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ABSTRACT

The textile industry is known to consume much more water than any other industry, such
that approximately 200L of water is consumed for each kilogram of fabric. In India, the
textile industry alone consumes 425,000,000 gallons of water daily. The two main
processes that consume the most water are the dyeing of the fabric and washing the
fabric. The problem arises, as the dye does not bind properly to the fabric and thus gets
discarded as effluent into the water bodies. Apart from this the wastewater also contains
tannins, lignins, high pH, high BOD and COD and heavy metals thus causing severe
impact on the environment. Keeping in mind the size of the industry, it is crucial to find
efficient ways to treat the effluent before releasing it into water channels. On a large
scale, many physical and chemical techniques are being used. However, researchers are
still in search of less hazardous, efficient and inexpensive techniques for the remediation
of dye effluents. The work in this dissertation was done to understand a relatively
less-tested combination of techniques. The aim was to use a microbial-assisted
nanobioremediation technique to remediate a monoazo dye i.e. Methyl Red.

We synthesised MgO nanoparticles (MgO NPs) using Achromobacter sp. To our
knowledge, it is the first time MgO NPs are being synthesised from Achromobacter sp.
We have extracted laccase enzyme from Brevibacillus bevris. We used both MgO and
bacterial laccase to remediate MR. And as per our knowledge, this experimental design
is also being done for the first time. We saw only crude laccase degraded MR with
Decolourization efficiency(DE) being 20.5%. The DE of only MgO to degrade MR was
23.3%. While the DE when both MgO and crude extracellular laccase enzyme were used
together was 37.7%.


mailto:ananyachugh87@gmail.com

We can observe that there is a nearly 80 % increase in the DE from only laccase to using
both laccase and MgO together. As speculated, combining MgO and laccase enzyme
increased the degradation of MR.

Vi
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CHAPTER 1

INTRODUCTION

The first ever synthetic dye mauve was an accidental discovery by a teenage chemist
William Henry Perkin in his home lab in the 1850s. Almost immediately after this, a
whole new synthetic dye industry began(Travis, 1988). A wide variety of colour ranges
and most importantly cheaper dyes were now available in the market. As a result, fashion
and textile production grew exponentially, but so did the environmental burden of
untreated effluents being released into water bodies and polluting them (Akter et al.,
2023). Keeping in mind the size of the industries using dyes today, the entire world
generates approximately 60 x 107 - 90 x 10° kgs of dying process effluent annually and
out of this 1/10th of this penetrates the environment via industrial wastewater (Chauhan et
al., 2017).

Bioremediation i.e. the use of microorganisms to remediate pollutants from soil and water
has been more promising and comparatively inexpensive than other physical and chemical
techniques of remediation (Juwarkar et al., 2010). However, using only one technique
may not be feasible and as efficient. In response to these challenges, innovative solutions
are emerging at the nexus of nanotechnology and bioremediation. One such promising
approach is microbial-assisted nanobioremediation, the combination of nanoparticle’s
catalytic properties with microbe-mediated enzyme activity.

Nanotechnology has managed to make its way into all industries including food,
agriculture, medicine, cosmetics, etc. This is because nanomaterials have offered a whole
new set of properties to already existing bulk materials like a higher ratio of surface area
to volume. Metal Oxide nanoparticles are one class of nanomaterials that have recently
gained interest to remediate dyes owing to their catalytic activity (Chaudhary et al., 2023).
And studies have shown that biologically synthesised nanoparticles as opposed to

chemically synthesised nanoparticles are less toxic, consume less energy and are



eco-friendly (Das et al., 2017). Noman et al. (Noman et al., 2020) used Cu NPS
synthesized from Escherichia sp. as photocatalysts for degradation and reported 83.90%,

and 76.84% for congo red and reactive black-5, respectively at 100 mgL™

dye
concentration (Noman et al., 2020). Green synthesized NPs have also gained a lot of
interest because it is also cost-effective, eco-friendly and have efficient dye degradation
potential. As reported by Laouini et al. (Laouini et al., 2021) 84.50 % decolorization
efficiency of Congo red was obtained after a 50-minute reaction with Ag NPs synthesised
using leaf extracts of a plant commonly called Date palm (Laouini et al., 2021).
Bioremediation of dye using the Laccase enzyme has been prominently done over the past
decade. Laccase is an oxidoreductase which, by catalyzing the oxidation of aromatic
molecules, both phenolic and non-phenolic, has been effective in removing various
synthetic dyes including azo dyes (Kanagaraj et al., 2015).

In this study, we have used Methyl Red (MR) as our model dye. We synthesised MgO
nanoparticles (MgO NPs) from soil isolate Achromobacter sp. To our knowledge, it is the
first time MgO NPs are being synthesised from Achromobacter sp. Along with this we
have extracted laccase enzyme from Brevibacillus bevris which is also a soil isolate. We
used both MgO and bacterial laccase to remediate MR. And as per our knowledge, this
experimental design is also being done for the first time. We speculate that combining

MgO and laccase enzyme should increase the degradation of MR.



CHAPTER 2

LITERATURE REVIEW

2.1 Textile Dyes

Synthetic dyes serve a crucial role in colouration processes within various industries like
food, textiles, cosmetics, leather, etc. There are 5 major classifications of dyes based on
the chromophore groups present namely nitro/nitroso dyes, trimethyl methane dyes, azo
dyes, indigo dyes and anthraquinone dyes as shown in Figure 2.1. The characteristic
colour of dyes originates from the chromophoric, auxochromic or conjugated aromatic
structures. It is chromogenic groups that enable white light to be transformed into
coloured light by selectively absorbing energy (Benkhaya et al., 2020; Jamee & Siddique,
2019).

@{#

' Trimethyl rr-:than: Dye ./ Ch_[‘()moph()‘l‘e N

S0 } HU

S Anthraguinone Dnve /-' \_ Indigo Dve 2

Figure 2.1: Classification of dye based on chromophore

Since seventy per cent of all dyes used in the industry are azo dyes, azo dye is the most

significant. These dyes have a characteristic -N=N-, called the azo linkage. Azo dyes are



categorized according to how many azo links the dyes contain: (i) monoazo, (ii) disazo,
(ii1) trisazo and (iv) polyazo. Also according to their chemical structure, a corresponding
Colour Index (CI) number is given to each dye (Gregory, 1990; Giirses et al., 2016).

Subsequent modifications have been introduced to dyes which have further increased the
yields and colour properties, leading to a diverse range of dyes. However, the discharge of
textile dyes poses a global concern due to the high concentration of pigments and
additives they contain. Approximately ten to fifteen per cent of the colour used is

discharged into neighbouring waterways untreated (Saba et al., 2021).

2.2 Hazards of Textile dyes

The use of synthetic dyes is directly or indirectly harmful to all life forms. The dyeing
process out of all the processes in the textile industry, is the most hazardous. This is
because a significant amount of chemicals and dyes do not adhere to the fibre and instead
are released as a part of dye effluent (Subburaj et al., 2024). The main problem arises
when this effluent enters the waterbodies in an untreated form. Firstly this effluent affects
the aesthetic quality of water bodies including malodor, and unclean appearance and even
impedes the penetration of sunlight; affecting photosynthesis. There are elevated levels of
chemical and biological oxygen demand (COD and BOD) (Lellis et al., 2019). Because of
their recalcitrant behaviour, they persist for a prolonged time and can go up the food chain
due to bioaccumulation. These synthetic dyes also have the presence of auxiliary
compounds and heavy metals like sulphur, acetic acid, chromium, cobalt, nickel, etc. All
of these make the effluent even more toxic. Further, if these effluents are allowed to
irrigate the fields, the soil productivity is lost. And if these effluents flow into rivers or get
leached into underground water reserves they can directly impact the drinking water
(Kant, 2011). These dyes are mutagenic, allergenic, teratogenic and non-biodegradability
(Nandhini et al., 2019). Thus making it necessary to remediate the dye effluents before

being released into the water bodies.



2.3 Bioremediation

By definition, bioremediation is the process of cleaning up pollutants that may be found in
soil, water, or the air by using bacteria, fungi, plants, or their enzymes (P. Singh et al.,
2020). For many years natural bioremediation for wastewater treatment has been
observed. However, the intentional use of microorganisms to clean up toxic waste is
comparatively a newer approach (Omokhagbor Adams et al., 2020). There are two major

bioremediation techniques based on the site of application:

Bioremediation

Techniques
l‘ In Situ ;l Ex Situ

Natural attenuation Enhanced Biopile

"~ Biosparging — Bioreactor

—> Bioventing — Windrow

— Bioslurping — Land farming

—> Phytoremediation

Figure 2.2: Schematic diagram of 2 major bioremediation techniques based on site

In-situ techniques include treating the polluted substances at the site of pollution. In
theory, these techniques are less expensive than ex-sifu techniques. Some of these
techniques are intrinsic bioremediation i.e. natural attenuation occurs, while in other cases
the remediation can be enhanced like phytoremediation, bioventing, biosparging and
biosplurging. On the other hand, ex-sifu techniques involve excavating pollutants from the

site to another site for their treatment (Azubuike et al., 2016).

2.3.1 Bioremediation of textile dyes

The primary characteristics of textile wastewater are the dye effluent, high salt

concentration, increased temperature, high BOD and COD and variable pH. There are



physical treatments that include physical separation methods like sedimentation and
filtration. Also, there are chemical methods that include adding coagulants and
flocculants. However, both these processes are very harmful to the environment and not
very cost-effective (Lim et al., 2010). So, there has been an increase in interest in the third
category of treatment i.e. bioremediation. Using bacteria, fungi and especially now
microalgae to treat textile wastewater (Premaratne et al., 2021). To remove these textile
dyes from the water, the microorganism uses one or more of the following mechanisms:

a. Biosorption - it is a passive mechanism, that involves using dead cells and is a
metabolically independent process. Allows the contaminants to get absorbed onto the
surface. This is especially helpful for toxic contaminants.

b. Bioaccumulation - it is an active mechanism, that involves the transport of the
contaminants into the living cell and accumulates there (Filote et al., 2021).

C. Biodegradation - it involves a one-step or chain reaction to convert organic

pollutants into simpler less toxic molecules.

2.4 Laccase Enzyme

Laccase is a member of the superfamily of multicopper oxidases (MCOs). Due to the
presence of a cuperdoxin-like domain in all MCOs, they can reduce oxygen to water
(Janusz et al., 2020). Laccase is a glycoprotein which may be monomeric, dimeric, or
tetrameric. It is considered a versatile biocatalyst and can degrade many compounds,
including the effluents found in industrial wastes (Arregui et al., 2019). It is produced
mostly in fungi, higher plants and even some bacteria like S./avendulae, S.cyaneus, etc

(Shraddha et al., 2011).

2.4.1 Laccase Enzyme to remediate Textile dyes

A wide range of aromatic compounds are oxidized in conjunction with the reduction of
O, to H,O by laccase (Shraddha et al., 2011). The efficacy of laccase in decolorizing dyes
varies depending on the type and location of substituents on the aromatic ring of the dye

(Martins et al., 2001). Martins et al., 2001 showed that dye analogues with sulfonic



groups at para positions to azo bonds were found to undergo greater decolourization than
analogues with sulfonic groups at meta positions (Martins et al., 2001). Apart from this, it
has been shown that dyes' redox potential is directly related to their decolourization,
although further research is needed to understand this relationship (Zille et al., 2004).
Laccase is successful in oxidizing most dyes, but there is a wide range of degrees and

rates of decolourization.

2.4.2 Mechanism of laccase enzyme degrading Azo dye

Azo dye has the characteristic -N=N- linkage that gives it a recalcitrant nature. Laccase a
multicopper oxidase’s mechanism is based on a non-specific free radical formation to
degrade dyes and form simpler compounds instead of toxic aromatic amines. The basic
mechanism includes reduction of Cu (II) to Cu (I) and in return oxidizing the azo dye and
cleaving the azo linkage, thus degrading the dye and producing simplified products
(Chacko & Kalidass, 2011).

2.5 Nanomaterials

By definition and literal translation, nanomaterials are tiny materials that are in the 1- 100
nm size range (I. Khan et al., 2019). Nanomaterials have offered a whole new set of
properties to already existing bulk materials. One such example is the increased ratio of
surface area to volume and because of this, the surface contains many atoms, which leads
to the catalytic property in the nanoparticles. There are two methods for creating NPs - the
top down method means breaking bulk material to give NPs and the bottom up method
entails starting at the atom level and going up to making NPs. Recently, methods such as
physical vapour deposition, sol-gel, optical lithography, and biological synthesis have
become increasingly significant in the production of nanomaterials. Nanomaterials are
classified based on - dimensionality (at least one dimension in nanosize), chemical

composition and porosity (Harish et al., 2022).



Nanomaterials
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Figure 2.3: Classification of Nanomaterials

2.5.1 Synthesis of Nanoparticles

The most widely used methods to synthesise nanoparticles are physical and chemical
methods, which are normally low-cost and produce high volume. However, these methods
often need toxic chemicals for the procedure and end up contaminating the NPs formed
and also could be harmful to the environment. However, metallic nanoparticles have
become very important because of their broad-spectrum applications. And thus non-toxic,
eco-friendly and inexpensive techniques are needed to synthesise these nanoparticles
(Pantidos, 2014). One such technique is biological synthesis, which includes using
bacteria, fungi and plants to synthesise these metallic nanoparticles. Biologically
synthesised nanoparticles are better stable and have oxidation resistance. In general,
nanoparticle synthesis involves the following steps - (i) reduction, (ii) stabilization, (iii)
nucleation, (iv) aggregation,

(v) capping (F. Khan et al., 2022).

a. Bacterial Synthesis
Metal nanoparticles are synthesized by microbes in the presence of reducing enzymes. It
could be intracellular or extracellular synthesis Bacterial synthesis offers various

advantages bacteria are fast growing, easy to maintain and most importantly the growth



conditions can be manipulated. This manipulation allows for a change in the shape and
size of the nanoparticle which has a direct impact on the function and therefore its

applications (Ghosh et al., 2021).

b. Phyto-mediated synthesis
Using plants is another environmentally friendly approach. The plant extracts have active
phytochemicals like terpenoids, alkaloids, phenols; and enzymes that reduce the metal

precursor to form nanoparticles (F. Khan et al., 2022).

c. Fungal synthesis

This also has two mechanisms intracellular and extracellular methods. The fungal culture
filtrate/fungal mycelia culture contains metabolites like mevastatin and cyclosporine, and
enzymes like ACCases and peroxidases reduce the metal ions to form nanoparticles

(Pantidos, 2014).

2.5.2 Nanoparticles for remediation of Textile dyes

When visible light is present and the photon's energy is higher than the threshold, the
excited electron leaves the Valance band (VB) and enters the Conduction band (CB),
opening a gap/hole in the VB. The electron in the CB reacts with O, and reduces it to
form superoxide 0,” which is a potent reducing agent, While the hole in VB reacts with the
H,O adsorbed and forms hydroxyl free radical which behaves as a strong oxidizing agent.
The dye gets adsorbed onto the surface of the nanoparticle, and both these oxidizing and
reducing agents react with the dye and therefore degrade it into simpler molecules

(Nandhini et al., 2019; Yadav et al., 2022).
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Figure 2.4: Mechanism of Nanoparticle Remediating Dye. (The green decagon

represents a metallic nanoparticle)

2.6 Nanobioremdiation

The fact is to remediate contaminated sites one technology alone may be expensive and
not as effective because of the recalcitrant characteristics of the pollutants. This is where
combining more than one technology comes in to achieve synergism and ultimately an
increased efficiency to remediate pollutants. One such combination is Microbial
nano-bioremediation or simple nanobioremediation. It involves the abiotic factor of the
nanoparticles that can adsorb, absorb and even degrade some pollutants owing to the
photocatalyst activity. And the second is the biotic factor i.e. using complete microbes or
microbial enzymes to reduce/oxidise pollutants. Apart from enzymes other biotic
processes like biostimulation and biotransformation can also remediate the pollutants

(Cecchin et al., 2017; Y. Singh & Saxena, 2022).

2.7 In silico analysis
Molecular docking is a very fast, inexpensive and easy technique to understand the
binding affinity between protein/ receptor and small molecule/ligand. Based on the

flexibility of ligand and/or target protein docking has 3 types (Agarwal & Mehrotra,
2016).

10



Types of Docking

Flexible ligand docking Rigid body docking Flexible docking
ligand is flexible, both the target and ligand both interacting
target is rigid. molecules are kept as rigid molecules are flexible

molecules

Figure 2.5: Types of docking

One such open source tool is Autodock Vina which is used in this study. It is extensively
employed in drug discovery to screen extensive libraries of compounds for potential drug
candidates (Trott & Olson, 2010).

In the drug development sector, molecular docking has saved a lot of money and time
because it allows the scanning of large libraries of drugs in one go. Similarly, molecular
docking is proving to be useful in the environmental pollutant degradation domain; by
predicting binding affinities of pollutants with the potential enzymes, decoding
degradation pathways and eventually helping in designing more efficient and targeted

remediation strategies (Basharat et al., 2017; Liu et al., 2018).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Culturing Achromobacter Sp.

1) The bacterium Achromobacter Sp. was obtained from The Environmental and Industrial
Biotechnology lab, at Delhi Technological University.
i1) The nutrient broth was prepared and autoclaved.

ii) Achromobacter Sp. were grown and maintained in NB for 24 hours at 37°C.

3.2 Bacterial synthesis of MgO NPs

The protocol from Mohanasrinivasan et al., 2018 was followed with certain modifications
(Mohanasrinivasan et al., 2018).

1) Prepared 0.2M MgCl, and 0.4M NaOH.

i1) Overnight grown culture was diluted with sterile nutrient broth in a 1:3 ratio.

ii1) Added 40 ml of 0.2M MgCl, to the diluted media

iv) Dropwise added 0.4 M NaOH

v) For control, no MgCl, was added to the diluted media

vi) Placed in a water bath for 15-20 minutes.

vii) Let the whitish-brown precipitate formed settle down.

viii) Removed from water bath and allowed to sit undisturbed for 3 hours

ix) Centrigufed the media for 15° at 2800 g. Discard supernatant and washed the pellet
twice with distilled water.

x) Calcinated at 300°C for 4 hours to make it into oxide form.

12



3.3 Antimicrobial activity of MgO NPs

To test antimicrobial activity simple disc diffusion assay was performed.

1) Prepared Nutrient Agar Plates.

i) On two plates streaked E. coli (gram-negative) and the other two streaked
Brevibacillus brevis (gram-positive).

iii) A disc of 5 % solution of MgO NPs and 400ug/ml solution of Rifaximin was prepared.
1v) Place the disc on each plate and leave undisturbed at 37°C for 24 hours.

v) The zones of inhibition were observed by measuring the clearance zone around the disc

by a scale.

3.4 Characterization of MgO NPs

3.4.1 UV-Vis Spectroscopy
Metallic Nanoparticles interact with specific wavelengths of light. NPs have varied
optical properties owing to the shape, diameter, concentration, and RI of NPs surface. So

UV-Vis Spectrophotometry can help to characterize the nanoparticle (Philip, 2008).

1) To obtain an absorption spectrum we dissolved the MgO NPs in dilute acid and

measured absorbance through 300-800 nm wavelength using Eppendorf BioSpectrometer.

3.4.2 Fourier transform - infrared spectroscopy (FT-IR)

FTIR is used to determine the functional groups and thus the composition of
biomolecules. The IR causes different types of vibration - stretching and bending in the
bonds of atoms. Thus these vibrational signals are detected and converted into an FTIR
spectrum (%Transmittance vs wavenumber cm™). Thus in the FTIR spectrum, there are
two main regions - 1200 cm™ to 400 cm™ region is the fingerprint region. This region is
specific to the biomolecule and is very essential for the characterization and identification
of the molecule. The region from 4000 cm™ to 1200 cm™ contains distinct peaks for
functional groups. For instance, a broad centred at about 3400 cm™ is a characteristic

signal of the stretching of alcohols (-OH). The broadness of a peak reflects the polarity/ H

13



bonding of the atoms. FTIR can be used to characterize nanoparticles owing to the optical

properties of their surface (/2.7, 2024; Ramirez-Hernandez et al., 2019).

1) In this study, a PerkinElmer Fourier transform infrared (FT-IR) spectrometer with a

wavelength from 400 to 4500 cm™ was used for the characterization of the NPs formed.

3.4.3 X-ray diffraction

XRD is another non-damaging characterization tool. The wavelength of X-ray is
comparable to the inter-atomic distances, allowing this technique to accurately predict the
atomic distances and consequently the crystallographic structure of the molecule. The
diffraction spectrum consists of a graph of intensities vs the detected angle 2 0. Further
using Bragg’s law, one can find the distance between the atomic planes.

2lsin @ =nA, 3.1)
1 is the distance between atomic planes

0 is the diffraction angle

A is the wavelength

The width of the peaks obtained indicates the crystal size. A sharp, high-intensity peak
indicates a well-ordered crystalline material (Sharma et al., 2012). It has been studied that
for very small nanoparticles the size itself affects the XRD pattern (Vorontsov &
Tsybulya, 2018).

1) For this study the X-ray diffractometer (XRD) pattern was observed using a Bruker, D8
Discover High Resolution X-Ray Diffractometer.

3.4.4 Zeta Potential

Zeta potential measures the electric charge on the surface of particles in a colloidal
suspension. In other words, it quantifies the potential difference existing between the fluid
layer surrounding the particle and the dispersion medium. It also provides information
about the particle's tendency to aggregate (Clogston & Patri, 2011). Nanoparticles with
zeta potential > +30 mV or < -30 mV are highly cationic and highly anionic respectively

and therefore will repel enough to not aggregate and stay stable. When the value is
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between -10 mV and +10 mV it is considered neutral and suggests the particles can
aggregate easily. Finally, if the values are between +10 mV and +30 mV, it indicates
moderate stability and there may be aggregation under certain conditions (Gupta &

Trivedi, 2018; Rasmussen et al., 2020).

1) The stability of MgO nanoparticles was assessed by a zeta potential (ZP) analyser

(Malvern Zetasizer).
3.5 To extract extracellular laccase enzyme from Brevibacillus brevis

The protocol from Bozoglu et al., 2013; Peter et al., 2014; Rajeswari & Bhuvaneswari,
2016 were followed with modifications (Bozoglu et al., 2013; Peter et al., 2014;
Rajeswari & Bhuvaneswari, 2016).

1) The bacterium Brevibacillus brevis was obtained from The Environmental and
Industrial Biotechnology lab, at Delhi Technological University.

ii) The bacteria was grown and maintained in Nutrient Broth for 24 Hours at 37°C at 120
rpm.

ii1) To extract extracellular laccase enzyme from Brevibacillus brevis, the bacteria were
grown under varied concentrations of CuSO, to obtain the maximum possible enzyme
activity.5 different setups were created-

a T1 : 2% glucose, 0.1 mM CuSO,, LB media

b. T2 : 2% glucose, 0.5 mM CuSO,, LB media

C. T3 : 2% glucose, | mM CuSO,, LB media

d. T4 : 2% glucose, LB media

e. T5 : LB media

The pH of each of these setups was maintained at 7-8.

iv) Each of these setups was incubated for 9 days and each day the enzyme activity was

calculated by testing it with Guaiacol as the substrate.
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3.6 Enzyme activity of extracellular laccase enzyme

The protocol from Jhadav et al.,, 2009 and Sheikhi et al., 2012 were followed with
modifications (Jhadav et al., 2009; Sheikhi et al., 2012).

1) 20 mM guaiacol solution was prepared in 0.1 M phosphate buffer.

i) Reaction setup had 1 ml of crude laccase enzyme extract and 1.5ml 20mM guaiacol

111) Monitored the absorbance change at 470 nm for 40 minutes of incubation.

iv) The enzyme activity was calculated using (Agrawal & Verma, 2019):

EA =(AA x Vt x Df x 10°/ (t x € x d x V§s) (3.2)
Where (a) EA = Enzyme activity (umol min™' L™")

(b) AA = final absorbance — initial absorbance

(c) Vt = total reaction volume (millilitre)

(d) Df =dilution factor

(e) t = time (minutes)

(f) € = molar extinction co-efficient (M~ cm™)

(g) d= optical path (cm)

(h) Vs=sample volume (millilitre)

v) Using the Spectrophotometric technique, the protein concentration was determined by

measuring the crude enzyme extract's absorbance at 280 nm (Boyer, 2012).
3.7 Nanobioremdiation of Methyl Red

1) Methyl red solution of concentration 100mg/ml was prepared. The experiment setup
was as follows:

a. Test 1- 20ml MR + 10mg MgO NPs

b. Control 1 - 20ml MR

c. Test 2 - 50ml MR + 1ml laccase enzyme

d. Control 2 - 50ml MR

e. Test 3 - 10ml MR + 5mg MgO + 250 ul laccase enzyme
f. Control 3 - 10ml MR
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i1) Place the falcons on a shaker incubator at 120 rpm and 35°C for 4 days.

ii1) A control was set up - a dye sample with no enzyme for treatment.

iv) The decolourization efficiency (DE) was determined by employing an Eppendorf
BioSpectrometer to track changes in absorbance at 425 nm.

v) The decolourization efficiency percentage was calculated using

% DE=C,-C;+Cy,*x100 (3.3)

where (a) C, initially recorded absorbance and (ii) C, finally recorded absorbance

(Moussavi & Mahmoudi, 2009).

3.8 In-silico Analysis

1) The laccase protein sequence of Bacillus amyloliquefaciens (phylogenetically close to
Brevibacillus brevis) was retrieved from the NCBI database with GenBank ID
KJD53679.1.

i1) The 3D structure of the sequence was modelled using Swiss-Model online server with
PDB ID 6DZD 1RWO as a template.

ii1) The model was evaluated using the PROCHECK feature at UCLA-DOE LAB -
SAVES v6.0 server to obtain the Ramachandran Plot.

iv) PubChem database was used to retrieve the 3D structure SDF file of MR (CID 10303).
v) OpenBable was used to convert the SDF file to PDB format using.

vi) AutoDock Vina tool 1.5.6 was used for the molecular docking.

vii) The laccase protein was prepared by adding the hydrogen and Kollman charges and
water molecules were deleted.

viii) Torsions were set to the dye structure.

ix) The grid of 40 x 40 x 40 cubic along the x, y, and z-axis was fixed around the laccase
active site.

x) The docking was set between MR and Laccase.

xi) After the completion of the docking search, the best conformation of protein-ligand
(laccase-MR) with the most negative binding affinity was chosen.

xii) Discovery Studio was used to visualise and examine the list of amino acids of the

active site involved in interactions within the complex.
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CHAPTER 4

RESULT AND DISCUSSION

4.1 Bacterial synthesis of MgO NPs

Figure 4.1: Steps involved in Bacterial synthesis of MgO NPs

After preparing the control and test cultures as mentioned in Chapter 3. We observe a
dense white-yellowish precipitate. Upon centrifugation, the pellets were collected, which

was followed by calcination leading to the formation of powdered MgO NPs.
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4.2 Antimicrobial activity of MgO NPs

Figure 4.2 : Disc Diffusion Assay a) Rifaximin + Brevibacillus brevis b) MgO +
Brevibacillus brevis c) Rifaximin + E. coli d) MgO + E. coli

Table 4.1: Diameters (cm) of the zone of inhibition

Brevibacillus brevis E. coli

Rifaximin 1.8 cm 1.5 cm
MgO 1.6 cm partial zone of inhibition
with a diameter of 1.1 cm

We tested the MgO NPs' antibacterial capabilities using the Kirby-Bauer method. As
observed in Figure 6 a clear zone of inhibition is observed for B. brevis (Gram-positive).

However, for E. coli (Gram-negative) there was a partial zone of inhibition.
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4.3 Characterization of MgO NPs

4.3.1 UV-Vis Spectrophotometry
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Figure 4.3: Absorbance spectrum of MgO NPs

The absorption spectrum as seen in Figure 7 was obtained. The peak between 260-330nm

indicated the presence of MgO NPs (Abdel-Aziz et al., 2020).

4.3.2 Fourier transform infrared spectroscopy (FTIR)
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Figure 4.4: FTIR spectrum of MgO NPs
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According to the literature, the peaks that appear between the wavenumber 400 and 700
cm™” in the fingerprint region indicate the presence of MgO at the nanoscale and we
rightly observed the peak at 597.93 cm™ (S & Kavitha, 2023). Apart from the broad small
peak at 3313 cm™ indicated the presence of the -OH functional group. The peak at 1641
cm’ is a result of the amide group (O=C-NH). And the Amide group (C-N stretching)
was identified with the peak at 1112 cm '(Hirphaye et al., 2023; Ratnam et al., 2020; S &
Kavitha, 2023).

4.3.3 X-Ray Diffraction (XRD)
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Figure 4.5: XRD pattern of MgO NPs

The presence of sharp peaks suggests that nanoparticles are highly crystalline. The XRD
study revealed a sequence of diffraction peaks occurring at 20 angles of 18.47°, 31.54°,
37.97°, 45.3°, and 56.68°. The XRD pattern obtained for the MgO NPs produced was
confirmed with the standard values of MgO (as reported by JCPDS-International Centre
for Diffraction Data).
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4.3.4 Zeta potential

Results

Zeta Potential (mV): -15.3
Zeta Deviation (mV): 5.73
Conductivity (mS/cm): 0.303

Total Counts

Mean (mV) Area (%) St Dev (mV)
Peak 1: -14.1 92.7 3.58
Peak 2: -31.6 73 2.86
Peak 3: 0.00 0.0 0.00
Result quality Good
Zeta Potential Distribution
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Figure 4.6: Zeta Potential of MgO NPs

From the zeta potential -15.3mV we can conclude that the nanoparticles formed are only

moderately stable and the net charge on the surface is negative. While there will be some

electrostatic repulsion that could prevent immediate aggregation, it won’t be stable for the

long term and tends to aggregate under some specific conditions (Abdel-Aziz et al., 2020;

Pugazhendhi et al., 2019).

4.4 Extraction of extracellular laccase from Brevibacillus brevis

Figure 4.7: Production of extracellular Laccase enzyme from Brevibacillus brevis
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As mentioned in Chapter 3, five different setups were prepared to ensure maximum
production of laccase enzyme over 9 days. The T2 setup with 0.5mM CuSO, was best in
terms of bacterial growth. Each of the flasks was maintained at 37°C and 120 rpm. Each
day the supernatant was collected and the enzyme activity of the crude extracellular

enzyme was calculated.

4.5 Enzyme activity of extracellular laccase enzyme

Figure 4.8: Enzyme activity of Laccase enzyme using Guaiacol as the substrate.

The absorbance change (A A) due to the reaction with guaiacol was measured each day
for 9 days. The AA was used to calculate the enzyme activity. It was observed that the 7th
day showed a maximum production with an enzyme activity of 0.241 pmol min™' L™". The
protein concentration for the same was 26.067 ug/ml calculated by the
Spectrophotometric Assay. Therefore the suprnatant collected on the 7th day was further

used as the crude extracellular laccase enzyme for the degradation of methyl red.
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4.6 Nanobioremdiation of Methyl Red

'.‘ﬂ‘
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Figure 4.9: Decolourization of Methyl Red. a. Control b. treated with crude laccase
only c. treated with MgO NPs only d. treated with both crude laccase and MgO NPs
for 72 hours.

The decolourization experiment was set up as mentioned in Chapter 3. The variation in
absorbance was recorded daily at a wavelength of 425nm. Further, the decolourization
efficiency (DE) was calculated. In this study, we saw only crude laccase degraded MR
with DE being 20.5%. The DE of only MgO to degrade MR was 23.3%. While the DE
when both MgO and crude extracellular laccase enzyme were used together was 37.7%.
We can observe that there is a nearly 80 % increase in the DE from only laccase to using

both laccase and MgO together.
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4.7 In silico Analysis
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Figure 4.10: Visualization of active site amino aid of laccase involved in the

interaction with Methyl Red.

The laccase protein was modelled using the homology modelling technique available on
Swiss-Model online server. Thus the Ramachandran plot analysis was done using
PROCHECK and showed that 91.3% of amino acids in the protein model were found to
be in the favoured region. From the molecular docking analysis using Autodock vina tool
1.5.6, the predicted average binding energy between the extracellular laccase and Methyl
red was found to be — 6.5 kcal/mol. Further, the Laccase-MR complex was visualised
using Discovery Studio (Fig. 14). The amino acids involved in the binding and
degradation of the dyes are GLN 93, HIS 62, HIS 268, ALA 138, ARG 277, VAL 63, HIS
95, HIS 157, CYS 136, CYS 140, ASP 139, and PHE 137. Laccase and MR definitely
interact, but they do not interact strongly, which may explain why only 20.5% of the MR

was degraded.
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CHAPTER 5

CONCLUSION AND FUTURE PROSPECTS

Textile dye effluents are widely recognized as highly detrimental to both the environment
and human well-being. Various physical and chemical techniques like flocculation,
aggregation, membrane separation, etc have been applied over the years. But, one
technique is not enough and is not always feasible. Apart from this, these techniques are
often harmful to the environment. Thus the search for a more eco-friendly, sustainable and
inexpensive technique had begun. One such technique is bioremediation; which uses
microorganisms to remediate pollutants. However, again one technique is often not very
efficient.

Since the 1980s when modern nanotechnology came into existence, it has taken its place
in almost every industry. And so was the introduction of nanomaterials to remediate
pollutants. Further, researchers have tried various combinations of using nanomaterials
with physical, chemical and biological means to remediate pollutants.

In this study, the goal was to understand the use of the nanoparticle and biological
technique to remediate Methyl red. Methyl red is a mono-azo dye, which belongs to an
important class of textile dye i.e. azo dyes. We synthesised MgO nanoparticles using
bacterial synthesis protocol using Achromobacter sp., which according to our knowledge
is novel. The NPs synthesized were characterized by FTIR, UV-VIS spectrophotometry,
Zeta potential and XRD. Further, we extracted crude extracellular laccase from B. brevis.
Four treatment setups for MR were created which included control, only crude laccase,
only MgO, and the third setup with MgO and crude laccase together. At the end of 72
hours, we saw 20.5%, 23.3% and 37.5% degradation of MR respectively in each setup. As
we speculated, we saw an 80% increase in the decolourization efficiency of MR when

MgO NPs and Laccase were used together as opposed to laccase alone.
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The decolourization efficiency of laccase degradation of methyl red is not very high. This
finding is also supported by the predicted binding affinity of -6.5 kcal/mol. This may be
due to the fact that there is much documentation indicating that the structure of the dye
and its accessibility to the active site of the enzyme directly impact the effectiveness of
degradation (Martins et al., 2001; Zille et al., 2004). But to understand more specifically
MR interacting with laccase further studies are required. Most dyes are oxidized by
laccase, but the extent of decolourization and the rate of degradation can vary
significantly. Apart from this at the experimental level, the prospects could include- 1)
varying the size of the nanoparticle to observe change in its properties and thus its DE. ii)
purifying the extracellular laccase using dialysis and affinity chromatography columns.
iil) understand if there is any cross-interaction between laccase and MgO NPs which
could affect the enzyme activity. iv) one can try to immobilize the enzyme on the surface
of the nanoparticles which could increase reusability and may as well increase DE. v)
using test samples from the actual polluted water sources.

On a large scale, the prospects include testing the efficacy and scalability of
microbial-assisted nano bioremediation for dye removal. Therefore paving the way for

sustainable industrial practices and significant environmental benefits.
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