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Abstract

taminated by wastewater was investigated.

incubation, compared to free cells and free enzyme.

strategy.

Background: 24-Dichlorophenol (2,4-DCP) is a very toxic aromatic compound for humans and the environment
and is highly resistant to degradation. Therefore, it is necessary to develop efficient remediation and cost-effective
approaches to this pollutant. Microbial enzymes such as laccases can degrade phenols, but limited information is
known about immobilized bacterial laccase and their reuse.

Methods: Immobilization of marine halophilic Bacillus subtilis AAK cultures via entrapment and adsorption tech-
niques and degradation of different phenolic compounds by immobilized cells were estimated. Partial purification
and immobilization of laccase enzymes were carried out. In addition, the biodegradation of 2,4-DCP and others con-

Results: Immobilization of cells and partially purified laccase enzymes by adsorption into 3% alginate increased
24-DCP biotransformation compared with free cells and free enzymes. In addition, the reuse of both the immobilized
culture and laccase enzymes was evaluated. The highest removal of 2,4-DCP from pulp and paper wastewater sam-
ples inoculated by immobilized cells and the immobilized enzyme was 90% and 95%, respectively, at 50 h and 52 h of

Conclusion: The results of this study have revealed the immobilization of a biocatalyst and its laccase enzyme as a
promising technique for enhancing the degradation of 2,4-DCP and other toxic phenolic and aromatic compounds.
The reuse of the biocatalyst and its laccase enzyme enabled the application of this cost-effective bioremediation
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Background

Chloro-phenolic compounds (CPs) are considered a vital
type of xenobiotics due to their extensive use in many
important chemical products such as herbicides, insec-
ticides, wood preservatives, dyes, pharmaceuticals, and
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lubricant additives [1]. The process of chlorination can
produce CPs as byproducts which can be used for waste-
water disinfection. According to their persistence, CPs
affect soil and water (ground and surface) and can be
released into the environment for an extended period of
time [2]. In addition, they are highly recalcitrant, carcino-
genic, and toxic; hence, they are regarded as priority envi-
ronmental pollutants by the United States Environmental
Protection Agency (USEPA) [3]. Different approaches
have been used to study the biodegradation of PCs from

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s43141-022-00417-1&domain=pdf

Farag et al. Journal of Genetic Engineering and Biotechnology

wastewaters, such as advanced oxidation, photo-catalytic
removal, solvent extraction, and adsorption techniques
[4]. The accumulation of toxic byproducts and low degra-
dation efficiency are the primary characteristics of these
removal techniques. Accordingly, economical and eco-
friendly removal methods are preferred for the remedia-
tion of polluted toxic aromatic [5]. For process engineers
and microbial ecologists, microbial enzymes and cell
bioremediation of xenobiotic pollutants remain a signifi-
cant challenge. Marine microbes are crucial to the bioge-
ochemical cycling of marine ecosystems and marine food
webs. Consequently, microbial enzymes produced from
marine microorganisms have more advantages than their
terrestrial homologs, including genetic manipulation,
mass culture ability, biochemical variability, further cata-
lytic activity, lower costs, and sustainability [6]. Recently,
most enzymes used in biotechnological and industrial
processes are hydrolytic and used to remove aromatic
and phenolic compounds from water [7].

Laccases (benzenediol: oxygen oxidoreductase, EC
1.10.3.2) have a high potential for use in a variety of appli-
cations. They are multicopper oxidases and catalyze the
oxidation of various PCs and some aromatic compounds
[8]. Microorganisms can produce laccase enzymes such
as fungi [9] and bacteria [10] that are produced by Bacil-
lus and Streptomyces [11]. In contrast to other remedia-
tion techniques, the laccase enzyme does not produce
harmful byproducts when removing environmental
pollutants.

During the biodegradation process, enzyme and cell
immobilization technology can increase microbial bio-
mass and maintain its high activity rate. Furthermore,
it has many advantages as the toxicity tolerance is high;
the degradative enzyme activity is maintained without
the need to extract enzymes from cells. The separation of
products is easy, the reaction speed is fast, and the equip-
ment is miniaturized [12].

In biotechnological applications, immobilized enzymes
have many advantages: they become highly resistant to
environmental conditions, they can be removed easily at
the end of the reaction, the product is not contaminated
with the enzyme, and enzymes can be reused easily. In
addition, product formation can be done under control.
They demonstrated greater activity than the free enzyme,
and are more stable than the free enzyme [13].

Organic matter is typically classified as either a growth
substrate or a non-growth substrate due to the complex-
ity of the wastewater’s components. The growth substrate
acts as an energy and carbon source, supporting cell
growth and increasing the non-growth substrate’s trans-
formation rate. However, it is essential to investigate the
ability of enzymes and microbial cultures to biotransform
CPs in wastewater under these conditions.
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Several Bacillus species are well known for the bio-
degradation of different phenolic compounds [14, 15].
Bacillus subtilis is an aerobic, endospore-forming, Gram-
positive bacteria, opportunistic pathogen, and the viru-
lence characteristics of the microorganism are low [16].
Several authors have investigated Bacillus subtilis cells
ability to degrade the 2,4-DCP [17-19]

Therefore, the current work aimed at biotransforma-
tion of 2,4-DCP using immobilized safe Bacillus subti-
lis AAK cultures and immobilized its laccase enzyme.
Moreover, wastewater management applying both immo-
bilized bacterial cultures, and laccase enzymes will be
investigated.

Methods

Microbial strain

Bacillus subtilis AAK strain, which was previously iso-
lated, identified as a marine halophilic 2,4-DCP-degrad-
ing bacterial strain and kept in GenBank (accession No.
MEF 037698), was used in this study [19].

Assessment of hemolytic activity

The hemolytic activity of B. subtilis AAK strain was
detected according to the method described by Brutscher
et al. [20]. The cells were streaked onto blood agar
plates to test their ability to lyse blood cells. The plates
were incubated at 30 °C for 24 h. After incubation, the
blood agar was inspected for an alpha, beta, or gamma-
hemolysis. Alpha-hemolysis, or incomplete hemolysis,
is indicated by a discolored, darkened, or green medium
color after testing culture growth. Complete hemolysis,
or beta-hemolysis, is referred to as a clear and colorless
medium after growth. An indiscernible change in the
color of the agar indicates that no hemolysis occurred
(i.e., gamma-hemolysis).

Growth and culturing conditions

The bacterial isolate Bacillus subtilis AAK strain could
use 2,4-DCP (300 mg/l) as the sole carbon and energy
source. The minimal mineral synthetic (MMS) medium
[19] was sterilized at 121 °C for 15-20 min by autoclav-
ing, and sterilized 2,4-DCP (300 mg/l) was added to
the medium after sterilization. Growth was carried out
in 250 ml Erlenmeyer flasks containing 50 ml culture
medium at 37 °C on an orbital shaker (160 rpm) for 72 h.
Growth of bacteria was detected as optical density (OD)
by spectrophotometer (600 nm). The resulted culture was
used in subsequent experiments.

Determination of residual 2,4-DCP

Residual 2,4-DCP was measured through spectropho-
tometry using 4-aminoantipyrine solution and ferri-
cyanide solution according to the method mentioned
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by Yang and Humphery [21] and Huang et al. [22]. The
resulting color was measured at 510 nm, and the con-
centration of residual 2,4-DCP was calculated from the
standard curve of different 2,4-DCP concentrations rang-
ing from 10 to 100 mg/ml.

Laccase activity assay

Using ABTS (2, 2’-azino-bis (3-ethylbenzthiazoline-
6-sulphonic acid) as a substrate, laccase activity assay
was determined [23]. The mixture consisted of the
enzyme solution, ABTS (0.01 M), and 50 mM phosphate
buffer pH 6.5. The mixture was incubated for 15 min at
35 °C. After incubation, trichloroacetic acid (w/v) was
added to stop the reaction. The laccase activity was calo-
rimetrically estimated at 420 nm. Enzyme activity is the
amount of enzyme that oxidizes one mol of substrate per
ml (one unit).

Immobilization of B. subtilis AAK cultures

By entrapment

Liquid cultures (50 ml) were centrifuged for 30 min at
6000 rpm, and the clear supernatant was discarded.
The cell pellets were suspended in a sterilized solution
of Na alginate (3%) or k-carrageenan (3%). The mixture
was added dropwise with a sterile syringe (20 ml) fit-
ted with a wide bore needle (one mm diameter) into a
sterilized 2% CaCl, (for alginate) and 2% KCI (for k-car-
rageenan), and beads were formed immediately [24].
The beads were left for 2 h to harden before being fil-
tered and harvested. The formed beads were collected
and washed with 50 mM phosphate buffer (pH 7.5) to
remove the excess Ca’" or K. The gel materials, includ-
ing agarose and agar, were also used for the entrapment
of cells. Each material (3% (wt/vol)) was mixed with cell
suspension after cooling to about 45 °C. The mixture
was poured into sterilized Petri dishes, allowed to solid-
ify and cut into uniform-sized particles. Each biocata-
lyst was added to 50 ml of fresh, sterilized medium and
incubated under shaking conditions at 37 °C. One ml of
entrapped and free bacterial culture was withdrawn at
different incubation times and analyzed for residual 2,4-
DCP concentration.

Adsorption to solid supports

As solid supports for the adsorption of cells, polyure-
thane foam, stone particles, ceramic cubes, luffa pulp,
nut particles, and charcoal cubes were used. Each solid
support was added to 50 ml of B. subtilis AAK culture
(ODggo= 1.0) [25]. Afterward, the cultures were left for
4 h under shaking (80 rpm) at room temperature to allow
good adsorption of bacterial cells to the carrier material
(wet formulation). The support materials were removed
from the flask and washed with sterile double distilled
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water to remove any cells that were not sufficiently
adherent to the carrier material. Under optimal condi-
tions, the sterilized medium and support materials were
incubated. At different incubation periods, 1 ml of free
and adsorbed culture was withdrawn and analyzed for
residual 2,4-DCP concentration.

Reuse of immobilized B. subtilis AAK cells

The medium containing immobilized culture onto suita-
ble material support was incubated at 37 °C. The immobi-
lized cells were reused by removing the culture medium,
a fresh, sterilized medium was added, and a new cycle
was run. The process was repeated several times. At the
end of each cycle, the rest of the 2,4-DCP concentration
was estimated.

Scanning electron microscopy (SEM)

Scanning electron micrograph of the immobilized B. sub-
tilis AAK cells was performed using SEM (JEOL JEM-
2100 F (JEOL Ltd, Japan).

Partial purification of laccase enzyme

Ammonium sulfate was added to the culture filtrate
to obtain various fractions (35, 50, 65, 75, 85, and 95%
saturation). Each precipitate was dissolved in 50 mM
phosphate buffer (pH 7.5) and dialyzed against distilled
water in a refrigerator overnight [26]. After dialysis,
each fraction’s enzyme activity and protein content were
determined.

Immobilization of laccase enzyme

Physical adsorption

Different carriers, such as silica gel and charcoal, were
used for the adsorption of laccase enzymes. The carrier
was incubated with the partially purified enzyme (159.4
U B. subtilis AAK laccase) dissolved in 50 mM phosphate
buffer (pH 7.5) at 4 °C overnight. The enzyme activity
and protein of unbound and immobilized enzymes were
determined [27].

lonic binding

Anion exchanger (DEAE-cellulose) equilibrated with
phosphate buffer (0.05 mol/1, pH 7.5) was incubated with
the partially purified enzyme (159.4 U B. subtilis AAK
laccase) dissolved in the same buffer for 12 h at 4 °C. The
protein content and enzyme activity of bound (immobi-
lized) and unbound were estimated [27].

Entrapment

The partially purified enzyme (159.4.2 U of B. subtilis
AAK laccase) was mixed with 5ml of Na-alginate of dif-
ferent concentrations (2, 3, and 5% (w/v)). The entrap-
ment process was conducted by pouring the mixture into
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a sterilized 25 ml mol/1 CaCl, solution. The resulting
beads (1.5-2.0 mm diameter) were collected and washed
with distilled water to remove the unbound enzyme [27].

Analysis of industrial effluent

The wastewater sample (effluent) was collected from
the Rikta-Paper industry, Alexandria, Egypt. Different
physicochemical properties of the collected effluent
were analyzed (Table 1). Before and after degrada-
tion, the temperature, pH, chemical oxygen demand
(COD), biological oxygen demand (BOD), and total
organic compounds (TOC) analysis of the sample
were performed [28].

2,4-DCP biotransformation experiment

The wastewater sample was sterilized by autoclaving for
15-20 min at 121 °C and left to cool. About 300 ml of
sterilized wastewater sample and 60 pieces of luffa pulp-
containing cells were placed in the air-bubble column.
Subsequently, a second column was inoculated with
immobilized B. subtilis AAK laccase. The wastewater
samples were incubated under optimal conditions. Before
and after incubation, a predetermined volume of samples
was aseptically drawn at time intervals and analyzed for
residual 2,4-DCP, TOC, BOD, and COD. Samples with-
out the immobilized bacterial strain or enzyme were con-
sidered a control [23].
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Statistical analysis
All experiments were performed in triplicate, and data
were recorded as mean values + standard deviation (SD).

Results

Blood hemolysis of B. subtilis AAK cells

B. subtilis AAK cells were streaked onto blood agar plates
to characterize any potential hemolytic activity. The
strain was y-hemolytic (no clear halo around the bacterial
colonies, Supplementary Fig. 1). The y-hemolytic Bacillus
subtilis AAK strain was selected as non-pathogenic.

Biotransformation of 2,4-DCP by cell immobilization

2,4-DCP biotransformation using different gel materials
was investigated as graphically in Fig. 1. The biocatalyst
formed by entrapment in alginate beads gave the maxi-
mum 2,4-DCP biotransformation rate (5.0 mg /1/h) and
laccase activity (147.2 U/ml) which recorded 1.20-fold
and 1.35-fold, respectively, increase compared to free
cells. Immobilization by adsorption using different sup-
port materials (Fig. 2) was also studied. It is evident that
luffa pulp and polyurethane foam revealed the maximum
2,4-DCP biotransformation rate (5.56 mg/l/h and 5.0
mg/l/h, respectively) and laccase activity (159.05 U/ml
and 125.45 U/ml, respectively). Adsorbed cells on luffa
pulp recorded higher 2,4-DCP biotransformation com-
pared to free and entrapped cells, and the results are sig-
nificant (P < 0.05). In addition, no decrease in 2,4-DCP

Removal efficiency (%) (BOD) = (initial (BOD) of the wastewater — final (BOD) after removal/initial (BOD) of the wastewater) X 100

Removal efficiency% (COD) = ((initial (COD) of the wastewater — final (COD) after removal/initial (COD) of the wastewater) X 100

Removal efficiency% (TOC) = (initial TOC) of the wastewater — final (TOC) after removal/initial (TOC) of the wastewater) x 100

Table 1 Temperature, pH, BOD, COD, TOC, and total phenol in
wastewater sample

Parameter

pH 7.57
temperature (°C) 28.10
BOD (mg O,/) 398
COD (mg O./1) 1290
TOC (mg (/1) 460

Total phenol (mg/l) 50

concentration was detected when using support mate-
rial without viable cells (biocatalysts) (data not shown),
indicating that 2,4-DCP removal was due to biotrans-
formation by bacterial cells and not due to adsorption or
entrapment.

Biotransformation of different phenolic compounds (PCs)
by free and immobilized B. subtilis AAK cells

Phenol, o-cresol, m-cresol, bromophenol, 2,4-DCP,
and 2-CP were used as examples of PCs (300 mg/])
to model the PC treatment of wastewater. The results
(Fig. 3B) revealed that the immobilized B. subtilis AAK
culture could simultaneously degrade all the added
PCs. Phenol, m-cresol, and o-cresol were depleted
within 12 h, 18 h, and 22 h, respectively. In contrast,
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bromophenol, 2,4-DCP, 2-CP, and 4-CP were signifi-
cantly prolonged (40 h, 54 h, 66 h, and 72 h, respec-
tively). The maximum degradation by free cells
(Fig. 3A) of phenol, o-cresol, m-cresol, bromophenol,

2,4-DCP, 2-CP, and 4-CP was detected at 18 h, 38 h, 36
h, 54 h, 80 h, and 96 h, respectively, which was higher
than immobilized cultures and the results are signifi-
cant (P < 0.05).
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Partial purification and laccase immobilization

The partially purified B. subtilis AAK laccase enzyme was
partially purified by fractional precipitation with ammo-
nium sulfate (85%), yielding the highest laccase activity
at about 3.01-fold purification. Additionally, immobiliza-
tion of B. subtilis AAK laccase was conducted on different
carriers, and its activity was estimated (Table 2). Enzyme
immobilized in 3.0% alginate beads exhibited the highest
activity (356.70 U/g of carriers) and the highest immobili-
zation yield (93.64%). Therefore, alginate beads (3%) were
determined to be the optimal carrier for future research.

Reuse of adsorbed B. subtilis AAK cells and laccase enzyme
The data (Fig. 4A, B) revealed that the biotransforma-
tion rate gradually increased by reusing immobilized
cultures and enzymes, reaching a maximum value in
the 6th and 4th reuse (for cells and enzyme, respec-
tively), which were 1.49-fold and 1.59 -fold of the first
run.

Removal of 2,4-DCP by immobilized laccase led to
100% removal of 2,4-DCP after 40 h of incubation. On
the contrary, free laccase led to 100% 2,4-DCP removal
after 48 h (data is not shown). By reusing immobilized
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Carrier Added enzyme Unbound Bound enzyme (1) Specific activity of the immobilized Immobilization
(A) enzyme (B) enzyme (U/mg protein) yield
1/(A-B)%
lonic binding
Silica gel 478.2 162.66 236.7 7514 75.01
Charcoal cubes 4782 132.06 23598 7491 68.17
lonic binding
DEAE-cellulose 4782 69.30 268.17 85.13 65.58
Entrapment
Alginate 2% 4782 90.66 3195 10143 8244
Alginate 3% 478.2 97.29 356.7 113.24 93.64
Alginate 5% 478.2 115.95 331.05 105.10 91.39
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cells and enzymes, the biotransformation rate decreased
to 3.8 mg/l/h and 4.7 mg/l/h at the 11th cycle, respec-
tively, with significant differences (P < 0.05).

The supporting material with attached bacterial cells
was observed in the SEM. SEM analysis confirmed the
successful cells of B. subtilis AAK to luffa pulp (Fig. 5),
indicating the good adsorption of cells to the surface of
supporting material.

The efficiency of immobilized B. subtilis AAK cultures

and laccase enzyme for wastewater treatment

The reduction of contaminants in wastewater by using
immobilized B. subtilis AAK culture and its laccase
were estimated. Furthermore, BOD, COD, and TOC
were detected before and after wastewater treatment.
The maximum reduction efficiencies (Table 3) of BOD,
COD, TOC, and 2,4-DCP were 92.05%, 90.11%, 75.88%,
and 81.05%, respectively, after 52 h when using immo-
bilized cells. However, the highest reduction efficien-
cies of BOD, COD, TOC, and 2,4-DCP were 90.12%,
82.66%, 68.9%, and 64.34%, respectively, after 56 h of
incubation using free cells.
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The maximum reduction efficiencies of BOD, COD,
TOC, and 2,4-DCP were 95%, 93%, 90.11%, and 85.55%,
respectively, after 48 h of incubation using an immobi-
lized enzyme (Table 4). Moreover, the highest reduc-
tion efficiencies of BOD, COD, TOC, and 2,4-DCP were
92.11%, 82.0%, 88.67%, and 74.8%, respectively, after 54 h
of incubation using a free enzyme.

Discussion
Classical methods for removing phenolic compounds
have many disadvantages; therefore, biological methods
are considered a good alternative. Bioremediation is a
significant ecologic technology that uses microorganisms
or microbial enzymes to degrade many environmental
pollutants efficiently. The present study was carried out
to optimize the 2,4-DCP biotransformation process by
immobilizing cells and laccase enzymes, along with mod-
eling bioremediation techniques for wastewaters.

In the biotransformation of 2,4-DCP, as an example of
chlorophenols, various promising approaches are presented.
Most magnitude utilize immobilized cells (B. subtilis AAK)

Wl N

luffa pulp surface (B)

(B)

Fig. 5 Electron microscope micrographs showing the structure of luffa pulp (A). The density of cells of B. subtilis AAK adsorbed on the surface of

Table 3 Removal of some pollutants and 2,4-DCP by free and immobilized B. subtilis AAK cells from wastewater sample. Data are
expressed as mean = standard deviation across technical replicates (n = 3)

Incubation Immobilized cells Free cells
time (h)

Removal efficiency (%) Removal efficiency (%)

2,4-DCP BOD cobD TOC 2,4-DCP BOD cobD TOC
12 21.8540.05 12.50£0.06 17.9040.05 18.5+0.05 12.15£0.06 14.1040.07 8.11x0.06 10.5+0.17
24 40,39+0.04 28304008  34.40+0.15 34.6+0.12 26.024+0.04 2630£0.09  20.56+0.10 19.00+0.10
36 60.344+0.04 49.66+0.09 50.5040.11 55.740.08 52.3040.06 35.6640.08 30.0040.12 29.9940.11
40 75.67+0.32 7145+£0.10  56.5040.10 70.3£0.10 68.99+0.13 4845+0.10  40.1740.04 42.1840.07
44 80.4440.16 87524006  64.69+0.03 75114012 76.90+0.09 65.1140.05 52.0940.20 50.5540.13
48 89.074+0.04 90.11+£006  71.09+0.08 79.55+£0.12  80.01+0.11 72.00+£0.11 60.56+0.13 60.504+0.24
52 90.054+0.06 90.114+0.04 75.884+0.06 81.05+0.07 85.124+06 77.6640.06 67.9040.08 63.344+0.19
56 90.054+0.09 75.88+0.10 81.06+0.09  90.12+0.05 82.66+007  6890+0.21 64.3440.10
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Table 4 Removal of some pollutants and 2,4-DCP by free, immobilized laccase from wastewater sample. Data are expressed as mean

=+ standard deviation across technical replicates (n = 3)

Incubation Immobilized laccase enzyme Free laccase enzyme
time (h)

Removal efficiency (%) Removal efficiency (%)

2,4-DCP BOD cob TOC 2,4-DCP BOD coD TOC
12 25.94+0.08 14.34£0.09 18.90+0.26 20.0£0.12 10.64+0.18 18.08+0.26 10.5640.29 16.0£0.18
24 45.05£0.08 32.50+0.10 3754017 36.540.19 20.01+0.17 29.11+0.18 23.90+0.26 26.540.22
36 65.504+0.10 51.4440.11 53.6040.21 59.04+0.12 45.0+0.38 39.144+0.19 32.604+0.24 37.014+0.23
40 72124011 68.30+0.23 60.34+0.19 60.240.22 65.661+0.22 54.00+0.22 45.34+£0.13 45.26£0.19
44 89.554+0.12 76.1240.11 69.204+0.10 65.5+0.19 72.55+0.18 65.104+0.13 52.174+0.11 54.014+0.21
48 92.01£0.06 89.50+0.17 84.19+0.08 756%0.19 80.11£0.14 7245+0.52 63.10£0.07 65.44+0.27
50 95.014+0.06 90.0+0.14 90.114+0.09 85.61+0.33 86.11+0.11 79.040.21 72.1140.19 70.5040.10
54 95.00+£0.11 93.0+0.08 90.11£0.08 85.6+0.49 92.11£0.17 82.040.08 88.67£0.21 74.80+0.35

and its laccase enzyme, with a higher rapid rate of 2,4-DCP
biotransformation efficiency and performance of the pro-
cess under aerobic conditions.

Few reports have thoroughly examined the biotrans-
formation of 2,4-DCP by immobilized bacterial laccase.
Entrapment and adsorption techniques were applied to
approach the biotransformation of 2,4-DCP by immo-
bilized B. subtilis AAK cells, and due to the increased
availability of 2,4-DCP (substrate) to microbial cells, the
results revealed that adsorption of cells detected a high
biotransformation rate. On the contrary, the cells dif-
fused in the Ca-alginate matrix led to slow diffusion of
the substrate (2,4-DCP) and air into the polymer beads,
which may decrease the 2,4-DCP biotransformation rate.
Another study found that the efficiency of an immobiliza-
tion process may depend on the support used [29]. Many
authors reported enhanced biotransformation of differ-
ent phenolic and aromatic compounds applying immobi-
lized microbial cells [30-32].

The efficiency of immobilized B. subtilis AAK cultures
in degrading different phenolic compounds was investi-
gated. The results indicated that the biotransformation
of phenol, o-cresol, m-cresol, bromophenol, 2,4-DCP,
2CP, and 4CP by immobilized cultures was higher than
in free cultures. Our findings are in agreement with Yor-
danova et al. [33], who found that the degradation of
phenol and 2,4-DCP by immobilized cultures was faster
than 2-CP and 4-CP degradation. In addition, numer-
ous reports demonstrated that the immobilized cultures
process the highest removal potency for different CPs
than free cultures [34—36].

Microbial laccases immobilization has recently
increased the viability for their industrial uses such as
reuse, easy recovery, and enhanced stability. Differ-
ent carriers or supports for the immobilization of lac-
case have been reported [37, 38]. Several investigations

covered the laccases produced by fungi (production,
immobilization, and application) rather than bacterial
laccases, which may be contributed to the highest poten-
tial for oxireduction of fungal laccases [9] compared to
bacterial laccases. Therefore, this report may provide
more information about immobilized bacterial laccase
derived from marine halophilic B. subtilis AAK for effi-
cient biotransformation of some phenolic compounds in
a contaminated environment. Ammonium sulfate (85%)
as a precipitant [39] and 3% alginate (356.70 U/g carrier)
as an immobilization carrier were found to be the most
favorable conditions for immobilizing B. subtilis AAK
laccase. Due to its low cost and biodegradability, alginate
was utilized as a common carrier for immobilizing many
enzymes [40, 41].

Multiple batch fermentations were conducted to
investigate the long-term stability of the catabolic pro-
cess of 2,4-DCP biotransformation by immobilized
cells and enzymes. The high efficiency of the immobi-
lized enzyme, which may be attributable to Bacillus-
produced laccases, is a component of their endospore
coat, which protects cells from external stress and high
concentrations of toxic substances [42]. The results of
the present investigation also showed that the immo-
bilized cultures and enzymes were relatively stable
for a long time. The reused immobilized cultures and
enzymes can be considered a crucial parameter in an
industrial treatment, which determines the effective-
ness of biotransformation over time [36]. Luffa pulp (as
an adsorbed solid support) recorded lower cell leakage,
maximum mechanical stability, and resistance to bio-
logical and chemical degradation, making it suitable
for an extended period of repetition [43]. The obtained
results partially agree with Bagewadi et al. [40] and
Wen et al. [44].
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In addition, the current work attempted to present a
different perspective on the bioremediation of the phe-
nolic contaminated environmental sites. The novelty of
this method is confined to using immobilized cells and
enzymes to direct bioremediation of 2,4-DCP under aer-
obic conditions at room temperature.

The production process of paper and pulp is a water-
intensive process that generates a large amount of
wastewater characterized by a high concentration
of suspended solids (SS), COD, TOC, and BOD. The
reduction efficiency of the examined parameters at
room temperature may be considered economical, rep-
resenting a low-energy biological technique compared
to the classical techniques that need high energy and
temperature levels.

The data revealed that the immobilized enzyme dem-
onstrated an increased removal rate of 2,4-DCP than
that of immobilized cells. Subsequently, immobilized
enzyme techniques have more benefits than all microbial
cell methods due to some enzyme characteristics such as
easier handling, highest specificity, and its activity can
be better standardized/optimized based on the environ-
ment [45]. Additionally, numerous studies focused on the
increase of phenol biotransformation and its chlorinated
derivatives by immobilized cells [46].

The higher biodegradation efficiency of 2,4-DCP in
wastewater samples (Tables 3 and 4) was detected using
immobilized enzymes than that of free enzymes and cells.
These results are in line with Zhang et al. [47] and Chen
et al. [48], who applied laccases immobilized in nanoma-
terials for the biodegradation of chlorophenol. Another
study found that laccases (free or immobilized) demon-
strated high biotransformation of 2,4-dinitrophenol in
soil [8]. In the environment (soil and water), many studies
used laccases for enzymatic biodegradation of different
organic pollutants [49]. In addition, biodegradation of
different PCs, pesticides, drugs, organic pollutants [50],
synthetic dyes, and others in water and soil by immobi-
lized and free laccases was investigated [44].

Conclusion

The present data support the potential of using
immobilized safe marine halophilic B. subtilis AAK
strain and its laccase enzyme as potential approaches
for the 2,4-DCP removal. This method is a cost-effec-
tive alternative for large-scale wastewater treatment.
Future prospective work would focus on determin-
ing the viability of applying the immobilized enzyme
approach to biodegrade different phenolic com-
pounds on a larger scale in different environments.
Furthermore, cloning and over-expression of the gene
responsible for 2,4-DCP biotransformation will also
be addressed.
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