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Abstract: Harmful cyanobacterial blooms (HCBs) frequently occur in eutrophic freshwater ecosys-
tems worldwide. Microcystins (MCs) are considered to be the most prominent and toxic metabolites
during HCBs. MCs may be harmful to human and animal health through drinking water and recre-
ational water. Biodegradation is eco-friendly, cost-effective and one of the most effective methods to
remove MCs. Many novel MC-degrading bacteria and their potential for MCs degradation have been
documented. However, it is a challenge to apply the free MC-degrading bacterial cells in natural
environments due to the long-term operational instability and difficult recycling. Immobilization
is the process of restricting the mobility of bacteria using carriers, which has several advantages
as biocatalysts compared to free bacterial cells. Biological water treatment systems with microbial
immobilization technology can potentially be utilized to treat MC-polluted wastewater. In this review
article, various types of supporting materials and methods for microbial immobilization and the
application of bacterial immobilization technology for the treatment of MCs-contaminated water are
discussed. This article may further broaden the application of microbial immobilization technology
to the bioremediation of MC-polluted environments.

Keywords: microcystins (MCs); microbial immobilization; biodegradation

Key Contribution: The review highlights carriers and methods of microbial immobilization and will
further broaden the application of microbial immobilization for MCs degradation.

1. Introduction

Harmful algal blooms (HABs) in fresh water and marine ecosystems have become a
severe threat to public health due to their global occurrence, intensity, and duration [1,2].
The HABs may destroy the water ecosystem, reduce water quality, and release cyanotox-
ins [3]. Microcystins (MCs) are the most widely distributed and abundant toxins associated
with freshwater HABs [4-7]. MCs are cyclic heptapeptide hepatotoxins, of which more
than 270 isoform types have been isolated [8]. People are exposed to the MCs in various
ways, including direct contact, inhalation, and ingestion [9,10]. There have been some
cases of lethal or severe poisoning in humans after acute cyanotoxins exposure; these
include the 1988 epidemic of gastroenteritis in Brazil caused by ingestion of water contain-
ing cyanotoxins, resulting in 88 deaths [11]; and in 1996, in Caruaru, Brazil, 52 dialysis
patients die from dialysis treatment with MC-contaminated water [12]. MCs have been
confirmed to have multiple organ toxicity [13-17]. Common signs and symptoms of acute
MC poisoning include abdominal pain, fever, headache, dermatitis, and increased liver
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enzymes [18]. In general, MC-LR can depress the activities of protein phosphatases 1 and
2A and induce reactive oxygen species (ROS) production, followed by the destruction of
the cell cytoskeleton, eventually leading to liver cell necrosis and apoptosis [19-21]. Also,
MC-LR is classified as a possible human carcinogen (Group 2B) [22]. A study revealed that
people living on Meiliang Bay of Lake Taihu are exposed to high levels of MCs and are
under serious threat of liver injury [23]. To minimize the health risk of MCs, the World
Health Organization (WHO) has set a preliminary guideline for microcystin concentrations
in drinking water of 1 ug per liter based on the concentration in whole water as ingested
and assuming that an adult consumes 2 L per day [24]. The toxicity of MCs and their
negative impacts on the environment and socio-economy have drawn extensive attention
from the scientific community [25]. It is urgent to search for appropriate strategies to
eliminate these toxins. Physical, chemical, and biological methods can be used to remove
MCs from water, and biodegradation is a promising candidate because it is eco-friendly and
cost-effective [26-29]. However, biodegradation of MCs using free bacteria cells may en-
counter many challenges, such as low operational stability and difficulties in recovery and
reusing [30]. Immobilization of MC-degrading bacteria was proposed to overcome these
problems. This review article describes the biodegradation of MCs and is focused on the
microbial immobilization technology and current application of microbial immobilization
in MC removal.

2. Biodegradation of MCs

The general structure of MCs is cyclo-(D-Ala()-R1?)-D-isoMeAsp®-R24)-Adda®)-
D-isoGlu(®-Mdha®-), where R1 and R2 represent a pair of highly variable L-amino
acids [31,32] (Figure 1). As a group of cyclic heptapeptides, MCs have a cyclic struc-
ture, which makes them stable under harsh conditions such as high temperature, extreme
pH, and sunlight [33]. Considering the health risk of MCs, efficient, convenient, and cheap
methods capable of detoxifying MCs are urgently required. Conventional strategies used
to manage and control MCs include physical and chemical methods. Although physi-
cal and chemical methods have been proven to be effective in removing MCs, they are
limited by high cost, elevated energy consumption, low removal efficiency and reactive
byproducts [34-36]. In recent years, bacterial degradation of MCs has been recognized as
an environmentally friendly method, and various bacteria with the ability to degrade MCs
have been isolated and studied [37-41]. The biodegradation activity of free MC-degrading
bacteria may be reduced when temperature and pH are changed [42-44]. Therefore, micro-
bial immobilization technology is proposed as a strategy to improve operational stability.

Applying microbial immobilization technology offers distinct advantages over free
bacterial cells [45,46]. For instance, (i) bacteria cells immobilized in supporting materials can
keep cells in high biomass, make them easy to separate, and be protected against the poor
natural conditions; (ii) immobilized microorganisms can form a self-circulation and stable
biological systems to avoid contamination by other microorganisms; and (iii) immobilized
cell systems could eliminate the cell washout problems at high dilution rates. Due to these
benefits, the application of microbial immobilization technology to remove contaminants
from water has attracted widespread attention.

Microorganism immobilization technology has been widely researched and explored
in water contaminants’ treatment [47-49]. In the past few decades, kinds of bacteria capable
of degrading MCs have been isolated from natural conditions [44,50-53]. The feasibility of
using MC-degrading bacteria in immobilized states [30], such as within biofilms in water
treatment plant (WTP) filters, may serve as an attractive treatment barrier for MCs.
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Figure 1. General chemical structure of MCs. 1-7 signify seven amino acid residues. R1 and R2 in
positions two and four are highly variable L-amino acids.

3. Microbial Immobilization and Its Application for MCs Degradation
3.1. Microbial Immobilization

Microbial immobilization is a widespread natural phenomenon existing in the envi-
ronment. Ho et al. found that biodegradation occurred in a sand filter where bacteria are
present in the biofilm [54]. Biofilms are surface-attached microbial communities consisting
of multiple layers of cells embedded in hydrated matrices, which are common and simple
immobilized systems that can remove contaminants from drinking water naturally [55].
Biofilm occurring in natural conditions encourages humans to utilize it for their services.
Evidence has shown that biofilm formed by known MC-degrading bacteria could be used
in several different reactor systems, for example, a recycled membrane biofilm reactor and
a fluidized bed biofilm reactor [56,57]. Biodegraders immobilized as biofilm systems have
many advantages such as being easy to operate, mild, and cheap.

Immobilization is the physical or chemical confinement or localization of biocatalysts
(enzymes or intact cells) to a specific region of space with the preservation of some desired
catalytic activity [58,59]. Microorganism immobilization is achieved by attaching to or
embedding in organic or inorganic water-insoluble materials [60]. Enzymes and bacteria
with contaminant degradation ability could be immobilized by different carriers and im-
mobilization methods [61]. It has been reported that several pollutants, including MCs [30],
heavy metals [62], polychlorinated biphenyls [63], dyes [64] and phenols [65], could be
eliminated by immobilized bacterial cells. Microbial cell immobilization aims to increase
biomass, reuse the biological components, and protect them from extreme conditions by
restricting cell mobility to a limited region. Therefore, microbial immobilization technology
is considered as a promising method for wastewater treatment.

3.2. The Carriers of Microbial Immobilization

The carrier plays a significant role in the microbial immobilization system. It not only
directly affects the viability of microorganisms, but also affects the treatment efficiency
of the MC removal process. The carrier with good performance should have certain
characteristics [66]. It should not be biodegraded by the immobilized microorganisms
and should not have toxicity on the microbial cells. It should provide high biological and
chemical stability and a large capacity for microbial cells. Further, it should be inexpensive,
easy to handle and regenerate. The purpose of all carriers to be utilized is to provide a
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place for biological reactions and establish a safe condition, which keeps the free bacteria
cell native biological activity [67].

As previous studies have mentioned, carriers and supporting material can be divided
into three types: inorganic carriers, organic carriers, and composite carriers [68]. A variety
of inorganic carriers or supporting materials have been successfully used in immobiliza-
tion, including porous ceramic and glass, carbon-based materials, diatomite, and quartz
sand. For example, in the study by Zheng et al., Pseudomonas putida immobilized on ac-
tivated carbon (AC) performed efficiently in the degradation and adsorption of anionic
dyes [69]. In another study, the porous ceramic was used as a supporting material used
for the attachment of fresh activated sludge to treat oilfield polluted water [70]. In general,
inorganic substrates have the advantage of being easy to find and having excellent me-
chanical strength. Organic carriers are divided into nature carriers and synthetic polymers.
Synthetic polymers, including alginate, chitosan, and polyvinyl alcohol (PVA), are more
widely used in immobilization. Organic materials-based carriers have a larger capacity for
bacteria loading and provide higher diffusion rates. Bai et al. [71] used crosslinked PVA
as a carrier to immobilize nitrifying bacteria, and Nie et al. [48] immobilized Rhodococcus
gingshengii strain FF on the surface of polyethylene. Quartz sand is a common carrier often
used in biological filtration (BF), which has received extensive attention as an optimized
method for sand filtration [72]. However, sand still has the disadvantage of low adsorp-
tion capacity and cannot protect bacterial cells from environmental pollution. Compared
with sand, alginate has more obvious advantages in immobilized bacteria, including good
permeability, transparency, and protection [73]. Alginate can encapsulate microbial cells,
thereby separating them from the natural environment, while also allowing gas and liquid
molecules to diffuse into the interior [74]. Shaharuddin et al. [75] use sodium alginate
to immobilize and microencapsulate Lactobacillus rhamnosus NRRL 442 to enhance cell
survivability after heat exposure at 90 °C for 30 s.

Composite materials composed of two or more organic or inorganic materials are
superior to inorganic or organic carriers because they combine a variety of advantages of
materials. As an example, Ren et al. [76] used activated carbon fiber-sodium alginate (ACF-
SA) to immobilize the MC-degrading bacterium Sphingopyxis sp. YF1 cells, obtaining an
immobilized system (ACF-SA@YF1). In addition to the capability of MC-RR degradation,
the system also has satisfactory cycle stability. The MC-RR removal efficiency was 70.38%
after seven cycles and 78.54% of initial activity after 20 days of storage.

To make immobilization technology sound and economically feasible, it is necessary
to optimize and develop efficient carriers. With the development of new nanomaterial tech-
nology, nanomaterials show their excellent properties and emerge in a composed carrier to
enhance immobilization [77]. The superiorities of nanomaterials are unique characteristics
such as their small size and physicochemical properties [78]. Iron oxide nanomaterial-based
immobilization technology is widely used in wastewater treatment owing to its excellent
chemical inertness and favorable biocompatibility [79]. Three common types of iron oxides
employed for immobilization are magnetite (Fe304), maghemite (y-Fe;O3), and hematite
(-FepO3) [80,81]. Bestawy et al. [82] used Fe304 nanoparticles (Fe3O4 NPs) to immobilize
Enterobacter cloacae and Pseudomonas otitidis to treat wastewater contaminated by petroleum
hydrocarbon. The highest removal efficiency of total petroleum hydrocarbon was 85%, and
the residual concentration was 60 mg/L after 4 h of treatment by Fe3Oy-bacteria composite.
The results showed that FesOy-bacteria composite could keep higher biomass than Fe3O4-
free bacteria. In the study by Zamani et al. [83], Fe304 nanoparticles (NPs) were used to
enhance the biodegradation of paclitaxel by Citrobacter amalonaticus immobilized on algi-
nate gel beads. Results demonstrated that supplementation of sodium alginate gel beads
with 5, 10, and 20 mg/L of Fe;04 NPs enhanced biodegradation efficiency to 66.0%, 80.0%,
and 78.0%, respectively. In another study, Fe304 NPs were employed to confer magnetism
to the immobilized Bacillus methylotrophicus ZJU, which could facilitate the recollection of
the cells from water after their application [84]. Furthermore, Fe;0, NP-based composite
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carriers were also utilized to immobilize enzymes, including lipase [85], laccase [86], and
pectinase [87].

A few studies have focused on the application of emerging membrane technologies,
such as the membrane biofilm reactor (MBfR) in water treatment. The membrane acts as a
carrier to provide a substrate for bacteria to form a biofilm. The surface characteristics of
reverse osmosis membranes (ROM) are more suitable for microorganisms to form biofilm
due to the contact with organic sludge in seawater filtration. Jesus et al. [88] used discarded
RO membranes as support materials to immobilize Sphingopyxis sp. strain IM-1, and
built a system named Recycled-Membrane Biofilm Reactor (R-MBfR). This system can
recycle the discarded RO membranes, and also provides a new way for the treatment of
MCs-polluted water.

3.3. The Methods of Microbial Immobilization

Microbial cell immobilization is a technique that immobilizes microbial cells on carriers
or supporting materials using physical or chemical methods [89].

The physical methods binding microbial cells on carriers are irreversible, including
entrapment and encapsulation [66], as shown in Figure 2. The entrapment method is
capturing particles or cells within a support matrix or inside a hollow fiber, which provides
a barrier around microbial cells to protect cells from external conditions and decrease the
leakage of cells [66,90]. Various types of carriers with porous structures are used in entrap-
ment, such as chitosan, alginate, polyester, polystyrene, and polyurethane. Encapsulation is
a special type of entrapment in which biological components are enveloped within various
forms of semi-permeable membranes. The main advantages of the two types of physical
methods are that carriers offer barriers around microbial cells and allow pollutants to
diffuse into the matrix.

© Dbacteria

LT TS ceceece & carier

| covalent bond

(@) (b) (© (d)

Figure 2. Types of immobilization. (a) Entrapment; (b) Encapsulation; (c¢) Adsorption and (d) Cova-
lent binding.

The chemical methods for the immobilization of cells on carriers are adsorption and
covalent binding [66], as shown in Figure 2. Adsorption is considered as the simplest and
oldest reversible method in which bacterial cells directly adhere to the surface of water-
insoluble carriers through van der Waals interactions, ionic forces and hydrogen bonds [91].
A bacterial biofilm is a typical form of bacterial immobilization through adsorption. The
governing advantages of adsorption are its mildness, easy operation, and low cost, and
it allows microorganisms to make direct contact with contaminants. Covalent binding is
based on the formation of a covalent bond by the existence of chemical additives. Covalent
binding is widely used to immobilize enzymes, for example, Zhu et al. [92] used covalent
binding to immobilize porcine pancreatic lipase on the carboxyl functionalized silica-coated
magnetic nanoparticles. However, the biocatalyst activity and viability could lose due to
the toxicity of coupling agents.

The microorganism can naturally immobilize in extracellular polymeric substance
(EPS) matrices to form complex structural and functional aggregates on some submerged
surfaces, such as periphyton biofilms (PBs), which is an important natural immobilization
form of bacterial cells used in wastewater treatment [93-95]. Ho et al. provided evidence
that the immobilization principle is already found in a sand filter, as bacterial samples
collected along sand covered by a biofilm of MCs utilizing bacteria that help degrade MCs
in wastewater. This indicated that MC-degrading bacteria from algal blooming water could
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form biofilms and effectively degrade MC-LR and MC-LA under environmentally relevant
conditions in the sand filter [96]. Although indigenous MC-degrading bacteria can form
biofilm within a sand filter during wastewater treatment, the low biomass of MC-degrading
bacteria, the competition of non-MC-degrading bacteria, and the long-time adaptation
period limit the MC degradation efficiency. Therefore, based on PB-driven biodegradation,
biological filtration (BF) appears as an attractive application measure for MCs removal and
garners particular attention [97]. The biofilm system has been successfully established in the
laboratory and applied to the continuous degradation of MCs in wastewater. Another study
by Ho et al. has shown that columns packed with sand can establish a biofilm and acclimate
to MCs in quite a short time. Moreover, the results showed that pre-exposure to MCs was
able to shorten or even eliminate the lag period prior to degradation commencing [54].
Using a known cultured MCs-degrading bacterial strain (Sphingomonas sp. (MJ-PV)) co-
immobilized with indigenous bacterial from river water could facilitate MC-LR levels to be
reduced to below 1 ug/L, according to microcosm experiments [98].

3.4. Present Understanding of Microbial Immobilization for MCs Degradation

Bioremediation is considered to be one of the effective ways to treat MCs in water, but it
takes a long time for indigenous bacteria to adapt to the environment and MCs decompose
slowly [99]. Microbial immobilization is helpful to improve the biodegrading efficiency
and develop the application of indigenous bacteria. Table 1 is listing out application of
immobilized microorganisms for removal of MCs.

Wu et al. [30] and Ren et al. [76] investigated the whole-cell immobilization of Sph-
ingopyxis sp. YF1. Ren et al. studied the degradation of MC-RR by Sphingopyxis sp. YF1
immobilized active carbon fiber optimized—sodium alginate (ACF-SA). ACF is more suit-
able for the immobilization of microorganisms owing to its good capacity, high chemical
durability, and mechanical strength. The result of this study showed that the degrada-
tion rate of ACF-SA@YF1 could achieve 0.76 pg/mL/h at 30 °C and pH 7.0, respectively.
As described by Wu et al., a novel bio-functionalized composite carrier synthesized by
chitosan-grafted Fe3O4 magnetic particles (Fe304@CTS) was used to immobilize Sphin-
gopyxis sp. YF1. The degradation efficiency of MC-LR by Fe3O0,@CTS/ Sphingopyxis sp.
YF1 was high and not affected by the change of pH (6-9) and temperature (25-35 °C).
Interestingly, the MC-LR degrading efficiency was enhanced after reusing and recycling
and reached 1.5 ug/mL/h in the sixth cycle. The utilization of Fe304 magnetic particles
makes Sphingopyxis sp. YF1 easily recycled. Three MC degradation-related genes (mlirA,
mlrB, and mlrC) were obtained in this study. Meanwhile, degradation intermediates of
MC-LR by the Fe30,@CTS/ Sphingopyxis sp. YF1 were analyzed by HPLC. The HPLC
chromatograms showed that tetrapeptide and Adda were the intermediates of MC-LR
degradation by the Sphingopyxis sp. YF1 [37]. Using the two types of composite carriers,
immobilization of YF1 achieved high degrading activity, environmental friendliness, simple
preparation, low consumption, outstanding stability, and recyclability.

Hai et al. [100] implemented a study on the immobilization of Ralstonia solanacearum
on the carbon nanotubes (CNTs). The Ralstonia solanacearum cells could easily adhere to
the surface of CNTs. Compared with free cells, Ralstonia solanacearum immobilized on
CNTs exhibited higher removal rates of MC-LR and MC-RR in 3 and 9 h. CNTs as a
supporting material could also absorb amounts of MC-RR and LR and provide a place for
biodegradation, which was responsible for the increase in removal efficiencies of MC-RR
and MC-LR from water.
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Table 1. Application of immobilized microorganisms for removal of MCs.

Initial

Microorganism Carrier Microcystins Concentration Degradation Period Degri/datlon Degr(adga/tll‘(/)ll:) Rate Container Condition Reference
(ug/mL) ) H
Sphingopyxis sp. YF1 ACF-SA MC-RR 12 8h 100 7.6 x 107 - 30°C,pH7.0 [76]
) ) 30°C, pH7.2
- 5 - 4
Sphingopyxis sp. YF1 Fe;0,@CTS MC-LR 10 12h 100 6.5 x 10 (Deionized water) [30]
MC-RR 52.5 °C pH7
Ralstonia solanacearum carbon nanotubes within 24 h 100 2.18 x 103 flasks 30 CP]_% 0 [100]
MC-LR 295 (PBS)
B-9 polyester (Fabios) MC-RR 0.2 24 h 100 1.25 x 10* Aeration bioreactor 2 (CP’]%JSI){ 74 [101]
E. coli BL21_MIrA alginate MC-LR 0.035 - 100 100.3 Column (freshwater) [102]
30°C,pH7.2
Sphingomonas isolate NV-3 ceramic [Dha’]MC-LR 25 30h 100 8.3 x 102 TAL-CHS bioreactor (synthetic [103]
wastewater)
Arthrobacter ramosus + HBC K1 Kaldness media MC-LR 50 6 days 93.75 3.5 x 107 Fluidized bed 15-19 °C, pH 7.2 [57]
Bacillus sp. + HBC K1 Kaldness media MC-LR 50 6 days 90.24 34.72 biofilm reactor (PBS)
deinking sludge + sand 87+ 14 pH 6.4 (Lake water)
A RR
éfg;‘;—gc_tf;;igfgsa g\e]rialL hemp fiber + sand MC-LR 0.05 7 cycle study (49 days) 892 +7 - sand filter pH 6.5 (Lake water) [104]
paper-pulp dry sludge + sand 78 £ 4 pH 6.6 (Lake water)
Ar‘throbacter ramosus + rGO-coated sand MC-LR 50 stage (3): 6 cycles 914 +56 - sand filter (Lake water) [105]
native bacterial species
. . . 30°C,pH7.2
Novos;}it}(n[gﬁl;mm Sp- sand [Dha’ ]MC-LR 5 72}?‘351; Ill()t 100 - slow sand filter (Mineral salt [106]
entione medium)
Novosphingobium sp. . . 7 o o 30°C, pH 72
KKU25s plastic medium [Dha’]MC-LR 0.025 within 24 h 100 1.04 sterile bioreactor (fresh synthetic [103]
wastewater)
27°C,pH7.2
Sphingopyxis sp. strain IM-1 RO membranes MCs 2 24h 100 83.33 flasks (Mineral salt [88]

medium)
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Tsuji et al. [101] immobilized a strain B-9 with polyester (Fabios) and polyethylene
glycol gel (PEG) by adhering and entrapping methods, respectively. Results revealed that
B-9 immobilized using the adhering method showed a higher degradation rate than the
entrapped method. The MC-RR degradation efficiency of adhesively immobilized B-9
reached 100% in the first trial. The repeated use caused a gradual decrease in the efficiency
and decreased to 65% in the fourth trial. Results of this study indicate that 600 mg MC-RR
was almost totally degraded by B-9 immobilized with polyester (Fabios) in a 3 L bioreactor.
The MC-RR removal efficiency of immobilized B-9 with polyester (Fabios) could be higher
than 80% after almost 2 months of continuous bioreactor operation.

It has been documented that the linearization reaction catalyzed by metalloproteinase
called microcystinase (MIrA) is a crucial step in MCs degradation, which can significantly
reduce the toxicity of MCs. Dziga et al. [102] investigated the MC degradation efficiency of
genetically engineered bacteria (E. coli BL21_MIrA) immobilized in alginate. The results
showed that the immobilized cells may also express relatively high MIrA activity for a few
weeks. A column packed with alginate entrapped E. coli BL21_MIrA cells could eliminate
MC-LR at a rate of 100.3 ng/L/h, and such degradation ability was stable over at least
2 days.

Somdee et al. used abiotic surfaces made of polystyrene, polyvinyl chloride plastic,
glass, stainless steel, and ceramic to determine biofilm formation [107]. They demonstrated
that the NV3 isolate attached most effectively to ceramic, followed by PVC, polystyrene,
stainless steel, and glass coupons. In their study, an internal airlift loop ceramic honeycomb
support bioreactor (IAL-CHS bioreactor) was used for removing MCs. In the batch experi-
ment, NV-3 degraded [Dha’] MC-LR at an initial concentration of 25 png/mL at 30 °Cin
30 h, whereas in the continuous-flow experiment, NV-3 degraded the same concentration
of [Dha’] MC-LR in 36 h with hydraulic retention time (HRT) of 8 h.

Pratik et al. [57] used K1 Kaldness media as the bio-carrier to immobilize known
MC-LR degraders: Arthrobacter ramosus and Bacillus sp., and the heterogeneous bacterial
community (HBC) present in the sedimentation-unit sludge as a background matrix. In
the study, a fluidized bed biofilm reactor (FBBR) was employed to remove MC-LR from
drinking water sludge. The bioreactor was inoculated with Arthrobacter (RA) and Bacillus.
(RB). Despite the sloughing events, it showed good long-term (over 300 days) biofilm
development. Bioreactor RA and RB showed higher MC-LR removal (93.75% and 90.24%)
than the bioreactor with just the sludge mixture (78.37%: without MC-LR degrading
bacteria: RC) at an initial concentration of 50 ng/mL MC-LR in each of the reactors.

Immobilization of known MC-LR degraders with a native bacterial community can
be used to enhance the removal efficiency of MCs in a sand filter. In the study by Pratik
et al. [104], the agricultural waste residue in the form of deinking sludge (DSF), hemp
fiber (HFF), and paper-pulp dry sludge (PPF) were used as carriers to form a biofilm of
Arthrobacter ramosus (NRRLB-3159) with native bacterial strains. The results revealed that
agro-residue as the support material enhanced the pathogenic bacteria entrapment due
to their less pore volume behavior as compared to the sand particle. DSF, HFF, and PPF
achieved MC-LR removal of 87 &+ 14%, 82 &= 7% and 78 &+ 4%, respectively.

Kumar et al. [105] immobilized known MC-LR degraders (Arthrobacter ramosus and
Bacillus sp.) with native bacterial species isolated from a drinking water treatment plant
(DWTPs) in sand coated with reduced graphene oxide (rGO). The results showed that the
highest MC-LR removal of 91% was obtained under the biodegradation phase (stage 3)
using rGO-coated sand, which showed an increase of 47.2% in MC-LR removal compared
to the physical adsorption phase.

Somdee [106] demonstrated that Novosphingobium sp. KKU15 immobilized on the
sand in columns effectively degraded [Dha’] microcystin-LR. They observed that [Dha’]
MC-LR with a final concentration of 5 pg/mL in MC-contaminated water was completely
removed within 7 days in the slow sand filter inoculated with Novosphingobium sp. KKU15.

In another study, a bioreactor packed with plastic medium for Novosphingobium sp.
KKU25s immobilization was then used to treat fresh synthetic wastewater plus [Dha’IMC-
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LR at a concentration of 25 nug/L [103]. In the batch experiment, immobilized KKU25s
completely degraded [Dha’[MC-LR at 30 °C within 24 h, whereas in the continuous flow
experiment, KKU25s degraded the toxin at the same concentration within 36 h.

Other supporting materials have also been investigated as carriers for the growth
of biofilm. The reusing of the discarded RO membranes for biofilm immobilization is
capable of selectively removing MC-LR in a short time (from 2 mg/L below to the detection
limitation within 24 h) [88].

As mentioned above, biofilm is a significant form of microorganism immobilization
and widely used in MC removal. Factors affecting the information of biofilm could also
affect the MC degradation efficiency. The most important factor affecting the attachment of
MC-degrading bacteria is the characteristics of the supporting material. Immobilization
of microcystin-degrading bacteria from algal blooming water on sand broadens the appli-
cation range of bacteria, but the specific surface area of sand is small and its adsorption
capacity to bacteria is low [108]. Granular activated carbon (GAC) has been documented
as a better supporting material in filter for biofilm formation than sand, because GAC
offers a much rougher structure rich in crevasses and ridges and protects newly-attached
microbes from shear forces that impact the attachment [109]. Some studies also have
focused on optimizing sand to increase its specific surface area and adsorption capacity.
Agro-industrial residues as support materials along with sand have been successfully used
to immobilize three known MC-LR degraders with native bacteria, increasing the biomass
and prolonging the bioactivity of the sand filter model [104]. The inherent properties of
MC-degrading bacteria could also affect their attachment to the surface of carriers. Take an
example, Ho et al. [110] studied the biofilm formation of two microcystin-degrading bacte-
ria, LH21 and ACM-3962, on a polystyrene surface. The result showed that LH21 formed a
biofilm on the polystyrene surface. Conversely, ACM-3962 was unable to form a biofilm
on the polystyrene surface. As described by Bourne et al., MJ-PV complete degradation
of microcystin LR may require the presence of a consortium of bacteria in a biologically
active filter [98]. This phenomenon may indicate that MC degradation processes are the
interaction between different bacterial communities and MC-degrading bacteria that are
immobilized in biofilm, although the MCs removal efficiency mainly depends on the seeded
MC-degrading bacteria.

4. Summary

HCBs in the fresh water system have become a growing global public problem. MCs
from HCBs may enter drinking water and threaten the health of humans and animals.
MCs are stable under natural conditions, and many studies have reported physical and
chemical methods to eliminate MCs. However, these methods are limited by many factors,
including complex operation, poor efficiency, high cost, and secondary pollution. Biodegra-
dation of MCs by isolated bacteria has been confirmed to be efficient, economical, and
environment-friendly. Compared to free MC-degrading bacteria cells, the immobilization
cell system was found to have excellent advantages in the efficiency and continuous treat-
ment of MCs-polluted water bodies. However, the practical, industrial and application
of immobilized MC-degrading bacteria in the large-scale in-situ MC-decontamination is
limited due to the complex composition of wastewater, complicated operation, and sophis-
ticated construction. Accordingly, to avoid these disadvantages, further studies should
consider dealing with the following challenges. First, the supporting material used for MC-
degrading bacteria immobilization plays a significant role in the engineering application.
However, available supporting materials used for MC-degrading bacteria immobilization
are limited. Therefore, it is necessary to develop more efficient, inexpensive, and capacity-
supporting materials to achieve high decomposing efficiency. A well-performing stable
carrier should have the characteristics of excellent biocapacity, high specific surface area,
and a porous structure. Nanoparticle-based materials simplify the immobilization on a
large scale without using surfactants and toxic reagents and have been proven to have the
capability to improve the efficiency of immobilized cells. Second, immobilization methods
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are also considered as an important factor affecting the removal efficiency. The application
of immobilization cells in conditions requires excellent activity. Hence, methods should
focus on the enhancement of the biodegrading-activity of bacteria cells. Adsorption may
be an attractive method because it is mild, quick, simple, inexpensive, effective, and it does
not require chemical additives. Third, selecting proper MC-degrading bacteria or enzymes
could also make the immobilization system achieve higher efficacy. Genetically engineered
MC-degrading bacteria may become an alternative candidate with significantly enhanced
activity toward MCs. Enzymes have higher biodegrading-activity than bacteria. However,
there are few reports on the removal of MC by immobilized MC-degrading enzymes, so it
is of great significance to study immobilized MC-degrading enzymes in further. Last, the
appropriate cell/carrier ratio also plays an important role in immobilization, because high
cell/carriers may lead to overcrowding and a low cell/carrier ratio may result in decreased
degradation efficiency. In addition, a proper cell/carrier ratio implies a better control of
costs. A new topic of further research is molecular mechanisms on the degradation of MCs
by immobilized systems. According to available literature, information about molecular
mechanisms on the degradation of MCs by immobilized MCs-biodegradation bacteria is
relatively limited, and should be explored to understand the real application of immobi-
lization by further research. In response to these points, immobilized cell technology is a
promising topic for further research.

Author Contributions: ]J.Z. conceived and wrote the manuscript; JW., LYM. and T.P. edited the
paper. EY. conceived and edited the paper and supported funding. All the authors participated in
the preparation of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by Huxiang Youth Talent Program (2021RC3107); the Key Re-
search and Development Projects in Hunan Province (20225K2089); Hunan Province Excellent Youth
Fund (2020]J3053); National Natural Science Foundation of China (81773393, 31900108); the Scientific
Research Start-up Fund of University of South China (201RGC008), Natural Science Foundation of
Hunan Province of China (2022]J40372).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ho, J.C.; Michalak, A.M.; Pahlevan, N. Widespread global increase in intense lake phytoplankton blooms since the 1980s. Nature
2019, 574, 667-670. [CrossRef]

2. Svircev, Z.; Lali¢, D.; BojadZija Savi¢, G.; Tokodi, N.; Drobac Backovi¢, D.; Chen, L.; Meriluoto, J.; Codd, G.A. Global geographical
and historical overview of cyanotoxin distribution and cyanobacterial poisonings. Arch. Toxicol. 2019, 93, 2429-2481. [CrossRef]
[PubMed]

3.  Christoffersen, K.; Kaas, H. Toxic cyanobacteria in water. A guide to their public health consequences, monitoring, and
management. Limnol. Oceanogr. 2000, 45, 1212. [CrossRef]

4. Cheung, M.Y,; Liang, S.; Lee, J. Toxin-producing cyanobacteria in freshwater: A review of the problems, impact on drinking water
safety, and efforts for protecting public health. J. Microbiol. 2013, 51, 1-10. [CrossRef]

5. Kadiri, M.O,; Isagba, S.; Ogbebor, ].U.; Omoruyi, O.A.; Unusiotame-Owolagba, T.E.; Lorenzi, A.S.; Bittencourt-Oliveira, M.d.C.;
Chia, M.A. The presence of microcystins in the coastal waters of Nigeria, from the Bights of Bonny and Benin, Gulf of Guinea.
Environ. Sci. Pollut. Res. 2020, 27, 35284-35293. [CrossRef]

6. Wan, X;; Steinman, A.D.; Gu, Y.; Zhu, G.; Shu, X.; Xue, Q.; Zou, W.; Xie, L. Occurrence and risk assessment of microcystin and
its relationship with environmental factors in lakes of the eastern plain ecoregion, China. Environ. Sci. Pollut. Res. 2020, 27,
45095-45107. [CrossRef] [PubMed]

7. Wood, S.A.; Puddick, J.; Hawes, L; Steiner, K.; Dietrich, D.R.; Hamilton, D.P. Variability in microcystin quotas during a Microcystis
bloom in a eutrophic lake. PLoS ONE 2021, 16, e0254967. [CrossRef]

8. Bouaicha, N.; Miles, C.O.; Beach, D.G.; Labidi, Z.; Djabri, A.; Benayache, N.Y.; Nguyen-Quang, T. Structural diversity, characteri-

zation and toxicology of microcystins. Toxins 2019, 11, 714. [CrossRef] [PubMed]


http://doi.org/10.1038/s41586-019-1648-7
http://doi.org/10.1007/s00204-019-02524-4
http://www.ncbi.nlm.nih.gov/pubmed/31350576
http://doi.org/10.4319/lo.2000.45.5.1212
http://doi.org/10.1007/s12275-013-2549-3
http://doi.org/10.1007/s11356-020-09740-x
http://doi.org/10.1007/s11356-020-10384-0
http://www.ncbi.nlm.nih.gov/pubmed/32779064
http://doi.org/10.1371/journal.pone.0254967
http://doi.org/10.3390/toxins11120714
http://www.ncbi.nlm.nih.gov/pubmed/31817927

Toxins 2022, 14,573 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Schaefer, A.M.; Yrastorza, L.; Stockley, N.; Harvey, K.; Harris, N.; Grady, R.; Sullivan, J.; Mcfarland, M.; Reif, ].S. Exposure to
microcystin among coastal residents during a cyanobacteria bloom in Florida. Harmful Algae 2020, 92, 101769. [CrossRef]
Xiang, L.; Li, YW.; Liu, B.L.; Zhao, H.M.; Li, Q.X. High ecological and human health risks from microcystins in vegetable fields in
southern China. Environ. Int. 2019, 133, 105142. [CrossRef]

Teixeira Mda, G.; Costa Mda, C.; de Carvalho, V.L.; Pereira Mdos, S.; Hage, E. Gastroenteritis epidemic in the area of the Itaparica
Dam, Bahia, Brazil. Bull. Pan. Am. Health Organ. 1993, 27, 244-253.

Carmichael, WW.; Azevedo, S.M.; An, ].S.; Molica, R.J.; Jochimsen, E.M.; Lau, S.; Rinehart, K.L.; Shaw, G.R.; Eaglesham, G.K.
Human fatalities from cyanobacteria: Chemical and biological evidence for cyanotoxins. Environ. Health Persp. 2001, 109, 663-668.
[CrossRef]

Greer, B.; Meneely, J.P.; Elliott, C.T. Uptake and accumulation of Microcystin-LR based on exposure through drinking water: An
animal model assessing the human health risk. Sci. Rep. 2018, 8, 4913. [CrossRef]

Gu, S.; Yan, M.; Wang, C.; Meng, X.; Xiang, Z.; Qiu, Y.; Han, X. Microcystin-leucine-arginine induces liver fibrosis by activating
the Hedgehog pathway in hepatic stellate cells. Biochem. Biophys. Res. Commun. 2020, 533, 770-778. [CrossRef]

Codd, G,; Bell, S.; Kaya, K.; Ward, C.; Beattie, K.; Metcalf, ]. Cyanobacterial toxins, exposure routes and human health. Eur. ].
Phycol. 1999, 34, 405-415. [CrossRef]

Yi, X;; Xu, S.; Huang, F.; Wen, C.; Zheng, S.; Feng, H.; Guo, J.; Chen, J.; Feng, X.; Yang, F. Effects of chronic exposure to
microcystin-LR on kidney in mice. Int. J. Environ. Res. Public Health 2019, 16, 5030. [CrossRef]

Du, C; Zheng, S.; Yang, Y.; Feng, X.; Chen, J.; Tang, Y.; Wang, H.; Yang, F. Chronic exposure to low concentration of MC-LR
caused hepatic lipid metabolism disorder. Ecotox. Environ. Saf. 2022, 239, 113649. [CrossRef]

PR, H. Cyanobacterial toxins and human health. Symp. Ser. Soc. Appl. Microbiol. 1998, 27, 355-40S.

Clark, S.P; Davis, M.A.; Ryan, T.P.; Searfoss, G.H.; Hooser, S.B. Hepatic gene expression changes in mice associated with
prolonged sublethal microcystin exposure. Toxicol. Pathol. 2007, 35, 594-605. [CrossRef]

Fujiki, H.; Suganuma, M. Tumor promoters—microcystin-LR, nodularin and TNF-« and human cancer development. Anti-Cancer
Agents Med. Chem. 2011, 11, 4-18. [CrossRef]

Mackintosh, C.; Beattie, K.A.; Klumpp, S.; Cohen, P.; Codd, G.A. Cyanobacterial microcystin-LR is a potent and specific inhibitor
of protein phosphatases 1 and 2A from both mammals and higher plants. FEBS Lett. 1990, 264, 187-192. [CrossRef]

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. IARC monographs on the evaluation of carcinogenic
risks to humans. Ingested nitrate and nitrite, and cyanobacterial peptide toxins. IARC Monogr. Eval. Carcinog. Risks Hum. 2010,
94, v—vii, 1-412.

Zhao, Y,; Yan, Y.; Xie, L.; Wang, L.; He, Y.; Wan, X.; Xue, Q. Long-term environmental exposure to microcystins increases the risk
of nonalcoholic fatty liver disease in humans: A combined fisher-based investigation and murine model study. Environ. Int. 2020,
138, 105648. [CrossRef] [PubMed]

WHO. Cyanobacterial Toxins: Microcystin-LR in Drinking-Water Background Document for Development of WHO Guidelines for
Drinking-Water Quality; WHO: Geneva, Switzerland, 1998.

Chen, L.; Giesy, ].P.; Adamovsky, O.; Svir¢ev, Z.; Meriluoto, ].; Codd, G.A.; Mijovic, B.; Shi, T.; Tuo, X,; Li, S.-C.; et al. Challenges
of using blooms of Microcystis spp. in animal feeds: A comprehensive review of nutritional, toxicological and microbial health
evaluation. Sci. Total Environ. 2021, 764, 142319. [CrossRef] [PubMed]

Cai, D.; Wei, ].; Huang, F; Feng, H.; Peng, T.; Luo, ].; Yang, F. The detoxification activities and mechanisms of microcystinase
towards MC-LR. EcoToxicol. Environ. Saf. 2022, 236, 113436. [CrossRef] [PubMed]

Massey, 1.Y.; Peng, T.; Danping, C.; Yang, F. Optimization of biodegradation characteristics of Sphingopyxis sp. YF1 against crude
microcystin-LR using response surface methodology. Toxins 2022, 14, 240. [CrossRef]

Zhang, J.; Lu, Q.; Qin, D.; Py, Y. A novel and native microcystin-degrading bacterium of Sphingopyxis sp. isolated from Lake
Taihu. Int. J. Environ. Res. Public Health 2017, 14, 1187. [CrossRef] [PubMed]

Eleuterio, L.; Batista, ].R. Biodegradation studies and sequencing of microcystin-LR degrading bacteria isolated from a drinking
water biofilter and a fresh water lake. Toxicon 2010, 55, 1434-1442. [CrossRef] [PubMed]

Wu, P; Li, G.; He, Y.; Luo, D.; Yang, F. High-efficient and sustainable biodegradation of microcystin-LR using Sphingopyxis sp.
YF1 immobilized Fe;Os@chitosan. Colloids Surf. B Biointerfaces 2019, 185, 110633. [CrossRef]

Li, J.; Li, R; Li, J. Current research scenario for microcystins biodegradation—A review on fundamental knowledge, application
prospects and challenges. Sci. Total Environ. 2017, 595, 615. [CrossRef]

Chen, L.; Chen, J.; Zhang, X.; Xie, P. A review of reproductive toxicity of microcystins. J. Hazard. Mater. 2016, 301, 381-399.
[CrossRef] [PubMed]

Cruz, A.; Antoniou, M.G.; Hiskia, A.; Pelaez, M.; Dionysiou, D.D. Can we effectively degrade microcystins?—Implications on
human health. Anti-Cancer Agents Med. Chem. 2011, 11, 19-37. [CrossRef] [PubMed]

Chintalapati, P.; Mohseni, M. Degradation of cyanotoxin microcystin-LR in synthetic and natural waters by chemical-free
UV /VUV radiation. J. Hazard. Mater. 2020, 381, 120921. [CrossRef]

Guo, Q.; Li, H.; Zhang, Q.; Zhang, Y. Fabrication, characterization and mechanism of a novel Z-scheme AgzPO,;/NG/polyimide
composite photocatalyst for microcystin-LR degradation. Appl. Catal. B-Environ. 2018, 229, 192-203. [CrossRef]


http://doi.org/10.1016/j.hal.2020.101769
http://doi.org/10.1016/j.envint.2019.105142
http://doi.org/10.1289/ehp.01109663
http://doi.org/10.1038/s41598-018-23312-7
http://doi.org/10.1016/j.bbrc.2020.09.075
http://doi.org/10.1080/09670269910001736462
http://doi.org/10.3390/ijerph16245030
http://doi.org/10.1016/j.ecoenv.2022.113649
http://doi.org/10.1080/01926230701383210
http://doi.org/10.2174/187152011794941163
http://doi.org/10.1016/0014-5793(90)80245-E
http://doi.org/10.1016/j.envint.2020.105648
http://www.ncbi.nlm.nih.gov/pubmed/32187572
http://doi.org/10.1016/j.scitotenv.2020.142319
http://www.ncbi.nlm.nih.gov/pubmed/33069479
http://doi.org/10.1016/j.ecoenv.2022.113436
http://www.ncbi.nlm.nih.gov/pubmed/35367885
http://doi.org/10.3390/toxins14040240
http://doi.org/10.3390/ijerph14101187
http://www.ncbi.nlm.nih.gov/pubmed/28984840
http://doi.org/10.1016/j.toxicon.2010.02.020
http://www.ncbi.nlm.nih.gov/pubmed/20219514
http://doi.org/10.1016/j.colsurfb.2019.110633
http://doi.org/10.1016/j.scitotenv.2017.03.285
http://doi.org/10.1016/j.jhazmat.2015.08.041
http://www.ncbi.nlm.nih.gov/pubmed/26521084
http://doi.org/10.2174/187152011794941217
http://www.ncbi.nlm.nih.gov/pubmed/21269255
http://doi.org/10.1016/j.jhazmat.2019.120921
http://doi.org/10.1016/j.apcatb.2018.02.023

Toxins 2022, 14,573 12 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Sengiil, A.B.; Ersan, G.; Tiifekgi, N. Removal of intra- and extracellular microcystin by submerged ultrafiltration (UF) membrane
combined with coagulation/flocculation and powdered activated carbon (PAC) adsorption. J. Hazard. Mater. 2018, 343, 29-35.
[CrossRef]

Yang, F; Huang, F; Feng, H.; Wei, J.; Pu, Y. A complete route for biodegradation of potentially carcinogenic cyanotoxin
microcystin-LR in a novel indigenous bacterium. Water Res. 2020, 174, 115638. [CrossRef]

Liang, B.H.; Jing, D.Y.; Wei, Z.; Yu, EY,; Jian, C.; Zhi, Q.S. Isolation of a Methylobacillus sp. that degrades microcystin toxins
associated with cyanobacteria. New Biotechnol. 2009, 26, 205-211.

Kumar, P; Hegde, K.; Brar, S.K.; Cledon, M.; Kermanshahi-pour, A.; Roy-Lachapelle, A.; Galvez-Cloutier, R. Biodegradation of
microcystin-LR using acclimatized bacteria isolated from different units of the drinking water treatment plant. Environ. Pollut.
2018, 242, 407-416. [CrossRef]

Jian, C.; Liang, B.H.; Wei, Z.; Shao, H.Y.; Zhi, Q.S. Degradation of microcystin-LR and RR by a Stenotrophomonas sp. strain EMS
Isolated from Lake Taihu, China. Int. J. Mol. Sci. 2010, 11, 896-911.

Bourne, D.G,; Jones, G.J.; Blakeley, R.L.; Jones, A.; Negri, A.P; Riddles, P. Enzymatic pathway for the bacterial degradation of the
cyanobacterial cyclic peptide toxin microcystin LR. Appl. Environ. Microbiol. 1996, 62, 4086-4094. [CrossRef]

Zhang, L.; Gu, L.; Wei, Q.; Zhu, X.; Wang, J.; Wang, X.; Yang, Z. High temperature favors elimination of toxin-producing
Microcystis and degradation of microcystins by mixotrophic Ochromonas. Chemosphere 2017, 172, 96-102. [CrossRef]

Jing, W.; Sui, G.; Liu, S. Characteristics of a microcystin-LR biodegrading bacterial isolate: Ochrobactrum sp. FDT5. Bull. Environ.
Contam. Toxicol. 2014, 92, 119-122. [CrossRef] [PubMed]

Zhou, Y.; Yang, F; Liang, G.; Yin, L.; Pu, Y. Biodegradation of microcystin-RR and -LR by an indigenous bacterial strain MC-LTH11
isolated from Lake Taihu. J. Southeast. Univ. 2014, 30, 68-71.

Chen, Y.M,; Lin, T.E; Huang, C.; Lin, ]J.C.; Hsieh, EM. Degradation of phenol and TCE using suspended and chitosan-bead
immobilized Pseudomonas Putida. |. Hazard. Mater. 2007, 148, 660-670. [CrossRef] [PubMed]

Fukui, S.; Tanaka, A. Immobilized microbial cells. Annu. Rev. Microbiol 1982, 36, 145-172. [CrossRef]

El-Naas, M.H.; Alhaija, M.A.; Al-Zuhair, S. Evaluation of an activated carbon packed bed for the adsorption of phenols from
petroleum refinery wastewater. Environ. Sci. Pollut. Res. 2017, 24, 7511-7520. [CrossRef]

Nie, H.; Nie, M.; Diwu, Z.; Wang, L.; Yan, H.; Bai, X. Immobilization of Rhodococcus gingshengii strain FF on the surface of
polyethylene and its adsorption and biodegradation of mimic produced water. J. Hazard. Mater. 2021, 403, 124075. [CrossRef]
[PubMed]

Al-Zuhair, S.; El-Naas, M. Immobilization of Pseudomonas putida in PVA gel particles for the biodegradation of phenol at high
concentrations. Biochem. Eng. ]. 2011, 56, 46-50. [CrossRef]

Krishnan, A.; Zhang, Y.-Q.; Mou, X. Isolation and characterization of microcystin-degrading bacteria from Lake Erie. Bull. Environ.
Contam. Toxicol. 2018, 101, 617-623. [CrossRef] [PubMed]

Wu, J; Zhong, S.; Wang, G.Y.; Li, Y.C. Identification and activity of a bacterial strain for the biodegradation of microcystins. China
Environ. Sci. 2011, 31, 116-122.

Huang, F; Feng, H.; Li, X.; Yi, X,; Yang, F. Anaerobic degradation of microcystin-LR by an indigenous bacterial Enterobacter sp.
YFE3. |. Toxicol. Environ. Health A 2019, 82, 1-9. [CrossRef]

Park, H.D. Degradation of the cyanobacterial hepatotoxin microcystin by a new bacterium isolated from a hypertrophic lake.
Environ. Toxicol. 2010, 16, 337-343. [CrossRef] [PubMed]

Ho, L.; Meyn, T.; Keegan, A.; Hoefel, D.; Brookes, J.; Saint, C.P.; Newcombe, G. Bacterial degradation of microcystin toxins within
a biologically active sand filter. Water Res. 2006, 40, 768-774. [CrossRef] [PubMed]

Kierek-Pearson, K.; Karatan, E. Biofilm development in bacteria. Adv. Appl. Microbiol. 2005, 57, 79-111. [PubMed]
Moroén-Lépez, J.; Molina, S. Optimization of Recycled-Membrane Biofilm Reactor (R-MBfR) as a sustainable biological treatment
for microcystins removal. Biochem. Eng. ]. 2019, 153, 107422. [CrossRef]

Kumar, P.; Hegde, K.; Brar, S.K.; Cledon, M.; Kermanshahi-pour, A.; Roy-Lachapelle, A.; Galvez-Cloutier, R. Novel fluidized-bed
biofilm reactor for concomitant removal of microcystin-LR and organics. Chem. Eng. J. 2019, 359, 99-111. [CrossRef]

Karel, S.F,; Libicki, S.B.; Robertson, C.R. The immobilization of whole cells: Engineering principles. Chem. Eng. Sci. 1985, 40,
1321-1354. [CrossRef]

Kourkoutas, Y.; Bekatorou, A.; Banat, L.M.; Marchant, R.; Koutinas, A.A. Immobilization technologies and support materials
suitable in alcohol beverages production: A review. Food Microbiol. 2004, 21, 377-397. [CrossRef]

Xiaofan, Z.; Shaohong, Y.; Lili, M.; Chunquan, C.; Chao, L. The application of immobilized microorganism technology in
wastewater treatment. In Proceedings of Proceedings of the 2015 2nd International Conference on Machinery, Materials
Engineering, Chemical Engineering and Biotechnology, Chongging, China, 28-29 December 2015; pp. 103-106.

Kadimpati, K.K.; Mondithoka, K.P.; Bheemaraju, S.; Challa, V.R.M. Entrapment of marine microalga, Isochrysis galbana, for
biosorption of Cr(Ill) from aqueous solution: Isotherms and spectroscopic characterization. Appl. Water Sci. 2013, 3, 85-92.
[CrossRef]

Podder, M.S.; Majumder, C.B. Bacteria immobilization on neem leaves/MnFe,O, composite surface for removal of As(III) and
As(V) from wastewater. Arab. J. Chem. 2019, 12, 3263-3288. [CrossRef]

Ouyang, X; Yin, H; Yu, X;; Guo, Z.; Zhu, M;; Lu, G.; Dang, Z. Enhanced bioremediation of 2,3’ 4,4’ 5-pentachlorodiphenyl by
consortium GYB1 immobilized on sodium alginate-biochar. Sci. Total Environ. 2021, 788, 147774. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jhazmat.2017.09.018
http://doi.org/10.1016/j.watres.2020.115638
http://doi.org/10.1016/j.envpol.2018.07.008
http://doi.org/10.1128/aem.62.11.4086-4094.1996
http://doi.org/10.1016/j.chemosphere.2016.12.146
http://doi.org/10.1007/s00128-013-1170-9
http://www.ncbi.nlm.nih.gov/pubmed/24318164
http://doi.org/10.1016/j.jhazmat.2007.03.030
http://www.ncbi.nlm.nih.gov/pubmed/17434262
http://doi.org/10.1146/annurev.mi.36.100182.001045
http://doi.org/10.1007/s11356-017-8469-8
http://doi.org/10.1016/j.jhazmat.2020.124075
http://www.ncbi.nlm.nih.gov/pubmed/33265063
http://doi.org/10.1016/j.bej.2011.05.005
http://doi.org/10.1007/s00128-018-2468-4
http://www.ncbi.nlm.nih.gov/pubmed/30368574
http://doi.org/10.1080/15287394.2019.1699345
http://doi.org/10.1002/tox.1041
http://www.ncbi.nlm.nih.gov/pubmed/11501283
http://doi.org/10.1016/j.watres.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16427111
http://www.ncbi.nlm.nih.gov/pubmed/16002010
http://doi.org/10.1016/j.bej.2019.107422
http://doi.org/10.1016/j.cej.2018.11.119
http://doi.org/10.1016/0009-2509(85)80074-9
http://doi.org/10.1016/j.fm.2003.10.005
http://doi.org/10.1007/s13201-012-0062-1
http://doi.org/10.1016/j.arabjc.2015.08.025
http://doi.org/10.1016/j.scitotenv.2021.147774
http://www.ncbi.nlm.nih.gov/pubmed/34023604

Toxins 2022, 14,573 13 of 14

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.
90.
91.
92.

93.

Rodriguez Couto, S. Dye removal by immobilised fungi. Biotechnol. Adv. 2009, 27, 227-235. [CrossRef]

El-Naas, M.H.; Al-Mubhtaseb, S.A.; Makhlouf, S. Biodegradation of phenol by Pseudomonas putida immobilized in polyvinyl
alcohol (PVA) gel. J. Hazard. Mater. 2009, 164, 720-725. [CrossRef] [PubMed]

Bayat, Z.; Hassanshahian, M.; Cappello, S. Immobilization of microbes for bioremediation of crude oil polluted environments: A
mini review. Open Microbiol. |. 2015, 9, 48-54. [PubMed]

Bouabidi, Z.B.; El-Naas, M.H.; Zhang, Z. Immobilization of microbial cells for the biotreatment of wastewater: A review. Environ.
Chem. Lett. 2019, 17, 241-257. [CrossRef]

Winnicki, T.; Szetela, R.; Wisniewski, J. Immobilized microorganisms in wastewater treatment. In Studies in Environmental Science;
Pawlowski, L., Ed.; Elsevier: Amsterdam, The Netherlands, 1982; Volume 19, pp. 341-352.

Zheng, Y.; Chen, D.; Li, N.; Xu, Q.; Li, H,; He, J.; Lu, J. Highly efficient simultaneous adsorption and biodegradation of a
highly-concentrated anionic dye by a high-surface-area carbon-based biocomposite. Chemosphere 2017, 179, 139-147. [CrossRef]
Dong, Z.; Lu, M.; Huang, W.; Xu, X. Treatment of oilfield wastewater in moving bed biofilm reactors using a novel suspended
ceramic biocarrier. |. Hazard. Mater. 2011, 196, 123-130. [CrossRef] [PubMed]

Bai, X.; Ye, Z.F; Li, YF; Zhou, L.C.; Yang, L.Q. Preparation of crosslinked macroporous PVA foam carrier for immobilization of
microorganisms. Process Biochem. 2010, 45, 60-66. [CrossRef]

Thornhill, S.G.; Kumar, M. Biological filters and their use in potable water filtration systems in spaceflight conditions. Life Sci.
Space Res. 2018, 17, 40-43. [CrossRef] [PubMed]

Smidsred, O.; Skjak-Braek, G. Alginate as immobilization matrix for cells. Trends Biotechnol. 1990, 8, 71-78. [CrossRef]

Banerjee, A.; Ghoshal, A K. Biodegradation of real petroleum wastewater by immobilized hyper phenol-tolerant strains of Bacillus
cereus in a fluidized bed bioreactor. 3 Biotech 2016, 6, 137. [CrossRef] [PubMed]

Shaharuddin, S.; Muhamad, I.I. Microencapsulation of alginate-immobilized bagasse with Lactobacillus rhamnosus NRRL 442:
Enhancement of survivability and thermotolerance. Carbohydr. Polym. 2015, 119, 173-181. [CrossRef] [PubMed]

Ren, G.; He, X.; Wu, P; He, Y,; Yang, F. Biodegradation of microcystin-RR and nutrient pollutants using Sphingopyxis sp. YF1
immobilized activated carbon fibers-sodium alginate. Environ. Sci. Pollut. Res. 2020, 27, 1-11. [CrossRef]

Chhipa, H. Applications of nanotechnology in agriculture. In Methods in Microbiology; Gurtler, V., Ball, A.S., Soni, S., Eds.;
Academic Press: Cambridge, MA, USA, 2019; Volume 46, pp. 115-142.

Dasgupta, N.; Ranjan, S.; Ramalingam, C. Applications of nanotechnology in agriculture and water quality management. Environ.
Chem. Lett. 2017, 15, 591-605. [CrossRef]

Madhura, L.; Singh, S.; Kanchi, S.; Sabela, M.; Bisetty, K.; Inamuddin. Nanotechnology-based water quality management for
wastewater treatment. Environ. Chem. Lett. 2019, 17, 65-121. [CrossRef]

Paterson, E. The iron oxides. Structure, properties, reactions, occurrences and uses. Clay Miner. 1999, 34, 209-210. [CrossRef]
Chan, H.B.S; Ellis, B.L.; Sharma, H.L.; Frost, W.; Caps, V.; Shields, R.A.; Tsang, S.C.J.A.M. Carbon-encapsulated radioactive 99m T
nanoparticles. Adv. Mater. 2004, 16, 144-149. [CrossRef]

Bestawy, E.E.; El-Shatby, B.E; Eltaweil, A.S. Integration between bacterial consortium and magnetite (Fe3O,) nanoparticles for the
treatment of oily industrial wastewater. World ]. Microbiol. Biotechnol. 2020, 36, 1-16. [CrossRef]

Zamani, H.; Rakhshaee, R.; Garakoui, S.R. Two contrary roles of Fe30, nanoparticles on kinetic and thermodynamic of Paclitaxel
degradation by Citrobacter amalonaticus Rashtia immobilized on sodium alginate gel beads. J. Hazard. Mater. 2017, 344, 566-575.
[CrossRef] [PubMed]

Sun, P; Hui, C.; Wang, S.; Khan, R.A.; Zhang, Q.; Zhao, Y.H. Enhancement of algicidal properties of immobilized Bacillus
methylotrophicus ZJU by coating with magnetic FeO nanoparticles and wheat bran. J. Hazard. Mater. 2016, 301, 65-73. [CrossRef]
[PubMed]

Kuo, C.H.; Liu, Y.C.; Chang, C.; Chen, ].H.; Chang, C.; Shieh, C.J. Optimum conditions for lipase immobilization on chitosan-
coated Fe304 nanoparticles. Carbohydr. Polym 2012, 87, 2538-2545. [CrossRef]

Li, Q.; Wang, P.; Zhou, Y.-1.; Nie, Z.; Wei, Q. A magnetic mesoporous SiO, /Fe304 hollow microsphere with a novel network-like
composite shell: Synthesis and application on laccase immobilization. J. Sol.-Gel. Sci. Techn. 2016, 78, 523-530. [CrossRef]
Bahrami, A.; Hejazi, P. Electrostatic immobilization of pectinase on negatively charged AOT-Fe3O4 nanoparticles. J. Mol. Catal. B
Enzym. 2013, 93, 1-7. [CrossRef]

Moron-Lopez, J.; Nieto-Reyes, L.; Senan-Salinas, J.; Molina, S.; El-Shehawy, R. Recycled desalination membranes as a support
material for biofilm development: A new approach for microcystin removal during water treatment. Sci. Total Environ. 2018, 647,
785-793. [CrossRef] [PubMed]

Sun, J.; Liu, J.; Liu, Y;; Li, Z.; Nan, J. Optimization of entrapping conditions of nitrifying bacteria and selection of entrapping
agent. Procedia Environ. Sci. 2011, 8, 166-172. [CrossRef]

Yoetz-Kopelman, T.; Dror, Y.; Shacham-Diamand, Y.; Freeman, A. “Cells-on-Beads”: A novel immobilization approach for the
construction of whole-cell amperometric biosensors. Sensors Actuators B Chem. 2016, 232, 758-764. [CrossRef]

Trevan, M.D. Enzyme immobilization by adsorption: A review. Adsorption 2014, 20, 801-821.

Zhu, Y;; Ren, X,; Liu, Y.; Wei, Y.; Qing, L.; Liao, X. Covalent immobilization of porcine pancreatic lipase on carboxyl-activated
magnetic nanoparticles: Characterization and application for enzymatic inhibition assays. Mat. Sci. Eng. C 2014, 38, 278-285.
[CrossRef]

Singh, R.; Paul, D.; Jain, R.K. Biofilms: Implications in bioremediation. Trends Microbiol. 2006, 14, 389-397. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biotechadv.2008.12.001
http://doi.org/10.1016/j.jhazmat.2008.08.059
http://www.ncbi.nlm.nih.gov/pubmed/18829170
http://www.ncbi.nlm.nih.gov/pubmed/26668662
http://doi.org/10.1007/s10311-018-0795-7
http://doi.org/10.1016/j.chemosphere.2017.03.096
http://doi.org/10.1016/j.jhazmat.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21925792
http://doi.org/10.1016/j.procbio.2009.08.003
http://doi.org/10.1016/j.lssr.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29753412
http://doi.org/10.1016/0167-7799(90)90139-O
http://doi.org/10.1007/s13205-016-0447-1
http://www.ncbi.nlm.nih.gov/pubmed/28330209
http://doi.org/10.1016/j.carbpol.2014.11.045
http://www.ncbi.nlm.nih.gov/pubmed/25563958
http://doi.org/10.1007/s11356-020-07640-8
http://doi.org/10.1007/s10311-017-0648-9
http://doi.org/10.1007/s10311-018-0778-8
http://doi.org/10.1180/claymin.1999.034.1.03
http://doi.org/10.1002/adma.200305407
http://doi.org/10.1007/s11274-020-02915-1
http://doi.org/10.1016/j.jhazmat.2017.10.061
http://www.ncbi.nlm.nih.gov/pubmed/29102639
http://doi.org/10.1016/j.jhazmat.2015.08.048
http://www.ncbi.nlm.nih.gov/pubmed/26342577
http://doi.org/10.1016/j.carbpol.2011.11.026
http://doi.org/10.1007/s10971-016-3967-6
http://doi.org/10.1016/j.molcatb.2013.03.010
http://doi.org/10.1016/j.scitotenv.2018.07.435
http://www.ncbi.nlm.nih.gov/pubmed/30096668
http://doi.org/10.1016/j.proenv.2011.10.027
http://doi.org/10.1016/j.snb.2016.03.132
http://doi.org/10.1016/j.msec.2014.02.011
http://doi.org/10.1016/j.tim.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16857359

Toxins 2022, 14,573 14 of 14

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Wu, Y,; He, J.; Yang, L. Evaluating adsorption and biodegradation mechanisms during the removal of microcystin-RR by
periphyton. Environ. Sci. Technol. 2010, 44, 6319-6324. [CrossRef]

Wu, Y,; Li, T,; Yang, L. Mechanisms of removing pollutants from aqueous solutions by microorganisms and their aggregates: A
review. Bioresour. Technol. 2012, 107, 10-18. [CrossRef]

Ho, L.; Hoefel, D.; Saint, C.P.; Newcombe, G. Isolation and identification of a novel microcystin-degrading bacterium from a
biological sand filter. Water Res. 2007, 41, 4685-4695. [CrossRef] [PubMed]

Li, J.; Shimizu, K.; Sakharkar, M.K.; Utsumi, M.; Zhang, Z.; Sugiura, N. Comparative study for the effects of variable nutrient
conditions on the biodegradation of microcystin-LR and concurrent dynamics in microcystin-degrading gene abundance. Bioresour.
Technol. 2011, 102, 9509-9517. [CrossRef] [PubMed]

Bourne, D.G.; Blakeley, R.L.; Riddles, P.; Jones, G.]J. Biodegradation of the cyanobacterial toxin microcystin LR in natural water
and biologically active slow sand filters. Water Res. 2006, 40, 1294-1302. [CrossRef]

Cousins, I.T,; Bealing, D.].; James, H.A.; Sutton, A. Biodegradation of microcystin-LR by indigenous mixed bacterial populations.
Water Res. 1996, 30, 481-485. [CrossRef]

Yan, H.; Pan, G.; Zou, H.; Li, X.; Chen, H. Effective removal of microcystins using carbon nanotubes embedded with bacteria.
Chinese Sci. Bull. 2004, 49, 1694-1698. [CrossRef]

Tsuji, K.; Asakawa, M.; Anzai, Y.; Sumino, T.; Harada, K.I. Degradation of microcystins using immobilized microorganism isolated
in an eutrophic lake. Chemosphere 2006, 65, 117-124. [CrossRef]

Dziga, D. Genetically engineered bacteria immobilized in alginate as an option of cyanotoxins removal. Infer. . Environ. Sci. Dev.
2013, 4, 360-364. [CrossRef]

Phujomjai, Y.; Somdee, A.; Somdee, T. Biodegradation of microcystin [Dha’]MC-LR by a novel microcystin-degrading bacterium
in an internal airlift loop bioreactor. Water Sci. Technol. 2016, 73, 267. [CrossRef] [PubMed]

Kumar, P; Rubio, H.D.P,; Hegde, K.; Brar, S.K.; Cledon, M.; Kermanshahi-pour, A.; Sauvé, S.; Roy-Lachapelle, A.; Galvez-Cloutier,
R. Agro-industrial residues as a unique support in a sand filter to enhance the bioactivity to remove microcystin-Leucine aRginine
and organics. Sci. Total Environ. 2019, 670, 971-981. [CrossRef]

Kumar, P; Pérez, J.A.E.; Cledon, M.; Brar, S.K,; Duy, S.V.; Sauvé, S.; Knystautas, E. Removal of microcystin-LR and other water
pollutants using sand coated with bio-optimized carbon submicron particles: Graphene oxide and reduced graphene oxide. Chem
Eng ] 2020, 397, 125398. [CrossRef]

Somdee, T.; Wibuloutai, J.; Somdee, T.; Somdee, A. Biodegradation of the cyanobacterial hepatotoxin [Dha7] microcystin-LR
within a biologically active sand filter. Water Supply 2014, 14, 672-680. [CrossRef]

Somdee, T.; Somdee, A.; Ruck, J.; Allison, M.; Page, R. Removal of microcystin from lake water using an internal airlift loop
ceramic honeycomb support bioreactor. Chiang Mai ]. Sci. 2016, 43, 1048-1058.

Elhadi, S.L.N.; Huck, PM.; Slawson, R.M. Factors affecting the removal of geosmin and MIB in drinking water biofilters. ]. AWWA
2006, 98, 108-119. [CrossRef]

Wang, H.; Ho, L.; Lewis, D.M.; Brookes, ].D.; Newcombe, G. Discriminating and assessing adsorption and biodegradation
removal mechanisms during granular activated carbon filtration of microcystin toxins. Water Res. 2007, 41, 4262—-4270. [CrossRef]
Ho, L.; Schwarz, C.; Hoefel, D.; Steele David, A. Comparison of growth and biofilm attachment of two microcystin-degrading
bacteria to plasma polymerized surface coatings. J. Environ. Eng. 2015, 141, 06015003. [CrossRef]


http://doi.org/10.1021/es903761y
http://doi.org/10.1016/j.biortech.2011.12.088
http://doi.org/10.1016/j.watres.2007.06.057
http://www.ncbi.nlm.nih.gov/pubmed/17640697
http://doi.org/10.1016/j.biortech.2011.07.112
http://www.ncbi.nlm.nih.gov/pubmed/21865029
http://doi.org/10.1016/j.watres.2006.01.022
http://doi.org/10.1016/0043-1354(95)00189-1
http://doi.org/10.1007/BF03184300
http://doi.org/10.1016/j.chemosphere.2006.02.018
http://doi.org/10.7763/IJESD.2013.V4.371
http://doi.org/10.2166/wst.2015.482
http://www.ncbi.nlm.nih.gov/pubmed/26819381
http://doi.org/10.1016/j.scitotenv.2019.03.260
http://doi.org/10.1016/j.cej.2020.125398
http://doi.org/10.2166/ws.2014.024
http://doi.org/10.1002/j.1551-8833.2006.tb07738.x
http://doi.org/10.1016/j.watres.2007.05.057
http://doi.org/10.1061/(ASCE)EE.1943-7870.0000949

	Introduction 
	Biodegradation of MCs 
	Microbial Immobilization and Its Application for MCs Degradation 
	Microbial Immobilization 
	The Carriers of Microbial Immobilization 
	The Methods of Microbial Immobilization 
	Present Understanding of Microbial Immobilization for MCs Degradation 

	Summary 
	References

