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Abstract

Globally, millions of cubic meters of dye-contaminated wastewater are generated annually from the textile indus-

try. Discharging the dye-contaminated wastewater into natural water streams is detrimental to the ecosystem

and human health. Wastewater bioremediation is considered a practical solution for converting wastewater

into value-added water for safe reuse especially in irrigation. The present study investigated the immobilization

of highly stable spore laccase enzyme of Bacillus amyloliquefaciens A1 by entrapment and adsorption techniques.
Based on the results, agarose gel was the most efficient support with 94% immobilization yield. Optimum tempera-
ture of immobilized enzyme was at 60 ‘C with complete thermal stability for 120 min. The maximum activity of immo-
bilized enzyme was at pH 6-7 and retained 91% of its activity after 24 h incubation. It showed 100% storage stability
after 8 weeks which was higher than that of un-immobilized enzyme (4 weeks). The enzyme activity was nearly stable
after 8 consecutive cycles of reuse. Decolorization of 8 textile dyes was studied using the immobilized enzyme. Crystal

of the treated dye water.

violet, direct red 81 and acid black 24 were efficiently decolorized (94.5, 774, and 68.8%, respectively) within 24 h

in the first cycle. Reusability of immobilized enzyme showed 74.6, 53.5, and 51.8% decolorization of the same dyes
in the same order after the second cycle. Immobilized spore laccase-treated dye water was used to irrigate lentil
seeds and showed germination index about 73% compared to 10.8% for untreated one indicating very low toxicity
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Introduction

Water pollution produced through the discharge of
untreated toxic/recalcitrant textile dyes into water bod-
ies has severe harmful impacts on the continuation of
life in the biosphere and severely impairs human pub-
lic health [18, 28]. Synthetic dyes and their metabolic
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intermediates are considered toxic, mutagenic, and/or
carcinogenic [48]. Wastewater generated from textile
industries contains many complex organic compounds
that are extremely resistant to degradation. The discharge
of colored effluents into water streams and rivers con-
tributes to depletion in the dissolved oxygen, thus caus-
ing development of anoxic conditions that are extremely
lethal to the aquatic organisms [27]. Consequently, the
removal of these dyes from wastewater is crucial. In
addition, the reuse of treated wastewater for safe irriga-
tion could participate in mitigating some of the climate
changes impacts on water and food sectors. These two
vital sectors are at present prone to hard climatic con-
ditions inducing water scarcity and droughts in many
countries as well as food shortage all over the world.
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Several limitations concerning traditional treatment
methods either chemically or physically employed in
decolorization of dyes are nowadays escalated. These
limitations include; harsh reaction conditions, economic
considerations, and environmental safety measures [51].
In comparison, the biological treatment especially by
enzymatic decolorization and detoxification of dyes efflu-
ent is one of the promising challenges gaining support
worldwide [17]. In this context, laccases are regarded as
efficient enzymes in green decolorization of dyes.

As commonly known, enzymes are efficient catalysts
that have been employed in various vital fields, ranging
from biomedical therapy to environmental remediation
[11]. Laccases (benzenediol: oxygen oxidoreductases, EC:
1.10.3.2) belong to the family of multi-copper oxidases
which can catalyze many organic and inorganic sub-
strates as phenols, polyphenols, nonphenolic dyes, amino
phenols, and aromatic diamines [5]. These substrates are
oxidized through electron transfer to molecular oxygen.
The molecular oxygen is further reduced to H,O mole-
cule, with complete oxidation of the substrate compound
[24]. This type of enzymes is one of the oldest types that
has been discovered by Yoshida in 1883 and detected in
higher plants, insects, fungi, and several bacteria [43].

Majority of the laccases have been detected in fungi,
but recently bacterial laccases have gained increasing
attention through overcoming the disadvantages of other
laccases. They are characterized by being highly active,
easily handled, and more stable at high pH and tempera-
ture [37]. Laccases have been extensively used in biotech-
nological applications as xenobiotics bioremediation,
biobleaching, biosensors, food industry, decolorization
of textile dyes, cosmetic, dermatological preparations as
well as degradation of lignin in lignocelluloses to produce
biofuels [46, 47]. It was reported that various bacteria
produce extracellular laccase. The discovery of spore lac-
case of Bacillus species 20 years ago attracted attention
of scientific and industrial communities. Spore laccase
is one coat protein of the spores of some Bacilli which is
naturally resistant to alkaline and acidic pH, high temper-
ature, ultraviolet radiation, hydrogen peroxide, organic
solvents, and other harsh chemical and physical condi-
tions [16].

While most of the environmental conditions as high
salt concentration, intense temperature, high pH and
presence of heavy metals can affect enzymes during
their applications, immobilization of enzymes on sup-
ports seems to provide a solution to this problem [40]
with more suited properties for immobilized enzymes
[54]. Enzyme immobilization is a technique designed for
restricting the freedom of enzyme movement through its
fixation on or into a support material [9]. Immobilization
is most frequently used for stabilization of the enzyme. In
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addition, it allows its simple separation, reduces enzyme
replacement, increases its reusability, and enables the
enzymes to be applied in continuous system with ease
of reaction control [33]. Other advantages of immobili-
zation include increase of thermal stability, resistance
against denaturalizing agents, more flexibility in biore-
actors design, and contamination prohibition caused by
proteins in the final product. Immobilized laccases have
been used in various applications such as enzyme-based
fuel cells [39], treatment of olive oil mill wastewater [4],
decolorization of dyes [56], and construction of biosen-
sors [42].

In recent years, the immobilization of laccases has been
studied for bioremediation of dyes wastewater. Using
immobilized laccase instead of the free enzyme or the liv-
ing microorganism is practice wise due to the reusabil-
ity of the immobilized enzyme and meanwhile avoids the
formation of sludge or biomass.

In a previous study, we isolated a novel spore laccase
enzyme from Bacillus amyloliquefaciens A1 with superior
organic solvents, salts and hydrogen peroxide stability
[16]. Spore laccase enzyme understudy has good charac-
teristics that make it a promising candidate in the indus-
trial and biotechnological applications. This enzyme will
be promising in application for dyes wastewater remedia-
tion especially those contain solvents, heavy metals and
other organic pollutants. It is known that spore laccase
is one of the proteins of spore coat. It naturally immobi-
lized to the spores. However, it is difficult to separate the
spores after the reaction to add them to a new reaction.
Therefore, the entrapment or adsorption of the spores to
supports facilitates simple separation of spore laccase,
reusability, increase the enzyme stability and make it
more suitable for industrial application.

The present study aims to expand the existing attitude
toward the immobilization of spore laccase by two tech-
niques to achieve maximum immobilization yield. The
characterization of immobilized spore laccase in compar-
ison to un-immobilized one was investigated. Also, the
efficiency of the immobilized enzyme for decolorization
of some textile dyes was assessed. Finally, the phytotox-
icity of the dye-contaminated water after treatment with
immobilized spore laccase was studied.

Materials and methods

Microorganism

Bacillus  amyloliquefaciens Al (GenBank accession
number MF765339) was isolated from industrial tex-
tile wastewater effluent (Clover Brook Textile Company,
Cairo, Egypt) and produced spore laccase with high sta-
bility in the presence of salts, organic solvents and hydro-
gen peroxide [16].
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Preparation of spore laccase

Bacillus amyloliquefaciens Al was cultured in 250-mL
Erlenmeyer flask contains 25 mL of modified LB medium
(tryptone, 10 g/L; yeast extract, 6 g/L; glucose, 10 g/L;
FeCl, (107> M) and MnCl, (107® M)). It was incubated for
7 days at 30 ‘C under shaking condition at 140 rpm. After
that, it was centrifuged at 5000 rpm for 30 min. The pre-
cipitate fraction was washed by sterile distilled water then
resuspended in 5 mL of sterile distilled water and used as
the spore laccase enzyme source for immobilization.

Immobilization technique

All immobilization processes were performed under
sterile conditions. The immobilization of spore lac-
case by entrapment in agar, agarose, calcium alginate or
polyacrylamide gels was performed according to Trelles
and Rivero [50] and immobilization by adsorption was
according to Jesionowski et al. [23].

Entrapment into agar and agarose gel

Agar and agarose (2%) in saline solution were autoclaved
and cooled at 40—45 C. Five mL of agar and agarose solu-
tion was added to 5 mL of spore suspension and mixed
well then dropped by syringe in chilled sunflower oil
in ice bath under mild stirring. The formed beads were
cured in sunflower oil for 2 h at 4 °C. Then the beads were
washed three times with hexane and twice with saline
solution. Finally, they were stored at 4 “C. Agar and aga-
rose beads were prepared without spore suspension as
controls.

Entrapment into calcium alginate beads

Sodium alginate (2%) in saline solution was autoclaved
for 5 min. Five mL of sodium alginate was added to 5 mL
of bacterial suspension and mixed well. The suspension
was dropped by syringe into a sterile 250-mL Erlenmeyer
flask containing 50 mL of cold sterile 2% calcium chlo-
ride. The formed beads were cured in calcium chloride
for 1 h then washed several times with sterile saline solu-
tion and stored at 4 °C. Calcium alginate beads were pre-
pared without spore suspension as control.

Entrapment in 30% polyacrylamide gel

Acrylamide (30%) was prepared by adding 29.2% of
acrylamide to 0.8% bisacrylamide and dissolved in ster-
ile distilled water. Five mL of the spore suspension was
added to the acrylamide mixture. Then tetramethylethyl-
enediamine (TEMED) and 10% ammonium persulphate
were added and gently stirred. The mixture was poured
in sterile Petri dish and kept about 20 min for polymeri-
zation then washed by sterile saline solution. The gel was
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cut into small pieces about (1x 1 cm?) and stored at 4 C.
Polyacrylamide gel was prepared without spore suspen-
sion as control.

Immobilization of spore laccase by adsorption method

All tested supports including stainless steel fiber, glass
wall, glass beads, loofah, synthetic sponge, polyurethane
foam were boiled for 10 min and then washed several
times by distilled water and dried at 60 ‘C for 3 h. Each
support was cut into small pieces. Polyurethane foam
pieces were soaked in 5% HCI for 1 h, washed to be neu-
tral then soaked in 5% NaOH for another 1 h and washed
by water several times to be neutral and dried. The immo-
bilization test was performed on supports with and with-
out glutaraldehyde treatment. Glutaraldehyde used as a
cross-linker of ionically absorbed bio-molecules on solid
surfaces as a strategy to covalently immobilize proteins.

The tested supports were treated with glutaraldehyde
by adding 1 g of support to 10 mL of 0.1% glutaraldehyde
and incubated under shaking conditions (140 rpm) for
16 h then collected by centrifugation at 5000 rpm and
washed several times with distilled water to remove the
excess of glutaraldehyde.

Two methods for spore laccase immobilization were
evaluated on both glutaraldehyde treated and untreated
supports. In the first method, two sets of 250-mL Erlen-
meyer flasks containing 25 mL of optimized LB medium
were prepared. To one set, 1 g of supports was added
separately. To the other set, 1 g of glutaraldehyde-treated
supports was added then both sets were autoclaved. They
were inoculated with 1 mL of overnight grown Bacillus
amyloliquefaciens Al in NB and incubated for 7 days
under shaking conditions. In the second method, 25 mL
of saline solution was added to 1 g of each carrier either
treated or untreated with glutaraldehyde then autoclaved.
Five mL of spore suspension was added to the carriers
and incubated at 30 ‘C for 24 h under shaking condi-
tions. The solutions were filtered with filter paper and the
precipitates were washed three times by sterile distilled
water. Immobilized spore laccase was stored at 4 “C. The
activity of spore laccase before and after the immobiliza-
tion was determined and the immobilization yield was
calculated as follows:

The immobilization yield(Y %) = Aa — Aw/Aa x 100,
(1)
Aa is the total activity of spore laccase used before
immobilization and Aw is the total activity of spore lac-
case in wash after immobilization.

Optimization of immobilization conditions
This approach depends on studying a number of different
values for one factor while keeping the remaining factors
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constant. All carried experiments were conducted in 250-
mL Erlenmeyer flasks and agitated on a rotary shaker.
The influence of agarose concentration (0.5-8%) on
spore laccase entrapment was tested.
Also, agarose solution (0.5%) was tested for immobili-
zation of different quantities of spores (1-20 mL).

Characterization of immobilized enzyme

Optimum temperature and thermal stability

The optimum temperature for maximum activity of
immobilized spore laccase was determined by incubation
of 50 mg of immobilized enzyme with 2.5 mL of 10 mM
guaiacol at different temperatures (20-100 “C) for 30 min.
For thermal stability, the immobilized spores were incu-
bated for 0-120 min in a water bath at different tem-
peratures (50, 60 and 70 °C), then the spore activity was
determined.

Optimum pH and pH stability

For the detection of the optimum pH of the immobilized
spore laccase, 50 mg of immobilized spore laccase was
mixed with 2.5 mL of 10 mM guaiacol prepared at differ-
ent pH values using citrate phosphate buffer (pH 3, 4.5, 6
and 7), Tris—HCI buffer (pH 7.5, 8, 8.5 and 9), phosphate
buffer (pH 6, 7, 7.5 and 8) and carbonate—bicarbonate
buffer (pH 9, 9.5, 10 and 10.5) then incubated at 60 °C for
30 min. While, for pH stability, the residual activity of
immobilized spore laccase was evaluated after incubation
of spores at different pH values (6, 7 and 7.5) for 1 h, 6 h
and 24 h.

Storage stability

The free and immobilized spore laccase were stored at
4 °C in saline solution for 2 months and the activity was
determined every week.

Operational stability

The operational stability of spore laccase was determined
by incubation of immobilized enzyme with 10 mM guai-
acol at 60 °C for 30 min. Then, the immobilized spore lac-
case was collected by filtration, washed with buffer and
resuspended in freshly prepared substrate to start a new
run. The enzyme activity of immobilized spore laccase
was assayed after each run.

Dye decolorization using immobilized spore laccase

Dye-contaminated water samples were prepared using
sterile tap water containing different types of dyes (8
dyes) and were tested for their decolorization ability by
the immobilized spores. These dyes were selected based
on their structural diversity and their significant contri-
bution to water pollution. The decolorization was carried
out for 24 h using: acid red 337, acid blue 335, direct red
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81, acid black 24, methylene blue, crystal violet, Congo
red and methyl orange. Dyes used and their structure,
Amax, molecular formula and weight were summa-
rized in Table 1. Decolorization efficiency was evaluated
according to El-Bendary et al. [15]. In order to evaluate
the reusability of the immobilized spore laccase beads in
the decolorization of the tested dyes, they were filtered
after the first decolorization cycle then new preparations
of textile dyes were added and the decolorization test was
repeated.

Dye decolorization was performed in 250-mL Erlen-
meyer flasks containing 25 mL of 100 mg/L of the tested
dye. These flasks were treated with 1.5 gm of immobilized
spore laccase or 1.5 gm of agarose beads without spore
laccase (control) and incubated at 30 C under shaking
conditions. Portions of the solutions of test sets and con-
trols were centrifuged at 5000 rpm for 30 min and the
supernatants were used for optical density measurements
at Amax of each dye. Decolorization percent was calcu-
lated using the following equation [22]:

Decolorization (%) = (A — B)/A x 100, (2)

where A: absorbance of control; B: absorbance of treated
dye solution.

Spore laccase enzyme activity

Spore laccase activity was determined spectrophotomet-
rically following Sondhi and Saini [46] using guaiacol as
a substrate. In brief, 50 mg of immobilized spore laccase
was mixed with 2.5 mL of 10 mM guaiacol in phosphate
buffer at pH 6. The mixture was incubated for 30 min
at 60 C in water bath followed by reaction cessation in
an ice bath for 15 min. The absorbance was determined
using UV-visible spectrophotometer at 470 nm. The unit
of enzyme activity is the amount of enzyme required
for the oxidation of one pmole of guaiacol/min. Laccase
activity was expressed as U/g and calculated using the
following equation:

EA=(Ax V)/(t xexv), 3)

where EA: enzyme activity (U/g); A: absorbance at
470 nm; V: total volume of reaction mixture (mL); v:
enzyme quantity (g); t: incubation time (min); e: extinc-
tion coefficient (6740 M~! cm™).

Application of treated water for reuse in irrigation
(phytotoxicity)

In order to evaluate the validity of treated dye-contam-
inated water for reuse in irrigation, phytotoxicity test of
crystal violet on lentil seeds germination was determined
as described by Lade et al. [26]. Four sets of Petri dishes
were prepared to host 10 seeds of lentils per each dish.
The first set was watered with tap water (control), the
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Table 1 Dyes used and their structure, Amax, molecular formula and weight
Dyes name Structure Amax (nm) Molecular formula Molecular Dye type
weight
(g-mol™)
Acid red 337 - i 5004 Ci7H1:FsN3NaO,Ss 43334 Azo dye
o
Acid blue 335 652 C36H54CINGNaO,S 715.11 Azo dye
Direct red 81 510-518 CyoHioNsNa,OgS, 675.60 Azo dye
T,
TG
NaO,S NHCOCgHs
Acid black 24 Q N 557 Cy6H3NsNa,O4S, 731.71 Azo dye
J Q N
NaO3S O Q N O NHCgHs
' {)—sosna
Methylene blue o 668 CiHgN5SCl 319.85 Azo dye
I
SN s S
énj éni
Crystal violet B 590 Cy5H3oN5Cl 407.98 Triphenylmethane dye
EE( 3
SR e s e R
S ErHg
Congo red 498 C3oHnNgNa,O4S, 696.665 Azo dye
0= S O 0= S O
Methyl orange /l o 464 Ci4H14N5NaO,S 32733 Azo dye
: : /
\
O Na*
second set was watered with 100 mg/L crystal violet dye, Percentage of relative root elongation (RE%)
the third set was watered with un-immobilized spore — Mean root elongation in test sample )

laccase-treated dye solution, and the last set was watered
with the immobilized spore laccase-treated dye solution.
The phytotoxicity was evaluated in terms of calculating
the following formulas [19]:

Percentage of relative seeds germination (SG%)
= Number of germinating seeds intest sample

/Number of germinating seeds in control (tap water) x 100,

(4)

/Mean root elongation in control (tap water) x 100,

Percentage of relative shoot elongation (SE%)
= Mean shoot elongation in test sample (6)

/Mean shoot elongation in control (tap water) x 100,

The germination index(GI) = SG% x RE%/100. (7)
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Values of GI<50% are considered highly toxic to the
plant, GI values ranging between 50 and 80% indicate low
toxicity, while GI values ~ 80% are of no phytotoxic effect.

Statistical analysis

All experiments were repeated in triplicates. Data were
expressed as mean values+standard errors using the
Statistical Package for the Social Sciences (SPSS) version
18.0; including one-way ANOVA test for the normally
distributed data at 0.05 level to determine significance
between different means.

Results and discussion

Immobilization of spore laccase

Immobilization of enzyme is the confinement of the
enzyme molecules onto or within a support matrix either
physically or chemically or both, in a way that retains its
activity [20]. Figure 1 shows the immobilization efficiency
by entrapment method. The contour lines indicated that
the agarose gel was the most efficient carrier for immo-
bilization of spore laccase with 94% immobilization yield
followed by calcium alginate then agar with immobiliza-
tion yield of about 65 and 53%, respectively. Meanwhile,
acrylamide gel showed very low immobilization yield
(only 15%). On the other hand, it is noticeable from the
100% stacked columns represented in Fig. 2 that among
glutaraldehyde untreated supports; glass wall was the
most dominant carrier and represented about 28.2% of
the total tested supports giving immobilization yield 14%,
followed by natural loaf and natural sponge (24.1%) with
immobilization yield 12%. Among glutaraldehyde-treated
supports, synthetic sponge was the most dominant car-
rier and represented about 23.8% with immobilization

Immobilization yield (%)

Agar

53

Acrylamide 15 Agarose

94

65

Calcium alginate

Fig. 1 The immobilization yield of spore laccase of Bacillus
amyloliquefaciens A1 by entrapment method
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100% . -
80%
60%
40%

20%

Carrier dominance ( %)

0%

Glutaraldehyde untreated Glutaraldehyde treated

i Stainless steel loaf M Glass wall i Glass beads

i Natural loaf

M Sponge
Fig. 2 The immobilization yield of spore laccase of Bacillus
amyloliquefaciens A1 by adsorption method

M Polyurethane foam

yield 16%. In general, the adsorption method showed
inferior immobilization yield (only 0.2-16%) with dif-
ferent tested supports either glutaraldehyde treated or
untreated (Table 2) compared to the entrapment method.
Accordingly, entrapment method was selected in subse-
quent tests.

The use of immobilized enzyme has many important
advantages over the free enzyme including ease of han-
dling, stability, increased localization, reusability, and
a decrease in operation costs [21]. Although, various
immobilization techniques as entrapment, crosslink-
ing, and adsorption have been used for enzymes or cells
immobilization, the entrapment method was found to
be a potential choice for this aim being gentle, simple,
and most effective [14, 30]. It involves catching of the
enzyme within a polymeric network that allows both sub-
strate and product to pass through, meanwhile retains
the enzyme activity. It differs from other coupling meth-
ods, in which the enzyme is not bound to the matrix or
membrane [1]. Agarose gel is considered one of the most
efficient materials used for entrapment. It is non-toxic,
biocompatible and capable of preserving the enzyme
activity during the immobilization process as reported
by Sassolas et al. [44].

Table 2 The immobilization yield of spore laccase by different
carriers using adsorption method

Carrier Immobilization yield (%)

Glutaraldehyde Glutaraldehyde

untreated treated
Stainless steel loaf 3.5+0.6d 5+0.8d
Glass wall 14+£03a 14£0.6b
Glass beads 0.2+0.4e 9+1.1c
Natural loaf 12+0.7b 14+0.3b
Sponge 12+£1.1b 16+£0.8a
Polyurethane foam 8+04c 9+0.7¢c

Data were expressed as mean + SE of 3 replicate tests. The means followed by
different letters in each column are significantly different at P<0.05
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Comparing the obtained results in this study to others
that available from literature, Lu et al. [31] reported that
laccase activity of Bacillus amyloliquefaciens LC02 spores
entrapped in calcium alginate beads attained 51% yield.
The immobilized enzyme presented absolute activity
value lower than that obtained for the free enzyme during
the oxidation of guaiacol. This evidence can be explained
by the mass transfer limitations of the substrate [45]. On
the other hand, Khakshour et al. [25] achieved the opti-
mum entrapment conditions in the presence of sodium
alginate 2% for the marine Bacillus sp. KC2 spore laccase.

Optimum conditions for immobilization process
Immobilization process needs to be optimized to mini-
mize the loss of enzyme activity and achieve the maxi-
mum reusability and stability.

Effect of agarose concentration

Agarose concentration is the most influential factor
on immobilization yield of the enzyme. As shown in
Fig. 3a, the immobilization rate gradually increases with
increasing agarose concentration from 0.5 to 1% then
progressively decreased with increasing the agarose con-
centration to 4%. This might be attributed to the leakage
of the enzyme that occurred due to the loose structure of
agarose beads prepared at 0.5%. On the other hand, an

-
N
=}

=

AN
/

Relative activity (%)
=) 00
o o
¥
n/<

N
<]

N
o

(=}

(=}
=

2 3 4 5 6 7 8

Agarose concentration (%)

120

100 ——
80 /1/

60

40

o

0

Relative activity (%)

0 2 4 6 8 10 12 14 16 18 20
Culture volume (ml)
Fig. 3 The optimum conditions for immobilized enzyme activity.
a Effect of agarose concentration; b effect of spore laccase
concentration
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increase in agarose concentration would lead to the for-
mation of beads with a more compact gel network, mak-
ing it difficult for the enzyme to leak out from the beads
[55]. At higher concentrations of agarose, the compact
structure of the beads might decrease the flexibility of
the enzyme as well as limit the diffusion of the substrate,
leading to a low activity of the immobilized enzyme [30].

Effect of spore laccase concentration

As given in Fig. 3b, the activity of immobilized spore lac-
case was increased by about eightfold with increasing the
concentration of spore laccase from 1 to 10 mL. However,
at 20 mL spore concentration, the increase in activity was
not much recognizable. In this respect, Zhou et al. [58]
mentioned that the relative activity of immobilized Bacil-
lus pumilus W3 spore laccase on DEAE-cellulose was
increased rapidly with the increasing the spore amount
and reached the maximum activity (100%) at 50 mg/g
(wet spores per g dry weight of DEAE-cellulose).

Characterization of immobilized spore laccase

Effect of temperature on activity and stability

Figure 4a shows that the optimum temperature of the
immobilized and free spore laccase was at 60 “C. The
activity of immobilized spore laccase decreased about 9%
when the reaction was performed at 70 ‘C compared to
the free enzyme and it lost the activity at 100 ‘C. This is
due to the fact that at higher temperatures, the enzyme
becomes denatured and loses the three-dimensional
structure, leading the enzyme activity to be declined or
completely disappeared [49]. In accordance with these
data, the optimum temperature of immobilized spore lac-
case of Bacillus licheniforms LS04 was found to be similar
to the free enzyme as reported by Lu et al. [32].

Table 3 shows the thermal stability of immobilized
spore laccase at 50-80 “C for 120 min. The immobilized
spore laccase was stable at 50 and 60 ‘C for 120 min. At
70 °C it was completely stable for 60 min then the activity
decreased about 29 and 34% after incubation for 90 and
120 min, respectively. While, at 80 C, it retained about
100% of its activity after incubation for 40 min, then
further incubation times (60, 90 and 120 min) showed
reduction in the activity (14, 39 and 58%, respectively).
Similarly, the free spore laccase was also stable at 50 and
60 C for 120 min of incubation, while at 70 ‘C about 32
and 38% of its activity were lost after 90 and 120 min of
incubation, respectively. At 80 °C, it retained full activ-
ity after incubation for 40 min however; it showed more
reduction in the enzyme activity (16, 41 and 62%) after
incubation for 60, 90 and 120 min, respectively. It is clear
that the thermal stability of immobilized spore laccase
slightly increased more than un-immobilized spore lac-
case. Thermal stability of the immobilized enzyme is one
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of the most important criteria with respect to the indus-
trial applications. Notably, laccase immobilization led
to a significant stabilizing effect towards heat denatura-
tion and the increased resistance to thermal denatura-
tion offers a potential advantage in wastewater treatment
applications as mentioned by Lu et al. [30].

It is worth mentioning that, the immobilization can
enhance the stability of enzyme by steadiness of its three-
dimensional structure, which results in a higher resist-
ance to conformational changes induced by heat, pH and
organic solvents [21]. Also, it was mentioned that the
enhanced stability and resistance to denaturation is an
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Table 3 Thermal stability of immobilized and un-immobilized spore laccase at different temperatures for different intervals of time

Time (min) Relative activity (%) of immobilized enzyme Relative activity (%) of un-immobilized enzyme
50°C 60 C 70°C 80°C 50°C 60 C 70°C 80°C

0 100 100 100 00 100 100 100 100
10 100 100 100 00 100 100 100 100
20 100 100 100 00 100 100 100 100
30 100 100 100 00 100 100 100 100
40 100 100 100 100 100 100 100 100
60 100 100 100 86 100 100 100 84.1
90 100 100 71 61 100 100 67.7 59.3
120 100 100 66 42 100 100 624 376

important property of immobilized enzymes as observed
in several previous studies [6, 38].

Effect of pH on activity and stability

As given from Fig. 4b, the maximum activity of immo-
bilized spore laccase was at pH 6-7 using citrate—phos-
phate buffer or sodium phosphate buffer. It was the same
profile of un-immobilized enzyme as tested in a previ-
ously published work [16]. Regarding the pH stability of
immobilized spore laccase, it showed high stability at pH
6-7.5 with 91% of its activity retained after 24 h incuba-
tion (Fig. 4¢). It is worth noting that immobilized spore
laccase was more pH stable than un-immobilized one
which showed a reduction in activity after incubation for
24 h at pH 6-7.5 about 15.5-33.4%.

In accordance with these results, Zhou, et al. [58]
reported that the activity of immobilized spore laccase
was increased with increasing pH and reached the maxi-
mum activity at pH 10 using Bacillus pumilus W3. How-
ever, the residual activity of immobilized spore laccase
retained 52% and 46% of its initial activity, respectively,
at pH 7 and 9 after 10 days of incubation. The pH stability
of immobilized spore laccase from Bacillus vallismortis
fmb-103 is similar to that of Bacillus pumilus W3 spore
laccase [57]. It was evident that immobilization signifi-
cantly improved the stability of laccase and increased its
resistance to inactivation with pH changes.

Storage stability

One of the main goals of any immobilization process is
to extend the storage time of the enzymes. Accordingly,
storage stability of the immobilized system is very inevi-
table for successful bio-treatment practices. As shown
in Fig. 4d, the immobilized spore laccase enzyme was
quite stable when stored at 4 °C for 8 weeks. Meanwhile,

the un-immobilized enzyme activity was stable for only
4 weeks, after which the activity decreased about 24—-39%
when storage extended for 5-8 weeks. This enhanced
stability of immobilized enzyme is probably a result of
autolysis prevention by immobilization.

Laccases in their free forms are not stable under nor-
mal storage conditions, as room temperature or under
refrigeration where, they loose activity gradually over
time as mentioned by Majeau et al. [34]. This is may be
due to the denaturation of proteins over time and this
problem can be resolved by immobilization. Also, the
improved stability of immobilized laccase may be due to
the improvement in its active conformation [29].

Operation stability

Operation stability refers to the potential of the immo-
bilized enzyme for reusability. The obtained results
represented in Fig. 4e illustrate the durability of immo-
bilized spore laccase in repeated use for 8 consecutive
cycles with retained activity up to 86%. The high opera-
tional stability of laccase immobilized using various sup-
ports have been stated in earlier report [31]. Reusability
of the entrapped laccase was also studied by Moghar-
abi et al. [35] who reported that 85% of the immobi-
lized enzyme activity was retained after five successive
cycles. In another investigation, Crestini et al. [10] found
that the extracellular laccase enzyme immobilized by
micro-encapsulation retained 68% of its activity, while
the retained activity of laccase enzymes immobilized
on alumina pellets was 84% after 10 cycles. It was sug-
gested that the reusability of the immobilized laccase was
dependent upon the type of the used substrate, and that
the decrease in activity during recycling could be due to
the adsorption of the end product on the carrier, thereby
limiting the substrate/product diffusion [8].
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Table 4 Effect of immobilized spore
decolorization and its operation stability

laccase on dye

Dye name Decolorization (%) Decolorization (%)
after first cycle after second cycle

Acid red 337 53.2+0.3d 46.9+0.5¢

Acid blue 335 494+0.2e 36.6+0.6d

Direct red 81 774+0.5b 535+04b

Acid black 24 68.8+0.6C 51.8+03b

Methylene blue 416+0.3f 286+0.5e

Crystal violet 94.5+04a 74.6+0.2a

Congo red 264+02h 14.6+0.6f

Methyl orange 334+08¢g 279+08e

Data were expressed as mean + SE of 3 replicate tests. The means followed by
different letters in each column are significantly different at P <0.05

Dye decolorization by immobilized spore laccase

and proposed mechanism

Table 4 shows the efficiency of decolorization for differ-
ent textile dyes by Bacillus amyloliquefaciens A1 immo-
bilized spore laccase as observed in this study. High
decolorization percentages (94.5, 77.4, and 68.8%) were
obtained for crystal violet, direct red 81, and acid black
24, respectively, within 24 h of incubation after the first
run cycle, while the minimum decolorization effect was
observed for Congo red (26.4%). It was evident from
the results that, there are variations in the capability
of free and immobilized spore laccase to decolorize
the tested dyes. This may be attributed to the ability of
immobilization process to modify the activity, selectiv-
ity, and equipped permanence of the used enzyme [3].

Comparing the present results to those published in
a previous work using un-immobilized spore laccase
[16], the efficiency of crystal violet decolorization by
immobilized enzyme was increased by about 1.6-fold.
Generally, dye decolorization by immobilized enzyme
is a responsive result to both enzymatic catalysis and
adsorption to the support. Many reports about dye
decolorization with immobilized laccase confirmed the
significant role of support adsorption in contribution to
color removal [30].

On the other hand, the reusability of immobilized
spore laccase constitutes an important aspect in indus-
trial applications and also in decreasing the process
expenditures [12]. As presented in Table 4, the immobi-
lized spore laccase could retain about 79, 69 and 68% of
its initial activity in the 2nd cycle of decolorization for
crystal violet, direct red 81 and acid black 24, respec-
tively. As recognized from the given results, the advan-
tage of using immobilized spore laccase for dye removal
is not only increasing the enzyme stability, but also in
its reusability [13].

Page 10 of 14

Lu et al. [31] reported that the spore laccase of Bacil-
lus amyloliquefaciens 1LC02 entrapped in calcium
alginate beads showed 99% decolorization of indigo
carmine after fifteen cycles of repeated use in the pres-
ence of acytosyringone as mediator. They reported also
that high decolorization was achieved for reactive black
5 and crystal violet.

In another study, spore laccase of Bacillus pumilus W3
was efficiently immobilized on amino-functionalized
celite and used for dye decolorization. It showed 84 and
70% decolorization for methyl green and acid red 1 after
98 h of treatment, respectively at 37 “C. Also, it retained
51%, 63% and 74% of its initial decolorization activity for
decolorization of methyl green, methyl red and acid red
1 after 7 cycles of reuse [58]. It was concluded that the
immobilized spore was active in the second cycle, but
the decolorization value was decreased and this may be
related to enzyme inactivation, blocking of pores or leak-
age of enzyme from beads at the end of the first cycle.
These restrictions may decrease activity of immobilized
enzyme.

Information about laccase-catalyzed decolorization
and biodegradation of dyes as well as the exact oxi-
dized products has been reported in literature [7, 36,
41]. A simple proposed mechanism involves oxidation
of the substrate (dye) by only oxygen in the presence of
a catalyst (immobilized laccase) as shown in Fig. 5. Up
on oxidation, the dye loses an electron that moves from
one Cu®* atom to another in the site of catalysis of the
enzyme, until finally oxygen is reduced releasing water.
As known, laccases typically contain four copper (Cu)
atoms per molecule which are categorized into three
types; T1 (one copper atom), T2 (one copper atom), and
T3 (two copper atoms). The copper atoms are responsible
for laccase catalytic activity and mediate the oxidation—
reduction process. At stationary phase, all of the copper
ions are at 2 * oxidation state. In catalytic phase, the sub-
strate (dye) is oxidized by the mononuclear copper (T1),
which behaves as an electron acceptor and changes the
oxidation state of Cu®>" into Cu™. After removing an elec-
tron from the dye, a cationic radical (unstable) is formed
which can be readily oxidized in a second enzymatic
reaction. The electron removed from the dye at T1 loca-
tion is moved to the T2/T3 centers at which reduction
of O, to H,O takes place. In order to completely reduce
the molecular oxygen to water, four molecules of the dye
(RH-reducing substrate) are needed according to the fol-
lowing stoichiometric enzymatic reaction:

4RH + Oy — 4R + 2H,0 (8)
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Fig. 5 Proposed mechanism for crystal violet decolorization and biodegradation by immobilized spore laccase

Application of treated water for reuse in irrigation
(phytotoxicity)

Increasing the pressure on conventional water resources
is expected to expose approximately 60% of the world’s
population to serious water scarcity by the year 2025
[53]. Wastewater treatment and reuse seems to be an
attractive and practical option among other non-con-
ventional water resources [52]. Crystal violet is a cationic
dye belonging to the class triphenyl methyl dyes, with
molecular formula C,;H3;,N3;Cl and molecular weight
407.98 g/mol. It is used in several manufacturing appli-
cations, including textile and leather industry, paper
dyeing, printing inks, as well as a principal ingredient in
Gram’s stain. Discharging wastewater containing this dye
is considered potential biohazard since it is classified as
a carcinogenic agent causing several health drawbacks
ranging from skin, eyes, and digestive tract irritations to

permanent blindness and respiratory system and kidney
failure [2].

From this stand point, it is important to evaluate the
phytotoxicity of treated dye-contaminated water before
reuse in irrigation. In the present study, lentil seeds were
selected for this assay. As given in Table 5, seeds irri-
gated with water (control) showed 90.0% germination
with mean shoot and root lengths, respectively, 7.8 and
2.3 cm. On the other hand, lentil seeds irrigated with con-
taminated water containing 100 mg/L crystal violet dye
showed recognizable reduction percentages in germina-
tion, shoot, and root lengths reaching about 66.7%, 57%,
and 67.4%, respectively. Unlikely, reduction percentages
for the seeds watered with dye solution decolorized by
immobilized spore laccase did not exceed 11.1%, 21.8%,
and 17.4% for the same factors in the same order. Com-
pared to dye solution decolorized by un-immobilized
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Table 5 Phytotoxicity test of crystal violet solutions before and after treatment by immobilized and un-immobilized spore laccase

Studied factor Lentil seeds irrigated with

Water (Control) Crystal violet

Dye solution decolorized by Dye solution decolorized by

(100 mg/L) un-immobilized spore laccase immobilized spore laccase
Germination (%) 90.0+0.6a 300+06d 70.0+04 ¢ 80.0+0.7b
Shoot length (cm) 78+04a 33+0.1d 57+03c 6.1+03b
Root length (cm) 23+02a 0.75+0.1d 1.7+03c 19+0.1b
Relative shoot length (%) 100+0.0 a 423+03d 73.1+05¢ 782+08b
Relative root length (%) 100+0.0 a 326+0.7d 739+0.1c¢c 826+06b
Relative seed (%) 100+00a 333+02d 777+04c 888+0.7b
Gl (%) 100+0.0 a 108+0.1d 574+04c 733+0.1b

Data were expressed as mean + SE of 3 replicate tests. The means followed by different letters in each row are significantly different at P<0.05

spore laccase, certainly immobilization could achieve
better germination results as given from obtained data in
this study. The germination index (GI=73.3%) revealed
the lowest toxicity effect of degradation products on
lentil seeds irrigated with treated water by immobilized
spore laccase as compared to free spore laccase treated
(GI=57.4%) and untreated water (GI=10.8%).

Conclusions

This study presented the potential of spore laccase
enzyme of Bacillus amyloliquefaciens strain A1 immo-
bilized on agarose gel for textile dye decolorization in
dye-contaminated water. The immobilization efficiency
of tested spore laccase was optimized. The immobi-
lized spore laccase was thermally active at 60 C and
thermally stable at 50-80 °C for 120 min. Moreover, it
retained its complete activity after 2 months of storage
at 4 °C. The immobilized spore laccase could maintain
up to 86% of its activity after 8 consecutive cycles of
durability (reuse). Out of eight tested dyes, the immobi-
lized enzyme showed recognizable efficiency in decol-
orization of crystal violet, direct red 81, and acid black
24 dyes. Water contaminated with 100 mg/L crystal vio-
let was successfully converted into value-added treated
water and reused for irrigation of lentil seeds. Future
plans will be devoted to mediate the process through
a bioreactor in order to optimize large-scale produc-
tion of immobilized spore laccase and reduce the cost
for feasible implementation in wastewater treatment
plants/and or textile industrial facilities. Subsequent
reuse of the treated water in irrigation purposes will
be applied. The protocol of treatment system we pre-
sent is expected to offer a facile and cost-effective man-
agement for water contaminated with textile dyes in
accordance to the aims of reusability and sustainability.
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