Eq. 4, being At the
enzyme activity per gram of the gel at the beginning of the essay:

At = IY x Aty (4)

After determining the apparent immobilized activity (Atqe,), the recovery activity (At,) was
determined according to Eq. 5:

Results and Discussion
Effect of Surfactants on the Activity of RML

The effect of increasing concentrations of different surfactants on the activity of free RML was
evaluated, and the results are shown in Fig. 2. The measurements of the activities were
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Fig. 2 Effect of surfactants on the activity of free RML against pNPB. Relative activity considers 100% the
lipase activity in the absence of surfactant. X-axis plotted in log scale. (m) SDS; (A )Triton X-100; (o) CTAB

Relative activity (%)
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performed after a few minutes of exposure of the lipase to the surfactants, and convenient
dilutions of samples were made to avoid surfactant interferences. The presence of different
surfactants, added at various levels to the reaction medium, promoted different effects on the
hydrolytic activity of free RML.

As can be seen in Fig. 2, free RML exhibited a moderate increase in its activity (1.5-
fold) in the presence of Triton X-100, using 0.015% m. v ! of surfactant, around the
critical micellar concentration of this surfactant [36]. At concentrations above this level,
the biocatalyst activity decreased markedly.

Soluble RML showed a nearly linear behavior in its hydrolytic activity after
consecutive increments of SDS added reaching a maximum when the concentration
of surfactant was 0.23% m.v ', near its critical micellar concentration (CMC). At this
concentration, the activity of free RML was approximately three times higher than the
activity of the free enzyme in the absence of surfactant. Above CMC, the enzyme
activity declined, but it was still higher when compared with enzyme activity in the
absence of surfactant. The same behavior was observed on the activity of the free
Thermomyces lanuginosus lipase against pNPB in the presence of that surfactant [37].

The different effects caused by the addition of surfactants on the activity of free
lipases can be attributed to two factors. First, the detergents can act breaking the
lipase-lipase aggregates rendering individual enzyme molecules that can be stabilized
in their most active conformation (open form) with improved activities. By the other
hand, additional detergent molecules (above CMC, in our case) may bind to the active
site region, blocking the substrate access, inducing inhibition [38].

It can also be seen in Fig. 2 that the surfactant SDS especially around its CMC has
promoted more positive effects on the hydrolytic activity of free RML against pNPB as
compared to Triton X-100.

Two possible considerations to explain this phenomenon has been done: (i) SDS
shows a specific interaction with the active site region increasing the enzymatic
activity and (ii) in addition, SDS binds unspecifically to the protein surface, and its
charge leads to a weakening of the interactions in the native state, making it more
flexible (partially destabilized) allowing the accommodation of more substrate mole-
cules leading to a higher catalytic turnover, and thus, enhancing enzymatic activity
[37]. On the contrary, Triton X-100, a nonionic surfactant regarded as a mild
detergent interacts with the protein surface but without promoting changes in the
enzyme activity against pNPB.

The presence of hexadecyltrimethylammonium bromide (CTAB) in the reaction
medium exerted a negative effect on the hydrolytic activity of the free RML. After
a slight increase in enzyme activity when the surfactant was added at a low concen-
tration (0.00015% m.v 1Y), increasing amounts of surfactant resulted in a decrease in
the hydrolytic activity of the free enzyme. At concentrations above 0.1% m.v ', the
surfactant led to complete inhibition of the enzyme. Positive charged surfactants tends
to form complexes with RML over a broad pH range, even below its isoelectric point
due to a combination of electrostatic or hydrophobic interactions or the presence of
carboxylic groups in the enzyme with very low pKa values located adjacent to
hydrophobic amino acid residues leading to activity reduction or enzyme inactivation
[39].

Taking into account these preliminary results, the immobilizations were performed only in
the presence of the surfactants Triton X-100 and SDS.
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Effect of the Presence of Surfactants on the Activity of the Immobilized Enzyme
Effect of Triton X-100

In these experiments, Triton X-100 was added with the same range of concentrations used in
earlier experiments to free RML. The results of the two immobilization strategies adopted in
this study are displayed in Fig. 3. In both strategies, the immobilization yields (IY) were quite
similar varying in the interval of 80-99%. These results are in agreement with some publica-
tions reported at literature [40, 41]. However, in terms of relative activity, the two immobili-
zation strategies exhibited very significant differences.

The results displayed in Fig. 3 show that the first immobilization strategy did not yield the
desirable effects on the catalytic activities of the immobilized enzyme. A small increase in the
activity of the immobilized enzyme was evidenced only when the surfactant concentration in
the immobilization medium was 0.015% m.v_'. Above this concentration value, the activities
of the immobilized enzyme were sharply reduced to values lower than those obtained when the
immobilization was carried out in the absence of surfactant.

In contrast, Fig. 3 indicates that cross-linking with glutaraldehyde of lipases previously
adsorbed on chitosan support in the presence of Triton X-100 seems to be an appropriate
alternative to obtain derivatives with relative good catalytical properties using this surfactant to
immobilize RML onto chitosan support. Some differences between the two immobilization
protocols when some levels of this surfactants were added must be due to some experimental
errors.

Chitosan is a support which has hydrophilic characteristics while RML has a large number
of non-polar amino acid in its structure. The RML adsorption onto chitosan support may be
attributed to a combination of two interaction mechanism: (i) ionic, through charged amino
acids (e.g., Asp and Glu) of the protein with NH;* groups of chitosan on pH values near to its
pKa where the fraction NH,/NH;" approaches to 0.5 and (ii) through hydrophobic interactions
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Fig. 3 Effect of Triton X-100 on the activity against pNPB of Chitosan (CHIT) immobilized RML preparations.

Experiments were performed as described in Material and Methods. Relative activity considers 100% the lipase
activity in the absence of surfactant. X-axis plotted in log scale. (m) strategy I; (®) strategy 11
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(e.g., van der Waals interactions) and hydrogen bonding involving NH,/OH groups of the
support [42]. But, for the first immobilization strategy used in this work, in the presence of
surfactants, an ionic exchange may be the first immobilization process [40].

Surfactant concentration greater than 0.00015% and up to 0.015% m.v ' resulted in
immobilized enzyme derivatives with improved catalytic activities as compared to the deriv-
atives obtained when the first immobilization strategy was employed. As well as in the first
strategy, maximum activity was observed when the concentration of surfactant added was
0.015% m.v"'. Above this level, the derivative activity was appreciably diminished but to a
lesser extent in comparison with activities of those derivatives produced in the first strategy or
when the immobilizations were performed in the absence of surfactant.

Lipases from different sources have been immobilized in the presence of Triton X-100 onto
various supports [43]. The results obtained in these works are somewhat different in compar-
ison with the results presented in the current work.

However, the degree of activation or hyperactivation of lipases do not obey a general rule
being markedly influenced by the kind of enzyme used, the characteristics and the concentra-
tion of the surfactant added to the immobilization medium, the characteristics of the support,
the immobilization conditions as well as the substrate used in the reactions [43].These
considerations may in part explain the slight differences observed.

Effect of SDS

Figure 4 shows that unlike what was observed to immobilizations carried out in the presence of
Triton X-100, the presence of SDS in the concentration range of 0.00015 to 0.23% m.v "',
regardless of the immobilization strategy, was always accompanied by an almost linear
increase in the activities of the immobilized enzyme derivatives. In both approaches, the
maximum activity was achieved when the SDS concentration reached its CMC, around 0.23%
m.v ', At this concentration, the activities of the derivatives were increased by a 2.9-fold and
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Fig. 4 Effect of SDS on the activity against pNPB of Chitosan (CHIT) immobilized RML preparations.
Experiments were performed as described in the “Material and Methods” section. Relative activity considers
100% the lipase activity in the absence of surfactant. X-axis plotted in log scale. (A) strategy I; (D) strategy II
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3.4-fold factor, respectively, for the first and the second immobilization strategy. The results
were very similar to the results obtained with the free RML. Above the CMC value, the
derivative activities declined, but yet these activities were higher than the activities measured
for derivatives produced in the absence of surfactant.

In a recent work [44], RML was immobilized onto a support with different charac-
teristics using three immobilization protocols in the presence of anionic detergent sucrose
laurate. When the enzyme was physically adsorbed on Q-Sepharose support, a strong
anionic exchanger at pH 7.0 and 25 °C after prior purification and hyperactivation with
0.5% sucrose laurate, the enzyme immobilized derivatives preserved more than 90% of
its hyperactivation after removal of the detergent. On CNBr-activated Sepharose (one-
point immobilization), the hyperactivation was completely removed after removal of the
detergent. In multipoint covalent attachment at pH 10 on activated glyoxyl-Sepharose,
the enzyme lost 50% of its hyperactivation during immobilization, and after removal of
the detergent, the entire value was lost. The best results obtained with the anionic
exchanger was attributed to a possible change in the region with the highest density of
negative charge involved in the adsorption when the closed form of the lipase is
transformed into hyperactivated open form. Besides, the presence of the detergent
induces a complex change in the enzyme’s active center promoting too a structural
rearrangement in the other regions of the enzyme.

These considerations can explain the results achieved in the actual work. Chitosan support
at pH 7.0 is a polycationic electrolyte acting as an ion exchanger like Q-Sepharose. Thus, the
presence of the anionic surfactant SDS in the immobilization medium may cause the same
structural change in the enzyme molecule, leading to a stabilization of RML open form even
after removal of the detergent.

The data presented in Fig. 2 and Fig. 4 show that no differences were observed in the
relative activities of the free enzyme and the derivatives obtained when the second immobi-
lization strategy was used. The results reported so far showed that SDS was more effective to
obtain derivatives with higher catalytic activities as compared to the same derivatives achieved
when Triton X-100 was used to RML immobilization on chitosan support. Therefore, further
assays were performed in the presence of this surfactant at a concentration level of 0.23%
m.v ' by using the second immobilization strategy.

In order to check possible inactivation effects of long-term incubation of free RML on the
presence of SDS, which was added to the immobilization medium in its critical micellar
concentration, the hyperactivation kinetics of free RML was accompanied for 5 h in the same
conditions adopted by the two immobilization methods in the preliminary studies of RML
immobilization on chitosan support. The results are shown in Fig. 5.

The results presented in Fig. 5 show that RML undergoes a marked inhibition of their
activities after prolonged exposure to SDS at the concentration added. The results presented in
Fig. 5 show a decrease in RML activity in the presence of SDS along time. After 120 min of
exposure to this surfactant, a decrease of 80% compared to activity measured initially was
evidenced. However, Fig. 5 also reveals, even with greatly diminished activity, the free
enzyme exhibited a higher activity when compared to the free enzyme incubated in the
absence of surfactant after 24 h.

Taking into account the results of this assay and to minimize the effects of extended
exposure to the enzymes to SDS under the conditions previously established, new experiments
were performed varying the immobilization conditions. Some factors such as temperature and
agitation speed were studied. The immobilization time in all experiments was 1 h, and the
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Fig. 5 Time courses of the hyperactivation of free RML incubated in the presence of 0.23% m.v"' SDS.
Experiments were carried out as described in the “Materials and Methods” section. Relative activity considers
100% the lipase activity in the absence of surfactant

support activation conditions were the same as used in previous experiments. Table 1 shows
the effects of these parameters on the properties of the obtained biocatalysts.

The results stated in Table 1 shows that the immobilization yields did not vary signifi-
cantly. However, Table 1 reveals that the immobilized enzyme activities were markedly
influenced by the immobilization conditions. Enzyme immobilization carried out for 1 h at
mild temperature and at high agitation speed yielded biocatalysts with increased catalytic
activities. By using the second immobilization method in the presence of 0.23% m.v_' of
SDS, the best immobilized enzyme derivatives were achieved when the immobilization
temperature was kept at 4 °C and the agitation speed was 220 rpm for 1 h followed by
the cross-link of the complex enzyme-chitosan-surfactant with glutaraldehyde 0.6% v.v ' for
1 h at 25 °C at low agitation. Thus, these optimized conditions were used for further studies.

Table 1 Influence of the immobilization conditions on the activity of RML derivatives

% SDS Timob (°C) timob. (h) Sag. (rpm) 1Y (%) Atd (UpNPB/ggel) Atr (%)
0 4 1 220 100 410+0.2 249+2
0.23 4 1 220 96.2 + 1 10.64 0.1 69.1 £1
0 25 5 45 939+2 2.60 £0.3 169+2
0.23 25 5 45 99.1 +4 8.10+0.3 498 +1
0 25 1 45 91.1+1 410+0.1 274+ 1
0.23 25 1 45 95.6 1 8.65+04 56.4+£2
0.23 25 1 220 96.1 +2 6.90 + 0.1 45.1+2

Chitosan supports were activated with 0.6% (v/v) with glutaraldehyde for 1 h at 25 °C; enzyme loaded, 16 U
enzyme.g ' of the gel

1Y immobilization yield, At,.. recovered activity, Az, derivative activity, S, agitation speed, 7 immobilization
temperature, f;,,,, immobilization time
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Effect of pH Value on the Activity of the Different RML Preparations

The effect of pH is one of the main parameters in the design of enzymatic biocatalysts.
Variations in pH values provide ionic modifications at the protein surface. And consequently
how they will interact with the carrier during the immobilization process. In general, the
soluble enzyme RML presented an excellent profile of catalytic activity, when the pH was
alkaline, approximately pH 8. A similar result was reached by Adamczak [45].

For the immobilized enzyme, a lower capacity of enzymatic activity was observed in the
acid pH range (4-5). On the other hand, an increase in activity at alkaline pH was observed (8—
9). At pH 10, a strong decrease in the catalytic activity of the biocatalyst was observed, with
loss of up to 80% of initial activity. This fact can be related to the lower stability of the
glutaraldehyde molecules in this pH range [17], which is not adequate, besides being a pH
range not suitable for RML [46], thus compromising the stability of the biocatalyst.

The Final Structure of the Biocatalysts

Finally, the difference of the final structure of the catalysts using two different strategies
can be explained by different possibilities. However, it is important to consider some
factors that contribute to the design of more efficient biocatalysts. In the first, the RML is
activated by some detergents, even in organic media. Second, to emphasize that RML
tends to form bimolecular aggregates with reduced activity and to consider that deter-
gents can break these dimers. Third, RML has a lid that recovers its active site; the
balance between open form and closed form is broken by the presence of detergent
molecules, as demonstrated in the present study. And lastly, the effect of glutaraldehyde
on the molecular covalent bond formation. In the first strategy (I), the support was
previously activated with glutaraldehyde, and then the enzyme was immobilized in the
presence of detergent.

According to the details already mentioned above, it is possible that most of the
immobilized enzymes are in their final, closed, and therefore less active structural form, since
the possibility of immobilization of protein clusters may have occurred. Also, after the washing
step of the detergent, the enzyme is returned to its closed structural form. Meanwhile, in the
second immobilization strategy (II), initially the enzyme was adsorbed onto the support,
glutaraldehyde was added, and finally the detergent, thus ensuring that a greater amount of
enzyme in the open form was attached to the support. In this strategy, positive conformational
deformation is considered. Thus, after washing the detergent, the enzyme remains immobilized
in its open structural form and produces a more active biocatalyst.

Scanning Electron Microscopy

Chitosan support may undergo considerable changes in its morphology after treatment with
glutaraldehyde. The morphological changes on chitosan surface before and after activation
with glutaraldehyde was examined. Figure 6 shows three scanning electron microphotographs
of (a) chitosan powder (CHIT), (b) CHIT/GLU 0.6% (v.v '), and (c) CHIT/GLU 0.6% (v.v ')
after the immobilization of RML.

It can be observed that there is an accentuated difference between the chitosan powder
(Fig. 5a) and the chitosan after treatment with glutaraldehyde. After cross-linking with
glutaraldehyde, an improvement on the superficial chitosan area is observed which provides
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Fig. 6 Scanning electron micrographs of the chitosan (CHIT) a chitosan powder (x90), b after cross-linking
with glutaraldehyde (GLU) 0.6%(v/v) (x90), and ¢ after RML immobilization on chitosan cross-linking with
glutaraldehyde 0.6% (v/v) (x1000)

a large contact area for enzyme immobilization (Fig. 5b). The rounded structures (Fig. 5¢) may
be attributed to protein aggregates after RML immobilization [47].

These structural changes on chitosan with an improvement of its superficial area after cross-
link with glutaraldehyde may explain the high yields of RML immobilization on this support.

Thermal Stability of the Immobilized Enzyme

The derivatives produced from strategy II in optimized conditions were subjected to thermal
stability assay at 60 °C. The obtained results were compared with the thermal stability of the
free RML and a commercial derivative (Lipozyme®) at the same temperature. For each
thermal stability assay, the half-life (#,,) and the stabilization factor (Sg) were determined.

In these assays, the effect of the concentration of the cross-linking agent on the activities
and thermal stabilities of the immobilized enzyme was also evaluated. Some studies have
pointed out that different concentrations of glutaraldehyde used on support activation can lead
to significant alterations in the biocatalysts properties [48]. The results of these experiments are
presented in Table 2 and Fig. 7.

Table 2 Thermal inactivation of free RML and chitosan-glutaraldehyde derivatives

Biocatalyst 1Y (%) Atder. (UpNPB/ggel)  Atrec (%)  t1/2 (min) Stabilization factor (SF)
Soluble RML - - - 0.64 1

Lipozyme® - 1.34 +0.1 - 3.15+0.6 4.80+0.9

CHIT-GLU 0.6% 95.8+4 945+04 6.1+2 4254+£35 6444+53

CHIT-GLU 1.5% 93.1+1 7.50+0.2 505+1 1985+1.7 30.10+2.5
CHIT-GLU 2.5% 969+1 7.20+0.2 46.8+1 1495+0.7 2265+1.1

CHIT-GLU 5% 97.1+1 7.54+02 45.7+3 2249+6.2 3410+£94

Immobilization at pH 7, 4 °C, for 1 h, offered enzyme load of 16 U,npp/gge. Free enzyme and derivatives were
incubated at 60 °C and pH 7.0

1Y immobilization yield, At recovered activity, At,,,. derivative activity, ¢;, half-life, Si stabilization factor at
60 °C
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Fig. 7 Thermal inactivation profile of free RML and chitosan-glutaraldehyde derivatives. Immobilization at pH
7.0,4 °C, 1 h., offered enzyme load of 16 Upnpp/gger. Free enzyme and derivatives were incubated in a sodium
phosphate buffer 25 mM, pH 7.0 at 60 °C: (m)soluble RML; (0) Lipozyme®; (o) CHI-GLU 0.6%; (A) CHI-GLU
1.5%;(,) CHI-GLU 2.5%; (A ) CHI-GLU 5%.The lines represent the trend of the Sadana and Henley model

The results presented in Table 2 shows that immobilization yields in all experiments did not
vary significantly with increasing concentrations of glutaraldehyde. In fact, these results
indicate that RML immobilization with 0.6% v.v"' glutaraldehyde concentration at pH 7 for
1 h is enough to modify all the primary amino groups on the RML surface which is consistent
with some reports in the literature [49].

However, increased glutaraldehyde concentrations on the support activation yielded
biocatalysts with lower recovery activity than those obtained when glutaraldehyde concentra-
tion on support activation was 0.6% and 1.5% v.v_'. The lower immobilized enzyme activities
of CHIT-GLU 2.5% and CHIT-GLU 5% v.v ' may be due to some distortion in enzyme
tertiary structure caused by strong interaction between the enzyme and the support used or by
the linkage of glutaraldehyde with different groups on the enzyme surface other than lysine
(Lys) residues causing reduction in its activity [S0]. The immobilized enzyme derivative that
showed the higher S was CHIT-GLU 0.6% v.v"", being approximately 65 times more stable
than the free enzyme and 13 times more stable than the commercial immobilized Lipozyme®.
The moderate Si for the best derivative (CHIT-GLU 0.6% v.v ') may be due the presence of
the anionic detergent SDS during the immobilization process which produces a more flexible
protein structure as mentioned earlier, increasing its activity, but this increase in activity might
have been accompanied by a considerable reduction in the thermal stability of the protein
making it easier the lipase denaturation under extreme temperature conditions. Besides, at low
glutaraldehyde concentrations (0.6% v.v ' in the actual work) and in the mild immobilization
conditions used, only the monomeric form of the cross-linking agent is present, and the
adsorbed enzyme is cross-linked to the chitosan with just one molecule of this reagent per
molecule of amino in the support and the protein [14, 32]. So it is expected that the derivatives
obtained on these conditions may be less stable than the derivatives immobilized on the
presence of the dimeric form of this reagent. Another important consideration to be made is
that according to some studies the unimolecular form of the enzyme is less thermally stable
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Fig. 8 Influence of the agitation speed on hydrolytic activity of R. miehei lipases (RML) immobilized on
chitosan in the presence of SDS 0.23% m.v L. Offered enzyme load: 8 U,npe/Egel

than the bimolecular structure showing too considerable alterations in optimal temperatures for
both forms (Fig.8).

Nonetheless, the results presented in the actual work shows that a relatively strong
interaction enzyme-support may be achieved using a simple and fast immobilization method
under mild immobilization conditions as has been demonstrated in some studies [13, 14, 32].
The derivative CHIT-GLU 1.5% (v v"') was 30 times more stable than the free enzyme and
approximately six times more stable than the commercial immobilized Lipozyme®.

The thermal stability of the best derivative was also evaluated at 37 °C. After 120 h
incubation time at 37 °C, the derivative retained 89% of its initial activity (data not shown),
indicating that the biocatalyst can be used for the synthesis of compounds that require long
reaction times at this temperature without significant loss of its biocatalytic activity. This result
can be explained as a consequence of the effect of glutaraldehyde has not always a positive
effect on enzyme stability. Thus, the effects on the enzyme stability depend on the immobi-
lization strategy employed, and it is not possible to give any general rule. Even glutaraldehyde
cross-linking has not always a positive effect on enzyme stability [51].

Influence of External and Internal Mass Transfer Limitations on the Hydrolysis
of pNPB

To observe the effect of external mass transfer limitations, experiments were carried out by
varying the agitation speeds from 200 to 800 rpm, maintaining all other conditions constant.
The offered enzyme load in these experiments was 8 units.gflsuppon to ensure that the
hydrolysis reaction under study occurred without internal diffusion effects.

Figure 7 shows the results of this set of experiments.

As can be observed in Fig. 7, the activity derivative increased progressively, reaching a
maximum at 600 rpm, exhibiting slight decreased above this value, indicating that the external
resistance transfer can be neglected at agitation speeds higher than the value above. The
gradual increase in the agitation speed reduces the film thickness around the biocatalyst
particles, leading to a decrease in the effects of external mass transfer resistance.
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Fig. 9 Effect of lipase loading on hydrolytic activity (A) and efficiency (,) for R. miehei lipases (RML)
immobilized on chitosan in the presence of SDS 0.23% m.v . Efficiency was the ratio between the catalytic
activity (U.g™") and lipase loading (mg.g™")

In this study, further experiments were carried out to evaluate the adsorption capacity of
chitosan beads and the hydrolytic activity of the derivatives obtained after addition of
increasing amounts of the enzyme. RML was added in the range of 8-100 units.gflsup][,Ort
(0.3-3.2 mg.gflsuppon). The results of these experiments are displayed in Fig. 9.

As can be seen in Fig. 9, the hydrolytic activity of the immobilized enzyme increased as
more lipase was loaded onto the support. However, in amounts above 32 units.gflsuppon
(1.04 mg.gflsupport), the activity per gram of support is not significantly altered, becoming
nearly constant since it has more protein immobilized, but with the same activity.

When the results are stated regarding efficiency (activity/loading), higher activities were
obtained only when lower amounts of enzyme were added. The results suggest that for
loadings over 32 units.gflsuppon.

At higher loads, the enzyme molecules can be immobilized with different orientations or
excessive agglomeration of these molecules within the chitosan pores may become an effective
barrier to substrates and product diffusion. Besides, steric hindrance effects of the enzyme
molecules at high loading densities must also explain the obtained experimental results.

Synthesis of Methyl and Butyl Butyrate

The biocatalyst selected was used in the synthesis of some esters of commercial interest. The
reaction yields obtained under the experimental conditions described previously were com-
pared with the results observed for reactions carried out with the commercial enzyme
Lipozyme®, the free enzyme and with the derivatives immobilized in the absence of the
detergent SDS. The results for methyl and ethyl butyrate synthesis are shown in Fig. 10a, b,
respectively.

For ethyl butyrate, the results displayed in Fig. 10a shows that the biocatalyst III (immo-
bilization in the presence of SDS) was very efficient in the synthesis of the ester investigated
featuring reaction yields (92 + 1%) comparable to the yields obtained when the free enzyme
(89 £ 1%) was used showing too a maximum conversion yield enzyme slightly higher than the
commercial enzyme Lipozyme® (86 + 1%) in the same experimental conditions.
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Fig. 10 Comparative study of esterification yields in the synthesis of esters ethyl butyrate (a) and methyl
butyrate (b) with biocatalysts: (I) free enzyme; (I) biocatalyst produced in the absence of a surfactant; (IIT)
biocatalyst produced in the presence of a surfactant, and (IV) commercial enzyme Lipozyme®. Conditions are
detailed in the “Materials and Methods” section

In the synthesis of methyl butyrate (Fig. 10b), when the selected derivative (biocatalyst I1T)
was used, a maximum yield of (89 £ 1%) was observed while the commercial enzyme
Lipozyme ® and the free enzyme showed a conversion yield of (86 £ 1%) and (87 + 2%)
respectively under the reaction conditions established.

In this work, a comparison between the conversion yields obtained for the biocatalysts
produced in the presence and absence of SDS (II and III, respectively) was made. For ethyl
butyrate (Fig. 10a), the esterification yield for biocatalyst III was 2.3 greater than biocatalyst 11
(37 £ 2%), produced in the absence of SDS and for methyl butyrate synthesis the maximum
conversion yield for the biocatalyst obtained in the absence of the detergent (biocatalyst II) was
20% while the biocatalyst III produced in the presence of SDS showed a conversion 4.5 times
higher (89 + 1%).

The results presented in this work demonstrate that the presence of the surfactant SDS in the
selected immobilization protocol promoted an increase not only in the hydrolytic activities of
the derivatives obtained but also a high ester conversions in the studied reaction conditions.

It is worth mentioning that the reaction conditions for obtaining these esters were not
optimized. Further studies will be carried out to establish the optimum conditions for the
synthesis of these compounds.

This result is in agreement with other reports from the literature using lipases from different
sources [23, 25, 35].

Conclusions

The results presented in this study show that the use of low concentrations of some surfactants
may be considered as a simple and efficient way to achieve biocatalysts with high catalytic
activity. The maximum increase in RML activity not only on the free enzyme but also on the
immobilized enzyme derivatives obtained was observed when the surfactants Triton X-100
and sodium dodecyl sulfate (SDS) were added near their critical micelle concentrations
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(CMC). However, as observed for CTAB in our experiments, the surfactants may also exert
some negative effects on the enzymatic activity, behaving as an inhibitor or deactivating the
enzyme even when added at low levels. Thus, it can be concluded that the surfactants favor the
shifting of the closed-open form of RML towards the open forms, although it depends on the
particular type of enzyme, the characteristics of support used in immobilization, and the
properties of the surfactant. Last but not least, the use of selected biocatalyst in the synthesis
of some esters of commercial interest was also evaluated. At non-optimized conditions, the
esterification yields for the two esters used as models were similar to those obtained when the
free enzyme and the commercial enzyme Lipozyme® were used in the same reaction
conditions, indicating that the latter may be replaced by low-cost biocatalysts with high
esterification efficiency for the synthesis of these two flavor esters. Thus, the results reported
in this study show that the immobilization of RML lipase onto chitosan support in the presence
of surfactants like SDS seems to be a good choice for getting biocatalysts with improved
activity and which can be used with success to obtain products of industrial interest.

Further studies will be conducted for the biocatalyst developed in this work to optimize the
reaction conditions for the synthesis of these and another flavor esters like optimal tempera-
ture, biocatalyst amount, offer enzyme loaded, agitation speed, and reusability among others
parameters that affects the esterification reactions as well as to evaluate the utilization of this
new biocatalyst in a solvent-free system.
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