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ARTICLE INFO ABSTRACT

Keywords: The protease from Bacillus licheniformis, commercially known as Alcalase®, was insolubilized and stabilized by
Alcalase immobilization onto activated chitosan. Activation with different agents, such as glutaraldehyde (GLU-Chi),
Chitosan glyoxyl (GLY-Chi) and divinyl sulfone (DVS-Chi) was investigated. The effect of the immobilization protocol, for
g:;‘;zgizaﬁon instance different pH and times, were also evaluated. GLU-Chi showed the highest activity (35.6Uypa/g) with the

smallest substrate (N-Boc-L-alanine p-nitrophenyl-ester, NPA), while GLY-Chi showed the highest activity (1.5
Uazocasein/8) Using the greatest substrate (azocasein). A 24-h immobilization period was enough to stabilize the
enzyme using the three supports under almost all conditions. Operational stability in azocasein hydrolysis was
assayed and GLU-Chi showed no activity loss during 5 cycles. DVS-Chi retained around 70 % of its initial activity
after the fifth cycle, whereas GLY-Chi activity retained only 10 %. Finally, the biocatalysts were used in the
hydrolysis of tilapia skin gelatin aiming the production of peptides with antioxidant activity. The protein hy-
drolysates obtained using GLU-Chi presented the highest antioxidant activity (36.7 uM Trolox Eq). However, the
best results of operational stability were obtained using DVS-Chi, which did not lose its initial activity after 3
consecutive cycles of gelatin hydrolysis.

Protein hydrolysates
Tilapia skin gelatin

1. Introduction However, the use of proteases in its soluble form may represent a dis-
advantage to the process. In addition to the instability problems
common to other enzymes, proteases can undergo autolysis, accel-
erating the deactivation rate [11], reducing reaction yield

1 . - -1
(8product * Ereactans) @0d effective use of the biocatalyst (gpmduct-gBiOleyst).

Alcalase®, a protease from Bacillus licheniformis, is an useful enzyme
with broad application in several industries and may be used in chemo-
enzymatic synthesis, detergent formulations and in the production of

protein hydrolysates containing bioactive peptides [1,2]. This enzyme
is commercially distributed as an extract containing several proteolytic
enzymes and its major component is subtilisin Carlsberg, an enzyme of
broad specificity with a 27.3 kDa molecular weight [3,4].

The consumption of healthiest food has been more required by
consumers, and this industry has sought for components containing
such enhanced properties [5]. Alcalase has been used in the synthesis of
protein hydrolysates from several sources, as goat whey [4], soy [6],
chickpea [7] and fish [8], aiming at the production of bioactive pep-
tides. Several studies involving the use of soluble alcalase in fish gelatin
hydrolysis with promising results have been performed [8-10].

* Corresponding author.

Enzyme immobilization is a strategy to solve some of these hindrances
related to the industrial use of these biocatalyst [12,13], and it can be
achieved by using different methodologies.

Immobilization by covalent binding, for instance, is the mechanism
that has provided the highest enzyme stabilization due to the stability
of the bonds formed between support and enzyme [14]. Particularly,
the multipoint covalent attachment is one of the most studied strategy
to attain high enzyme stabilization due to the obtained enzyme struc-
ture rigidification, which prevents the disarrangement of the tertiary
structure [15,16]. In addition, the conditions used in an immobilization
protocol may define the orientation of the immobilized enzyme, which
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is a crucial point for proteases used in protein hydrolysis because of the
diffusional limitations related to the hydrolysis of its substrates [17].

In this work, alcalase has been covalently immobilized onto chit-
osan, a natural, renewable, biodegradable and low-cost organic
polymer derived from chitin. It is often used as support for the im-
mobilization of different enzymes due to presence on its surface of two
functional groups, amino (-NH3) and hydroxyl (—OH) [14,18,19], that
can be easily modified to form covalent bonds with the enzyme mole-
cules. In order to establish multipoint covalent bonds for enzyme sta-
bilization, glutaraldehyde, glyoxyl and vinylsulfone activated supports
are among the most adequate immobilization strategies [20].

Glutaraldehyde may interact with the enzyme by different ways
because it contains ionic and hydrophobic moieties [21,22]. Further-
more, a first enzyme-support approximation may occur by ionic inter-
actions when supports (such as chitosan) have primary amino groups.
The literature reports that if the concentration of glutaraldehyde used
in the support activation is higher than what is considered moderate (a
moderated condition is achieved by using a concentration between 0.1
%-1 % v/v, at pH 7 for 1 h), two molecules of glutaraldehyde per amino
group may be obtained. Since this dimeric form (two glutaraldehyde
molecules/amino group in the support) is considered the most reactive
form versus amino group in the enzyme, in this work, a glutaraldehyde
concentration of 5% was employed for support activation [23]. Glu-
taraldehyde in the support may react with different regions of the en-
zyme, but usually with residues containing primary amino groups, such
as lysine, arginine, asparagine, glutamine and the terminal amino
[11,23,24]. Fig. 1A shows alcalase’s surface and the residues that may
form Schiff bases with glutaraldehyde.

Another modified chitosan support can be obtained by the activa-
tion of its hydroxyl groups using glycidol and sodium periodate to form
aldehyde-glyoxyl groups [25]. Glyoxyl supports are able to establish
intense covalent attachments (Schiff base) with amino groups of lysine
or terminal amino in the enzyme (see Fig. 1B), what makes it widely
employed for enzyme stabilization [26,27]. Relevant results on alcalase
stabilization as well as on immobilization for application in protein
hydrolysates production have been reported so far [2,28]. Thus, this
strategy was chosen for comparison reasons.

Last but not least, divinyl sulfone (DVS) is another bifunctional that
can present a heterofunctional behavior depending on the material used
for the modification [29]. DVS acts similarly to glutaraldehyde and may
modify both amino and hydroxyl groups present on the chitosan surface
[15]. The Vinyl sulfone functional group may react with several groups
— primary or secondary amino, hydroxyl, imidazole or thiol. Moreover,
DVS supports shows higher reactivities towards lysine, tyrosine and
histidine (which are present in alcalase surface, see Fig. 1C) and cy-
steine residues, depending on the pH conditions. At pH 10, the highest
reactivities are exhibited for lysine, cysteine and histidine, whereas at
pH 7, a moderate reactivity is observed with cysteine and histidine
[30-32]. The covalent bonds using DVS-supports can be even more
intense than with glyoxyl supports [31,32]. Similarly to the other
supports, the orientation of the immobilized enzyme onto DVS-supports
can also be turned by using different pH conditions, since the pH range
used for this support can be from pH 5 to pH 10 [30].

In this work, hydroxyl and amino groups on chitosan were activated
by different agents - glutaraldehyde, divinyl sulfone and glyoxyl -
aiming at the establishment of covalent bonds with alcalase. The in-
fluence of immobilization time and pH conditions on the immobiliza-
tion rate and on the properties of the obtained biocatalysts was ana-
lyzed. Firstly, the influence of pH on the rate and yield of
immobilization was studied and an overview of the structure and re-
activity of the enzyme residues was correlated with the results.
Secondly, the effect of immobilization time, under different pH values,
on the thermal stability was studied. In addition, an evaluation of the
biocatalyst specificity, using a small and a large substrate, as well as its
operational stability, was performed. Finally, the biocatalysts with the
best results of thermal and operational stability were used to catalyse
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the hydrolysis of tilapia skin gelatin in order to produce peptides with
antioxidant properties.

2. Experimental
2.1. Materials

Alcalase, a Protease from Bacillus licheniformis (declared activity 2.4
U/g), was purchased from Sigma-Aldrich (St. Louis, USA). Powdered
chitosan (low molecular weight), NPA (N-Boc-L-alanine p-nitrophenyl-
ester), Glycidol, Divinylsulfone, Glutaraldehyde, DPPH (2,2-diphenyl-1-
picrylhydrazyl), Trolox and azocasein were also purchased from Sigma-
Aldrich. All other chemicals used were of analytical grade.

2.2. Preparation and modification of support for enzyme immobilization

Chitosan gel was prepared through a procedure based on the
methods of two works described in literature with a slight modification
[25,33]. 10 g of powdered chitosan were initially dissolved in 240 mL of
an aqueous 5 % (v/v) acetic acid solution. The obtained solution was
added to 250 mL of a 1 M NaOH solution and gently stirred for 24 h, at
room temperature. Afterwards, the chitosan gel was washed with an
excess of distilled water and we performed a vacuum filtration.

2.2.1. Glutaraldehyde activation

The glutaraldehyde activation was conducted according to the
methodology described in literature with some modifications [25]. 1 g
of chitosan gel was suspended in 9 mL of 100 mM sodium phosphate
buffer, pH 7.0, containing 5 % (v/v) of glutaraldehyde, and the mixture
was kept under continuous stirring for 1h, at room temperature.
Afterwards, the activated support was washed with an excess of dis-
tilled water.

2.2.2. Glyoxyl activation

The preparation of the glyoxyl-chitosan was carried out according to
the standard protocol described in literature [34]. 1 g of chitosan gel
was added to 3mL of an aqueous solution (1.7 M NaOH and 0.75M
NaBH,) using an ice/water cold bath. Afterwards, 0.48 mL of glycidol
was added and the solution was kept under gentle stirring for 18 h.
Then, this modified chitosan was washed with an excess of distilled
water. After, the modified chitosan was incubated in 2mL of a 0.1 M
NalO, solution and kept under stirring for 2h and then the glyoxyl-
chitosan was washed with an excess of distilled water and stored at 4 °C.

2.2.3. Divinylsulfone activation

The divinylsulfone activated chitosan was prepared according to
literature [29], with minor modifications. 10g of chitosan gel was
added to 200 mL of a 333 mM sodium carbonate solution at pH 10.
Later, 7.5 mL of divinylfulfone was added and the solution was stirred
for 35 min, at room temperature. The DVS-activated support was wa-
shed with an excess of distilled water and stored at 4 °C.

2.3. Enzyme immobilization

Alcalase was immobilized onto activated chitosan, at 25 °C, at dif-
ferent pH values (7 and 10) and immobilization times (from 15h to
96 h). Alcalase immobilization onto chitosan activated with glutar-
aldehyde and divinylsulfone was carried out in 100 mM sodium phos-
phate buffer (pH 7) or in 100 mM sodium carbonate-bicarbonate buffer
(pH 10). For GLY-Chi, 100 mM sodium carbonate-bicarbonate buffer at
pH 10 was used. The same enzyme load was used in all essays, 100
Unpa/8support and 8 MLglution/18supports Which corresponded to 2mg/
Zsupport- After the immobilization, the remaining reactive groups of
GLU-Chi and DVS-Chi were blocked according to the literature [30],
with some modifications. After immobilization onto GLY-Chi, sodium
borohydride (0.5 mg/mL) was added to the immobilization medium
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Fig. 1. Schematic representation of the major component structure of Alcalase (subtilisin Carlsberg- Protease from Bacillus licheniformis, PDB code 1SBC). Active site
(orange): Asp-32, His-64 and Ser-221). Residues that can react with Glutaraldehyde support (A), with Glyoxyl supports (B) and with DVS supports (C).

and the mixture was kept under stirring for 30 min at 25 °C. After this,
the immobilized enzyme was washed with an excess of distilled water.

2.4. Determination of enzyme activity by NPA hydrolysis

The determination of enzyme activity was carried out by using the
substrate Boc-Ala-Onp (NPA), according to the methodology presented
by [27], with minor modifications. The hydrolysis of the substrate
(100 mM NPA, prepared in acetonitrile) was conducted at pH 7 (50 mM

29

sodium phosphate buffer, containing 20 % of ethanol) and 25 °C. The
product formation was quantified in a spectrophotometer (405 nm) and
the enzyme activity was expressed in Uypa (1Unpa = amount of enzyme
that was capable of hydrolysing 1 pmol of substrate per minute at pH 7
and 25 °C).

2.5. Determination of enzyme activity by azocasein hydrolysis

The reaction was carried out according to literature [35], with slight
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Fig. 2. Immobilization course at pH 7 (A) and 10 (B). Free enzyme (O).
Supports GLU-Chi (@), DVS-Chi ([J) and GLY-Chi (A).

modifications. 2 mL of an 0.5 % azocasein solution, prepared in 50 mM
sodium acetate buffer (pH 5), was mixed with 2 mL of sodium acetate
buffer, and, then, the biocatalyst mass was added. The reaction was
conducted at 32°C and 120 rpm, for 40 min. The biocatalyst activity
was quantified by analyzing the supernatant at the end of the reaction.
The supernatant solution was added to a 15 % (w/v) trichloroacetic
acid solution to precipitate the molecules of the remaining un-
hydrolyzed proteins. After the precipitation, the mixture was cen-
trifuged at 3000 rpm, for 15 min. Finally, the supernatant was added to
a 5N potassium hydroxide, and the absorbance, at 428 nm, of this so-
lution was measured. It was established that 1 unit of proteolytic ac-
tivity (Uazocasein) Was correspondent to the enzyme amount which
produces a 0.01 increase in the measured absorbance.

2.6. Thermal stability

The thermal stability of the free and immobilized alcalase was
studied by incubating the biocatalysts in a 100 mM sodium phosphate
buffer, at pH 8 [27] and 60 °C. For the free, a dialyzed extract (against
distilled water, at 4 °C, with periodic water changes for 6 days), which
was free of stabilizers like the immobilized enzyme, was used in the
assay. Thus, it was possible to analyze the real effect of the im-
mobilization technique on enzyme stability. Periodically, samples were
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withdrawn, and the activity was quantified by the NPA hydrolysis. The
half-life (t;,,) values were calculated by using the model proposed by
Sadana and Henley [36].

2.7. Operational stability

In order to analyze the operational stability of the immobilized
enzymes, consecutive cycles of azocasein hydrolysis were performed (as
described in Section 2.5) using these immobilized enzymes as bioca-
talysts. After each cycle, the biocatalyst mass was separated, washed
with an excess of distilled water and dried by vacuum filtration. The
biocatalyst mass was weighted and applied in a new azocasein hydro-
lysis cycle.

2.8. Bioactive peptides production by tilapia skin gelatin hydrolysis

The tilapia skin gelatin hydrolysis was performed with immobilized
or free alcalase as a biocatalyst according to literature [37], with minor
modifications. The reaction was conducted at 55 °C, gelatin 1% (w/v),
and pH 6, for 2h, under constant stirring. The added mass of im-
mobilized biocatalyst was equivalent to 1Uxpa per mL of reaction so-
lution or enzyme/substrate ratio of 5% for free alcalase. At the end of
the reaction cycle, the insoluble biocatalyst was removed from the so-
lution, which was then submitted to the bifunctional activity analysis of
the peptides produced by the protein hydrolysis. The biofunctionality
analyzed was that of antioxidant capacity according to literature [38],
by determining the scavenging effect of the produced peptides on the
DPPH free radical using a 0.1 mM DPPH solution prepared in ethanol.
Afterwards, 1.5mL of this solution was added to 1.5mL of the final
hydrolysis solution in a test-tube and mixed in vortex for 10s. After
30 min of resting at 25°C, the absorbance was measured in spectro-
photometer at 517 nm. The activity was calculated using a Trolox
standard curve and expressed as pM Trolox Equivalent. The peptide
profiles in the hydrolysate was determined by high performance liquid
chromatography in reverse phase (RP-HPLC), performed in a high-
performance chromatograph (Jasco - Tokyo, Japan)), equipped with an
ultraviolet (UV) detector and Jasco ChromNAV software. The method
uses a Hypersil BDS C18 (Thermo) column at a flow rate of 1 mL/min,
held at 30 °C. Detection was at 216 nm. Total running time was 40 min.
The mobile phase was programmed in a gradient (5-95 %, v/v) of
acetonitrile in ultrapure water, containing 0.1 % trifluoroacetic acid
(TFA) in both solutions. Tilapia skin gelatin solution at 1 % (w/v) was
used as standard.

3. Results and discussion

3.1. Immobilization course of alcalase onto chitosan-based supports at
different pH values

First, the influence of the activation method on the immobilization
rate was investigated at different pH values. For this reason, alcalase
was immobilized onto chitosan functionalized with different reactive
groups: glutaraldehyde (GLU-Chi), glyoxyl (GLY-Chi) and divinyl sul-
fone (DVS-Chi). In order achieve the immobilization via a direct first
covalent attachment, a moderate ionic strength was used (100 mM
buffer), to avoid the ionic exchange between the support and the en-
zyme [23]. Fig. 2 shows the immobilization course at pH 7 and 10, in
which one can see that immobilization onto GLU-Chi was faster when
compared to the other supports, regardless of pH value. Immobilization
onto GLY-Chi (only at pH 10, Fig. 2 B), on the other hand, was very
slow, since residual activity in the supernatant was 32.85 % even after
96 h.

Support functionalization with divinyl sulfone involves both hy-
droxyl and amino groups present on the surface of chitosan [29,39].
Therefore, the amount of available bindings sites on the DVS-Chi for
enzyme immobilization should not be lower than in GLU-Chi at any pH.
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A possible explanation lies on the high reactivity of divinyl sulfone,
which may generate a crosslinking between some of their own mole-
cules, which is not a desirable reaction. This undesirable crosslinking
may restrain the formation of a higher amount of binding between the
enzyme molecule and the support [22,29].

Moreover, that behavior, a faster immobilization rate onto GLU-Chi
compared to the DVS-Chi and GLY-Chi, was expected and can be ex-
plained by analyzing Fig. 1. There are much more residues in alcalase
able to react with a GLU-Chi than with DVS-Chi or GLY-Chi, which
allows this faster immobilization. It can be observed that the moieties in
alcalase able to react with GLU-Chi are numerous and well dispersed in
the molecule surface, which can also allow different orientations of the
enzyme during immobilization, depending on pH used. Regarding GLY-
Chi, alcalase presents a low content of lysine residues, able to react with
this support. Moreover, they are quite dispersed, which may hinder the
establishment of covalent interactions with this support that should be
achieved via areas rich in the reactive residues [32]. Using DVS-Chi, the
enzyme presents a moderate number of residues able to interact, which
are more reactive at pH 10 than at pH 7, as introduced before, which
promotes a faster immobilization at the alkaline pH.

3.2. Effect of immobilization time on the thermal stability of the insoluble
enzymes

Some critical variables should be considered when evaluating the
immobilization of an enzyme. In addition to the rate and yield of im-
mobilization, stability also deserves attention [40] and temperature is
one of the main parameters that affects the stability of an enzyme.
Thermal stabilities, at 60 °C and pH 8, of both free and immobilized
enzymes were studied by measuring residual activity, using NPA as
substrate, see Fig. 3.

Fig. 4 shows the values of half-life prepared using different im-
mobilization times and pH 7 or pH 10. These values were calculated
from experimental data of thermal stability at 60 °C, using the thermal
inactivation model proposed by Sadana and Henley [36]. Initially, an
increase in the half-life time with the increase of time is observed, but
there is an optimal value. Other authors also report similar enzyme
stabilization against immobilization time, when immobilizing Alcalase
[27] and Novo-Pro D [41], both of them proteases from Bacillus liche-
niforms. It is expected that more enzyme-support bonds are formed at
higher contact times, producing enzyme stabilization. When multipoint
immobilization occurs, although the first binding is fast, the multi-in-
teraction process requires longer times to achieve the correct alignment
of the reactive groups of enzyme and support [42]. After a certain time,
the formation of additional covalent bonds can become prejudicial to
the enzyme [43], which resulted in the decrease of the enzyme stability
observed. Literature reports that an excess of rigidification of the en-
zyme molecule, as well as certain structural tension caused by im-
mobilization via multipoint covalent attachment, can destabilize the
tertiary structure [44-46]. Other authors, which immobilized a pro-
tease onto glyoxyl-agarose, reported a similar negative effect on en-
zyme stability, which could be associated to the conformational
changes that resulted from the exposition of some key groups of the
enzyme to the medium [47].

For the free enzyme, t;,» = 20.5 min, which is lower than t; » of all
the insoluble biocatalysts. This result proves that almost all im-
mobilized preparations were more stable than the soluble enzyme
(more than 4-fold when alcalase was immobilized onto GLU-Chi) and
that immobilization conferred to the enzyme a higher stability against
thermal deactivation.

In general, higher stabilization was achieved by using GLU-Chi,
which was expected by analyzing the representation in Fig. 1. Alcalase
demonstrates a higher possibility of multipoint attachment with the
glutaraldehyde activated support, because there are several residues
very close to each other. Among all the biocatalysts GLU-Chi, it is
possible to see (Fig. 4) that immobilization at pH 7 allows a higher
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Fig. 3. Thermal deactivation (60 °C, pH 8) profile of the soluble enzyme (O)
and the biocatalysts obtained by immobilization at pH 7 (A) and pH 10 (B), for
24 h (black lines) or 72h (gray lines), on the supports GLU-Chi (@), DVS-Chi
(m) and GLY-Chi (A).

stabilization when compared to the results achieved at pH 10. Since
amino residues in the protein were more reactive at alkaline pH [23],
higher enzyme stability was expected due to multipoint immobilization.
Nevertheless, this further stabilization was not observed and it may
have been caused by a number of factors, since immobilization of the
enzyme onto the support depends on a delicate balance [48], which is
due not only on the support surface but also on the presence of func-
tional groups on proteins and immobilization conditions. Besides that,
is has been showed that glutaraldehyde is quite unstable under basic
conditions, being able to undergo intramolecular conformation
changes, which alters the covalent bonds established with the amino
groups of the enzyme [23].

Other authors also observed that stabilization depended on the
crosslinker reagent [27]. For instance, Alcalase immobilized on glu-
taraldehyde-agarose could be stabilized by 6.5-fold, which is similar to
the results achieved by alcalase immobilization on GLU-Chi. On the
other hand, when the same enzyme was immobilized on glyoxyl-
agarose, a 100 —500-fold stabilization was achieved depending on the
immobilization conditions (contact time). This stabilization factor is
much higher than that obtained in the current study. It is important to



P.d.S. Kimberle, et al.

(A)

100

B [o2] ©
o o o

Half-life, t,, (min)

[
o

15h 24h 48h 72h

Immobilization time (h)

96h

N
o
o

Half-life, t,, (min)
N w S a (2] ~ @ ©
o o o o o o o o

N
o

o

15h 24h 48h 72h

Immobilization time (h)

96h

Fig. 4. Thermal stability (60 °C, pH 8), expressed in half-life values, of the
biocatalysts obtained by immobilization at pH 7 (A) and pH 10 (B) on the
supports GLU-Chi (grey bars), DVS-Chi (blue bars) and GLY-Chi (green bars).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

mention that chitosan and agarose physical properties are quite dif-
ferent. Agarose, a very popular commercial support for enzyme im-
mobilization, presents several advantages that allow enzyme stabiliza-
tion. The presence of pores in agarose allows a geometrical connection
between the protein and the support surface, which is favorable for
enzyme immobilization [34]. But, the most important feature may be
the weak and reversible imino bound, which requires the establishment
of several enzyme-support linkages. Although it may seem a drawback,
this feature drives the immobilization through the richest area in re-
active groups of the protein, allowing high stability [49]. Probably, the
higher degree of activation and/or the protein interaction with the flat
surfaces of agarose (inside the pores) may explain the differences in
stabilization when compared to chitosan. On the other hand, chitosan
can be a cost-effective alternative since it is an abundant and cheap raw
material, available in Ceara State, Brazil.

3.3. Biocatalyst activities

Several biocatalysts were obtained from the immobilization onto
different supports, at both pH, during different times. Their catalytic
activities using NPA, a small synthetic substrate, and azocasein, a large
substrate, were determined and the results are shown in Fig. 5. It is

32

Process Biochemistry 97 (2020) 27-36

100 ~

» (o2} @
o o o
1 1 1

Relative Biocatalyst activity (%)
S
1

GLU-Chi pH7 GLU-Chi pH10 DVS-Chi pH7 DVS-ChipH10 GLY-ChipH10

Biocatalyst
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for NPA and 1.5 Upypcasein/8 for azocasein. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

possible to see that glutaraldehyde activated preparations presented
higher activity vs. NPA, when compared to azocasein. DVS and glycidol
activated preparations, on the other hand, were more active against
azocasein. As reported, immobilized enzyme activity and selectivity
depends on enzyme orientation, as well as on the intensity of enzyme-
support reaction, that may promote distortion on different areas of the
protein and alter its catalytic properties [22,24,50]. Moreover, using
large proteins as substrate, it is important to remark that the access of
the substrate to the active center may be determined by steric hin-
drances originated by that enzyme orientation to the support surface
[51].

In addition, by analyzing Fig. 1A, there are three residues (Asn-62,
Asn-155 and Asn-218), which are able to be attached to GLU-Chi, which
are very close to the active center. If a fraction of the total enzyme
molecules are attached to the support via one of these three residues,
steric hindrances will hinder the access of a greater substrate, what will
decrease the total activity of the immobilized enzyme molecules.
Therefore, we can conclude that when alcalase is immobilized onto
GLU-Chi, the enzyme active center may not be fully available for the
substrate, and the systems may be subject to diffusion limitations and
steric hindrance, which explains the best results obtained with a small
substrate.

It was observed also that the enzyme activity versus azocasein was
slightly higher using alcalase immobilized on to DVS-Chi at pH 10 when
compared to the biocatalyst prepared at pH 7. Pointing out, a proper
orientation achieved at pH 10, or a different enzyme-support interac-
tion may explain this result. By comparing stability and activity results,
enzyme immobilized at pH 10 is both more active and stable.

3.4. Operational stability at 32°C

The reusability and operational stability of a biocatalyst obtained
from an immobilization process is an important characteristic to be
studied since it is a key factor for their commercial applications in in-
dustry. In order to investigate the operational stability and reusability,
preparations that presented the best results of activity and stability
were evaluated as biocatalysts for successive cycles of hydrolysis of
azocasein. After each run, the biocatalysts were washed with an excess
of distilled water, in order to remove the rest of the reaction medium,
dried and weighed before the next cycle. Fig. 6 shows the reusability
results of those biocatalysts. Alcalase immobilized onto GLY-Chi was
almost fully deactivated after 5 cycles while alcalase immobilized onto
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Fig. 6. Operational stability in the azocasein hydrolysis of different Alcalase
preparations at 32°C and pH 5: at pH 7 (closed symbols) and pH 10 (open
symbols) onto GLU-Chi (circles), DVS-Chi (squares) and GLY-Chi (triangles).

GLU-Chi was fully stable and alcalase immobilized onto DVS-Chi re-
tained almost 60 % of its initial activity. Enzyme leakage from GLY-Chi
is not a possible explanation due to the type of bond formed between
the enzyme and the support (secondary amino groups) [52]. Therefore,
this biocatalyst is not the best option for those long-term reaction
conditions.

3.5. Bioactive peptides production

Soluble alcalase was used to produce tilapia skin gelatin hydrolysate
and, after 3 h of reaction, 77 % of its initial total protein was hydrolyzed
in peptides smaller than 100 kDa, with a more active fraction between
10 and 3kDa [53]. The peptide profile as well as the antioxidant ac-
tivity of the hydrolysates obtained after 3h [53] and 2h of reaction
(this work) are similar. Therefore, similar values of total distribution of
protein hydrolyzate and peptide fractions are also expected.

The three immobilized biocatalysts which presented the best results
of operational stability (GLU-Chi pH7, GLU-Chi pH 10 and DVS-Chi pH
10) were evaluated as a biocatalyst in the tilapia skin gelatin hydrolysis
aiming the production of bioactive peptides. The peptide profiles of the
tilapia skin gelatin hydrolysate were analyzed by RP- HPLC (Fig. 7) and
their antioxidant activity by DPPH free radical (Table 1).

Hydrolysates with higher antioxidant activity were obtained by the
cleavage of tilapia skin gelatin using alcalase immobilized onto GLU-
Chi as biocatalyst, at both pH values used for immobilization. The value
achieved using these biocatalysts (35.5 and 36.7 uM Trolox Eq) was
higher than that obtained with the free enzyme (29.4 uM Trolox Eq).
Comparing the chromatographic profiles of the hydrolysates obtained
using alcalase immobilized onto GLU-Chi (Fig. 7C and D), there is a
certain similarity between them, with more intense peaks between 5
and 18 min, showing not only the wide diversity of molecules obtained
through of the hydrolysis process, but also the polarity diversity, since
between these times, the concentration of acetonitrile varied from 5 to
95 % (v/v). Compared to the profile obtained when free Alcalase
(Fig. 7B) was the biocatalyst, highly hydrophilic peptides (present in
the first retention time) were produced in less quantities by Chi-GLU.
More hydrophobic peptides tend to have greater antioxidant activity
[54], which may explain the difference in antioxidant activity between
the hydrolyzates mentioned above. As for the hydrolyzate profile ob-
tained using alcalase immobilized onto DVS-Chi pH 10 (Fig. 7E), it
presents peaks closer to gelatin retention time, reflecting a less protein
breakdown and, consecutively, less antioxidant activity (Table 1). The
antioxidant activity is also related to the peptide molecular weights, as
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observed for the tilapia gelatin hydrolyzate obtained by free alcalase
after 3h of reaction [53] and other protein hydrolysates [54]. As
mentioned before, activity and selectivity may depend on enzyme or-
ientation onto the support [22,50], as well as the intensity of enzyme-
support interactions [24]. Due to this, substrate specificity may have
changed by different immobilization protocols, and thus the gelatin
cleavage catalyzed by immobilized enzyme occurred at different pro-
tein regions generating several peptides, which may present distinct
antioxidant activities [37].

The reusability of the immobilized enzymes was analyzed by car-
rying out three consecutive cycles of tilapia skin gelatin hydrolysis.
Fig. 8 presents the relative antioxidant activity results of the formed
peptides in each reaction cycle.

The biocatalyst obtained from the immobilization at pH 10 onto
DVS-Chi did not present activity loss in those three cycles, performed at
55°C, and, therefore, presented the best reusability performance for
this reaction. On the other hand, differently of what happened in the
operational stability assays during azocasein hydrolysis, the im-
mobilized enzymes on GLU-Chi presented a considerable activity loss
along with the studied cycles. The difference observed in that perfor-
mance can be due to the stabilizing effect that proteins and peptides
may present to the enzyme [8]. In the case of DVS-Chi biocatalyst, both
substrate and hydrolysis products affect positively the stabilization to-
ward temperature and other inactivation factors maintaining it totally
activity during 3 cycles.

4. Conclusion

The different support activations and immobilization conditions
offered varied features to the immobilization process and therefore to
the obtained biocatalyst. Regarding the number of enzyme molecules
fixed to the support, GLU-Chi has proven to be the most efficient sup-
port, achieving 100 % of enzyme immobilization in the first 15h, at
both studied pH, which was achieved by immobilization onto DVS-Chi
in 72h, only at pH 10. The biocatalysts produced presented great dif-
ferences in the performance of the essayed hydrolysis, indicating the
changing in the specificity of the substrate and enzyme stability gen-
erated by different immobilizations. In terms of activity, using NPA as a
substrate, the biocatalysts obtained from immobilization onto GLU-Chi,
at both pH, exhibited the best activity performances. However, in the
azocasein hydrolysis, the GLU-Chi biocatalysts presented the lowest
activity values and the GLY-Chi biocatalyst the best one, followed by
the DVS-Chi biocatalysts. In the tilapia skin gelatin hydrolysis, the GLU-
Chi biocatalyst presented the best performance. Regarding the enzyme
stability, the GLU-Chi presented the best results in the thermal stability
using NPA as a substrate and in the operational stability using azoca-
sein. The DVS-Chi biocatalyst presented the best results of operational
stability using the tilapia skin gelatin as a substrate. In summary, the
different support and immobilization conditions essayed produced
biocatalysts presenting different specificities and stabilities, which
might be employed according to the operational needs.
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Table 1

Antioxidant activity of the peptides obtained.
Biocatalyst GLU-Chi pH7 GLU-Chi pH10 DVS-Chi pH10
Antioxidant activity 35.5 36.7 22.0
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