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Abstract

ability are proved to be some of CLEA's main advantages.

applications.

Protease, Response Surface Methodology

Background: Cross-linked enzyme aggregate (CLEA) is considered as an effective technique in the production of
immobilized biocatalysts for its industrially attractive advantages. Simplicity, stability, low cost, time saving and reus-

Results: In this study, an active, stable and recyclable CLEA-protease from the viscera of channel catfish Ictalurus
punctatus has been prepared. Optimization of the preparation parameters is carried out with the help of Response
Surface Methodology. This methodology helped in studying the interaction between the most contributing factors
such as cross-linker, precipitant and the additive concentrations. The optimum specific activity for CLEA-protease
of 4.512 U/mg protein has shown a high stability against the denaturation forces such as temperature and pH as
compared to free protease. It is further found from the study that the highest activity was achieved at the pH of 6.8
and at the temperature of 45 °C. After six cycles, CLEA-protease maintained 28 % of its original activity. Additionally,
Michaelis—-Menten models were used to determine the kinetic parameters i.e. K, and V,,
significant difference after immobilization as compared to free protease.

Conclusion: This work found that this novel CLEA-protease can be used as a very active biocatalyst in industrial

Keywords: Cross-linked enzyme aggregate, Enzyme specific activity, Fish viscera, Michaelis—-Menten kinetics,

that helped in showing a
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Background

Recently, an increased demand for hydrolytic enzymes
has been witnessed, especially for proteases due to its
numerous applications in different industrial areas, such
as the food, leather and detergent industries (Li et al.
2009). It has been reported that protease occupies about
60 % of the hydrolases in the industrial market. Further-
more, it also accounts for almost quarter of the enzyme’s
overall global production (Gupta et al. 2009). Proteases
of different sources for hydrolysis of proteins for com-
mercial uses appear to be extremely helpful because of
the enzyme’s biological origins (Capiralla et al. 2002). In
the meantime, most of the available studies regarding
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and indicate if changes were made.

proteases production have been obtained from microbial
origin (Soares et al. 2005; Tang et al. 2004). In an earlier
study, conducted by Mahmod et al. (2014), it was found
that visceral protease extracted from channel catfish
(Ictalurus punctatus) has proven to be highly active. It is
further revealed that the use of visceral protease, which
is extracted from channel catfish, has several advantages
such as making use of this wasteful by-product to pro-
duce potential biocatalyst with high activity. Addition-
ally, it is considered as a free and available rich source of
enzymes (Mahmod et al. 2014).

In order to protect the enzymes from harsh conditions and
to conserve its functional stability, immobilization technique
is used in the industrial applications. This leading technique
promotes several beneficial features of the enzyme such as
offering greater stability and activity, resistance to inhibition,
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selectivity or specificity, higher performance of catalysts, and
reusability (Torabizadeh et al. 2014). Enzyme immobilization
is proven to be one of the key steps in making the enzymatic
processes economically practicable (Cao and Schmid 2005;
Zhou 2009). According to the study of Parmar et al. (2000),
it is also found that the immobilized enzyme catalyst with
the improved activity and stability can reduce the production
cost. Cross-linking enzyme aggregate (CLEA) is described as
the latest enzyme immobilization technology (Barbosa et al.
2014; Brady and Jordaan 2009; Sheldon et al. 2005).

CLEA’s preparation is considered as a very simple pro-
cedure that involves enzyme’s precipitation, which does
not need to be purified. However, physical precipitation of
the enzymes’ molecules into super-molecular structures
can take place through the addition of organic solvents,
non-ionic polymers or salts to protein sample’s aqueous
solution (Sheldon 2007). The study has further highlighted
the fact that CLEAs are produced with the help of physi-
cal cross-linking of protein aggregates. CLEA’s activity is
maintained; since it is considered as a restructured super-
structure of the aggregates (Kartal et al. 2011). Hence,
in order to stabilize these aggregates, the step of cross-
linking appears to be necessary for the process so that
the enzymes cannot be re-dissolved during the removal
of precipitants. In previous researches, protease was suc-
cessfully immobilized using CLEA technology (Skovgaard
et al. 2010; Sangeetha and Abraham 2008).

In this study, protease extracted from the viscera of
channel catfish (Ictalurus punctatus) was immobilized
using cross-linked enzyme aggregates technique in ace-
tone as an organic medium. The type of the suitable addi-
tive was studied and the optimum preparation conditions
of CLEA-protease preparation were investigated using
Response Surface Methodology (RSM). The resulted
CLEA-protease was illustrated in terms of optimum pH
and optimum temperature as well as thermal stability and
pH stability. The produced CLEA-protease was also tested
for its reusability. Finally, kinetics parameters (V,,, and
K,) were determined using Michaelis—Menten models.
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(Germany) has been used for agitation during the prepa-
ration of CLEA-protease.

Protease sample preparation

Channel catfish’s viscera was obtained from a local mar-
ket in Selangor/Malaysia, and was washed and weighed
(749 g) before mixing with 1 M phosphate buffer (pH 7.3)
in the blender with a ratio of 2:1 buffer-to-viscera, then
sample was filtered using a muslin cloth.

Filtrate was then centrifuged for 1 h at 4 °C and
12,000 rpm; the supernatant collected was used to pre-
pare the crude enzyme by precipitating for 24 h at 4 °C
with 4 M ammonium sulphate with continuous stirring.
Next, the sample was dissolved in PBS and centrifuged at
3000 rpm for 15 min at 4 °C. This was followed by dialysis
against minimal phosphate buffer saline pH 7 by (10000
MWCO) and left for 4 h with continuous mixing at 4 °C.
Afterwards, the sample was stored at the temperature of
—20 °C for additional tests.

Protein concentration

Bradford assay using BSA as standard has also been
deployed for measuring the protein content present in
the prepared sample (Bradford 1976).

Protease activity assay

The enzymatic activity of protease was determined
using the modified universal procedure described
by Sigma-Aldrich with casein as a substrate (Sigma-
Aldrich 2013). The substrate solution was prepared
by dissolving 1 g of casein in 100 mL of 50 mM Tris—
HCI buffer, pH 8. Afterwards, 1 mL of enzyme solution
was added to the substrate solution and incubated for
20 min at the temperature of 35 °C. As a reaction ter-
minator, 4 mL of 10 % trichloroacetic acid (TCA) was
used. Measurement of absorbance was taken at 660 nm
and preparation of tyrosine standard curve was also
carried out. The equation below was used to meas-
ure the enzyme activity (Sigma-Aldrich 2013) with
modification:

(wmole of tyrosine released) x Total volume of assay (mL)

Enzyme activity (U/mL) =
“ vity (U/mlL) Volume of used enzyme (mL) x Time of assay x Volume in cuvette (mL) @)
Methods A unit of protease is termed as the quantity of enzyme
Materials which is necessary for hydrolysing casein to produce a

All of the chemicals used in this study are of analytical
grades with different brands (Merck, Sigma-Aldrich, Sys-
tem and Bio-Rad) and are obtained from the local sup-
plier Essen Haus Sdn. Bhd and Merck Sdn. Bhd. In order
to measure the absorbance, Tecan micropalte reader
(Switzerland) is used. Furthermore, Sartorius Shaker

colour equal to 1.0 umol of tyrosine per minute. The spe-
cific activity of protease (U/mg protein) has been esti-
mated by dividing the enzyme activity (U/mL) over the
protein content obtained by Bradford assay (mg/mL).

The recovered activity of CLEA-protease was calcu-
lated using the following equation (Kim et al. 2013):
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Activity of CLEA — protease

Recovered activity (%) =

" Activity of free enzyme used for CLEA — protease preparation

x 100 % )

Selection of additives

In this study, three additives were studied for their effects
on the activity of CLEA-protease; they are 50 mg, 10 mg,
50 % (v/v) of bovine serum albumin (BSA), sodium dode-
cyl sulphate (SDS) and heptane, respectively. The pre-
cipitant and the cross-linker values were fixed based on a
previous study (Yusof et al. 2013) at acetone = 60 % (v/v)
and glutaraldehyde = 60 mM.

Immobilization mixture was prepared in triplicates. It
consisted of 1 mL of enzyme solution, precipitant, glu-
taraldehyde and an additive. The samples were shaken
at 200 rpm in the shaker for 17 h at room temperature.
Samples were collected and centrifuged at 6000 rpm at
the temperature of 4 °C for 30 min, and washed three
times with 3 mL of acetone. The process was then fol-
lowed by determination of the protease activity by con-
ducting the standard assay (in “Protease activity assay”).

Optimization of CLEA-protease preparation conditions
The optimization of the preparation parameters of
CLEAs is reported to be an extremely complicated
process (Cruz et al. 2012). Any parameter that may
change the aggregation or the aggregate cross-linking
will possibly have an effect on the recovered activity
and particle size. Likewise, the co-interaction among
these three main factors (cross-linker, precipitant and
additive) in many cases can affect CLEAs final form
(Yu et al. 2006).

In this experiment, the optimization of the preparation
parameters was carried out with the help of Response
Surface Methodology. In fact, RSM can locate any mini-
mum or maximum response that exists inside the factor
region. In order to fit a quadratic function, three differ-
ent values for each factor are essential for this purpose.
Among the commonly used response, surface design in
statistical analysis is the central composite design which
combines a two-level fractional factorial, centre points
and axial points (JMP 2005).

The crude sample (1 mL) was aggregated by adding
acetone in various concentrations [30, 45, 60 % (v/v)],
then cross-linked by the addition of glutaraldehyde (50,
65, 80 mM) and (0.038, 0.113, 0.188 mM) of BSA that was
added at the end as an additive. As a result of which, the
total volume of the solution was found to be 4 mL. After
17 h of incubation, the CLEA-protease was separated
from the supernatant by centrifuging at 6000 rpm at 4 °C
for 20 min. In order to take out the excess amount of
glutaraldehyde, the sample was washed three times with
3 mL of acetone.

Characterization of CLEA-protease

PH stability of CLEA-protease

The effect of pH on immobilized protease stability was
evaluated by incubating CLEA-protease at different
pH values ranging from 4.5 to 9.5 (acetate, phosphate,
Tris—HCI, glycine-NaOH buffers) for 30 min. Superna-
tants were removed by centrifugation and the activity of
the immobilized/free enzyme was determined using the
standard protease activity assay. The residual activities
for CLEAs and free enzyme were calculated in percent-
age with reference to the highest pH value (=100 %).

Effect of pH of the activity of CLEA-protease

The optimum pH values for the immobilized and free
protease were determined using the substrate prepared
in buffers of varying pH values from 4.5 to 9.5. The rela-
tive activity was measured by considering the highest
activity to be (=100 %).

Thermal stability of CLEA-protease

Free and immobilized enzymes were incubated at differ-
ent temperature values (25-65 °C) for 30 min. Samples
were periodically withdrawn to run the activity assay. The
residual activities were determined as above.

Effect of temperature

In order to determine the optimum temperature of free
protease and CLEA-protease, activities were measured in
the temperature ranging from 25 to 65 °C. Both forms of
enzyme (free and immobilized) were incubated in water
bath for 20 min at different temperatures, after cooling
protease activity was assayed in the standard conditions
and the absorbance was taken to measure both activities.

Organic solvent stability of CLEA-protease

After preparing CLEA-protease, CLEAs were stored in
acetone at 4 °C for 4 days and the activity of protease was
daily measured to determine the stability of CLEA-pro-
tease in acetone. The first day’s activity was considered
100 % and the runs were measured in reference to it.

Reusability of CLEA-protease

The reusability of the produced CLEA-protease was
determined by the repeated use of CLEA-protease in
substrates hydrolysis for six cycles (2 days per cycle).
Between cycles, CLEAs were recovered by centrifuga-
tion (at 4000 rpm, for 20 min, at 4 °C) and washed thrice
with 3 mL of acetone to insure the separation of CLEAs
from the reaction mixture. Then CLEA-protease was
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resuspended in a fresh batch of reaction medium for 2
days. The relative activity of CLEA-protease obtained in
the first cycle was assigned as 100 %.

Kinetic study

The kinetic study for the hydrolytic activity of substrate
was investigated using Michaelis—Menten kinetic mod-
els. Hyperbolic Regression Analysis Software (Hyper32)
was used, which has been designed on non-linear regres-
sion analysis and is more preferable to the common
linear method. The kinetic study was carried out by con-
ducting the protease assay for each of free protease and
CLEA-protease (noting that same amount of free enzyme
was used to prepare CLEA, which is 1 mL) using different
concentrations of casein [0.2, 0.6, 1.0, 1.4, 2.8, 2.2, 2.6, and
3 % (w/v)], dissolved in 50 mM phosphate buffer solution
(pH 7.0) and the incubation time was set to 10 min at the
temperature of 35 °C. The evaluation of the Michaelis—
Menten was based on Hanes—Woolf, Lineweaver—Burk,
Eadie—Hofstee and hyperbolic regression models.

Results and discussion

In an earlier study, the specific activity of protease
extracted from channel catfish viscera was found to be
13.57 U/mg proteins (Mahmod et al. 2014). In the cur-
rent study, CLEA-protease is produced by the precipita-
tion of protease that was carried out by adding acetone
as an organic solvent. It has been then followed by cross-
linking through the use of bi-functional reagent i.e.
glutaraldehyde.

Selection of additives
Three additives were tested for their effect on the activity
of CLEA in organic solvent medium, they were selected
based on the different effects on CLEAs expected from
each. BSA behaves as a feeder (Dong et al. 2010), heptane
for interfacial activation (Torres et al. 2013) and SDS as
surfactant that facilitates the precipitation and increases
interfacial surface of the enzyme (Gupta et al. 2002). The
CLEA activity without any additive is considered 100 %
relative activity. Figure 1 illustrates the relative activity of
CLEA-protease each time with different additives.
Bovine serum albumin showed the highest activity
when the BSA-to-protease ratio was 50:1. It is due to
the fact that BSA acts as a proteic feeder which helps
in facilitating the formation of CLEAs in cases where
the protein concentration is too low or if the activity of
enzymes appears to be weak when the required glu-
taraldehyde is at high concentrations to gain the aggre-
gates (Shah et al. 2006; Aytar and Bakir 2008). However,
glutaraldehyde reacts with the free amino groups of the
amino acids present on the enzyme surface i.e. lysine.
Moreover, the improvement in activity after the addition
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Fig. 1 Effect of different additives on the activity of CLEA-protease,
CLEAs without additive (non) is 100 % relative activity

of BSA is explained as that the lysine residues provided
by this molecule can bind with glutaraldehyde to prevent
the denaturing of the targeted protein. In a similar study,
it has been reported that there is a linear relationship
between the CLEAs recovered activity and the amount of
BSA added (Torres et al. 2013).

On the other hand, the addition of the surfactant SDS
has shown lower activity than the native (without addi-
tive) CLEA. The interaction between the surfactant and
the enzyme is known to be hydrophobic (Maldonado-Val-
derrama and Patino 2010) that may increase the interfacial
surface of the enzyme. But, in this experiment, the precipi-
tant used (acetone) was enough to perform the aggregates.
SDS generally binds un-specifically to the protein surface,
which usually leads to protein unfolding (Mogensen et al.
2005). On the other hand, Pan et al. (2014) reported that
adding a surfactant to the mixture can facilitate the disper-
sal of the water-insoluble substrate through the formation
of micellar system, it can also improve the substrate’s mass
transfer, leading to an increase in the substrate concentra-
tion which can ease the downstream separation effectively
and reduce the cost of the product.

Finally, heptane was used to increase the surface activ-
ity of the enzyme in CLEAs preparation (Torres et al.
2013). Heptane is one of the non-polar organic solvents
that are usually considered to be hydrophobic molecules
(like several organic molecules’ hydrocarbon backbone).
It makes the surrounding water molecules to be in order.
In the case of enzyme and substrate reactions, the well
organized water molecules are moved away from the
area between the two groups for allowing more interfa-
cial interaction. Therefore, the formation of enzyme-—
substrate complex becomes easier. This in turn, initiates
a chain of chemical reactions that are directed by the
enzyme (Nelson and Cox 2004). In case of CLEA prepa-
ration, the relative activity obtained with the addition
of heptane was slightly less than that of CLEA’s without
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additives. Hence, it indicated that more interfacial sur-
face was provided. However, each enzyme’s surface was
interacted with other enzymes and substrate as well as
the cross-linking agent.

Additionally, in order to statistically analyse the selec-
tion process of the additives, one-way ANOVA analysis
was carried out. In one-way ANOVA analysis for all the
groups (p value <0.01) F is also less than F critical, mean-
ing that the design is significantly different. However,
the detailed one-way ANOVA analysis of t-test has been
carried out which assisted in presenting the interaction
between each two groups. BSA was significantly differ-
ent from all the other groups. SDS differs significantly
with BSA and no-additive, but there is no significant dif-
ference with heptane. Likewise, heptane is significantly
different from BSA, but there is no significant difference
with the effect of SDS and no-additive groups.

The CLEA-protease activity without any additive was
2.42 + 0.401 U/mg, that is much less than the free pro-
tease activity (13.75 £ 0.380 U/myg), this is because cross-
linking provided less active site to be attached with the
substrate. After adding BSA to CLEA (specific activity
of 3.46 £ 1.215 U/mg), the activity increased by 42.97 %,
possibly because more amino group was added to the sur-
face of the enzyme. Thus, the additive selected to prepare
CLEA-protease was BSA. Previous studies have shown
similar findings to this result, whereby 28.7 % recovered
activity of CLEA was observed after adding 0.1 mg of
BSA (Cabana et al. 2007). In another study (Dong et al.
2010), it was reported that the addition of 10 mg BSA per
100 mg of enzyme has resulted in an increase of recov-
ered activity from 24 to 82 %. An increase of activity
upon the addition of BSA was also observed by Shah et al.
(2006), whereby the prepared CLEA recovered 100 % of
its activity (as compared to free enzyme) upon the addi-
tion of BSA, compared to 0.4 % without BSA. Moreover,
the study of Torres et al. (2013) reported that the addition
of BSA as a feeder helped in improving the step of cross-
linking and allowed a better stabilization of CLEAs pro-
duced, and the recovered activity of CLEAs was found to
be 31.3 % when adding 75 mg of BSA.

Optimization of CLEA-protease preparation

Design Expert 6.0.8 was used for designing the optimiza-
tion model for this study. Table 1 shows the Faced Cen-
tred Central Composite Design of the Response Surface
Methodology for optimizing the preparation parameters
of CLEA-protease. It was carried out by varying the con-
centrations of glutaraldehyde, acetone and BSA. The
highest recovered CLEA-protease activity determined
was found to be 33.25 % in Run 5, as shown in Table 1,
at 65 mM, 45 % (v/v) and 0.113 mM of glutaraldehyde,
acetone and BSA, respectively.
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According to the analysis of variables (ANOVA), the
model was significant and there is only a 0.81 % chance
that a “Model F value (that is 7.227)” could take place
due to noise, and the mean square of the model was
1.594. The correlation coefficient was 0.91. In general,
the experimental data have shown that this model can be
used to navigate the design space.

The statistical Eq. (3) indicates that the positive values
have positive effect on the response and the negative val-
ues have negative effect on the response, where, A is glu-
taraldehyde, B is acetone and C is BSA concentrations.

Recovered activity of CLEA — protease (%)
= +27.83 — 2084 + 2.92B — 0.059C — 3.23A4% — 4.89 B
— 629C%+ 0.62AB — 2.19AC — 0.33BC

3)

The effect of each parameter involved in preparation
of CLEA-protease is shown in Fig. 2. The concentration
of acetone as a precipitant helped in forming the aggre-
gates that is the initial step for cross-linking, too little
precipitant is not enough to form the aggregates, while
high acetone concentration reduces the protein residues
in supernatant indicating that more free protease was
precipitating in forming the insoluble enzyme aggre-
gates. Also, high acetone concentration may lead to pro-
tein denaturation that is responsible for the activity loss
(Wang et al. 2011). The study of Wang et al. (2011) has
reported that the drop in the activity of CLEAs is related
to the polarity of the organic solvent used for precipita-
tion, where log P is known as the ratio of the compound’s
concentration in the phase of octanol/water (log P for
acetone is —0.24). The water miscible solvents (i.e. ace-
tone) can strip the protein-bound water that is essential
to maintain the structure and function of the enzyme
(Serdakowski and Dordick 2008).

The suitable concentration of glutaraldehyde for cross-
linking was found to be 65 mM. For higher concentra-
tions of glutaraldehyde, the activity observed was low,
this can be explained as an excessive cross-linking hap-
pened that resulted in losing some of the flexibility of
the enzyme which is required for its activity (Yu et al.
2013), or more cross-linking occurred leading to too
strong CLEA with a strong diffusion resistance (Dong
et al. 2010). Usually, the activity of CLEAs prepared using
glutaraldehyde appears to be highly dependent on the
type of enzyme as well as the concentration of glutaral-
dehyde. It is due to the high reactivity of the enzyme and
the small size of glutaraldehyde. The activity of CLEAs
reduces as compared to the free enzyme form when the
catalytical residues of the enzyme react with glutaralde-
hyde (Kim et al. 2013). Hence, the use of other protein as
a “feeder” was proposed to enhance the activity of CLEA



Mahmod et al. Bioresour. Bioprocess. (2016) 3:3

Page 6 of 11

Table 1 Experimental design for optimization of CLEA-protease preparation parameters, using faced cantered central
composite design FCCCD and response surface methodology RSM, all experiments were done in triplicate

Run Glutaraldehyde Acetone % (v/v) BSA (mM) Protease specific CLEA-protease
(mM) activity recovered activity

(U/mg protein) (%)?

1 65.00 (0) 60.00 (+1) 0.113(0) 3.03 22.04

2 80.00 (41) 60.00 (+1) 0.188 (+1) 1.61 11.71

3 50.00 (—1) 60.00 (+1) 0.188 (+1) 3.01 21.89

4 65.00 (0) 30.00 (—=1) 0.113(0) 285 20.73

5 65.00 (0) 45.00 (0) 0.113 (0) 457 33.24

6 50.00 (—=1) 45.00 (0) 0.113(0) 343 24.95

7 80.00 (+1) 30.00 (—1) 0.188 (+1) 0.96 6.98

8 65.00 (0) 45,00 (0) 0.113(0) 3.63 2640

9 80.00 (+1) 30.00 (—=1) 0.038 (1) 1.13 822

10 65.00 (0) 45.00 (0) 0.113(0) 414 30.11

11 80.00 (+1) 45.00 (0) 0.113(0) 291 21.16

12 50.00 (—1) 60.00 (+1) 0.038 (—1) 2.16 15.71

13 50.00 (—1) 30.00 (=1) 0.188 (+1) 1.93 14.04

14 50.00 (1) 30.00 (—1) 0.038 (—1) 1.67 12.15

15 80.00 (+1) 60.00 (++1) 0.038 (—1) 273 19.85

16 65.00 (0) 45.00 (0) 0.188 (+1) 279 20.29

17 65.00 (0) 45.00 (0) 0.038 (—1) 2.70 19.64

@ Recovered activity (%) was calculated according to Eq. 2

by increasing the amount of amino residues (Garcia-
Galan et al. 2011), such as BSA.

In Fig. 2b and c, with the increase of BSA concentra-
tion, the enzyme molecule is tightly attached to it, which
effectively lowers the effect of the precipitant. However,
the enzyme will not be attached to all of the BSA mol-
ecules in the presence of excess amount of BSA; hence
enzyme aggregates will be formed. Nonetheless, the addi-
tion of BSA as a co-feeder allowed the cross-linking step
to act effectively, and lead to better stabilization of the
CLEA-protease produced (Torres et al. 2013).

There are many studies indicated that RSM and FCCCD
are the best methods which are used to optimize the
preparation of CLEAs. For example, according to Khan-
ahmadi et al. (2015), CLEA-lipase activity was increased
by 2.5-fold after optimization using response surface
methodology and faced central composite design (FCCD)
as compared to the activity obtained in One-Factor-at-a-
Time method. In another study, the preparation of hybrid
magnetic cross-linked enzyme aggregates had been suc-
cessfully optimized using centered composite design
(CCD), it helped in explaining the interaction relationship
among the main preparation factors to obtain recovery
activity of 43.27 % (Cui et al. 2014). Similarly, the prepa-
ration of CLEA-naringinase was optimized with the help
of Response Surface Methodology and Central Compos-
ite Rotatable Design (CCRD) (Ribeiro and Rabaga 2011).
Response Surface Methodology has been implemented for

optimizing the preparation of CLEA- hydroxynitrile lyase
purified from seeds of Prunus dulcis (Yildirim et al. 2014).

Characterization of CLEA-protease

Effect of pH and pH stability of CLEA-protease

pH is one of the most influential parameters altering
enzyme activity in an organic medium. The catalytic activ-
ity of the immobilized protease in the hydrolysis of the
substrate was investigated at different pH values (4.5-9.5).
As shown in Fig. 3a, the optimum pH of the immobilized
and free protease was found to be 6.8 and 8.0, respectively.
This agrees with previous studies, whereby Hormigo et al.
(2012) found out that the optimal CLEA activity was
obtained at pH value of 7.0, which is shifted as compared
to its soluble free enzyme’s pH that was 8.0. The study of
Xu et al. (2013) has reported that both enzyme forms (free
and immobilized) were similarly stable at pH < 6.0, and
both had maximum value at pH 6.0. In other words, the
immobilization of protease led the optimum pH curve to
shift towards neutral pH value. According to the research
of Hormigo et al. (2012), it was revealed that when the
structure of CLEA is enclosed by molecules of BSA pro-
tein the pH in the enzyme’s active site microenvironment
is shifted towards more alkaline values.

The free protease characterized in this experiment
was found to be active functionally in the pH range of
6.8-8.0; while, the immobilized protease had a wider pH
range, as depicted in Fig. 3b. This indicates its potential
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Fig. 2 Response surface plot as a function of CLEA-protease specific
activity showing the interaction of a glutaraldehyde and acetone

at constant BSA concentration of 0.12; b glutaraldehyde and BSA at
constant acetone concentration of 45 % (v/v) ¢ acetone and BSA, as
constant glutaraldehyde concentration of 65 mM

applicability in several applications, since CLEAs can
resist the harsh changes in the environment. It must be
taken under consideration that the highest activity of
CLEA-protease is achieved at around neutral pH value.

Effect of temperature on thermal stability of CLEA-protease
The resistance of the immobilized enzyme to tempera-
ture changes is considered as a significant and a major
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advantage in the practical applications of enzymes. More-
over, the temperature dependence of the relative activity
of immobilized and free enzymes was examined for the
intervals of 25-65 °C. The results of these experiments
are shown in Fig. 3c. It has been observed that the opti-
mal temperature identified for the free as well as immo-
bilized protease was found to be around 45 °C. A drop
in the activity of free enzyme was observed at tempera-
tures higher than 45 °C; while, CLEA-protease resisted
the increment in temperature and recorded higher activ-
ity. Hence, the free enzymes can easily undergo denatura-
tion at higher temperature while immobilized enzymes
are protected, probably by its rigid conformation. Thus,
immobilized enzymes appear to be capable of retaining
their catalytic activity (Tutar et al. 2009).

It has been revealed that one of the major and primary
reasons of enzyme immobilization is the anticipated
increase in its stability towards various deactivating
conditions; it takes place because of the limited con-
formational mobility of such molecules that follows the
immobilization. Resistance of immobilized enzymes
towards temperature at some specific time is considered
as a significant and major advantage for the enzyme’s
potential applications. It has been further found that the
thermal stability of immobilized protease has also been
enhanced significantly. The residual activity of protease
was about 20 % for the free enzyme and 60 % for immo-
bilized protease after 2 h of temperature exposure, as
shown in Fig. 3d. The study of Xu et al. (2013) stated that
CLEAs were found to be more thermally stable as com-
pared to the free enzymes, as a result of the rigid struc-
ture which has been created by the step of cross-linking.
Moreover, Kim et al. (2013) reported that CLEAs have
shown four times higher thermal stability as compared
to that of free enzyme. Such an increment was because
of the inter-molecular as well as intra-molecular cova-
lent cross-links which stop the conformational change in
CLEAs (Zhu et al. 2001).

Scanning electron microscopy (SEM)

As it has been reported that the particle shape and size
of CLEA are still unexplored (Singh et al. 2013), Sko-
vgaard et al. (2004) has reported two types of CLEAS’
structure that can appear under SEM; either a spheri-
cal appearance (Type 1) or a less-structured form (Type
2), whereby (Type 1) aggregate forms typical balls, and
(Type 2) aggregate clusters into less-defined structures.
In this study, CLEA-protease from channel catfish viscera
is considered as Type 2 (data not shown).

Organic solvent stability of CLEA-protease
CLEA-protease was stored in acetone in order to main-
tain its environment and to avoid drastic changes in its
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structure that might occur in different environments.
Figure 4 shows that the relative activities of CLEA stored
in acetone for 4 days were 100, 86, 85 and 70 %.

The solvent stability of CLEA is important to be deter-
mined since many studies have reported some limitations
of using organic solvent with CLEA (Yu et al. 2006; Kar-
tal et al. 2011). Polar solvents (i.e. acetone) can interact
with the enzyme as well as the associated water mol-
ecules, hence, cause drastic reduction in the catalytic
activity (Singh et al. 2013). However, Singh et al. (2013)
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Fig. 4 Organic solvent stability of CLEA-protease

mentioned several potential advantages in using non-
aqueous solvents, such as enhancement in the solubil-
ity of substrates (for instance lipids and phospholipids),
novel chemistry in synthetic applications, altered sub-
strate specificity, easy product recovery and reduction in
microbial contamination. To further improve the organic
stability of the enzyme, Kartal et al. (2011) suggested the
mixing of acetone with another buffer.

Reusability test

One of the most important aims of enzymes immobili-
zation is its reusability that provides opportunities for
multiple uses for the same biocatalyst (Torabizadeh et al.
2014). CLEAs have a very promising result in this field,
since it can be simply detached from the reaction mix-
ture, washed and reused. Moreover, CLEAs are insoluble
in the reaction medium, thus it avoids the product con-
tamination, which is feasible for separation and facilitates
the downstream process (Pan et al. 2014). It appears as
an essential and significant requirement for their applica-
tions in industrial processes.

Results of recycling experiments are shown in Fig. 5,
where three runs of the highest activities of CLEA-pro-
tease from Table 1 were selected for the reusability test.
After each cycle, CLEAs were washed with acetone and
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stored at 4 °C for 2 days. The activity decreased steadily
up to six cycles.

The first cycles’ residual activities were standardized as
100 %. The second cycle of run 5 and 8 maintained 82 %
of the activity, while run 10 lost 54 % of its activity. The
reason behind this loss could be for the mechanical forces
on CLEA-protease during washing and centrifuging pro-
cedures (Matijosyte et al. 2010). Another explanation for
this loss is that CLEAs experience several drawbacks like
not dispersed properly in solution and easy to clump (Xu
and Yang 2013). However, run 10 lost only around 10 %
of its activity in the next three cycles; unlike the other
two runs that showed regular decrease in their activities.

The results of the study have suggested that the observed
activity loss in the recycling experiments results from
leaching of enzyme into the organic solvent. Another rea-
son for the loss of activity can be related to enzyme dena-
turation in each time the assay was run 15. The average of
the residual activity of the three runs was 28 % after the
six cycles; this result might be increased if the washing and
centrifugation processes were carried out more carefully.

While the supernatant of the storage solution showed
no protease activity. In other words, using this procedure,
leakage of enzymes from CLEA was not detected. This is
probably because of the procedure followed in this study,
whereby the preparation mixture is centrifuged and
washed after each use to make sure of the separation of
CLEA from the unwanted solution.

Determination of kinetic parameters

Casein as the substrate was used in increasing concentra-
tions that led to enzyme saturation. An increase in the
substrate hydrolysis was witnessed up to 1.8 % thereafter
there was saturation of the enzyme. Table 2 shows that
the kinetics of free protease was well fitted in the four
models. The highest (R?) value was 0.997 of Hanes—Woolf
plot. This is a good indication that the Michaelis—Menten
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Table2 Summary of Michaelis-Menten expression for
hydrolysis of protease (free and CLEA)

Enzyme Model R? K Viax

Free protease Hanes-Woolf 0.997 0.124 0.1173
Lineweaver—Burk 0.966 0.119 0.1164
Eadie-Hofstee 0937 0.121 0.1169
Hyperbolic regression 0.930 0.127 0.1175

CLEA-protease Hanes-Woolf 0.993 0.258 0514
Lineweaver-Burk 0.982 0405 0.577
Eadie-Hofstee 0.871 0339 0.547
Hyperbolic regression 0.963 0.360 0.550

for free protease described the effective substrate hydrol-
ysis perfectly.

On the other hand, the kinetic parameters obtained for
CLEA-protease, were extremely different from the results
obtained by using free protease. For the four models,
Vinax increased in CLEAs as compared to free protease
values. The coefficient of determination (R%) was also
found to be the highest in Hanes—Woolf model, as indi-
cated in Table 2.

Hence, it can be said that the kinetic parameters of
CLEA-protease and free protease were determined
by measuring initial reaction rates for each by vary-
ing amounts of casein. It was observed that K, value of
CLEA-protease was slightly higher than K| before immo-
bilization, and V,,,, values increased after immobilization
as compared to free protease. The results indicated that
due to the substrate diffusion resistance the cross-link-
ing immobilization has lowered the accessibility of sub-
strate to the immobilized enzyme’s active site, which had
decreased the affinity of protease. It is also to be noticed,
as mentioned earlier, that the optimum pH for CLEA-
protease and free protease were 6.8 and 8, respectively,
this had an effect on the different performances of the
two forms of enzyme. Nevertheless, these findings could
be linked to the behaviour of the two enzymes (CLEA
and free) in any application at neutral pH.

Similar findings were reported about the increased K,
of enzymes after immobilization (Rehman et al. 2013;
Lei and Bi 2007). Also CLEA structure has less interfa-
cial interaction with the substrate due to cross-linking
as compared to the liquid-form free enzyme. V. value
basically measures how fast the enzyme can hydrolyze a
completely saturated substrate; hence an increase in V.
after immobilization means that less substrate is needed
to be converted to a product per unit of a time. The cata-
lytic efficiency which is denoted by V_,./K,, of immobi-
lized protease was higher than the catalytic efficiency of
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free enzymes (1.992 vs. 0.946 min~?); this is in agreement
with Yu et al. (2013).

Conclusion

For the first time, protease extracted from the viscera of
channel catfish (Ictalurus punctatus) was successfully
immobilized by CLEA technique. The effect of each of
the factors involved in the CLEA-protease production
was discussed. In addition, the impact of different addi-
tives on the CLEA-protease’s activity was also selected
and analysed. It has been found that the bovine serum
albumin had the maximum effect on CLEA-protease as
compared to sodium dodecyl sulphate and heptane. Nev-
ertheless, the addition of BSA as a feeder supported the
CLEA mechanically and increased its activity. Experi-
mental design and statistical analysis were used to verify
the optimization model. The optimal CLEA-protease
recovered activity obtained was 33.24 % in 65 mM, 45 %
(v/v) and 0.113 mM of glutaraldehyde, acetone and BSA,
respectively. Moreover, produced CLEA-protease main-
tained more than 28 % of its activity after six cycles.
Finally, Hanes—Woolf model was the best fit model for
determining the kinetic parameters of the hydrolysis
reaction. Overall, the results shown in this study propose
that CLEA-protease can be a promising tool in increasing
the stability and reusability of protease in biotechnologi-
cal applications.
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