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Abstract

Immobilization of microbial cells on nanomaterials
opens up broad prospects in biotechnology
applications including environmental pollution
control and enhancement of biofuel production. Cell-
immobilization contributes to improved microbial
performance, protection of microbes, and further
biomass degradation. Moreover, nanoparticles as
biomass support are an advanced strategy in
bioremediation. The nanoparticles are interesting for
immobilizing microbes due to their unique
physicochemical properties. This review throws
some light on the recent advances in the
immobilization of microbial cell techniques onto
nanoparticles as a carrier where they are
subsequently used as a nano-bio-stimulator in
bioprocessing. The benefits and drawbacks of
immobilization techniques are included. The
biotechnology applications of nano-biocatalyst in
bioprocessing are covered including biosorption of
pollutants from wastewater and stimulants in biofuel
production processes for green energy generation.
The use of nano-bio-catalysts in bioprocesses is an
effective strategy for achieving economic feasibility
in many processes. Furthermore, future research
directions for microbial cell immobilization
techniques are discussed.
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1. Introduction

Environmental pollution in soil, air, and aquatic systems results in serious problems for human health. Thus, the
degradation of the natural environment in many places around the world is of growing concern [1]. Some of these
pollutants are non-biodegradable chemical compounds frequently introduced into ecosystems from industrial
discharge, petroleum production activities, agricultural, fungicides, and mining activities [2]. Traditional
physicochemical processes are frequently utilized to decline the toxicity from effluents among several techniques
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such as ion exchange [3], adsorption [4], ozonization treatment [5], membrane filtration [6], and photocatalysis
[7]- The traditional processes result in some drawbacks such as high cost of operation and maintenance and the
production of toxic sludge. Bioremediation is preferred for removing environmental pollutants such as chemicals
or organic and inorganic compounds due to their ability to degrade organic compounds under extreme conditions
and being cost-effective and environmentally friendly.

Bioremediation improves naturally present remedial activities that rely on microorganisms to break down,
transform, or remove dangerous organic pollutants with several mechanisms like biosorption, bioaccumulation,
and biodegradation [8]. Bioaccumulation is the gradual accumulation of pollutants into the living tissue of
microbial [9]. Biodegradation is the breakdown of organic materials by microorganisms [10]. Biosorption is an
eco-friendly and economical mechanism for removing the pollutants from effluents, especially the non-
biodegradable, which utilize various types of dead and living cells as well as agriculture waste as an efficient
biosorbent [11-14]. Several studies have been reported with different waste types such as agriculture and industrial
waste as efficient biosorbent [11,12,15]. The benefits of the biosorption over other mechanisms applied are the
availability of biosorbent, fast, and high removal efficiency of contaminants via high binding sites under different
conditions of pH and temperature [11]. In the last years, the biosorption technique has been extensively
investigated using microbial cells as a biosorbent to remove organic and chemical compounds in addition to toxic
metals. Compared to other adsorbents used, microbial cells like microalgae, fungi, bacteria, and yeasts outperform
due to the presence of different functional groups on the wall tissue of microorganisms. Both dead and living cells
have been utilized to remove pollutants [13,16].

Immobilization of microbial cells is a promising technique utilized in various scientific and industrial sectors.
These techniques restrain the microbial cells in a particulate form which is considered a bio-catalyst to remove
pollutants from wastewater [17]. Immobilization of microbial cells on the solid surface gives mechanical strength,
and rigidity to the microbial cells as well as gives the utmost potential for its regeneration and reuse. Various
techniques have been applied to immobilize microbes, which are preferred over free cells mainly used in
biosorption [18]. Moreover, microbial cell immobilization has been utilized in various support materials like
alumina, calcium alginate, and nanoparticle. Appropriate support material selectivity plays an important role in
the immobilization of biomass [17,18]

Recently, nanotechnology has demonstrated a new generation of environmental treatment techniques that can be
applied to remove toxic pollutants, especially heavy metals and dyes [19, 20]. Nanoparticles are flexible and
versatile support for living cells, due to their unique characteristics [18]. In this review, the techniques applied in
microbial cell immobilization are covered as well as the benefits and drawbacks of each technique. Moreover,
important biotechnology applications of these techniques are also addressed.

2. Carriers materials of microbial cells

The selection of the appropriate support materials is a crucial carrier in obtaining an effective microbial cell
immobilization technique. The almost utilized materials are known to be divided into the organic such as (Ca-
alginate, and chitin), inorganic such as (activated carbon, zeolite, and ceramics) and composite carriers like
(polyvinyl alcohol), as well as biomass materials [ 21,22]. Preferred materials for wastewater treatment from
environmental pollutants to support materials should have such merits as non-biodegradable, insoluble, porous,
non-toxic, light in weight, high in biomass retention, chemically stable, and allowing simple immobilization
process at low cost [11,12]. The main features of inorganic carriers are thermostable and resistance to microbial
degradation. On the other hand, biomass materials are derived from animals, plants, and microbes, and when
compared with inorganic materials, they reveal better performance such as perfect biocompatibility and unique
physical characteristics, as well as a good mass transfer performance, economical, non-toxicity, and easy
immobilization techniques [23,24]

Nanotechnology, like nanomaterials technology, is a promising technology that is leading to an industrial
revolution where industrial applications of nanomaterials are constantly increasing. Nanotechnologies provide
high characteristics materials with unique activities and support scientific investigations in the development of
specific processes and equipment for various applications such as energy, health, environmental treatment, and
agriculture [25]. Recently. nanoparticles have been utilized as a support for microorganisms immobilization
[19,20,24]. Nanoparticles form an innovative and interesting matrix for the immobilization of microbial cells due
to their unique physicochemical properties including a high surface area, mass transfer resistance, high mechanical
strength, and efficient diffusion. The immobilization of microbial cells on the surface of magnetic nanoparticles is
an emerging technique with benefits such as biocompatibility and chemical activity [26,27]. In wastewater
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treatment, magnetic nanoparticles are remarkable as support materials due to their high surface area, and super-
paramagnetic properties. Some characteristics of magnetic nanoparticles iron (I1, 111) oxide widely applied in
various areas of applications are given below [28].
1- Black or brownish-black with a metallic gloss.
2- High magnetic susceptibility.
3- Higher chemical stability.
4-  Narrow size distribution.
5- High surface reactivity.
6- The magnetic motion can be adjusted by the size of the nanoparticle cluster.
7- Small grains of magnetite are very common in igneous and metamorphic rocks.
Magnetic nanoparticles have an additional benefit that they can be simply separated from the continuous phase by
utilizing an external magnetic field. Therefore, the immobilization of biomass in magnetic nanoparticles makes
biomass more applicable in industrial sectors [29]. The main challenges of immobilization of microbial cells on
the magnetic nano-based are the fabrication costs for a certain time. Recently, developed nanomaterials, such as
Fes04-NPs, have attracted great interest from researchers due to their important properties related to their size,
shape, and distribution, which reflect their uses in various fields of applications [30]. The green synthesis of Fe30s-
NPs was presented as a simple, fast and environmentally friendly process to synthesize magnetite nanoparticles
more easily and safely of application. Several researchers have successfully synthesized Fe;O04-NPs using plant
extracts [27,29].

3. Immobilization techniques of microbial cells

The basic classification of cell immobilizing mechanisms depends on the interaction patterns or bonds involved
between cells and their support carriers. Mechanisms for binding microbial cells to carriers utilizing artificial ways
are adsorption and covalent binding. On the other hand, entrapment and encapsulation are physically immobilized
cells figure (1). The following subsections describe immobilizing techniques [31].

[ MICROBIAL CELLS IMMOQBILIZATION TECHNIQUES ]

[ PHESICALL METHODS ] [ CHEMICAL METHODS ]

F

ENCAPSULATION ENTRAPMENT ADSCRPTION COVALENT BINDING

e ) | ol | | amee

Figure 1: Scheme showing techniques of microbial cells immobilization [source: Authors]

3.1. Adsorption: Adsorption represents the simplest method of immobilizing microbial cells, cells are initially
attracted to the surface of carriers, and then are adsorbed onto the matrix. This technique is essentially a physical
binding between the surface of a water-insoluble carrier and the immobilized microbes, including physical
interactions such as van der Waals interactions, ionic forces, and hydration [31,32]. Therefore, due to the
taxonomic and metabolic status of the cells that limit the affinity between cell and carrier, this status is important
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for cell sorption via its influence on the immobilization efficiency. Obviously, different types of microbes
demonstrate various adsorption behaviors [33]. Adsorption is more appropriate for the immobilization of
microbes when compared to the entrapment technique [34]. The selection of suitable sorbents can maintain
microbes’ metabolic activity and catalyze microbial metabolism, as well as preserve the microbes against toxic
agents. Support materials with a high surface area, void volume, permeability, and durability are advised for
adsorption studies [33,34]. O. Dhugosz et al. (2020) succeeded in using a-amylase immobilized on the surface
of metal oxide NPs as a biosorbent [35].

3.2. Covalent binding: Covalent binding immobilization is represented as one of the commonly used
techniques of cell immobilization. It is an economical technique based on forming the covalent bond between
functional groups in microbes' walls and on the carrier material in the presence of a binding agent [36]. The
functional groups present in microbial cell walls are such as carboxyl, phosphoryl, and amide groups [37].
Glutaraldehyde (GA) and carbodiimide hydrochloride (EDC) are used as binding agents in immobilization.
Covalent binding agents are usually toxic and as cells inhibitor. Therefore, the covalent binding technique is
essentially utilized for enzyme immobilization instead of whole-cell immobilization [38]. S.Ding et al. (2015)
showed that the immobilization enzyme onto nanoparticles schemes has preserved or even boosted immobilized
enzyme performance due to the size of nanoparticle and surface chemistry in addition to the density of
immobilized enzymes [39]. A. Rasheed et al. (2020) [40] immobilized Pseudomonas aeruginosa on the surface
of economical carriers eggshell powder and used glutaraldehyde as a binding agent for removal of Cr (V1) from
aqgueous solution. The reaction chemistry of immobilization is described in Figure (2).
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NH, » 07 No —» NZ X9
Eggshell Glutaraldehyde Linkage between

eggshell & glutaraldehyde
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Bacteria

Figure 2: Reaction chemistry of immobilization technique [40].

3.3. Encapsulation: Encapsulation, or the so-called coating, represents as a special microbial immobilizing of
the trap. It is a physicochemical or mechanical mechanism to trap the encapsulated material [41]. Encapsulation
of biomass is surrounded by a semi-permeable membrane. The permeability of the membrane allows the influx
of free substrates and nutrients while the biomass is restricted by the membrane walls. This technique limits
entry to the inside of the capsule, which in turn protects the biomass from external conditions, and also prevents
the biomass from increasing its metabolic activity and generation of metabolites. It is an effective technique in
many studies on laboratory and commercial scales, and it is one of the most widely applied techniques through
small-scale immobilization. Encapsulation in beads or granules with a suitable size, mechanical strength, and
porosity is one of the most common [42]. Coating magnetic nanoparticles MNPs with organic materials such
as alginate has been commonly used to preserve agglomerated microorganisms and increase their stability.
Moreover, the coating can also provide functional groups for effective biosorption [43] M. Yao et al. (2018)
[44] showed perfect viability when encapsulating the probiotics (Pediococcus pentosaceus Li05) in alginate—
gelatin microbeads and MgO NPs. On the other hand, N. Suvarlil et al. (2022) [45] successfully conjugated [3-
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Galactosidase onto the surface of polymer NPs and encapsulated these enzyme-conjugated nanoparticles
(ENPs).

3.4. Entrapment: Entrapment is the most extensively applied mechanism for immobilizing microbes. It
depends on the enclosure of microbes inside a rigid network [46]. The trap itself is airtight enough to prevent
cells from being released while still allowing substrates and products to diffuse. Therefore, this technique is
one of the least disruptive mechanisms for inhibiting the movement of microbes where microbial entrapment
uses naturally occurring gel polymers [22,47]. The porous polymer is utilized to enclose microbes. Microbial
entrapment in alginate gel is widely used due to its mild conditions and simplicity of methodology [48.49]. It
has been routinely utilized in biotransformation and fermentation operations to manufacture antibiotics,
enzymes, alcohols, and organic acids [50,51]. W. Tian et al. (2007) [52] were able to use a biosorbent prepared
by immobilizing the Sphingomonas sp. on FesO4 NPs and gellan gum as a modified entrapment technique for
bioremediation of wastewater.

4. Benefits and drawbacks of microbial immobilization techniques.

All techniques used for microbial immobilization including encapsulation, covalent binding, entrapment, and
adsorption utilized to achieve biocatalyst have benefits and drawbacks as shown in Tablel.

Table 1: Benefits and drawbacks of microbial immobilization techniques
Adsorption

Covalent binding

rleed,

Benefits Drawbacks Benefits Drawbacks
It is mild, rapid, simple, cheap, | The binding force is weak | It can improve the catalytic | Difficult to prevent cell
and efficient. It does not need | between microbes and carriers | activity by stabilizing the | damage during
chemical additives, as well as | due to the high leakage rate of | active conformation. immobilization. The
the  potential of  carrier | the adsorbed cell from the complicated immobilization
reloading. carrier. To restrain microbes’ conditions result in a

desorption from the matrix,
powerful adsorption between
cells and carriers must be
established depending on the
type of appropriate adsorbents.

remarkable loss of enzyme
activity  through  altering
protein structure.

Z. B. Bouabidi et al. (2018) [31], Z. Bayat et al. (2015) [32],

K. Abdollahi et al. (2017) [53], M. Garmroodi et al. (2016)

[54]

Encapsulation

Entrapment

3t

Benefits Drawbacks Benefits Drawbacks
No chemical modification of the | Declined  mass  transfer, | The formation of a barrier | Cell  leakage, diffusion
raw material is required which | creation of fragile | protective of the biomass | limitations, expensive, least
results in the proper activity of | immobilization capsules, and | prolongs catalyst viability, | loading capacity, and
the inactivated microbes. instability at specific acidity. store, and augments catalyst | deactivation through
mechanical strength. immobilization.

M. E. Mahmoud et al. (2016) [55], J. K. Park and H. N. Chang (2000) [56],

and C. S. M. Suzana et al. (2013) [57]

S. Gao et al. (2010) [58], I. Stolarzewicz et al. (2011)[ 59]

5. Influential factors of immobilized microbial nanoparticles

1- Surface characteristics of sorbents and charge surface.
2- Physiological state and the surface structure of microbes.

3- The composition and acidity of the medium can change the electrokinetic possibility of cells and the

temperature, which affects the sorption of cells.
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4- Nature of sorbents: Inorganic sorbents can be easily regenerated, and resist decomposition because they
are soluble in alkaline solutions, while organic sorbents are chemically stable.
The metabolic activity of microorganisms on the surfaces is influenced by various factors including variation in
acidity, existence and composition inhibitors, as well as the dosage of substrates and ions. Therefore, it is
worthwhile to select suitable surface support for microbes and the type of microorganisms as well as the technique
applied to provide excellent fabrication of the biocatalyst [60].

6. Biotechnology Application of Nano-cells immobilization

The application of cell-immobilization approaches to nanoparticles has attracted the attention of many researchers
because it is necessary to apply these strategies on an industrial scale. Therefore, the main applications in the
biosorption of pollutants from wastewater and other useful products will be summarized below.

6.1. Nano-cells immobilization in biosorption technique

Biosorption is an excellent technique in the bioremediation of wastewater and is characterized by wide availability,
easy-to-use sorbents, and cost-effective and environmentally friendly operation [63]. It is a physicochemical
technique that is similar to traditional mechanisms such as sorption, desorption, precipitation, and ion exchange.
Moreover, it is described as a promising biotechnique for removing pollutants from wastewater to control
environmental pollution. The characteristics that distinguish biosorption from the technique applied are that the
essential sorbents are bio-materials or living and dead microorganisms [63,64].

Bioremediation of industrial wastewater containing heavy metals is receiving serious attention. Therefore, several
studies have been conducted to remove heavy metals from wastewater using different sorbent materials [64,12]. It
has been reported that the removal efficiency increases with the increase in the surface area of the sorbent material
[12,63,64]. Moreover, the immobilization of microbial cells increases their stability and resistance to
environmental conditions [31]. Q. Peng et al. (2010)[65]found that 96.8% removal efficiency Cu(ll) at optimum
conditions by immobilized Saccharomyces Cerevisiae on chitosan-coated magnetic NPs.

B. Ren et al. (2017) [66] found that the immobilization of spores of Aspergillus niger in Ca-alginate may enable
the conservation of spores from environmental influences, thus maintaining high biosorption efficiency of Cr(VI).
Table 2 reviewed the biosorption of heavy metals using various techniques of immobilization of microbial cells.
It is clear from the table that the relevant data indicated a high efficiency of the adsorption capacity.

Table 2 :Previous studies related to heavy metals removal using nano-cells immobilization technigues.

Type of Kind of Fabrication of . . .
Metals Microorganisms Biosorbent CRPITIAT) QEIETTER CEmelin REE
sr(in Kluyv_e_romyces Magnetic FesOs NPs | 140.8mg adsorption capacity at 20 °C, and 20 min [67]
fragilis yeast
Penicillium . . _
Pb(l) funiculosum Silicon dioxide Nps | 1200-7 mmol /g adsorption capacity pH=5 after 20 | g
(.enzymes )
Pb(1) Eﬂﬁnfggcggﬁtrz Ca-alginate-Fe304 96.03% efficiency at pH 5.0 and 35 °C, and an [69]
ysosp NPs initial concentration of 500 mg L Ph(11)
(fungus )
Saccharomyces water-_b ased magnetic 1.2 mmol/g adsorption capacity at 25 mg/L initial
Cu(ll) . fluid stabilized - . [70]
cerevisiae (yeast) S concentration of ions and pH above 5
perchloric acid
PR -
Ni(Il) Sacc_hgiromyces nzZVi 77% efficiency at pH 5, 3 g/L of biosorbent [71]
cerevisiae (yeast) dosage, and 3 hrs
Saccharomyces . ) 81.96 mg adsorption capacity Sr(I1)/g pH= 8, 5hs,
sr(1n) cerevisiae (yeast) Chitosan-FesOs NP and 30 mg adsorbent dosage. [72]
0,

Co(ll)and Pleurotus eryngii Maghemite (y- More than c?fSSﬁ))lioc]; C&(SIB 223 HSELI_)S[ 150 mg /1 (73]

Hg(ll) (Fungus) Fe 20 3). phase, P
Cd?* an lactic acid maanetic NPs s 98.04 % pb*2and 99.06% Cd?* efficiency at 1 [74]

d Ph?* bacteria cells g gm/L biosorbent dosage,60 min, and 28°C

Dyes are vastly utilized in industries and their release into the environment caused an environmental disturbance
and increased water pollution [75]. Bioprocessing of dyes by microorganisms is carried out either by the
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biosorption of dye molecules on biomass or by biodegradation of dyes. Biodegradation of Azo dyes is carried out
using microbial culture, in which the metabolic activities of the microbial community in consortia lead to increased
biodegradation and mineralization [76]. The immobilization of nano-cells as a nano-biosorbent is carried out to
improve biosorption efficiency due to enhanced stability and protection of microbial cells [75]. Table 3 shows
some studies developing new eco-friendly water treatment techniques, decolorizing effluents by fabrication nano-

absorbent in the biosorption process.

Table 3: Previous studies related to decolorization by immobilization of microbial onto nanoparticles.

: : : Fabrication of " . .
Type of dyes Kind of microorganisms biosorbent Optimum Operation Condition Ref.
A higher adsorption capacity is 193.8
Five types of Sargassum muticum . mg/ gm for acridine orange and
organic dyes (Macroalgae) Iniitel(NEEs) (110.4 mg/q) is the lowest one for [77]
malachite green
Methylene blue . .
. 91 mg g * adsorption capacity at
MB .
() Agrobacterium fabrum Iron oxide (NPs) 200 ppm MB, pH=11, 160 rpm, and | [78]
(bacteria) 25 °C
Azo dyes (DO 34, Bacillus subtilis Super paramagnetic ~95% decolorization at pH= "7, 24 h,
CR, Orange Il, and (bacteria) Fes O4 NPs and 100 mg/L [79]
Red MX-5B)
Coated cells with
. magnetic 91.60 % at 200 ppm initial
Basic Red 46 azo Enterobacter c_Ioacae sp. FesOs NPS concentration of dye, 37 °C, and pH 7 | [80]
dye (BR 46) (bacteria)
after 24 hrs
Methyl orange saccharomvees Cerevisiae 96.52 % was at the pH 6.5,
(M.O) (yeast) FesO4 NPs 50 mg/I,1.5 g/l biosorbent dosages, [75]
y 110 rpm, and 35 °C
SEHIS EIDAR _Ra_oultel_la Magnetic Fe3Oa nps 95.20% decolorization at 1600 ppm
azo dyes Ornithinolytica sp. : _
(bacteria) dyes, 5 ml/L bisorbent desage, pH=8, [81]
24 hrs, and 37 C.
RO16 and Manganese peroxidase Iron oxide- 98% RO16 and 96% MB
Methylene Blue 9 P Chitosan decolorization at 50 ppm, pH=7, and [82]
(MnP) enzyme 27°C

6.2. Nano-cells immobilization in the hydrolysis of lignocellulosic material

The possibility of using nanocarriers of cells in biotechnology applications to obtain nano-biocatalysts could be
an important strategy for achieving the economic feasibility of many processes [83]. Green energy can be obtained
from lignocellulosic materials as feedstock by biotransformation to bioethanol [84]. Hydrolysis of lignocellulose
materials by immobilized enzymes is preferred over MNPs as these nano-bio-catalysts can be easily recovered and
reused which increases the life of the bio-catalyst, and reduces the cost of bio-catalytic synthesis [85]. Figure (3)
shows the steps of biotransformation of lignocellulose into monosaccharides by immobilized enzymes on
magmatic NPs [86].
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Y
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Figure 3: Schematic diagram of the hydrolysis of lignocellulosic material by enzymes immobilized on magnetic
NPs to a monosaccharide [86].

6.3. Nano-cells immobilization as stimulants for biofuel production

In recent decades, biofuel production is rapidly increasing and expanding its extent from traditional to advanced
biomass (2 " and 3 " generation biofuels). Biofuel production such as bioethanol and biodiesel are alternatives to
fossil fuels to reduce the negative impacts on the environment [84].

Nanoparticles incorporated into biofuel production are a promising approach to obtaining efficient biomass
degradation and accelerating biofuel production efficiency. V. Ivanova et al. (2011) [87] found an improvement
in bioethanol production from corn starch by yeast cells trapped with alginate/magnetic nanoparticles that reached
264.0 g/L per hour while reducing the sugar concentration by 200 g/L. S. Sarwari et al. (2022)[88] obtained that
the improvement of bioethanol production from wheat straw by immobilized S. cerevisiae SS-4 in calcium
alginate/ magnetic NPs gave an optimum yield of (49.71g/L), while 45.66g/L of bioethanol was obtained by
immobilized yeast cells in calcium alginate and (36.52¢g/L) by free cells at optimum conditions of pH 4.5, 72 hrs
at 28 °C.

Biodiesel production with important properties has led to the expansion of the biofuel market as the most energy
efficient while reducing environmental impacts [84]. X. Wang et al. (2011) [89] where they converted more than
88% to biodiesel in 192 hrs using a four-packed-bed reactor by immobilized lipase on FesO4 nanoparticles. On the
other hand, M. Raita et al. (2015) [90] obtained 97.2% biodiesel production from palm oil by immobilized
Thermomyces lanuginosus lipase on magnetic NPs under optimum conditions of 23.2 wt % enzyme loading, 4.7:1
methanol to oil, 50 ‘C and 24 hrs. Moreover, M. Karimi et al. (2016) [91] obtained 91% of biodiesel production
from waste cooking by immobilized lipase on superparamagnetic iron-oxide NPs within 35 hrs.

5. Future Research Directions
The immobilization of microbial cells onto nanomaterials has been utilized in different biotechnological
applications. Nano-based support materials have been increasingly used due to their important features such as
large surface area, the ability to be used in various sectors, and efficient surface chemistry. The immobilized
microbial nanoparticle technique is considered a green approach for environmental pollution management, due to
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its high efficiency. The green synthesis of nanomaterials from plant extracts contributes to reducing costs [92].
Therefore, these environmentally friendly techniques will be a starting point for their use in various industrial,
medical and biological wastewater treatment sectors. At present, many studies are still underrated to solve practical
problems of the immobilization of microbial cells [93]. Simultaneously, the studies conducted on the use of
immobilized cells on nanoparticles technique is increasing due to the enhanced microorganisms’ effective [18].
Recent trends in the utilization of immobilized microbial nanoparticles enhance biogas production in the bio-
treatment of wastewater at an anaerobic condition [84, 94]. A. Ahmad, and S. S. Reddy (2020) found that the
enhancement in the average biogas production reached 4.5 liters and reduction in the chemical oxygen demand is
about 95.7% via immobilized consortium onto zinc oxide NPs in upflow anaerobic sludge blanket reactor [95].
Therefore, this strategy will contribute to the production of green energy and thus reduce gaseous emissions that
cause environmental pollution. Finally, scientists should support and develop microbial immobilization
mechanisms to obtain a novel nano-bio- catalyst with high properties.

6. Conclusion

Immobilization of cells or enzymes on nanoparticles is highly effective in biotechnology applications.
Nanoparticles improve microbial performance due to their unique physicochemical properties such as high surface
area, effective diffusion, and biocompatibility. Biotechnology applications include the application of nano-
biocatalyst in the biosorption of contaminants from industrial effluents using various techniques including the
fabrication of nano-biosorbents. The biodegradation of lignocellulosic materials into monosaccharides is obtained
by hydrolysis. Moreover, bio-stimulates in biofuel production processes represent a renewable energy alternative
to fossil fuels. Therefore, microbial nanoparticle immobilization techniques, as an emerging bioremediation
approach with great potential, have been used in various biotechnology applications.
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