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ABSTRACT

Cobalt, a highly adaptable transition metal found in the d-block of the periodic table,
plays a crucial role in the manufacturing of acrylic and ceramic materials. It is a critical
electrocatalyst in various industrial processes, including hydroformylation, gasification, and
thermal degradation. The extensive use of cobalt may be found in several industries, such as
metallurgy, paints, batteries, electroplating, and electronics. The growing demand in the battery
industry has led to a significant increase in worldwide cobalt consumption. The increasing
demand for cobalt has caused the yearly mining output to rise from 700 to 1200 tonnes between
1995 and 2005, and this upward trend has continued without any decline. As a result, a wide
range of recycling methods that involve physical, chemical, physiochemical, and biological
processes have been developed to address this urgent need. In this context, nanotechnology has
significantly transformed the sector by demonstrating the production of nanocrystalline cobalt
oxide materials by various methods, particularly the microemulsion technique, which is known
for precisely adjusting the characteristics of nanoparticles. Although cobalt nanoparticles
obtained from botanical and microbial sources are stable, there has been limited focus on
synthesizing cobalt oxide nanoparticles using microbes. This work explores the utilisation of
metal binding peptides (MBP) in the microbial cell surface display (CSD) technique for cobalt
recovery. The inquiry reveals the exhibition of cobalt MBP (Metal Binding Protein) on E. coli,
a crucial milestone in developing a sustainable method for extracting cobalt from diverse
sources. Research efforts have explored innovative approaches for displaying cells on the
surface, specifically focusing on utilising the outer membrane proteins of Escherichia coli,
namely OmpC and YiaT. These proteins act as structural frameworks for binding peptides that
can capture heavy metals. This leads to the creation of a new type of biosorbent, which involves
using cells that produce peptides capable of binding to cobalt. This allows for the extraction of

cobalt from polluted water sources. The study thoroughly assesses four cobalt binding peptide



fragments derived from CP1 and CP2, expressed on the cell surface. The fusion protein-based
method using OmpC as the anchor shows promising rates of cobalt recovery. This is
highlighted by the excellent performance of specific peptide fragments such as CF4 and CF2,
evident in different medium compositions. Furthermore, the examination explores the use of
thermal treatments to reveal the structure and characteristics of cobalt oxide nanoparticles
obtained from cobalt that have been adsorbed by biological means. This study highlights the
potential of these nanoparticles in several applications, including anticancer research, dye
photocatalytic degradation, and drug decomposition. This research introduces a new approach
to using microorganisms to produce metal nanoparticles and remediate wastewater. It achieves
this by utilizing synthetic peptides that are produced by the bacteria. The results provide insight
into the effectiveness of peptide-cobalt interactions, their ability to selectively bind, and the
diverse possibilities of cobalt-binding peptides and nanoparticles in tackling industrial and
environmental issues. These discoveries enhance our understanding of how peptides interact

with metals, leading to significant advancements in several fields.



Overview of Dissertation

The dissertation is on developing recombinant strains by synthetic biotechnology strategies for

the bioremediation of metals from electronic waste like cobalt.

(In). This dissertation is structured as follows:

Chapter 1 covers the introduction of basic knowledge related to this work and the objective

significance of the work.

Chapter 2 describes Nanoparticle synthesis by employing cell surface display and the
potential utilization of Cobalt oxide Nanoparticles.

Recombinant E. coli with surface-displayed cobalt binding peptides (CBPs) was crafted using
OmpC anchoring. OmpC-CF4 exhibited exceptional cobalt recovery (3744.22 pmol/g DCW)
at pH 9, 2mM. Microscopic analysis confirmed confined cobalt as nanoparticles. Thermal
treatment revealed evolving oxides' morphologies and promising anti-cancer potential,

showcasing the vast applications of engineered CBPs.

Chapter 3 describes Cobalt oxide nanoparticle synthesis by cell surface engineered
recombinant Escherichia coli and the potential application on photocatalytic degradation
of different dyes.

Recombinant E. coli, displaying cobalt binding peptides (CP, CF) through Cell Surface Display,
showcased OmpC anchoring. OmpC-CF excelled, recovering more cobalt (2183.87 umol/g
DCW) at pH 7, 2 mM. Thermal treatment at diverse heats revealed evolving cobalt oxide

nanoparticles' morphology, demonstrating potent anti-cancer capabilities at 500°C.

Chapter 4 describes Nanoparticle synthesis by employing cell surface display and the

potential utilization of Cobalt oxide Nanoparticles.



Cell Surface Display engineering generated a novel E. coli hybrid, binding cobalt. YiaT
tethered cobalt-affine peptides, forming YiaT-CBPs, with modeled structures. Evaluated for
cobalt absorption, YiaT-CF4 outperformed YiaT-CP, recovering 1395 umol/g DCW at pH 7, 2
mM. Bio-adsorbed cobalt nanoparticles underwent 500°C thermal decomposition and were
morphologically analyzed. The nanoparticles, confined metallic ions, were mapped by Energy
Dispersive Spectroscopy. This innovation presents promising photocatalytic degradation

potential for dyes and drugs, with implications for wastewater treatment advancement.

Chapter 5 describes the Conclusion and Future perspectives.



Chapter — 1

Introduction



1.1Heavy Metals

Heavy metals, a group of metallic elements with high atomic weights, pose significant
environmental concerns due to their persistence in various ecosystems and their adverse effects
on ecological balance and human health. This comprehensive review aims to provide an in-
depth analysis of different heavy metals, their sources, pathways, and the extensive impacts
they impose on the environment. The intricate relationship between heavy metals and the
environment comes to light through extensive research findings and references. Heavy metals
encompass a range of elements, including lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As),
chromium (Cr), and others, characterized by high atomic weights and densities. While some
heavy metals are essential for biological processes in trace amounts, their presence in excess

leads to pollution, contamination, and adverse effects on ecosystems and human health.

1.2 Sources and Pathways

Heavy metals enter the environment through various anthropogenic and natural sources,
including industrial activities, mining, agriculture, and volcanic eruptions. Anthropogenic
sources release heavy metals into soil, water, and air, which persist due to their non-
biodegradable nature (1). The pathways of heavy metal movement are intricate, involving
atmospheric deposition, soil-water interactions, bioaccumulation in food chains, and leaching
into groundwater. Heavy metals can also bind to sediment particles in aquatic ecosystems,

leading to long-term contamination (2).

1.3 Impacts on Ecosystems

1.3.1 Soil Contamination

Heavy metals in the soil have become a major environmental problem because they

could hurt the environment, people's health, and the amount of food that can be grown. This



piece details heavy metals' different effects on soil and discusses ways to fix the problem.
Heavy metals like lead, cadmium, mercury, arsenic, and chromium appear naturally. However,
human actions like industrial processes, mining, farming, and improper waste disposal have
made them much more common globally. Over time, these metals build up in soils, which is

bad for land and water ecosystems (3).

Fig.1.1 Improper disposal of heavy metals on soil

Heavy metal pollution can hurt the health of the earth in several ways:

» Nutrient Imbalance: Too much heavy metal can throw off the balance of nutrients,
making it hard for plants to take in important elements.

» Heavy metals can stop microorganisms from doing their jobs, which is important for
nitrogen cycling and soil fertility.

» Soil Structure: Heavy metals can change the structure of the soil, which can lead to
compaction and less water getting to the roots of plants.

» Heavy metals in the dirt can be taken up by plants, causing them to build up in parts
that can be eaten. This is dangerous for people's health because eating these foods can

lead to long-term exposure to harmful metals.



» Heavy metals stay in the dirt for a long because they don't move around much and aren't
easily broken down. Because of this, dangerous places can stay dangerous for a long
time.

» Heavy metals can get into groundwater from contaminated soil, which changes drinking
water quality. This directly threatens human health because drinking water with high
amounts of heavy metals can cause serious health problems.

» Heavy metal pollution can mess up ecosystems by reducing the number of species,

changing the way nutrients cycle, and hurting the general health of soil biota.

1.3.2 Water Pollution

Heavy metals in water are becoming a growing worry around the world because they
pose big risks to aquatic ecosystems, human health, and the overall quality of water. This study
looks at the different effects that heavy metals have on water and talks about ways to reduce
these effects. Heavy metals like lead, mercury, cadmium, chromium, and arsenic get into water
bodies through natural processes and human actions like industrial discharges, farming runoff,
and improper waste disposal. Over time, these metals can build up in water bodies, which can

have bad effects (4).




Fig.1.2 Improper disposal of heavy metals on water bodies

Heavy metal pollution can have big effects on the environment:

» Heavy metals can build up in aquatic creatures, hurting their ability to grow, reproduce,
and stay alive. Heavy metals can build up in fish, which is bad for both aquatic
environments and people who eat fish.

» Benthic Life: The toxicity of heavy metals can change the makeup of benthic
communities, leading to less variety and a break in the marine food chain.

» Algae and plankton: The high amounts of heavy metals can stop algae and plankton
from growing, affecting the aquatic food web base.

» Chemical Unbalance: Heavy metals can change how water is made up of chemicals,
affecting pH, dissolved oxygen levels, and the supply of nutrients.

» Accumulation of sediment: Sediments can work as sinks for heavy metals,
contaminating sediments and having long-term effects on aquatic habitats.

» Drinking Water: The high amounts of heavy metals in drinking water can cause serious

health problems like neurological disorders, kidney damage, and cancer.

1.3.3 Air Contamination

The presence of heavy metals in the air has become a major environmental problem
that affects human health, ecosystems, and the quality of the air. This piece talks about the
different effects that heavy metals have on the air and possible ways to fix these problems.
Heavy metals are put into the air by human activities like industry emissions, vehicle exhaust,

and combustion processes. Lead, cadmium, mercury, arsenic, and nickel are all examples of



these metals. Studies say that once they are in the air, they can be moved over long distances

and deposited on different objects, affecting the air quality (5).

Fig.1.3 Heavy metals on air pollution

Heavy metals in the air can hurt people's health in many ways:

> Respiratory Problems: Breathing in heavy metal particles can cause asthma, coughing,
and inflammation of the lungs.

» Neurological Effects: Some heavy metals, such as lead and mercury, are poisonous and
can hurt children's brain development and behaviour.

» Cardiovascular Risks: Long-term exposure to heavy metals in the air has been linked

to heart attacks, high blood pressure, and other cardiovascular diseases.

Heavy metals falling from the air can be bad for the environment in the following ways:

» Soil Contamination: Heavy metals that fall to the ground from the air can build up in
the soil, contaminating the soil and changing plant growth and how an ecosystem works.
» Water Contamination: When it rains, heavy metals can be washed out of the air and into

water bodies and aquatic life.

10



» Loss of Biodiversity: Heavy metals can hurt plants, animals, and bacteria when they

build up. This can cause a loss of biodiversity and problems in food chains.

The presence of heavy metals in the air makes the quality of the air worse:

» Particulate Matter: Heavy metals can be found in small particulate matter (PM2.5),
which is easy to breathe in and can travel deep into the lungs.
» Formation of Ozone: Some heavy metals can add to the formation of ground-level

ozone, which is a major component of smog that is bad for your health.

1.4 Cobalt

Cobalt is an important part of modern life. It is a transition metal that has many uses in
industry. Because of its unique qualities, cobalt is an important part of technology, from
electronics to space travel. However, the widespread use of cobalt is bad for the environment
because it can get contaminated and pose health risks. This in-depth piece talks about where
cobalt emissions come from, how common it is in different industries, how it affects the
environment, and how it affects people's health. For each point, there are detailed references to
back it up. Cobalt is very useful because it has great qualities, like being stable at high
temperatures and being able to conduct electricity. Because of this, it is used in many different

fields and its percentage of usage in different industries.

» In electronics, cobalt is a big part of portable batteries, especially lithium-ion batteries
used in phones and electric cars. Studies say that cobalt-based cathodes' energy density
and security are key to how well they work (6).

» Aecrospace: Cobalt-based superalloys are important in aerospace applications, where

strength at high temperatures and corrosion protection are very important (7).
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» Medical Devices: Cobalt is used in hip replacements and other orthopaedic devices

because it is biocompatible and durable (8).

Use of Cobalt in different industries

N

= Batteries = Alloys = Tool Materials = Catalysts = Pigments = Magents = Soaps = Others

1.4.1 Effects of cobalt pollution on the environment

Cobalt emissions from industrial processes could have the following effects on the environment:

» Contamination in the air: Different industrial processes release cobalt particles and
chemicals into the air. Studies say these particles add to particulate matter pollution,
hurting air quality and people's health (9).

» Contamination of Water and Soil: Cobalt-rich materials, like dust and water that runs
off industrial sites, can get into water and soil. Studies say that this pollution could hurt

the health of aquatic habitats and soil, hurting plant growth and food chains (10).

1.4.2 The health effects of cobalt exposure

» When cobalt particles are breathed in, they can cause breathing problems like coughing,
wheezing, and loss of breath. People who work in businesses that use cobalt or live in

places with high cobalt emissions are especially at risk.

12



» Allergic Reactions: Cobalt can cause allergic reactions, which can cause skin irritation
and rashes in sensitive people. This is dangerous, especially for people who work with
cobalt products.

» Potential Cardiovascular Risks: The direct effects of cobalt exposure on the heart and
blood vessels are still being studied, but another study investigated links between cobalt

exposure and certain heart diseases (11).

1.5 Heavy metal contamination and its remediation methods.

Heavy metal pollution is now a major environmental problem because it hurts the
environment and people's health. Several solutions have been made to deal with this problem.
This piece talks about and goes into detail about different ways to clean up heavy metal

contamination,

» Phytoremediation: In phytoremediation, plants are used to take in heavy metals from
the earth, store them, and get rid of them. Sunflowers, willows, and poplars are known
to be able to store a lot of nutrients. The process is good for the environment, saves
money, and looks good. But it can take a long time and might not work for all kinds of
contaminants (12).

> Bioremediation: In bioremediation, microbes change or hold heavy metals in place.
Microbes can store metals in their bodies, change them into less dangerous forms, or
make them precipitate. This method can be changed to fit different environments and
causes the least amount of trouble. But things like pH, temperature, and microbial
activity can change how well it works (13).

> Electrokinetic Remediation: In electrokinetic remediation, heavy metals in the dirt

are moved around with the help of electric fields. It can eliminate cations and anions to
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eliminate a wide variety of pollutants. This method works in place and can be used on
different kinds of dirt. But it takes a lot of energy and may create more waste (14).

» Adsorption: To remove heavy metals from water or earth, solid materials like activated
carbon, zeolites, and biochar are used in adsorption. It is a widely used method because
it is easy to do and gets the job done well. However, used adsorbents must be thrown
away properly, and competing ions may change how the process works (15).

» Chemical Precipitation: In chemical precipitation, you add reagents that cause heavy
metals to form molecules that don't dissolve. This method works quickly and well on a
wide range of metals. But pH control and removing sludge are important things to
consider (16).

» Ton Exchange: In ion exchange, heavy metal ions in a solution are swapped out for
ions that are connected to an exchange resin. This method works well for small amounts
of heavy metals and can be cleaned up and used again. However, it needs a steady

source of ions that can be swapped (17).

1.5.1 Microbial Approaches to Metal Recovery

Microbial bioremediation and bioleaching are becoming more popular as eco-friendly ways
to get metals from different places. This review looks at the results of several research papers

and shows how often microbial methods are used and how well they work for metal recovery.

» The study investigated the role of Acidithiobacillus ferrooxidans in the bioleaching of
copper from low-grade ores. The bacteria were very good at leaching due to their ability
to oxidise sulphide minerals (18).

» The study investigated how bugs could be used to get gold out of old electronics.
Cyanogenic bacteria like Chromobacterium violaceum have shown that biosorption can

be used to collect gold, which is better for the environment than other ways (19).
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» The study used Acidithiobacillus species to study the bioleaching of nickel from
lateritic rock. It showed that sulfur-oxidizing bacteria play a role in getting nickel out
of the ore and making it easy to get back (20).

» The study investigated the possibility of using fungi to get rare earth elements (REEs)
from electronic trash. It found that Penicillium chrysogenum selectively
bioaccumulated REEs, its promises for resource-efficient metal recovery (21).

» The study used Acidithiobacillus thiooxidans to study the bioleaching of zinc from
smelter slag. It showed that the bacteria could dissolve zinc from the slag matrix, which

suggests a possible way to recover secondary resources (22).

Microbial methods are effective at recovering metals, making them a sustainable option to
traditional methods. All these studies show that microorganisms can clean up metal-

contaminated environments while recovering valuable resources.

1.5.2 Cell surface engineering of microorganism towards metal adsorption

Engineering the surface of microorganisms' cells has become a promising way to improve
their ability to absorb metals. This has uses in bioremediation and resource recovery. This
review looks at the results of several research studies on how microbial cell surfaces can be

changed to help metals stick to them better.

» The study investigated how Escherichia coli could be changed genetically to absorb
gold nanoparticles better. By overexpressing metal-binding peptides on the cell surface,
E. coli could hold three times as much gold (23).

» The study examined how modified proteins on yeast's cell surface bind to lead and

found that the modified yeast strains could hold twice as much lead (24).
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» The study investigated using bacteria biofilms on surfaces to store uranium and found
that engineered Pseudomonas putida biofilms could hold 4 times more uranium than
wild-type strains (25).

» The study investigated how metal-binding peptides on the surface of cyanobacteria
remove chromium and found that the modified cyanobacterial strains could bind and
remove chromium from aqueous solutions (26).

» The study investigated how to change the surface of filamentous mushrooms to make
them better at attracting cadmium. Engineered Aspergillus niger strains with

metallothionein on the surface could bind cadmium 2.5 times better (27).

All these studies show how important cell surface engineering is for improving the ability of
microorganisms to take up metals. The combination of genetic engineering and protein
engineering has a lot of promise for making microorganisms that can remove heavy metals

efficiently from different environments.

1.5.3 Metal Binding Peptides

Metal binding peptides, which are short sequences of amino acids with a strong affinity for
certain metal ions, have gotten much attention because they could be used to remove and restore

heavy metals.

» The study investigated the immobilisation of metal-binding peptides on nano-porous
surfaces to improve the removal of heavy metals and found that the functionalized
materials were better at absorbing, making them an effective and reused adsorbent (28).

» The study investigated how genetically modified metal-binding peptides could be used
to eliminate mercury. The bacteria could absorb more mercury by putting these peptides

on the outside of bacterial cells (29).
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» The study investigated how metal-binding peptides could be used to get gold out of
electrical waste through bioleaching and found that the peptides made it easier for gold
to dissolve and be recovered from complex matrices (30).

» The study investigated how metal-binding peptides could be used to remove lead from
wastewater and found that peptides attached to silica particles bound lead well, which
suggests a new way to clean water (31).

» The study investigated the creation of metal-binding peptides for selective copper
recovery from electronic waste and found that the synthesised peptides strongly
attracted copper ions (32).

» The study investigated how metal-binding peptides could be used to get rare earth
elements out of water. The peptides made were very selective for certain rare earth ions,

which is important for managing resources sustainably (33).

Metal-binding peptides are a flexible tool that can be used to solve problems with heavy metal
pollution and resource recovery. Because of how specific, adaptable, and likely to work with
different materials and systems they are, they are a promising way to find sustainable answers

in the environment and industry.

1.6 Research objectives

The rapid expansion of cobalt utilisation across diverse industries has resulted in a
corresponding surge in demand for its application in producing machinery, batteries, and
household products. Furthermore, this has facilitated the introduction of toxic metals into the
environment. The present moment necessitates the development of an economically efficient
metal recovery system to address the escalating demand for metals and the depletion of natural
resources. This study utilised the CSD (Cell Surface Display) of OmpC and YiaT proteins to
investigate the ability of displaying cobalt-binding peptides to recover cobalt and assess the
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effectiveness of outer membrane proteins (OMPs) for surface display. Additionally, an

investigation was conducted on the utilisation of reclaimed metal.

» Anticancer evaluation assay on 4T1 tumor (Triple-negative mouse breast cancer cell
line) using Co304 nanoparticles.

» Photocatalytic dye degradation activity of Co3O4nanoparticles.

» Photocatalytic degradation activity of norfloxacin with Co3O4 nanoparticles.

» Anticoagulant and Thrombolytic activity of Co3O4 nanoparticles.
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CHAPTER -2
Nanoparticle synthesis by employing cell surface display and the

potential utilization of Cobalt oxide Nanoparticles.
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2.1 Abstract

Cell Surface Display engineering to create a recombinant E. coli capable of binding to
cobalt. We employed OmpC as a molecular anchor to exhibit the peptides that bind to cobalt
and subsequently generated a model of the resulting structure of the hybrid peptide OmpC-
CBPs. It is then assessed for the efficacy of the recombinant peptide in absorbing and retrieving
cobalt at different concentrations. It is found that OmpC-CF exhibited a significantly greater
cobalt recovery rate (2183.87 umol/g DCW) than OmpC-CP when exposed to a pH of 7 and a
concentration of 2 mM. The strain with bio-adsorbed cobalt was subjected to thermal treatment
at different temperatures (400°C, 500°C, 600°C, and 700°C). It characterized the morphology
of the thermally decomposed oxides of cobalt nanoparticles using various spectroscopy
techniques. It was found that the nanoparticles were confined metal ions and that the presence
of cobalt on the cell surface could be mapped using EDS. In conclusion, we assessed the
nanoparticles' anticancer potential. We determined that the variant subjected to heating at
500°C in a furnace demonstrated noteworthy cytotoxicity, as evidenced by its ICso values of 59
pg/ml. The findings imply that these nanoparticles can potentially serve as an anti-cancer agent.
Overall, we were able to engineer a recombinant E. coli that can efficiently bind to cobalt,
leading to the production of nanoparticles with anti-cancer properties. The results of this study

could have substantial implications for the advancement of novel cancer treatment therapies.

2.2 Introduction

Cobalt, a d-block transition metal, is mostly employed in the acrylic and ceramic
industries (1). Its constituents are frequently used as electrocatalysts in various chemical
processes, including hydroformylation, gasification, and thermal decomposition reactions.
Cobalt is employed in several industrial areas, such as in metallurgy and paints, batteries,

electroplating, and electronics. Due to its vast demand at the global level for the battery industry,
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the mining of cobalt rises from (700 to 1200) tons per annum from 1995 — 2005, and it increases
every year.

Nanoscience, with its essential and practical components closely intertwined, is a
rapidly growing interdisciplinary field with a promising future. The methods for producing
cobalt nanoparticles can be classified into four categories: physical, chemical, physiochemical,
and biological. The process of synthesis poses distinct challenges that require a range of
solutions. The microemulsion technique resulted in the formation of nanoparticles, hence
improving their characteristics, including dimensions, morphology, particle size distribution,
and chemical makeup. The capacity to precisely adjust various parameters of microemulsion
technologies is a significant advantage that enhances the appeal of these approaches. Cobalt
nanoparticles were synthesized using plant extracts and red-green algal extracts. The
nanoparticles had an average size of 80 nm and exhibited a face-centered cubic crystal phase
of oxidized cobalt (3). Microbiological techniques can easily synthesize nanoparticles with
excellent colloidal and sedimentation stability (4). Copper, titanium, zinc, alginate, gold,
magnesium, and silver nanoparticles are several forms that can be produced (5). The cobalt
oxide (Co304) phase, known for its extended durability, is utilised in various applications such
as lithium-ion batteries, gas sensors, magnetic storage, and supercapacitors.

Cobalt nanoparticles have several potential applications, including fuel cells, catalysis,
medicine, microelectronics, targeted therapies, and drug delivery (6-9). The magnetic polarity
of cobalt nanostructures is crucial (10) because they make possible new methods of using
nanoparticles as carriers for targeted drug delivery (11). Because of their size and special
physicochemical features, cobalt nanoparticles have great potential as chemical sensors (12).
While much of the research has focused on the strain already resistant to cobalt (13-18) the

literature on the microbial production of cobalt oxide nanoparticles is sparse. This study is the
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pioneer investigation into creating cobalt oxide nanoparticles utilizing genetically modified
strains.

Recently, researchers have focused on cell surface display as a novel method of
attaching heavy metal-binding proteins or peptides to the bacterial surface (19). In microbial
cell surface display, the target protein is a heterologous peptide produced as a fusion protein
with distinct anchoring patterns. These motifs are frequently cell surface proteins or portions
of them. Depending on the characteristics of the passenger and carrier proteins, C-terminal
fusion, N-terminal fusion, or a sandwich fusion approach may be investigated (19). Among the
several applications for microbial cell surface display include the development of live vaccines,
screening peptide libraries, bioconversion using whole-cell biocatalysts, and bio-adsorption.
By activating the CusSR TCS synthetic genetic circuit, cell surface display was exploited as a
metal sensing and copper-removing agent. This controls the histidine kinase domain and the
OmpR response in periplasmic metal-detecting receptors, which are phosphorylated upon Cu2*
recognition (20). The mercury-binding protein MerR on the surface of Escherichia coli cells
improved the microbiological cells' ability to adsorb mercury (Hg) (21). Using surface-
displayed synthetic phytochelatins, the ability of changed Moraxella sp. to absorb mercury was

increased more than tenfold (22).
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In this study, the cobalt binding peptides (CBPs) were attached to the C-terminus of
shortened OmpC to build a novel Co adsorption system to produce cobalt nanoparticles (CNPs)
(Fig. 1). Cobalt nanoparticles synthesized on the surface of E. coli were characterized by
various methods including X-Ray Diffraction (XRD), Field Emission-Scanning Electron
Microscope (FE-SEM), Energy Dispersive Spectrometer (EDS), Fourier Transform-InfraRed
(FT-IR), and Raman spectroscopy. The cobalt oxide nanoparticles were synthesized by

calcination, and their anticancer activity was investigated by MTT assay.

2.3 Materials and Methods

2.3.1 Bacterial strains and media

E. coli DH5a (Enzynomics) is the bacterial strain utilized in this work. The strains
remained grown at 37°C with brisk quivering at 250 rpm in LB medium (10 g/L bacto-tryptone,
5 g/L bacto-yeast extracts, and 10 g/L NaCl) treated by an antibiotic (100 mg/L ampicillin).
The list of bacterial strains and plasmids used in this study are listed in Table 1.

Table 2.1 List of bacterial strains and plasmids used in this study.

Strain/Plasmid Relevant genotype/property source

E. coli strains

DH5a MSDS CP010_DH5a Chemically Competent E. Enzynomics
coli
Plasmids
pBAD30 Amp® NEB?*
pBADCP pBAD30 containing OmpC-CBP This work
pBADCF pBAD30 containing OmpC-CBF This work

New England Biolabs, Beverly, MA, U.S.A.
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2.3.2 Construction of CBP cell surface display system

The pBAD30 plasmid was modified with the Sacl and Xbal restriction enzymes to
create plasmids containing cobalt-binding peptides. To improve the stability of the cell surface
display, the peptides were fused to the shortened OmpC at the C-terminus (mainly, the 8th loop,
993 bp) using an extra linker (AEAAAKA). The cobalt binding peptides were made up of two
peptides: CP (GMVPSGASTGEHEAVELR), which was 18 amino acids long, and CF
(TGEHEAV), which was a 7 amino acid fragment of CP. Polymerase chain reaction (PCR) was
used to amplify the OmpC-CBPs using the TIO0TM thermal cycler (Bio-Rad Laboratories,
Hercules, CA, USA) and N-Taq polymerase enzynomics with the primers provided in Table 2.
The recombinant plasmids were then transformed into E. coli DH5 and grown in LB (Luria-
Bertani) medium for protein expression investigation. By injecting arabinose, which was
regulated by the ARA _promoter, the recombinant protein OmpC-CBPs was activated (Fig. 2a).
2.3.3 SDS-PAGE expression evaluation

The strains were first grown overnight in an LB medium, followed by a 100-fold
dilution in an LB medium for successive cultures. When the subculture attained an optical
density of 600 nm of 0.5, arabinose doses ranging from 0 to 1% were added to the culture
medium, and the cells were allowed to proliferate for six hours. The recombinant strains were
then collected by centrifugation at 13,000 rpm for 10 minutes, followed by 30 minutes of
agitation in B-7M urea buffer at room temperature. The supernatant was then centrifuged at
8000 rpm to remove cell debris. After separating the outer membrane fractions from the cell
pellet with 10 mM Tris-HCI (pH 7.5), the suspended cells were maintained at 4°C overnight.
After that, the lifted membrane fractions were subjected to 12% (w/v) SDS-PAGE and stained
with Coomassie brilliant blue R-250 (Bio-Rad Laboratories, Hercules, CA, USA).
2.3.4 Computational modeling of cobalt binding domain

The 3D generation engine of the pepfold (PEPFOLD?3) peptide prediction server (23-
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25) is employed to predict the lowest energy structures of the peptides. This prediction tool
utilizes a rapid Markov model sub-optimal conformation sampling method to determine the
peptide's structure from its amino acid sequence. Additionally, the tool assumes a neutral pH
during structure prediction. The best model for each peptide is selected from the list of
predicted structures and further analyzed using ab initio computational modeling. To identify
the optimal binding sites for the Co?* ion within the peptide, we utilized the LEGO module of
the ABCluster (version 1.5.1) package (26-28) in combination with Gaussian16 (29) software.
ABCluster is a reliable software that uses the artificial bee colony (ABC) algorithm to predict
the global minima structure. We used a 3x3x3 three-dimensional lattice with a neighboring
distance of 2.5A for the global minima search. Since the peptides are large, and there are
numerous possible conformers, the global minima searches were performed using the
semiempirical PM6 level (30), and the H atoms were kept frozen throughout the simulation for
each peptide. We conducted multiple runs of the ABCluster (26-28) code to ensure reliability,
generating approximately 1000 isomers for each peptide until all the individual simulations
pointed to the same global minima. We optimized the global minima structure of the peptide-
Co2+ complex and the PEPFOLD3 predicted peptide using the B3LYP functional (29) without
constraints to predict the binding energy and related thermodynamic parameters accurately. We
used the 6-31G basis set for C, H, N, O, and S atoms and the LANL2DZ-ECP basis set for the
Co*" ion during the optimization (29). The SMD solvation model (31) was utilized for
optimization in the aqueous medium. Finally, the number of hydrogen atoms in the peptide
structures was manually adjusted in the primary and acidic parts of the leading and side chains
of the amino acids constituting the peptide to accurately represent the peptide's structure at
neutral pH. The following equation was used to calculate the binding energies of the Co*" ion

with the peptide in this study, considering a temperature of 298.15K and a pressure of 1 atm.
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E_ _+E

pep Co% pep—Co?* complex

Where the E values represent the energies of the peptide fragments, Co?* ion, and the
peptide—Co?* complex, respectively, in this study, a higher (more positive) value indicates a
stronger cobalt ion binding with the peptide. Furthermore, the normal vibration modes of all
optimized structures are thoroughly examined to ensure that they are real and not imaginary,
thus verifying that the optimized structures represent true minima rather than saddle points.
2.3.5 Batch experiments of bio adsorption and Co analysis
LB medium enriched with 100 mg/L ampicillin was used overnight to produce the recombinant
strains harboring pBAD30 at 37 °C. The cultures from the previous night were diluted one
hundred-fold in a new LB medium and grown until the optical density, or OD600, reached 0.5.
0.05% arabinose was ancillary to the cells, and the strains were kept at 30°C for six hours. The
strains were then centrifuged and incubated with cobalt metal chloride concentrations varying
from 0.25 mM to 2 mM for 2 hrs. at 30°C at 250 rpm. Isolates were twice rinsed with 0.85%
(w/v) Saline before being treated with 0.1M HCL for 30 minutes in a shaker at 30°C and
250rpm to retrieve the Co bound to the cell surfaces. Predicted pollutants were used to test the
peptide's selectivity. A 0.25 mM — 2 mM concentration of each element was found in the
purposely contaminated wastewater: manganese, cobalt, and Nickel. Metals utilized in the LB
medium were recovered using the same method. An ICP-OES (Agilent Technologies) was used
to examine the adsorption of the finest recombinant strain, including E. coli DH5a as control.
2.3.6 The characteristics assessment of cobalt nanoparticles

The cobalt was collected after performing bio adsorption through a calcination process
at various temperatures of (400°C, 500°C, 600°C, and 700°C). The calcination procedure starts
after incubating the metal chloride solution in the arabinose-induced cells for 12hrs. Then, the

cells underwent centrifugation to collect the metal-bonded CBP cell pellets after the water bath
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for 24 hrs at 80 °C with induced cobalt with cells. The pellets were calcinated in a furnace at
different temperatures after freeze-drying at -80 °C. Then, calcinated oxide samples by muffle
furnace were analyzed using different characterization experiments like XRD, FE-SEM, EDS,

FTIR, and Raman spectroscopy.

2.4. Results and Discussion
2.4.1 Construction of cobalt binding peptide displaying system

Displaying the cobalt-binding peptide (CBP) on the exterior of the cell membrane using
OmpC as an anchoring motif allowed cobalt to be recovered from recombinant E. coli. The
CBPs and the truncated OmpC were combined to carry out the plan at 993 bp. The arabinose
promoter controls the pBADCBPs plasmids that were made. When a heterologous protein is
expressed in E. coli, it usually causes metabolic liability. This means that the recombinant
plasmid's protein expression, cell growth, and stability are all decreased. So, finding the best

conditions for growth and expression is essential.

Table 2.2 Primers used in this work.

Name Sequence (5’ to 3°)

CE-F GAATTTATGAAAGTGAAAGTGCTGAGCCTGCTG
TTAGCGCAGTTCCACCGCTTCATGTTCGCCGGTGCTCGCGCCGCTCGGCAC

CP-R CATGCCCGCTTTCGCCGCCGCTTCCGCCATGTTTTTGTTGAAGTAGTAGGTA
GCACC

CF-R TTACACCGCTTCATGTTCGCCGGTCGCTTTCGCCGCCGCTTCCGCCATGTTT

TTGTTGAAGTAGTAGGTAGCACC
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2.4.2 Optimization of Co adsorption conditions

Arabinose and temperature stimulate the plasmids harbouring the recombinant
sequences. To optimise the expression of the OmpC-CBPs peptide, the arabinose concentration
is varied between 0.0 and 1.0% and the temperature between 20 and 35°C. Following that, the
expression levels of the recombinant peptides, CBP and CBF, are examined using SDS-PAGE
(Fig. 2B), and optimum expression is seen at a concentration of 0.05% arabinose (Fig. 2d).
With rising arabinose concentrations, the expression levels drop. The temperature has a
considerable effect at 30°C (Fig. 2C), with lower adsorbed concentration at temperatures lower
or higher than 30°C. Furthermore, the effect of different arabinose concentrations on cobalt
adsorption is investigated, and maximum adsorption of 1300 mol/g is reported at an arabinose
concentration of 0.05% at 30°C for ImM input concentration, therefore substantiating the SDS-

PAGE study results.
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Fig. 2.1 Construction of cobalt binding peptide fused with OmpC at pBAD30 and
optimization of its expression conditions. (A) Plasmid construction of cobalt binding
peptide fused with OmpC at pBAD30 (B) SDS-PAGE analysis of recombinant protein
OmpC-CF (37 kDa). (C) The effect of temperature towards cobalt recovery on OmpC-
CF with ImM CoCl.. (D) The effect of arabinose concentration towards cobalt recovery
on OmpC-CF with ImM CoCl..
2.4.3 Computational modeling of cobalt binding domain

Based on the chosen small-size peptide fragment TGEHEAY, the best possible binding
sites for Co?" ions have been predicted using ABCluster (26-28) and density functional theory
(DFT) calculations (29). The peptide fragment was selected based on large Co-binding peptide
motifs M(X)9H reported in previous studies (32). The Co?" ion shows the strongest
coordination with three oxygen atoms from two nearby amino acids in the TGEHEAYV peptide
fragment. The most robust binding energy of 3.38 eV is observed with the oxygen atoms of
glycine and glutamic acid. The Co*" ion binds with the oxygen atoms in near tetrahedral
coordination, and the average Co-O distance is calculated to be around 2.0 A, as shown in (Fig.
3a). For the TGEHEAV peptide complexes, the average binding energy of Co?" with oxygen
atoms ranges from 1.04 to 1.13 eV. These results suggest that the TGEHEAV peptide fragment

could be a potential candidate for cobalt ion binding in future studies.

33



Fig. 2.3 (A) The DFT optimized structure of Co** with peptide fragment TGEHEAV. The
best binding sites and energy (eV) are shown in red. The average binding distances (A) of
cobalt atoms with nearby binding sites are shown in black. (B) The adsorption of cobalt
by the CBPs (CP & CF) with different concentrations ranges from 0.25mM to 2mM.
(O)FE-SEM and EDS analysis for pBAD30-OmpC-CF
2.4.4 Evaluation of OmpC-CBPs on cobalt adsorption

The cobalt adsorption ability of newly found CF was evaluated compared with the
original cobalt binding peptide CP. E. coli DHSa, E. coli (pBADCP), and E. coli (P BADCF)
were cultured with varying concentrations of CoClz (0.25mM-2mM) at pH 7. ICP-OES was
utilized to evaluate the selectivity of the peptides for cobalt adsorption. The maximum
adsorption capacities of cobalt from a concentration of 1 mM were found to be approximately
910 pmol/g DCW and 1360 pmol/g DCW for strains containing plasmids pBAD-CP and
pBAD-CF, respectively (as shown in Fig. 3b). As the concentration of cobalt in the medium

increased from 0.25 mM to 2 mM, the cobalt adsorption capacity increased. These findings
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suggest that OmpC-CF has the highest cobalt adsorption capacity than OmpC-CP. The wild-
type E. coli DH5a exhibited a lower adsorption rate for cobalt than the cells displaying
recombinant peptides.

Recombinant strains carrying the (pBAD30-OmpC-CF) plasmid were examined using
EDS and FE-SEM techniques after Co absorption to visualize the adsorbed metallic element
and determine its structure, respectively. The cells were rinsed and lyophilized for FE-SEM
examination after adsorption. EDS analysis revealed the presence of cobalt in the strains. FE-
SEM examination indicated the presence of nanoparticles on the surface of recombinant E. coli
(OmpC-CBPs) after cobalt recovery with a higher concentration of 1 mM cobalt solution, as
shown in (Fig. 3c). This is a noteworthy discovery made through FE-SEM and EDS, which
suggests that cobalt nanoparticles ranging in size from 80 to 100 nm were mainly attached to

the cell wall.

Wild-type E. coli (DH5a), which lacks a cobalt binding site, did not result in the
formation of nanoparticles on the cell wall. However, FE-SEM scans of recombinant E. coli
revealed bright cobalt salt nanoparticles. The cobalt recovery study indicated that the cell wall
of recombinant E. coli has multiple binding sites for cobalt ions on its surface. lons on the cell
wall can react to form inorganic compounds that precipitate out of the solution. These spots
can accumulate ions locally, increase surface coverage, and promote ion clustering, forming
solid nanoparticles on the cell wall. Previous studies have shown that metal-binding peptides
can biosynthesize inorganic particles such as gold, platinum, silver, cobalt, and calcium

carbonate (33-37).

Recombinant strains' environmental applicability and peptides' selectivity were
subsequently evaluated in wastewater contaminated with metals at concentrations ranging from

0.25 mM to 2 mM in a simulated wastewater pollutant (Co, Ni, Mn, Li). Both recombinant
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strains displayed metal selectivity for the CBPs in the following order: Co > Ni > Mn > Li.
Lithium is not included in the data since it did not affect the cells or peptides. In this
investigation of specificity, CBP-CF is found to have a greater adsorption capacity and
specificity for Cobalt than for the other metal ions. In contrast to CBP-CF, which shows a lower
affinity for Ni and almost no affinity for Mn, the data imply that CBP-CP has a little preference

for Mn and Ni, followed by Co. So, CBP-CF are very cobalt-specific (Fig. 4 a, b).
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Fig. 2.4 The specificity of the CBPs to the cobalt with different Concentrations ranges

from 0.25 mM to 2 mM. (A) represents the CP-OmpC and (B) represents the CF-OmpC.
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2.4.5 Synthesis of Cobalt oxide nanoparticles and their characterization

Cobalt oxide (Co030a) is the calcination of cobalt synthesized nanoparticle adsorbed E. coli

(pBADCEF) strain at various temperatures (400 °C, 500 °C, 600 °C, and 700 °C). The metal

samples can be turned into oxides at a higher temperature. The oxide nanoparticles were

recovered and analyzed with FE-SEM, EDS, XRD, FTIR, and Raman spectroscopy.
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Fig. 25 (A) FE-SEM and EDS for pBAD30-OmpC-CF recovered cobalt oxide

nanoparticles, calcinated at 500°C. A pBAD30-OmpC-CF recovered cobalt’s calcinated

samples at different temperatures (400°C, 500 °C, 600 "C, 700 °C). (B) X-ray diffraction.

(C) FT-IR spectrum. (D) Raman spectrum.
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2.4.5.1 FE-SEM and EDS

Scanning Electron Microscopy is used to describe and study the shape of things that
have been oxidized. Using SEM, the shape or morphology of the powders made is
found. Cobalt-precipitated particles are made of many different sizes and shapes, and when
they get together, they look like spherical balls. Many of the particles were almost round and
were between 60 and 150 nm in size (Fig. 5a).

Some groups are quite big, with many small particles packed together, while others are
small. Even though the arrangement of the particles is tight, there may be gaps and tiny holes
in any product grouping. This shows that the product comprises connected nanoparticles and
microparticles, making the pattern look uneven. From the deep bulk of the sample to the surface,
the particles' arrangement seems to be voided, and the morphology is an uneven array of
nanoparticles.

The EDS spectra of samples of thermally treated nanoparticles at 500°C are shown in
(Fig. 5a). The EDS spectra show that the synthesized Co304 sample mostly comprises Co and
O components. The first spectral peck of O emerges at 0.5 keV, Co at Co Kq; at 6.931 keV, and
Co Kp1 at 7.649 keV (38,39). Cobalt and oxygen elements were present in the product with a
Co/O atomic ratio of around 3/3.97, corresponding to the theoretical value of Co304. The
picture shows the great purity of Co3O4 nanoparticles.
2.4.5.2 XRD (X-ray Diffraction)

Using X-ray diffraction (XRD) with a model Xpert 3 and Cu Ka radiation (A= 1.54 A°)
in the range (20) 10°-90°, the crystal structure was classified. (Fig. 5b) shows that cobalt oxide
film is polycrystalline. The Co304 samples (400°C, 500°C, 600°C, 700°C) exhibit typical
diffraction peaks at (31.4, 36.8, 38.3, 44.9, 59.3, and 65.3), which correspond to (220, 311, 222,
400, 511 and 440) (40,41) crystalline structure of the three-dimensional spinel Co3O4 phase,

respectively, signifying the creation of the crystal-like Co3;O4 (JCPDS Card no. 43-1003) (40).
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2.4.5.3 FT-IR spectroscopy

FT-IR studied the calcinated particles at distinct temperatures to illustrate the shifts in
the functional group of oxidized cobalt nanoparticles (Fig. 5c). The angular distortion of
absorbed water molecules was linked to the band at 1623 ¢cm™. C-O stretching vibrations
caused a peak at 1023 cm™! (41). The peak at 2371 cm! is due to the irregular vibration (C=0)
of CO; received from the air during the thermal annealing of metal oxides (41). All the oxide
samples' FTIR spectra had the same distinctive peaks as pure cobalt oxide (PCO), indicating a
comparable chemical bonding nature. The tiny bands at 566 cm™ and 665 cm™ may be OB3 (B
- Co®" in an octahedral site) and ABO (A—Co?" in a tetrahedral site) vibrations in Co3O4 spinel
matrix, respectively (41).
2.4.5.4 Raman Spectroscopy

The characteristics of oxidized cobalt were investigated using Raman spectroscopy.
This approach is sensitive to morphological and structural changes in oxidized cobalt
nanoparticles, making it a helpful tool for determining catalyst composition (Fig. 5d). Co304
spinel was discovered as the spectrum has three distinct peaks at 466 cm™, 508 cm™!, and 672
cm’!. The F2, Raman vibration mode was attributed to the peaks at 508 cm™', while the E,
Vibration and A, vibration modes were allocated to the peaks at 466 cm™ and 672 cm™,
respectively (41). The small peaks at 1350 cm’, are ascribed to the D band. The D band is
assigned to the A1g symmetry mode of k-point phonons (42).
2.5 Anticancer evaluation of Co304 nanoparticles

After three decades of research, it has been shown that some nanomedicines derived
from nanoparticles have the potential to cure cancer with the benefits of high biocompatibility,
high targeting, and low toxicity (43). Whereas the anticancer properties of many metal oxide

nanoparticles have been demonstrated (44), Cobalt oxide nanoparticles have recently been
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reported for their anticancer activity, indicating that they may have therapeutic potential for
cancer.

The cobalt oxide nanoparticles synthesized from OmpC-CF by calcination at (400°C,
500 °C, 600 °C, and 700 °C) were investigated by MTT assay for their cytotoxicity.
Firstly,1x10* cells of 4T1 tumor (Triple-negative mouse breast cancer cell line) in a 100 ul
growth medium were incubated in a 96-well plate and given increasing dilutions of Co0304
nanoparticles (0.78125 pg/ml, 1.5625 png/ml, 3.125 pg/ml, 6.25 pg/ml, 12.5 pg/ml, 25 pg/ml,
50 pg/ml, 100 pg/ml). The treated cells were incubated at 37°C in 5% CO» daily. 1Cso
(Inhibitory Concentration) was computed based on the difference in viability between untreated
and treated cells. The positive control has a viability rate of (~98%). The cell proliferation was
inhibited to (~70% - ~75%) by C0304 with the sample which is furnaced at 400°C (Fig. 6a).
The microscopic fluorescent image of 4T1 cell lines was attached for the cell viability of
positive control (Fig. 6b) and Cell viability inhibited at 50 pg/ml of Co304 calcinated at 500°C
(Fig. 6¢). The 700°C calcinated cobalt oxides show the viability of 60% even at 100 pg. It
shows a higher average proliferation percentage of nearly 100 in a lower concentration. The
sample furnaced at 600 °C shows a higher viability of 100% at the lower concentration of
Co0304 and an apoptosis rate of only 25% at a higher concentration (100 pg) of Co3;O4. The
recovered cobalt from the CBPs cells, which are furnaced at 500 °C, shows the progressive cell
apoptosis results favor the cytotoxicity. The proliferation rate of 80% at the lower inhibitory
concentration of 0.78125 pg gradually reduced to 35% of the proliferation rate at 100 pg, which
other samples haven’t achieved with the ICso of 59 pg/ml. Whereas 400°C needs up to 670
pg/ml, 600°C needs up to 116 pg/ml, and 700°C needs up to 110 pg/ml to achieve ICso. Hence,
the sample synthesized at 500°C is cytotoxic compared to all other samples. When compared
with the cobalt oxide nanoparticles synthesized by cochineal dye approach shows the ICso of 2

mg/ml which is a far higher concentration compared to ICso of 59 pg/ml by 500°C Co304
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nanoparticles with the same 4T1 cell lines (45). The ICso values for green production of Co304
NPs using P. guajava leaf extract are 24.5 g/ml for HCT116 cells and 29.5 g/ml for MCF-7
cells (46). MRS-1 Microbacterium sp was used in the microbial manufacture of Co3O4 NPs,
which resulted in 50% cell death at 100 mg/ml (14). Co304-NPs demonstrated anticancer
activity against HT29 and SW620 cells, with ICso values of 2.26 and 394.5 g/mL, respectively
(47). Compared to earlier research, our sample Co304-NPs synthesised by genetically
engineered bacteria exhibit increased apoptosis at lower concentrations. Thorough research of
the structure-activity connection is necessary to determine the full therapeutic potential of
cobalt-Schiff-base complexes. Although this chemical can induce DNA damage and cell death
in cancer cells, more study on concentration usage is required (48).

According to a prior study, the Co304 @ Glu/TSC NPs complex targeting gastric cancer
(AGS) cell line was demonstrated, and it may be considered a possibility for the drug delivery
method (49). It was also demonstrated that Co3O4 nanoparticles can cause oxidative stress, as
evidenced by the generation of ROS. It also shows chemotherapeutic promise in treating
invasive breast cancer cells (7). Cobalt complexes have been demonstrated to bind to DNA and
stimulate spiral elongation. Cytotoxicity studies on the MCF-7 breast cancer cell line revealed
that certain compounds might be effective anti-cancer agents (50). In a cytotoxicity study of T-
cell lymphoma and oral carcinoma, researchers discovered that employing PMIDA-coated
CoO nanoparticles significantly improved the nanoparticle's cellular absorption and promoted

cancer cell killing (45). The cyto-noxious impact of biogenic CoNPs on HeLa cell lines has
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been demonstrated in literature research. They found that CoNPs may have cyto-vesicatory

outcomes on HeLa malignancy cell lines, according to their findings (51).

A 100 i B
—a— control
.90 + —e— 400
X —a&— 500
> 80 —v—600
£ —e—700
S 70 -
8
2 60 -
8 50
40 -

| | 1 1 | |
0 20 40 60 80 100
Cobalt nanoparticle concentration (ng/ml)

Fig. 2.6 Anticancer evaluation assay (A) C0304 from DHS5a-pBAD30-OmpC-CF which is
calcinated at different temperatures (400 °C, 500 °C, 600 °C, 700 °C). Each line graph
shows the mean value of five experiments. The error bars were calculated by dividing the
standard deviation by the square root of the number of measurements. (B) Cell viability

for the positive control (C) Cell viability at 50 pg/ml of Co304 calcinated at 500°C.
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2.6 Conclusion

Co is an essential mineral in the manufacturing sector. Industrial metal alloys, notably
battery manufacture, relied heavily on Co. The importance of Co has grown as battery
manufacturing technology has advanced. Creating a cell-surface display system for whole-cell
bio-catalysis remains valuable for environmental applications. Molecule modelling and wet lab
analysis must be used to ensure the display system is optimized for the optimal activity of a
certain protein or peptide on the surface of cells. The cell surface display of synthesized cobalt
binding peptides was used in this work to produce a high cobalt recovery technique. The
anchoring motif OmpC was used to display CBP-CF on the cell surface, and the peptide
recovered more cobalt than the other peptides, with an average of >1360 umol/g DCW at pH 7
and ImM Co concentration. Furthermore, FE-SEM was used to examine the morphological
characteristics of cobalt attached to recombinant cells. There were reports on the
characterization and prospective use of cobalt oxide nanoparticles, which were recovered from
peptides, and the best oxide, which exhibited a progressive mortality rate of cancer cells. Still,

the concentration for biomedical use must be researched further.
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CHAPTER 3

Cobalt oxide nanoparticle synthesis by cell surface engineered recombinant
Escherichia coli and the potential application on photocatalytic degradation

of different dyes.
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3.1 Abstract

The technique of Cell Surface Display engineering was employed to construct a hybrid
strain of E. coli with the ability to bind to cobalt. The study utilised OmpC as a molecular tether
to demonstrate the peptides that have an affinity for cobalt, leading to the development of a
model for the resultant structure of the hybrid peptide OmpC-CBPs. The efficacy of the
recombinant peptide in absorbing and retrieving cobalt at varying concentrations is
subsequently evaluated. The results of the study indicate that E. coli (OmpC-CF2)
demonstrated a notably higher cobalt recovery rate (1395 pumol/g DCW) compared to E. coli
(OmpC-CP) under conditions of pH 7 and a metal concentration of 2 mM. The sample
containing cobalt nanoparticles that were bio-adsorbed underwent thermal decomposition at a
temperature of 500°C. The morphology of the resulting thermally decomposed oxides of the
cobalt nanoparticles was analysed using a variety of spectroscopy methodologies. The study
revealed that the nanoparticles were restricted to metallic ions and that the utilisation of Energy
Dispersive Spectroscopy (EDS) enabled the cartography of cobalt on the cellular membrane.
In summary, our evaluation of the photocatalytic properties of nanoparticles has demonstrated
a significant capacity for the degradation of dyes. The results suggest that the nanoparticles
exhibit promising characteristics for the process of photocatalytic degradation of dyes. In
summary, we successfully designed a recombinant strain of E. coli with high affinity towards
cobalt. This resulted in synthesising nanoparticles that possess remarkable photocatalytic
capabilities for dye degradation. The findings of this investigation may have significant

ramifications for the progress of wastewater treatment methodologies.
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3.2 Introduction

The increasing rate of urbanization and industrial expansion in the modern era has
acquired drinkable water, a critical resource for the sustenance of living beings, a serious issue.
The textile industry's usage of cancer-causing organic dyes has been steadily rising over the
past few years, and with it, the industry's pollution of aquatic habitats through the release of

effluents. (1-5)

Textile wastewater poses a significant environmental threat due to the large variety of
chemicals used in the textile industry, such as dyes and additives. Most of the contaminants in
textile wastewater come from the dyeing and finishing processes. Many kinds of chemicals and
dyestuffs are employed in these processes. Water is commonly used as the medium for applying
dyes and chemical treatments. Since they are not used in the full production process, they are
discarded and cause problems with waste management. The most frequent types of pollution
detected in textile wastewaters include suspended particles, chemical oxygen demand (COD),
colour, acidic nature, and other soluble substances. Contaminants such as nitrogen, heavy

metals, and dyestuffs are frequently found in textile effluent. (6-7)

More than 10,000 dyes are used in the fabric-making industry, but about 70% are azo
dyes. In recent years, reducing the quantity of dye that remains in textile effluent after the
aqueous dyeing process has been increasingly important, a major source of colour release into
the environment. Because of their -N=N- chromophore, azo dyes harm plants and animals and

have difficulty decomposing in nature. (8-9)

There is a growing need to find methods of processing and degrading these dyes into
less hazardous substances. One of the most recent and frequently used techniques for the
degradation or decolorization of organic dyes is heterogeneous advanced oxidation technology
(HET.AOT) (10-13). The technique relies heavily on transferring electrons from the valence
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band (VB) to the conduction band (CB) on the surface of semiconductor metal oxide
nanoparticles when exposed to light of a certain wavelength. When these excitons encounter
oxygen or water, they form reactive oxygen species (ROS), such as superoxide anions and
hydroxyl radicals (14,15). These substances have a high oxidizing potential, making them

hazardous to many materials.

The unique qualities of transition metal oxide nanoparticles inspire various cutting-edge
uses (16-18). Cobalt oxide has several key applications, including as a catalyst, a gas sensor, a
magnetic material, an electrochromic film substrate, a battery cathode, a heterogeneous
catalytic material, a rechargeable battery, a carbon monoxide abatement catalyst, and a gas
sensor (19-23). Several techniques, including physical vapour deposition, inert gas
condensation, molecular beam epitaxy, chemical vapour deposition (CVD), laser ablation, the
sol-gel process, and cathode sputtering, have been used to synthesise nanocrystalline materials
(24). Due to its unusual characteristics, chemical stability, and simple synthesis procedure,
spinel-tricobalt tetroxide (Co304), often written as CoO or Co203, has quickly become one of
the most common spinel materials (26,27). In addition, CoO (rock salt) and Co,0s (hexagonal
cobalt oxide) are the other two families to which Co304 belongs. In the spinel structure of
C0304, the p-type semiconducting Co?" ions are found in the tetragonal 8(a) sites, the p-type
Co*" ions are found in the octahedral 16(d) sites, and the p-type O ions are situated in the 32(e)
sites in a cubic close-packed arrangement (25,28). Due to their unique physicochemical
characteristics and small size, cobalt nanoparticles show significant promise as sensors for
various chemical compounds (29). Literature on the microbial generation of cobalt oxide
nanoparticles is limited, and most studies have only looked at the strain that is already resistant
to cobalt (30-35). This is the first research to use genetically modified strains to produce cobalt

oxide nanoparticles for the dye degradation application.
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Cell surface display has recently been investigated as a potential new approach for
tethering heavy metal-binding proteins or peptides to the exterior of bacteria. Using this method,
a foreign peptide is expressed as a fusion protein with different anchoring patterns, most
commonly found in proteins on the surface of cells or their fragments. Escherichia coli OmpC
is a frequently occurring and extensively researched entity. The OmpC B-barrel structure
comprises 16 antiparallel B-strands located in the transmembrane membrane. These B-strands
are connected by seven internal loops and eight exterior loops, ultimately forming a large
channel encircled by the structure (16). Although E. coli possesses multiple types of Omps, it
is noteworthy that only the trimeric porin protein OmpC plays a crucial role in preserving the
structural integrity of the cell's outer membrane. OmpC was recommended as a favorable
option for CSD due to its elevated copy level of 2x10° molecules per cell (31). The properties
of the passenger and carrier proteins determine whether a C-terminal fusion, N-terminal fusion,
or sandwich fusion is the best option.

This study developed a novel cobalt adsorption system by fusing cobalt-binding
peptides to the C-terminus of a truncated version of the OmpC protein. The technique was used
to fabricate nanoparticles of cobalt. Different methods, such as X-ray diffraction, scanning
electron microscopy, energy dispersive spectroscopy, and Fourier transform infrared
spectroscopy, were used to examine the cobalt nanoparticles synthesised on the surface of E.

coli. Dye degradation was accomplished with the help of calcined cobalt oxide nanoparticles.

3.3 Materials and Methods

3.3.1 Bacterial strains and media

Cobalt adsorption and genetic engineering were performed using E. coli DH5a

(Enzynomics). The bacterial strains were cultured at a temperature of 37 °C with agitation at
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250 rpm in Luria-Bertani (LB) medium containing 10 g/L bacto-tryptone, 5 g/L bacto-yeast
extracts, and 10 g/L sodium chloride, supplemented with an antibiotic (100 mg/L ampicillin).
Table 1 contains a comprehensive inventory of the bacterial strains and plasmids employed in
the present investigation.

Table 3.1 List of bacterial strains and plasmids used in this study.

Strain/Plasmid Relevant genotype/property source

E. coli strains

TOP 10 One Shot™ TOP10 Chemically Competent E. coli Enzynomics
Plasmids
pBAD30 Amp? NEB?
pBADCP pBAD?30 containing OmpC-CBP This work
pBADCF2 pBAD30 containing OmpC-CBF2 This work

*New England Biolabs, Beverly, MA, U.S.A.

3.3.2 Cobalt Binding Domain Computational Modelling

To determine which peptide structures, have the least energy, we use the 3D generation
engine of the pepfold (PEPFOLD?3) peptide prediction service. This prediction tool employs a
quick Markov model sub-optimal conformation sampling approach to deduce the peptide
structure from the amino acid sequence. When predicting structures, the program also considers
only a neutral pH. Each peptide has a set of predicted structures, and the best model is chosen
for further analysis using ab initio computer modelling. We used the LEGO module of the
ABCluster (version 1.5.1) package in conjunction with Gaussian16 software to locate the most
favourable binding sites for the Co?" ion within the peptide. You can rely on ABCluster, a
program that employs the artificial bee colony (ABC) algorithm for accurate predictions of the

global minimum structure. We employed a 3x3x3 three-dimensional lattice for the global
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minimum search with a neighboring distance of 2.5A. Due to the size and diversity of peptides,
global minima searches were carried out at the semi-empirical PM6 level, and H atoms were
held steady for the duration of the simulation. We generated around a thousand isomers of each
peptide using numerous iterations of the ABCluster code until all the results converged on the
same global minimum. We further optimized the global minimum structure of the peptide Co®"
complex and the PEPFOLD3 predicted peptide using the B3LYP functional without limitations
to estimate the binding energy and related thermodynamic parameters accurately. For C, H, N,
O, and S atoms, we optimized using the 6-31G basis set, while for the Co?" ion, we used the
LANL2DZ-ECP basis set. Optimization in water was performed using the SMD solvation
model. Finally, to precisely depict the peptide's structure at neutral pH, the number of hydrogen
atoms in the basic and acidic sections of the main and side chains of the amino acids forming
the peptide was manually modified. In this study, the binding energies of the Co** ion with the

peptide were calculated using the following equation at 298.15K and 1 atm.

E_+E

pep Co?*  —pep—Co? complex

The E values denote the energies of the peptide fragments, the Co®" ion, and the peptide-Co**
complex. The present investigation demonstrates that an elevated (favourable) numerical value
denotes an intensified interaction between the cobalt ion and the peptide. In addition, a
comprehensive analysis is conducted on the normal vibration modes of all optimised structures
to ascertain their authenticity and eliminate any possibility of them being imaginary. This
process confirms that the optimised structures are true minima, not saddle points.
3.3.3 Construction of CBP cell surface display system

The pBAD30 plasmid was modified to exhibit cobalt-binding peptides through the
utilization of restriction enzymes. The C-terminus of Truncated OmpC was merged with

cobalt-binding peptides. The fusion process was executed by utilising a polymerase chain
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reaction (PCR) and N-Taq polymerase obtained from Enzynomics, which was conducted on a
T100TM thermal cycler manufactured by Bio-Rad Laboratories located in Hercules, CA, USA.
Table 2 enumerates the primers employed in the present investigation. After obtaining the
recombinant plasmids, the transformation of plasmids into E. coli TOP10 and subsequent
bacterial culture growth in LB (Luria-Bertani) medium was performed. The induction of
recombinant protein OmpC- cobalt-binding peptides production was achieved through the
addition of arabinose, which serves to activate the ARA_promoter.

Table 3.2 Primers used in this work.

Name Sequence (5’ to 3’)

CF-F GAATTTATGAAAGTGAAAGTGCTGAGCCTGCTG
TTAGCGCAGTTCCACCGCTTCATGTTCGCCGGTGCTCGCGCCGCTCGGCAC
TTATTTCTGCCAGCTATGAAATTCTTCCACGCCCGGATCGCGCATATAGGTC

PR GGGTTCTGCGCGCCCGCTTTCGCCGCCGCTTCCGCCATGTTTTTGTTGAAG

TAGTAGGTAGCACC

TTACTGCCAGCTATGAAATTCTTCCGCTTTCGCCGCCGCTTCCGCACGATCA

CF2-R ATCATCGGGCT

3.3.4 SDS-PAGE expression evaluation

The recombinant strain underwent overnight cultivation in an LB medium and was
subsequently subjected to a 100-fold dilution in LB media for subculture. Upon reaching an
OD600 nm of 0.5, varying concentrations of arabinose, ranging from 0 to 1%, were introduced
into the culture medium, followed by a 6-hour incubation period. Following this, the strains
that had undergone recombination were retrieved via centrifugation at a rate of 13,000 rpm for
10 mins. Subsequently, these strains were agitated in B-7M urea buffer at ambient temperature
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for 30 mins. Subsequently, the supernatant underwent a process of cellular debris removal via
centrifugation at a rate of 8000 rpm. The process of isolating the outer membrane fractions
involved the addition of 10 mM Tris-HCI (pH 7.5) to the cell pellet, followed by overnight
incubation of the suspended cells at a temperature of 4°C. Subsequently, the elevated
membrane fractions underwent analysis via 12% (w/v) Sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). They were subjected to staining with Coomassie brilliant

blue R-250 (Bio-Rad Laboratories, Hercules, CA, USA).

3.3.5 Batch experiments of bio adsorption and Co analysis

Recombinant strains containing pBAD30 were produced at 37 °C using LB medium
supplemented with 100 mg/L ampicillin and incubated overnight. The cultures that were
incubated overnight were subjected to a 100-fold dilution in newly prepared LB media and
were subsequently cultured until the optical density at 600 nm reached a value of 0.5. The cells
were supplemented with 0.5% arabinose and maintained at 30°C for 6 hrs. Subsequently, the
strains underwent centrifugation and were exposed to cobalt metal chloride solutions with
concentrations varying from 0.25 mM to 2 mM. The incubation lasted 30 mins at a temperature
of 30 °C while being agitated at 250 rpm. To retrieve the cobalt that was adsorbed onto the cell
surface, the strains underwent a washing process using a solution of 0.85% (w/v) NaCl,
followed by treatment with 0.1M HCL for 30 minutes at a temperature of 30 °C while being
agitated at a speed of 200 rpm. The peptide's selectivity was evaluated through the utilisation
of anticipated pollutants. The adsorption of the superior recombinant strain was analysed using

an ICP-OES, while E. coli TOP10 was employed as a control.
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3.3.6 The assessment of the attributes of cobalt nanoparticles.

The cobalt was obtained via bio adsorption and subsequently subjected to a calcination
process at a temperature of 500°C. The calcination process commences after a 12-hour
incubation period of arabinose-induced cells in a metal chloride solution. Subsequently, the
cells are subjected to a 24 hrs water bath at 80 °C in the presence of cobalt-bound cells,
followed by centrifugation to obtain the metal-bound cell pellets. The sample underwent
freeze-drying at a temperature of -80°C, followed by calcination of the resulting pellets in a
furnace at 500°C. Subsequently, calcined oxide specimens were subjected to various

characterization techniques, including FE-SEM, XRD, EDS, and FTIR.

3.3.7 Photocatalytic Studies

Assessing the photocatalytic efficacy of synthesised cobalt oxide nanoparticles
involved the degradation of dyes in an aqueous solution while being exposed to visible light
irradiation. Approximately 10 mg of catalyst was introduced into a dye solution of 100 ml, with
a concentration of 10 ppm. The suspension comprising of dyes and catalyst underwent stirring
for 20 mins under dark conditions to attain adsorption-desorption equilibrium of the dyes on
the material's surface. Subsequently, the suspension underwent exposure to visible light
irradiation while continuously agitated at predetermined intervals. Approximately 3 ml of the
solution was extracted and centrifuged at 10000 rpm for 5 mins to eliminate the catalysts. The
resulting supernatant clear solution was subsequently analysed using a UV-vis
spectrophotometer, with absorbance Amax being recorded for the respective dyes. The
calculation of the degradation percentage (%D) was performed utilising the following
formula: %D = ((Ao - A¢) / Ag) * 100. Here, Ao represents the initial concentration of the dye
before irradiation, while A; denotes the concentration of the dye at the time of illumination.
Time was denoted as “t”.
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3.4 Results and Discussion

3.4.1 Computational modelling of cobalt binding domain

To predict the most favourable sites for cobalt ion (Co?*) binding, two small peptide
fragments, CF1 (P TYMRDP) & CF2 (EEFHSWQ), were chosen from the M(X)8H motifs
(GAQNPTYMRDPGVEEFHSWQK) present in the CP peptide. The most favourable binding
sites for individual peptide fragments were determined using ABCluster and density functional
theory (DFT) calculations Figure 1. The sulphur atom of methionine exhibits the highest
binding energy for Co?* in the CF1 peptide fragment. The measured binding energies are
situated within the range of 1.3 eV. The range of 2.5 A has been identified as the optimised
distance between the S and Co atoms. The CF2 peptide fragment demonstrates a significant
inclination for coordination with Co?*. This coordination is most pronounced when Co?
interacts with three oxygen atoms from two adjacent amino acids. The CF2 peptide fragment
exhibits a notable binding energy (3.12 eV) with a pair of glutamic acid constituents,
particularly with the Co?*. The peptide fragments under consideration demonstrate the ability
to bind with the Co?* ion through the oxygen atoms in a nearly tetrahedral coordination. The
mean separation distance of Co-O has been estimated to be around 2.1 A. The peptide complex
CF2 demonstrates an average binding energy between Co?* and oxygen atoms within the 1.04

- 1.13 eV range.

3.4.2 Developing cobalt-binding peptide-displaying system

The pBAD30 plasmid was utilised to construct pBADCP and pBADCF2 using cloning
the OmpC-C) and OmpC-CF2, respectively, with Sacl and Xbal restriction enzymes. The
truncated OmpC protein was used as a fusion partner for the peptides attached to the protein's

C-terminus of the 8th loop (993 bp). An extra linker (AEAAAKA) was incorporated to improve
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the cell surface display's stability. The peptides CP (GAQNPTYMRDPGVEEFHSWQK) and
CF2 (EEFHSWQ) were conjugated to OmpC via the polymerase chain reaction. The pBADCP
plasmids were regulated by the arabinose promoter. In general, the expression of a heterologous
protein in E. coli results in metabolic instability. Consequently, the expression of proteins,
cellular proliferation, and durability of the recombinant plasmid are all diminished. Identifying
optimal growth and expression conditions is a crucial factor. The impact of varying arabinose
concentrations and culture temperatures was assessed. The optimisation of OmpC-CP peptide
expression involves adjusting the arabinose concentration within the range of 0.0 - 1.0% and
the temperature within 20°C — 35°C. The expression levels of the recombinant peptides,
OmpC-CP, were subsequently assessed through SDS-PAGE analysis (as shown in Fig. 2B).
The most favourable expression was observed at an arabinose concentration of 0.05%. A
negative correlation was observed between the levels of expression and the concentrations of
arabinose while conducting cobalt adsorption experiments at different temperatures, revealing
that a higher temperature resulted in greater adsorption of cobalt. The maximum cobalt
adsorption was recorded at 30°C with a cobalt chloride concentration of 1 mM, yielding 1050

pmol/g DCW.
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Fig. 3.2 Construction of cobalt binding peptide fused with OmpC at pBAD30 and
optimization of its expression conditions. (A) Plasmid construction of cobalt binding
peptide fused with OmpC at pPBAD30 (B) SDS-PAGE analysis of recombinant protein E.
coli (pBADCP) (37 kDa). (C) The effect of temperature towards cobalt recovery on E.
coli (pBADCP) with ImM CoClz. (D) The effect of arabinose concentration towards

cobalt recovery on E. coli (pBADCP) with ImM CoCl..

3.4.3 Cobalt bio-adsorption and analysis

An evaluative comparison of the adsorption capacity between the original cobalt
binding peptide CP and the recently discovered cobalt binding peptide CF2 was conducted.
The bacterial strains E. coli DH5a, E. coli (pBADCP), and E. coli () BADCF2) were subjected
to culture under different concentrations of CoCl» (ranging from 0.25 mM to 2 mM) at a pH of

7. Upon incubation of strains in a 2mM cobalt solution, it was observed that the recombinant
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E. coli (pBADCF2) exhibited an absorption of 1395 umol/g DCW of cobalt, whereas E. coli
(pBADCP) exhibited an absorption of 1124 pmol/g DCW of cobalt, as depicted in Figure 3C.
The adsorption of cobalt increased as the concentration of cobalt in the medium was raised
from 0.25 mM to 2 mM. The results indicate that the cobalt adsorption capacity of E. coli
(pPBADCF2) is superior to that of E. coli (pBADCP). The E. coli DHS5a of the wild-type array

exhibited minimal cobalt adsorption.

The present study involved the analysis of recombinant strain E. coli (pBADCF2) using
FE-SEM and EDS techniques after cobalt absorption. The primary objective of this analysis
was to visualise the adsorbed metallic element and determine its structural characteristics.
Following adsorption, the cells underwent a rinsing and lyophilization process for examination
via FE-SEM. The utilisation of FE-SEM analysis revealed the existence of nanoparticles on
the surface of recombinant E. coli (pBADCF2) after cobalt adsorption at a concentration of 2
mM cobalt solution, as depicted in Figure 3D. According to the findings obtained from the FE-
SEM analysis, it can be inferred that the cobalt nanoparticles, which exhibited a size

distribution within the range of 10 to 50 nm, were predominantly adhered to the cellular wall.

Identifying cobalt nanoparticles in the strains was possible by detecting Co Kol and Co
Kp1 spectral peaks at 6.931 keV and 7.649 keV, respectively, using EDS. The wild-type strain
of E. coli (TOP10) did not exhibit the formation of nanoparticles on the cell wall. Conversely,
the recombinant E. coli strain displayed the presence of bright cobalt salt nanoparticles on the
surface of its membrane. The findings of the cobalt adsorption investigation suggest that the
surface of the cell wall of recombinant E. coli contains numerous binding sites for cobalt ions.
lonic species present on the cellular membrane have the potential to undergo chemical reactions
leading to the formation of inorganic compounds that exhibit precipitation from the

surrounding solution. These locations have the potential to mass ions in a confined area,
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augment surface coverage, and facilitate ion clustering, ultimately resulting in the generation

of solid nanoparticles on the cellular membrane.
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Fig. 3.3 The DFT optimized structure of Co?* with peptide fragment TGEHEAV. The best
binding sites and binding energy (eV) are shown in red. The average binding distances
(A) of cobalt atoms with nearby binding sites are shown in black. (A) CF1 (PTYMRDP) (B)
CF2 (EEFHSWQ) (C) The adsorption of cobalt by the E. coli (pBADCP & pBADCEF2) with

different concentrations ranges from 0.25mM to 2mM. (D) FE-SEM and EDS analysis for

E. coli (pBADCF2)
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3.4.4 Synthesis of Cobalt oxide nanoparticles and their characterization

Cobalt oxide nanoparticles were produced at a temperature of 500 °C by calcining a
cobalt-adsorbed E. coli (pBADCF2) strain. This was done to eliminate any impurities or
volatile compounds. At a higher temperature, the metal samples can be converted into oxides.
After that process, the oxide nanoparticles can be collected and examined using FE-SEM, EDS,
XRD, and FTIR.
3.4.4.1 FE-SEM and EDS

The technique of Scanning Electron Microscopy (SEM) is employed for the
characterization and analysis of the morphology of oxidized materials. The morphology of the
produced powders can be determined through the utilization of SEM. The cobalt-precipitated
particles exhibit a heterogeneous morphology characterized by diverse sizes and shapes. Upon
aggregation, these particles manifest a spherical morphology. A significant proportion of the
particles exhibited a near-spherical morphology with a diameter ranging from 100 to 150 nm.
Certain groups exhibit a substantial size, characterized by a dense aggregation of diminutive
particles, whereas others are comparatively diminutive. Despite the compact arrangement of
particles, it is possible for there to exist interstices and minuscule apertures within any given
product grouping. The observed pattern irregularity indicates the presence of both
nanoparticles and microparticles interlinked within the product. The observed sample exhibits
a lack of particle arrangement from its deep bulk to the surface, resulting in an uneven array of

nanoparticles in its morphology.

The energy-dispersive X-ray spectroscopy (EDS) spectra of thermally treated
nanoparticles are depicted in Figure 4A. According to the EDS spectra, the CozO4 sample that
was synthesized is predominantly composed of Co and O constituents. The initial spectral peak
of element O is detected at an energy level of 0.5 keV, while the emergence of Co is observed

at Co Kal with an energy level of 6.931 keV and Co KB1 with an energy level of 7.649 keV
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[38][39]. The product under investigation exhibited cobalt and oxygen elements, with an
observed Co/O atomic ratio of approximately 3/3.97. This ratio aligns with the anticipated
value for Co304. The image depicts the high level of purity exhibited by Co3O4 nanoparticles.
3.4.4.2 XRD (X-ray Diffraction)

The crystal structure was classified through the employment of X-ray diffraction (XRD)
utilizing a model Xpert 3 and Cu Ka radiation (A = 1.54 A°) within the 10°-90° range of 26.
The polycrystalline nature of the cobalt oxide film is demonstrated in Figure 4B. The
diffraction patterns of the Co3O4 samples display characteristic peaks at specific angles, namely
(18.73, 31.4, 36.8, 38.3, 44.9, 55.66, 59.3, and 65.3), which correspond to the (220, 311, 222,
400, 422, 511 and 440) crystalline structure of the Co3O4 phase with a three-dimensional spinel
configuration. This observation indicates the successful formation of the Co3O4 cubic phase
with a crystal-like structure.
3.4.4.3 FT-IR spectroscopy

The functional group shifts of oxidized cobalt nanoparticles were illustrated by
studying the calcinated particles at various temperatures using FT-IR, as depicted in Figure 4C.
The peak observed at 3431 cm™ is attributed to the stretching vibration mode of the O-H
functional group. The band observed at 1623 cm™ was found to be associated with the angular
distortion of water molecules upon absorption. The peak observed at 1023 cm™ was attributed
to the C-O stretching vibrations. The observed peak at 2371 c¢cm™ can be attributed to the
anomalous vibration of the (C=0) bond in CO;, which was acquired from the surrounding
atmosphere during the thermal annealing of metal oxides. The Fourier-transform infrared
(FTIR) spectra of all oxide samples exhibited identical characteristic peaks to those of pure
cobalt oxide (PCO), suggesting a similar chemical bonding behaviour. The spectral features

observed at 566 cm’ and 665 cm™ are likely attributed to OB3 and ABO vibrations,
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respectively. These vibrations correspond to B - Co** in an octahedral site and A-Co*" in a

tetrahedral site within the Co3O4 spinel matrix.
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Fig. 3.4 (A) FE-SEM for E. coli (pBADCF2) recovered cobalt oxide nanoparticles,
calcinated at 500°C. (B) EDS for E. coli (pBADCF2) recovered cobalt oxide

nanoparticles, calcinated at 500°C. An E. coli (0 BADCF2) recovered cobalt’s calcinated
samples at 500 °C. (C) X-ray diffraction. (D) FT-IR spectrum.

Photocatalytic dye degradation activity of Co3O4 nanoparticles.

3.5 Dye degradation mechanism
The utilization of dyes is a prevalent practice in various industries, such as textile,
leather goods, and furniture, among others, to produce items. Approximately 12% of the dye is

lost during the manufacturing process, specifically during the dying stage, with approximately
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20% of this waste being released into the environment. During the process of dye degradation,
the chemical breakdown of the comparatively large dye molecules results in the formation of
smaller molecules. The procedure is employed to decontaminate perilous waste. The original
dye's colour is attributed to the by-products of water, carbon dioxide, and minerals produced
during the process, and in the process of dying, it is observed that not all the dye molecules are
consumed. During industrial release, a certain proportion of dye molecules are present in the
wastewater. The molecules' colouration underwent a permanent alteration. Photocatalysis is a
contemporary technique that is extensively utilized for disintegrating dye during the
degradation process. The process primarily entails the conversion of electrons from the valence
band to the conduction band of the semiconductor surface upon exposure to a suitable

wavelength of visible light.

3.5.1 Photocatalytic dye degradation activity of Co3O4 nanoparticles on Rhodamine B,
Methyl violet 2B, Methylene blue tetrahydrate, Coomassie Brilliant Blue G-250 and

Trypan blue.

The present study investigated the degradation of Rhodamine B (RhB) (A = 568 nm),
Methyl violet (MV) (A = 587 nm), Methylene blue tetrahydrate (MBT) (A = 670 nm),
Coomassie Brilliant blue G-250 (CBB) (A = 595 nm) and Trypan blue (TB) (A = 600 nm) dyes
using Co304 nanoparticles as a photocatalyst under visible light irradiation. The results
presented in Figure 5 indicate that the absorbance of RhB, MV, MBT, CBB, and TB dyes
decreased the duration of visible light irradiation in the presence of photocatalyst. After 120
mins of irradiation, the degradation percentages of RhB, MV, MBT, CBB, and TB were
determined to be 93.83%, 92.68%, 90.84%, 78.64%, and 76.64%, respectively. The
degradation efficiency is primarily contingent upon the crystalline structure, distinct splitting

of charges, and surface pattern.
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The Co304 photocatalyst exhibits photocatalytic activity upon exposure to visible light.
The process of the reaction mechanism commences with the excitation of electrons from the
valence band (VB) towards the conduction band (CB), thereby creating a vacancy in the VB.
The VB-generated perforations concomitantly engage with the surface-bound water molecule
or hydroxyl ion, forming hydroxyl radicals (*OH). Upon immediate contact, the electrons in
the conduction band situated on the surface of the nanoparticles undergo a reaction with the
dissolved oxygen molecule, forming superoxide radicals (°*O). The electron-hole pair
recombination was avoided through the involvement of *O; in the oxidation process, thereby
preserving electron neutrality within the photocatalyst. The production of hydrogen peroxide
(H202) occurred through the process of protonation of hydroperoxyl radicals, followed by the
dissociation of H>O», which subsequently generated *OH radicals. The Co030O4 nanoparticles
generate a potent oxidizing agent in the form of reactive species that proceeds to initiate an
attack on the dye molecules. The reactive species attack the organic dye molecules, leading to
their mineralization and subsequent water molecules and carbon dioxide formation. The
photodegradation mechanism of RhB, MV, MBT, CBB, and TB dyes is primarily governed by
the reactive species *OH and *O- . The findings indicate that the Co3O4 nanoparticles that were
prepared demonstrate favourable photocatalytic efficacy of approximately 90% upon exposure

to visible light for RhB, MV, and MBT dyes, and 70% for CBB and TB dyes.
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Fig. 3.5 Photocatalytic dye degradation activity of Co304 nanoparticles from E. coli
(pBADCF?2) oxidised at 500 °C. (A)Rhodamine B (B)Methyl violet 2B (C)Methylene blue
tetrahydrate (D) Coomassie Brilliant Blue G 250 (E)Trypan blue (F) Percentage of dye

degradation.
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3.6 Conclusion

The synthesis of cobalt oxide nanoparticles using recombinant bacteria has been found
to have various applications, including but not limited to photocatalytic degradation of dye,
catalysts for batteries, and utilisation in medical sectors. Using whole-cell biocatalysts to
produce cobalt oxide nanoparticles with a cell-surface display system holds significant value
in environmental applications. The optimisation of a peptide’s activity on cell surfaces was
ensured through the utilisation of both molecular modelling and wet lab analysis techniques.
In this study, cobalt-binding peptides were synthesised and displayed on the cell surface using
the anchoring motif OmpC. The displayed peptides were used to display E. coli pPBADCF2 on
the cell surface, resulting in a higher cobalt recovery compared to other peptides. The average
cobalt recovery was 1395 umol/g DCW at a pH of 7 and a concentration of 2 mM cobalt
chloride solution. In addition, Field Emission Scanning Electron Microscopy (FE-SEM) and
EDS were employed to investigate the morphological features of cobalt affixed to genetically
modified cells. The present study focused on the characterization and potential application of
cobalt oxide nanoparticles obtained through the calcination of peptides. The optimal oxide was

identified at a temperature of 500 °C and exhibited a gradual degradation of various dyes.
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CHAPTER 4

Cobalt oxide nanoparticle synthesis by cell surface engineered recombinant
Escherichia coli and the potential application on photocatalytic degradation

of Norfloxacin.
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4.1 ABSTRACT

This research will examine the binding affinity of peptides interacting with cobalt ions
and their practical applications. Four peptide sequences showed cobalt ion binding selectivity.
Computer modeling and density functional theory simulations found the best peptide binding
locations. Note that methionine-containing peptides bind cobalt ions, forming strong
coordination complexes. Experimentally, these peptides and their source sequences were
examined for cobalt adsorption. E. coli peptides adsorb cobalt differently. The species with the
highest cobalt adsorption potential was E. coli (YiaT-CF4). The recent investigation also shown
that these peptides favor cobalt over nickel and manganese. In E. coli cultures that expressed
these peptides, cobalt levels were consistently greater than nickel and manganese. The study
characterized cobalt oxide nanoparticles calcined from cobalt-ingested E. coli cells. FE-SEM,
EDS, XRD, and UV-DRS showed that Co304 nanoparticles with well-defined crystalline
structures were produced. The study also examined norfloxacin photocatalytic degradation
with Co304. The catalyst broke norfloxacin well in the study. This efficiency depends on
catalyst concentration and pH. The findings illuminate cobalt-binding peptides, their specific
affinity for cobalt, and the prospective use of cobalt-absorbing nanoparticles in environmental
and biotechnological settings. This study advances our understanding of metal-specific peptide
interactions and their potential effects in industrial and environmental settings.
Keywords: Adsorption, cobalt binding peptides, selectivity, nanoparticles, drug degradation.
4.2 Introduction

In recent years, the issue of emerging contaminants (ECs) in wastewater has garnered
increasing attention within the scientific community and environmental sector. These ECs
represent a novel category of pollutants, encompassing various substances such as medicinal
chemicals, illegal drugs, and surfactants [1,2]. Among the ECs, antibiotics have emerged as a

significant concern due to their extensive use in modern medicine. Antibiotics, including
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norfloxacin (NOX), are now recognized as the third most prescribed pharmaceuticals,
constituting over 6% of the general prescription medications [3]. Their widespread application
extends across various species, from humans to fowl, cattle, fish, and swine, making them a
ubiquitous component of wastewater effluents. In wastewater treatment plant effluents,
norfloxacin concentrations are typically measured in (mg/L), while it is detected in surface
water, groundwater, and drinking water at levels as low as (ng/L) [4—6]. The indiscriminate
release of antibiotics into the natural environment has increased their prevalence in aquatic
ecosystems, resulting in profound consequences for marine organisms. These consequences
encompass alterations in developmental patterns and survival rates among aquatic species [7,8].
Moreover, antibiotics in wastewater have raised a critical concern about developing bacterial
resistance. This phenomenon poses significant implications not only for human health but also

for the overall ecological balance of aquatic ecosystems [9].

Among the antibiotics, norfloxacin (NOX) belongs to the class of fluoroquinolones and
is extensively employed in both human and veterinary medicine. NOX finds widespread use in
treating Gram-positive and Gram-negative bacterial infections, notably for conditions such as
prostatitis and urinary tract infections [10,11]. Consequently, NOX has become a prominent
pharmaceutical agent in the medical field. Given the prevalent use of antibiotics, including
NOX, in healthcare facilities, animal husbandry, and wastewater treatment systems, their
release into the environment has become unavoidable [12]. Consequently, detecting NOX in
sedimentary deposits and waterways has become a concerning issue [ 13]. The challenges posed
by the widespread presence of antibiotics, including NOX, in wastewater are compounded by
the fact that most conventional wastewater treatment facilities are ill-equipped to remove these
pharmaceutical compounds effectively. Consequently, a significant proportion of NOX-
contaminated effluents can be released into water bodies and the surrounding environment as

post-treatment effluent [8]. This uncontrolled discharge has raised alarm bells within the
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scientific community and the environmental sector, highlighting the urgent need for viable

removal strategies.

The escalating concern over NOX contamination in aquatic environments has
galvanized researchers, particularly those working in aquatic science and environmental
protection, to explore innovative approaches for removing NOX from aqueous solutions. The
necessity of addressing this issue is underscored by its potential adverse effects on aquatic
ecosystems and its implications for human health. As such, developing and implementing
effective NOX removal techniques have become paramount in safeguarding our natural

surroundings and ensuring the sustainability of water resources.

Removing NOX from wastewater has emerged as a critical research focus, exploring
diverse wastewater treatment methods. These methodologies encompass various techniques,
each aiming to degrade or eliminate NOX to mitigate its presence in aquatic environments.
Notable among the methods investigated for NOX removal from wastewater are adsorption
[14,15], membrane filtration [16], adsorption-photocatalytic processes [17], coagulation [18],
electrocoagulation [19-21], photo-Fenton processes [22], electro-Fenton techniques [23],

photocatalyst-based approaches [24], and sonocatalytic methods [25].

Furthermore, biomaterials and biological methods have garnered considerable attention
for their potential to reclaim water contaminated with pharmaceuticals, including NRFX [26-
29]. Among these approaches, the most promising advanced oxidation process is photocatalytic
degradation [30-33], which relies on various innovative composite nano-photocatalysts,
proving to be highly effective and sustainable for the removal and mineralization of persistent
organic contaminants [34-36]. The photocatalytic degradation technique has demonstrated

exceptional efficacy in treating norfloxacin-contaminated water media [37].
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Photocatalysis, as a method, is particularly favourable for eliminating pharmaceutical
pollutants due to its environmentally friendly, clean, and efficient nature [38]. This technique
holds promise in addressing the persistent challenge of antibiotic contamination in wastewater,

offering a sustainable and effective solution.

Nanotechnology has revolutionized various fields of science and technology, with
transition metal oxide nanoparticles emerging as a focal point of research due to their
distinctive properties and versatile applications [39-41]. Cobalt oxide (Co30s) is notable for its
wide array of applications, including catalysts, gas sensors, magnetic materials, electrochromic
film substrates, battery cathodes, heterogeneous catalytic materials, rechargeable batteries,
carbon monoxide abatement catalysts, and gas sensors [42-46]. Researchers have utilised
various synthesis approaches to create nanocrystalline cobalt oxide materials. These techniques
include physical vapour deposition, inert gas condensation, molecular beam epitaxy, chemical
vapour deposition, laser ablation, sol-gel procedures, and cathode sputtering [47]. This study
focuses on spinel-tricobalt tetroxide (Co3z04), denoted as CoO or Co0203. This compound is
important due to its distinctive characteristics, notable chemical stability, and easily

reproducible synthesis methods, contributing to its widespread use as a spinel material [48,49].

In addition, it is worth noting that Co30O4 is a member of the spinel family, which
includes CoO (rock salt) and Co20s (hexagonal cobalt oxide) [50]. The crystal structure of
Co304 consists of Co?" ions, which exhibit p-type semiconducting behaviour, occupying
tetragonal 8(a) sites. Additionally, p-type Co** ions are in octahedral 16(d) sites, while p-type
O? ions are grouped in a cubic close-packed arrangement within the 32(e) sites [51]. Cobalt
nanoparticles provide notable promise as sensors for various chemical substances due to their
distinctive physicochemical properties and nanoscale size [52]. It is worth noting that literature

about the microbial synthesis of cobalt oxide nanoparticles is scarce. Most existing studies have
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concentrated on investigating naturally occurring cobalt-resistant strains [53-58]. The current
investigation signifies a groundbreaking endeavour in employing genetically engineered
strains to produce cobalt oxide nanoparticles, specifically focusing on their potential use in

degrading dyes.

Recently, there has been a growing interest in utilising cell surface display (CSD)
technology as an innovative method for immobilising heavy metal-binding proteins or peptides
on the outer surface of bacterial cells. The methodology employed involves the expression of
exogenous peptides as fusion proteins, commonly utilising cell surface proteins or fragments
as anchoring motifs. The outer membrane protein (YiaT) of Escherichia coli, a commonly
encountered bacteria, is a possibility for comprehensive investigation in CSD. Significantly,
within the assortment of outer membrane proteins found in E. coli, the trimeric porin protein
YiaT is crucial in upholding the structural integrity of the cell's outer membrane. The selection
of C-terminal fusion, N-terminal fusion, or sandwich fusion is contingent upon the
characteristics of the passenger and carrier proteins, as each arrangement presents unique

benefits in the context of cell surface display.

This study devised a novel cobalt adsorption system by integrating cobalt-binding
peptides onto the C-terminus of a shortened form of the YiaT protein. The aforementioned
methodology was employed in the production of cobalt nanoparticles. Various analytical
techniques were employed to investigate the cobalt oxide nanoparticles derived from the
calcinated cobalt product on the surface of E. coli. These techniques included X-ray diffraction,
scanning electron microscopy, energy dispersive spectroscopy, and Fourier transform infrared
spectroscopy. The breakdown of NOX was achieved by using calcined cobalt oxide

nanoparticles.
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4.3 Materials and Methods

4.3.1 Bacterial strains and media

The Cobalt adsorption and genetic engineering experiments utilized the E. coli DH5a

(Enzynomics) bacterial strain. The cultivation of these bacterial strains took place at a

temperature of 37 °C with continuous agitation at 250 rpm. The culture medium employed for

this purpose was Luria-Bertani (LB) medium, which consisted of 10 g/L bacto-tryptone, 5 g/L.

bacto-yeast extracts, and 10 g/ sodium chloride. An antibiotic (100 mg/L ampicillin) was

added to the medium to ensure appropriate selection pressure. A detailed list of the bacterial

strains and plasmids employed in this study can be found in Table 1.

Table 1 List of bacterial strains and plasmids used in this study.

Strain/Plasmid Relevant genotype/property source
E. coli strains
DH5a One Shot™ DHS5a Chemically Competent E. coli Enzynomics
Plasmids
pBAD30 Amp® NEB?
pBADCPI pBAD30 containingYiaT-CBP1 This work
pBADCP2 pBAD30 containingYiaT-CBP2 This work
pBADCFI1 pBAD?30 containingYiaT-CBF1 This work
pBADCEF?2 pBAD?30 containing YiaT-CBF2 This work
pBADCEF3 pBAD30 containingYiaT-CBF3 This work
pBADCF4 pBAD30 containingYiaT-CBF4 This work

New England Biolabs, Beverly, MA, U.S.A.
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4.3.2 Cobalt Binding Domain Computational Modelling

The pepfold (PEPFOLD3) (59-61) peptide prediction server's 3D generation engine is
used to predict the lowest energy structures of peptides. PEPFOLD3 employs a rapid Markov
model sub-optimal conformation sampling method to forecast peptide structures based on their
amino acid sequences, assuming a neutral pH. Among the predicted structures, the most
suitable model for each peptide is selected for further analysis through ab initio computational
modeling. To identify the optimal binding sites for the Co?* ion within the peptide, the LEGO
module of the ABCluster (version 1.5.1) package (62-64), in conjunction with Gaussianl6
software (65), is employed. The ABCluster package utilizes the artificial bee colony (ABC)
algorithm, known for its reliability in predicting global minima structures. A 3x3x3 three-
dimensional lattice with a neighboring distance of 2.5A is used for global minima search. Given
the peptide's size and the possible conformers, global minima searches are conducted using the
semiempirical PM6 level (66), with H atoms fixed throughout each simulation. For reliability,
multiple runs of the ABCluster code are performed until a substantial number of total isomers
(approximately 1000 for each peptide) are generated, and all simulations converge to the same

global minima.

To accurately predict binding energy and related thermodynamic parameters, the global
minima structure of the peptide-Co** complex and the PEPFOLD3-predicted peptide are
optimized using the B3LYP functional (65) without constraints. The optimization employs the
6-31G basis set for C, H, N, O, and S atoms, while the LANL2DZ-ECP basis set is selected for
the Co*"ion. The SMD solvation model (67)is applied for optimization in an aqueous medium.
The number of hydrogen atoms in the peptide structures is manually adjusted in both the basic
and acidic regions of the main and side chains of the constituent amino acids to describe the

peptide's structure at a neutral pH. The binding energies of the Co2+ ion with the peptide, as
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reported here, are calculated at a temperature of 298.15K and a pressure of 1 atm using the

following equation:

E_+E

pep Co?* "~ pep—Co% complex

The E values represent the energy levels associated with the peptide fragments, the Co**

ion, and the peptide-Co?* complex. The current study illustrates that a higher numerical value
indicates a greater interaction between the cobalt ion and the peptide. Furthermore, a thorough
examination is performed on the normal vibration modes for all optimised structures to verify
their validity and exclude any potential existence of fictitious modes. This procedure aims to

validate that the optimised structures are global minima rather than transition states.

4.3.3 Construction of CBP cell surface display system

The pBAD30 plasmid was subjected to genetic modification to include cobalt-binding
peptides in its structure, employing restriction enzymes to facilitate this process. The C-
terminus of Truncated YiaT was fused with cobalt-binding peptides. The fusion procedure used
a polymerase chain reaction (PCR) and N-Taq polymerase sourced from Enzynomics. The PCR
was carried out on a T100TM thermal cycler produced by Bio-Rad Laboratories in Hercules,
CA, USA. Table 2 presents a comprehensive list of the primers utilized in the current study.
Following the acquisition of the recombinant plasmids, introducing these plasmids into E. coli
DH5a cells, known as transformation, was carried out. Subsequently, the bacterial culture was
cultivated in LB (Luria-Bertani) medium to facilitate growth. The creation of recombinant
protein YiaT-cobalt-binding peptides was induced by the presence of arabinose, which

functioned as an activator for the ARA_promoter.
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Table 2 Primers used in this work.

Name Sequence (5’ to 3°)
CF-F GAATTTATGAAAGTGAAAGTGCTGAGCCTGCTG
TTAGCGCAGTTCCACCGCTTCATGTTCGCCGGTGCTCGCGCCGCTCGGCAC
CP1 R TCTAGATTTCTGCCAGCTATGAAATTCTTCCACGCCCGGATCGCGCATATAG
GTCGGGTTCTGCGCGCCACGATCAATCATCGGG
TCTAGATTACGGATCGCGCATATAGGTCGGCGCTTTCGCCGCCGCTTCCGCA
CF1 R
CGATCAATCATCGGGCT
TCTAGATTACTGCCAGCTATGAAATTCTTCCGCTTTCGCCGCCGCTTCCGCA
CF2 R
CGATCAATCATCGGGCT
TCTAGAGCGCAGTTCCACCGCTTCATGTTCGCCGGTGCTCGCGCCGCTCGG
CP2 R
CACCATG
TCTAGATTAGCTCGGCACCATGCCCGCTTTCGCCGCCGCTTCCGCACGATC
CF3 R
AATCATCGGGCT
TCTAGATTACACCGCTTCATGTTCGCCCGCTTTCGCCGCCGCTTCCGCACGA
CF4 R

TCAATCATCGGGCT

4.3.4 SDS-PAGE expression evaluation

The recombinant strain was subjected to an overnight incubation in an LB medium,

after which it was diluted 100-fold in LB medium for subsequent cultivation. After attaining

an optical density (OD) of 0.5 at a wavelength of 600 nm, diverse amounts of arabinose

(ranging from 0% to 1%) were introduced to the culture. Subsequently, the culture was

incubated for 5 hr, subjecting it to temperatures ranging from 20 °C to 35 °C. Subsequently,

the strains that underwent recombination were segregated using centrifugation at a speed of

13,000 rpm for 10 min. The chosen strains were afterward combined with a B-7M urea buffer
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and subjected to agitation at ambient temperature for 30 min. Subsequently, the liquid fraction
was centrifuged at 8000 rpm to eliminate cellular debris. To obtain the outer membrane
fractions, a 10 mM Tris-HCI (pH 7.5) solution was added to the cell pellet and incubated
overnight at 4 °C. Afterwards, the membrane fractions were subjected to analysis using a 12%
(w/v) Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) method and
afterward stained with Coomassie brilliant blue R-250 (Bio-Rad Laboratories, Hercules, CA,
USA).
4.3.5 Batch experiments of bio adsorption and Co analysis

Recombinant strains harbouring the pBAD30 plasmid were cultivated at 37 °C in a
Luria-Bertani (LB) medium supplemented with 100 mg/L of ampicillin. The cultures were
cultured for an extended period, expressly overnight. The cultures that underwent incubation
for one night were diluted by a factor of 100 in freshly prepared LB media. These diluted
cultures were then cultivated until the optical density at a wavelength of 600 nm reached a
value of 0.5. The cells were provided with a 0.5% arabinose supplement and incubated at 30 °C
for 6 hr. Following this, the bacterial strains were centrifugated and treated to solutions
containing cobalt metal chloride at different concentrations ranging from 0.25 mM to 3 mM.
The incubation period lasted for 30 min, at a temperature of 30 °C, with continuous agitation
at a speed of 250 rpm. To recover the cobalt that had been adsorbed onto the surface of the
cells, the strains were subjected to a washing procedure utilising a solution containing 0.85%
(w/v) sodium chloride (NaCl). This was followed by treatment with hydrochloric acid (HCI) at
a concentration of 0.1 M for 30 min, at a temperature of 30 °C, with agitation at 200 rpm. The
adsorption intensity of the peptide was assessed by employing expected contaminants. The
adsorption of the high-quality recombinant strain was analysed using an Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) technique, with E. coli DH5a being utilised

as a control. The selectivity of recombinant strains was assessed by subjecting them to varying
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doses (ranging from 0.25mM to 1mM) of cobalt (Co), nickel (Ni), and manganese (Mn) at a
pH of 7.
4.3.6 The assessment of the attributes of cobalt nanoparticles.

The cobalt was acquired through bio adsorption and calcinated at a temperature of
500 °C. The calcination process initiates during a 12 hr incubation period of arabinose-induced
cells in a metal chloride solution. Following this, the cells are exposed to a 24-hour immersion
in a water bath at a temperature of 80 °C, in the company of cobalt-attached cells. Subsequently,
centrifugation is performed to acquire the cell pellets bound to the metal. The provided sample
was subjected to freeze-drying at -80 °C, followed by the calcination of the resultant pellets in
a furnace operating at 500 °C. Following that, the calcined oxide samples underwent a range
of characterisation procedures, such as field emission scanning electron microscopy (FE-SEM),
energy-dispersive spectroscopy (EDS), X-ray diffraction (XRD), and UV-DRS analysis.
4.3.7 Photocatalytic Studies

The photocatalytic degradation of NOX was conducted within a glass vessel, utilising
a 50 mg catalyst in a 50 mL solution containing 10 mg/L of NOX. The experiment was
performed under ambient atmospheric conditions. Each instance of photocatalytic degradation
experimentation was performed under uninterrupted magnetic stirring and exposure to a pair
of tungsten-halogen lamps. The mixed suspension was subjected to stirring in a dark
environment for 60 min to establish an equilibrium state of adsorption and desorption before
exposure to light. At regular intervals, an approximate volume of 5 mL of the suspension was
collected and afterwards subjected to centrifugation at a speed of 5000 revolutions per minute
for 10 mins. The obtained clear suspension was subsequently analysed using a UV-vis

spectrophotometer to determine the absorbance of NOX at its peak wavelength of 278 nm.
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4.4 Results and Discussion
4.4.1 Computational modelling of cobalt binding domain

Four reduced-sized peptide fragments were initially selected to anticipate the optimal
locations for cobalt ion (Co?*) binding. All four pieces are selected based on two major co-
binding peptide motifs, specifically CP1 (M(X)8H) and CP2 (M(X)9H) (68) documented. The
initial pair of peptides, specifically CF3 (GMVPSGA) and CF4 (TGEHEAV), are segments
derived from M(X)9H, while the subsequent pair, namely CF1 (PTYMRDP) and CF2
(EEFHSWQ), constitute components of the M(X)8H motifs. Figure 1 illustrates the optimal
binding locations for four peptide segments, as determined using our ABCluster4—6 and density
functional theory (DFT) calculations. The two peptide segments containing methionine,
GMVPSGA and PTYMRDP (Figure 1a-b), exhibit the highest binding energy of Co?* with
the sulphur atom of methionine. The binding energies fall within the range of approximately
1.2-1.3 eV. The figure presented in Figure 1a-b demonstrates that the optimal spacing between
S and Co atoms is within the range of 2.5-2.7 A. The peptide segments TGEHEAV and
EEFHSWQ exhibit a notable affinity for Co?* ions, as their strong coordination with three
oxygen atoms derived from adjacent amino acids. The oxygen atoms of glycine and glutamic
acid have the highest binding energy (3.38 eV) in the case of TGEHEAV. In the context of
EEFHSWAQ, it is seen that the cobalt ion exhibits the most significant binding energy (3.12 eV)
when interacting with two glutamic acid components. In the case of both peptide segments, the
Co?* ion forms coordination bonds with the oxygen atoms in a near tetrahedral arrangement.
The average distance between the cobalt ion and the oxygen atoms is around 2.0 A, as depicted
in Figure 1 c-d. The average binding energy of Co?* with oxygen atoms in TGEHEAV and

EEFHSWQ peptide complexes falls within the 1.04—1.13 eV range.
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Fig 4.2. The DFT optimized structure of Co?* with peptide fragments a) GMVPSGA b)
PTYMRDP c) TGEHEAYV and d) EEFHSWQ. The best binding sites and binding energy

(eV) are shown in red. The average binding distances (A) of cobalt atoms with nearby

binding sites are shown in black.
4.4.2 Developing cobalt-binding peptide-displaying system

The pBAD30 plasmid was utilized to construct pPBADCP and pBADCP2 by cloning
the YiaT-CP1 and YiaT-CP2 and its fragments with Sacl and Xbal restriction enzymes. The
truncated YiaT protein was used as a fusion partner for the peptides attached to the protein's
C-terminus. An extra linker (AEAAAKA) was incorporated to improve the cell surface
display's stability. The peptides CP peptides and their fragments were conjugated to YiaT via
the polymerase chain reaction. The pBADCP plasmids were regulated by the arabinose
promoter. In general, the expression of a heterologous protein in E. coli results in metabolic

instability. Consequently, the expression of proteins, cellular proliferation, and durability of
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the recombinant plasmid are all diminished. Identifying optimal growth and expression
conditions is a crucial factor. The impact of varying arabinose concentrations and culture
temperatures was assessed. The optimisation of YiaT-CP peptide expression involves adjusting
the arabinose concentration within the range of 0.0 - 1.0% and the temperature within 20 °C —
35 °C. The expression levels of the recombinant peptides, YiaT-CP, were subsequently
assessed through SDS-PAGE analysis (as shown in Fig. 2B). The most favourable expression
was observed at an arabinose concentration of 0.05%. A negative correlation was observed
between the levels of expression and the concentrations of arabinose while conducting cobalt
adsorption experiments at different temperatures, revealing that a higher temperature resulted
in greater adsorption of cobalt. The maximum cobalt adsorption was recorded at 30 °C with a

cobalt chloride concentration of 1 mM, yielding 1050 pmol/g DCW.
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Fig. 4.2 Construction of cobalt binding peptide fused with YiaT at pBAD30 and
optimization of its expression conditions. (A) Plasmid construction of cobalt binding

peptide fused with OmpC at pPBAD30 (B) SDS-PAGE analysis of recombinant protein E.
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coli (pBADCP1) (37 kDa). (C) The effect of temperature towards cobalt recovery on E.
coli (pBADCP1) with 1ImM CoClz. (D) The effect of arabinose concentration towards
cobalt recovery on E. coli (pBADCP1) with 1ImM CoCl..
4.4.3 Cobalt bio-adsorption and analysis

A comparative evaluation was carried out to assess the adsorption capability of the
original cobalt binding peptide CP1 and CP2 and the subsequently identified cobalt binding
fragments CF1, CF2, CF3, and CF4. The bacterial strains E. coli (DH5a), E. coli (YiaT-CP1),
E. coli (YiaT-CF1), E. coli (YiaT-CF2), E. coli (YiaT-CP2), E. coli (YiaT-CF3), and E. coli
(YiaT-CF4) were subjected to induction using varying amounts of CoCl; (ranging from 0.25

mM to 3 mM) at a pH of 7.

When comparing the cobalt adsorption capacities of E. coli (YiaT-CF1) and E. coli
(YiaT-CF2) with E. coli (YiaT-CP1), it is apparent that E. coli (YiaT-CP1) YiaT demonstrates
a cobalt adsorption capacity of 1267 umol/g DCW, whereas E. coli (YiaT-CF1) YiaT exhibits
a slightly lower cobalt adsorption capacity of 1223 umol/g DCW at a cobalt concentration of
2 mM. This implies that the cobalt adsorption capability of E. coli (Y1aT-CF1) YiaT is slightly
lower than its E. coli (Y1aT-CP1) counterpart. Comparably, it has been observed that E. coli
(YiaT-CP2) exhibits a greater capacity for adsorbing cobalt, reaching 1524 umol/g DCW at a
cobalt concentration of 2 mM. This performance surpasses E. coli (YiaT-CF2), demonstrating
a slightly lower cobalt adsorption rate of 1464 umol/g DCW at the exact cobalt dosage of 2
mM. When comparing the cobalt adsorption rates of E. coli (YiaT-CF3) and E. coli (YiaT-CF4)
in the presence of E. coli (YiaT-CP2), it was seen that E. coli (YiaT-CF3) exhibited a cobalt
adsorption rate of 1471 umol/g DCW for a cobalt concentration of 2 mM. This finding suggests
that E. coli (YiaT-CF3) is highly effective in binding cobalt. Nevertheless, it is worth noting
that among all strains, E. coli (YiaT-CF4) has the maximum cobalt adsorption capacity at a

concentration of 2 mM cobalt, with a value of 1865 pmol/g DCW. This finding highlights the
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superior ability of E. coli (YiaT-CF4) to adsorb cobalt ions. Upon careful evaluation of all
strains, it becomes apparent that E. coli (YiaT-CF4) is the most efficient strain, demonstrating
the maximum cobalt adsorption capacity. Conversely, E. coli (YiaT-CF1) displays the lowest
potential for cobalt adsorption. In addition, it has been observed that E. coli (YiaT-CP2) exhibits
superior cobalt adsorption capabilities compared to E. coli (YiaT-CP1), potentially influencing

the choice of strains for diverse applications.

This work examines the affinity of peptides for cobalt compared to other elements,
specifically nickel and manganese, by examining their specificity. The focus of our inquiry
revolves around four discrete strains of E. coli (YiaT-CF1), E. coli (YiaT-CF2), E. coli (YiaT-
CF3), and E. coli (YiaT-CF4). The cobalt concentration for E. coli (YiaT-CF1) is measured at
745 pmol/g DCW, whilst the quantities of nickel and manganese are recorded as 50 pmol/g
DCW and 28 umol/g DCW, respectively. In the instance of E. coli (YiaT-CF2), it is shown that
the concentration of cobalt significantly rises to 985 pmol/g DCW, suggesting a greater affinity
for cobalt in comparison to nickel (41 pmol/g DCW) and manganese (14 pmol/g DCW). The
E. coli strain YiaT-CF3 demonstrates a cobalt concentration of 895 pmol/g DCW, which
exceeds nickel concentrations (60 pmol/g DCW) and manganese (20 umol/g DCW). This
finding further highlights the selectivity of these peptides towards cobalt. The most notable
finding arises from the study of E. coli (Y1aT-CF4), in which the cobalt concentration reaches
1177 pmol/g DCW. This indicates a significant preference for cobalt compared to other
elements, as seen by the lower concentrations of nickel (46 umol/g DCW) and manganese (16
pmol/g DCW). In brief, it can be concluded that the four strains, namely E. coli (YiaT-CF1),
E. coli (YiaT-CF2), E. coli (YiaT-CF3), and E. coli (YiaT-CF4), demonstrate a discernible
preference for cobalt in comparison to nickel and manganese. The results of this study shed
light on the unique capacity of these peptides, with a specific emphasis on E. coli (YiaT-CF4),

to selectively absorb cobalt rather than nickel and manganese. The results highlight the
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potential practicality of these strains in situations where there is a need for targeted metal

absorption or elimination. As a result, they represent intriguing contenders for further

investigation in the realms of biotechnology and environmental research.
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Fig. 4.4 The selectivity of cobalt over nickel and manganese by the E. coli (YiaT-CF1,
YiaT-CF2, YiaT-CF3, YiaT-CF4) with different concentrations ranges from 0.25mM to

ImM.

In this study, an examination was conducted on the recombinant E. coli (YiaT-CF4)
strain using FE-SEM and EDS techniques after cobalt absorption. The principal aim was to
visualize the adsorbed metallic element and discern its structural attributes. Following
adsorption, the cells underwent a thorough rinsing and lyophilization procedure for FE-SEM
analysis. This examination, employing FE-SEM, unveiled nanoparticles adhering to the surface
of recombinant E. coli (YiaT-CF4) after cobalt adsorption at 2 mM cobalt solution, as depicted
in Figure 3D. The results from the FE-SEM analysis suggest that the cobalt nanoparticles,
featuring a size distribution ranging from 10 to 50 nm, were predominantly affixed to the
cellular wall. Identifying cobalt nanoparticles within the strains was made feasible by detecting
spectral peaks corresponding to Co Kal and Co Kf1 at energy levels of 6.931 keV and 7.649
keV, respectively (69,70) using EDS, as illustrated in Figure 3D. In contrast, the wild-type E.
coli strain (DHS5a) did not exhibit the formation of nanoparticles on its cell wall. Conversely,
the recombinant E. coli strain exhibited the presence of conspicuous cobalt salt nanoparticles
on the surface of its membrane. The observations stemming from the investigation of cobalt
adsorption imply that the cell wall surface of the recombinant E. coli harbors numerous binding
sites for cobalt ions. lonic species localized on the cellular membrane possess the potential to
engage in chemical reactions leading to the formation of inorganic compounds that
subsequently precipitate from the surrounding solution. These sites can accumulate ions in a
confined region, enhance surface coverage, and promote ion clustering, ultimately culminating

in the generation of solid nanoparticles on the cellular membrane.
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Fig. 4.5 FE-SEM and EDS analysis for E. coli (pBADCF2)

4.4.4 Synthesis of cobalt oxide nanoparticles and their characterization

Cobalt oxide nanoparticles were synthesised using the process of calcination at a

temperature of 500 °C, utilising a strain of E. coli YiaT-CF4 that had adsorbed cobalt. The

action was carried out to remove contaminants and volatile chemicals. At elevated temperatures,

the metal samples transform oxides. Subsequently, the resulting oxide nanoparticles can be

gathered and analysed using FE-SEM, EDS, XRD, and UV-DRS techniques.
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Fig. 4.6 Schematic representation of the synthesis of cobalt oxide nanoparticle
4.4.4.1 FE-SEM and EDS

The utilisation of Scanning Electron Microscopy (SEM) is employed to characterise
and analyse the morphology of oxidised materials. The generated powders' morphology can be
determined using Field Emission Scanning Electron Microscopy (FE-SEM). The particles
precipitated by cobalt demonstrate a heterogeneous morphology, characterised by a diverse
range of sizes and forms. Upon aggregation, these particles assume a spherical form. Figure
5A demonstrates that a considerable proportion of the particles display a nearly spherical
morphology, with diameters spanning from 150 to 1000 nm. Certain groups exhibit bigger sizes,
distinguished by a compact arrangement of tiny particles, while others are comparatively
smaller. Although the particles are densely packed, it is possible for there to be small gaps and
apertures inside the product grouping. The observed deviation from the expected pattern
indicates the coexistence of nanoparticles and microparticles within the product, with
interconnections between them. The observed sample has a non-uniform arrangement of
particles, evident across its whole volume, including the surface. Consequently, there is an

uneven distribution of nanoparticles in its morphology.

Figure 5B displays the Energy-Dispersive X-ray Spectroscopy (EDS) spectra of
nanoparticles subjected to heat treatment. Based on the analysis of the Energy Dispersive X-
ray Spectroscopy (EDS) spectra, it can be determined that the Co3Os sample that was
synthesised predominantly consists of cobalt (Co) and oxygen (O) elements. The first spectral
peak of the oxygen element (O Kal) is discovered at an energy level of 0.5 keV, whereas the
presence of cobalt is detected at Co Kal (6.931 keV) and Co KB1 (7.649 keV) (69,70). The
investigated product demonstrates cobalt and oxygen elements, as evidenced by an observed

Co/O atomic ratio of roughly 3/3.97. This ratio aligns with the anticipated value for Co30Oa.
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The observation highlights the exceptional level of purity exhibited by the Co3O4 nanoparticles,

as visually represented in the accompanying image.

Spectrum 1
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Sum Spectrum

Fig. 4.7 A) FE-SEM for E. coli (pBADCF2) recovered cobalt oxide nanoparticles,
calcinated at 500°C. (B) EDS for E. coli (pBADCF2) recovered cobalt oxide nanoparticles,

calcinated at 500°C.

4.4.4.2 XRD (X-ray Diffraction)

The crystallographic characterisation was conducted using X-ray diffraction (XRD)
with an Xpert 3 model and Cu Ka radiation (A = 1.54 A°) within the 10°-90° 20 range. The X-
ray diffraction (XRD) pattern depicted in Figure 5C provides unambiguous evidence of the
polycrystalline characteristics exhibited by the cobalt oxide nanoparticles. The diffraction
patterns of the Co304 samples exhibit distinct peaks at specific angles (18.73, 31.4, 36.8, 38.3,
44.9, 55.66, 59.3, and 65.3), which correspond to the crystalline planes (111, 220, 311, 222,
400, 422, 511, and 440) of the Co3O4 phase. These peaks align with the Co304 phase's three-
dimensional spinel configuration. The results presented in this study provide evidence for the
effective production of the Co3O4 cubic phase, which is distinguished by its clearly defined

crystalline structure (71).
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Fig. 4.8 X-ray diffraction of cobalt oxide nanoparticles.

4.4.4.3 UV-DRS Analysis

The absorbance spectra of Co304 nanoparticles mediated by microbes are shown in Figure 3.
The establishment of Co3z04 nanoparticles through microbial mediation was determined by
analysing the absorbance peaks at 390 nm and 690 nm [72,73]. The shift of charges from
oxygen (O) to cobalt (Co) orbitals was revealed by observing the broad two peaks produced by
microbial-mediated cobalt oxide (Co304) nanoparticles. The movement of orbital electrons of

Co?" and Co®" towards O signifies the presence of cobalt ions in a twofold oxidation state

[72,73].
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Fig. 4.9 UV-DRS Analysis of cobalt oxide nanoparticles.
4.5 Photocatalytic degradation of norfloxacin

The photocatalytic degradation of NOX utilising Co3O4 as a catalyst is a multifaceted
phenomenon encompassing various interconnected pathways. The intricacies of this
mechanism can be expounded upon extensively within the context of this study. The process
commences with the absorption of visible light by nanoparticles of Co304. The process of
absorption leads to the creation of electron-hole pairs (e/h"), wherein the electrons undergo
excitation from the valence band (VB) to the conduction band (CB), thereby leaving positively
charged holes in the VB. The Norfloxacin molecules inside the solution exhibit an affinity
towards the Co3O4 surface, primarily driven by electrostatic interactions, Vander Waals forces,

and hydrogen bonding. The drug molecules undergo adsorption onto the surface of the catalyst.

The electrons generated during photoexcitation in the conduction band (CB) of Co304
exhibit reducing properties, while the holes in the valence band (VB) have oxidising
characteristics. The electrons in an excited state could engage in interactions with oxygen and
water molecules present in the immediate vicinity. These interactions form hydroxyl radicals
(*OH) and superoxide radicals (O2¢°). These radicals are of utmost importance in the process
of degradation. The hydroxyl radicals (*OH) and superoxide radicals (O2+") exhibit significant
reactivity as they engage in the assault on the adsorbed norfloxacin molecules. The degradation
process can be initiated by *OH radicals, which target different functional groups in the

norfloxacin molecule, including the fluorine atoms and the piperazinyl ring.

The impact of reactive oxygen species (ROS) on NOX leads to the fragmentation of
chemical bonds within the molecular structure of the medication. This process may result in
the generation of intermediate products and smaller organic fragments. The intermediate

products that arise during the degradation process undergo additional oxidation by reactive
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oxygen species (ROS), ultimately resulting in the conversion of NOX into simpler and less
harmful compounds, namely carbon dioxide (COz) and water (H2O). The byproducts from
degradation and the NOX that have not undergone reaction are released from the catalyst's
surface. Subsequently, the goods are introduced into the solution, resulting in enhanced water

quality characterised by reduced pollution levels.

The catalyst Co3O4 exhibits stability during the degrading process. It can be employed
repeatedly for numerous cycles, rendering it a financially feasible and ecologically sustainable

alternative for wastewater treatment.

Investigating the photocatalytic degradation of NOX employing Co3O4 as a catalyst
yielded significant insights. The experiments involved different concentrations of Co3O4 and
pH levels, with each reaction subjected to 90 min of visible light irradiation followed by 60
min of dark incubation to ensure environmental stabilization of the catalyst and drug. The
degradation results indicate a clear correlation between the concentration of Co3O4 and the
efficiency of NOX degradation. Specifically, at a Co3O4 concentration of 10 mg, the
degradation percentage reached 65%, while increasing the catalyst concentration to 20 mg
resulted in a noticeable improvement, with a degradation percentage of 70%, further increased
to 84% at 30 mg, and notably reached 89% at 40 mg. A similar degradation efficiency of 90%
was recorded at 50 mg. Given the similarity in results between 40 mg and 50 mg, subsequent
pH studies were conducted using a 40 mg catalyst dosage. The influence of pH on NOX
degradation was then examined with the 40 mg Co3O4 catalyst. The findings reveal a pH-
dependent trend, wherein the degradation efficiency varies with pH levels. At pH 3, the drug
degradation after 90 minutes of exposure to visible light was 67%. As we transitioned to a
slightly alkaline environment with pH 5, the degradation efficiency notably increased to 79%.

Further elevating the pH to 7 resulted in the highest observed degradation efficiency of 86%.
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However, at higher pH levels of 9 and 11, the degradation efficiency slightly decreased to 81%
and 80%, respectively. These results offer valuable insights into the photocatalytic degradation
of NOX using Co3z04 as a catalyst, demonstrating the significant impact of both catalyst
concentration and pH on the degradation process. The findings provide crucial information for
developing effective and environmentally sustainable strategies for removing pharmaceutical

contaminants from aqueous systems.
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Fig. 4.10 Photocatalytic degradation activity of norfloxacin with CosOas nanoparticles E.

coli (PBAD-YiaT-CF4) oxidised at 500 °C at different concentrations.

103



—— Blank
A 0.8 = Dark(1hr)

15 min

——90 min

Absorbance (a.u.)

210 240 270 300 330
Wavelength (nm)

0.8 = Blank

C Dark(1hr)
15 min
0.6 9 ——90 min

Absorbance (a.u.)
(=]
'S

e
(X}
1

210 240 270 300 330
Wavelength (hm)

Blank
E 0.8 4 —— Dark(1hr)
15 min
0.6 = ——90 min

Absorbance (a.u.)
(=]
»

o
(%)
1

210 240 270 300 330
Wavelength (nm)

“

Percentage of degradation (%)

0.8 -

g
o
L

Absorbance (a.u.)
o
IS
1

e
)
1

Blank
—— Dark(1hr)
15 min

—— 90 min

T
210

| 1 I |
240 270 300 330
Wavelength (nm)

e e o
IS o o
1 1

Absorbance (a.u.)

o
Y
[

Blank
Dark(1hr)
15 min

—— 90 min

co
(3]
1

o]
(=]
1

~
(4]
1

~
o
1

210 240 270 300 330
Wavelength (nm)
9.
86\
9
81 "“*-—?0
]
79
67
T T T T
4 6 8 10
pH

Fig. 4.11 Photocatalytic degradation activity of norfloxacin with CozO4 nanoparticles E.

coli (pBAD-YiaT-CF4) oxidized at 500 °C at different pH. A. pH3 B. pH5 C. pH7 D. pH9

E. pH 11 F. degradation percentage at different pH.

104



4.6 Conclusion

Our extensive examination of cobalt-binding peptides and their potential uses has
provided significant findings and implications for biotechnology and environmental research.
The recombinant strains, namely E. coli (YiaT-CF1), E. coli (YiaT-CF2), E. coli (YiaT-CF3),
and E. coli (YiaT-CF4), indicate a significant preference for cobalt over nickel and manganese.
E. coli (YiaT-CF4) had the most notable cobalt adsorption capacity of the options considered,
suggesting its better efficacy in selectively binding cobalt ions. The results of this study indicate
that E. coli (YiaT-CF4) have practical value in selectively absorbing or removing metals in
various applications. In addition, recombinant E. coli (YiaT-CF4) was investigated after cobalt
absorption using FE-SEM and EDS methodologies. The examination results demonstrated the
presence of cobalt nanoparticles on the outer surface of the cells. The observation underscores
the existence of several binding sites for cobalt ions, which facilitate chemical reactions that
result in the binding of cobalt nanoparticles on the cellular membrane. This phenomenon
presents opportunities for innovative methods in the adsorption of metals and the rehabilitation

of the environment.

The potential uses of our research were further highlighted by creating cobalt oxide
nanoparticles via calcination at a temperature of 500 °C. The effective synthesis of Co304
nanoparticles with high purity and well-defined crystalline structures was confirmed using
characterization techniques such as FE-SEM, EDS, XRD, and UV-DRS. The potential of these
nanoparticles for a range of technical applications, such as catalysis and environmental
remediation, is considerable. Furthermore, our study on the photocatalytic degradation of
norfloxacin (NOX) utilising Co3O4 as a catalyst has revealed a multifaceted mechanism
encompassing generating electron-hole pairs and forming reactive oxygen species (ROS). The

study's findings revealed a significant association between the concentration of Co3O4 and the
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efficiency of NOX degradation, with the most effective degradation observed at a Co30O4
concentration of 50 mg. Furthermore, the pH-dependent degradation efficiency underscored

the importance of pH levels, with a pH of 7 demonstrating the maximum degradation rate.

In conclusion, our study highlights the potential of peptides that bind to cobalt and their
genetically engineered variants, the production of cobalt oxide nanoparticles and their use in
photocatalytic applications across diverse scientific and technological fields. The discoveries
enhance our comprehension of the interactions between metals and peptides, thereby
establishing a basis for advancing pioneering biotechnological and environmental scientific
solutions. Ultimately, these advancements hold the potential to benefit society by addressing
concerns related to metal contamination and the presence of pharmaceutical pollutants in

aqueous environments.
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Conclusion and Future Perspectives

Cobalt, a highly adaptable transition metal located in the d-block of the periodic table,
plays a crucial role in various industrial sectors. The impact of this phenomenon is particularly
evident in the acrylic and ceramic sectors, as well as in electrocatalysis for diverse chemical
processes, metallurgy, batteries, coatings, and electronics. In recent years, there has been a
significant increase in the demand for cobalt, driven mostly by the growing battery industry.
As a result, mining activities have intensified to fulfil this rising need. Although there have
been advancements in finding alternate ways to extract cobalt, such as using microbial systems
to create stable cobalt nanoparticles, there is still a need to further investigate the potential for
microbial production of cobalt oxide nanoparticles. This thesis explores the capacity of
microbial cell surface display (CSD) using metal-binding peptides (MBP) to retrieve cobalt.
By utilising Escherichia coli as a framework to display cobalt-binding peptides (CBPs) on its
outer membrane, a new opportunity arises for the recovery of cobalt and the treatment of
wastewater. This novel technique holds promise for a sustainable society that depends on
renewable resources. Peptide-engineered sorbents, which can selectively bind to cobalt over
other metals in solutions, show potential without the need for additional chemicals or energy
input, even under mild conditions. Incorporating CSD into peptide constructions offers several
advantages, including decreased manufacturing expenses, increased adsorption capability, and
improved product worth. The production of cobalt nanoparticles utilising whole-cell
biosorbents is particularly remarkable, achieved by adsorption and calcination methods. The
process of designing peptides enables the fabrication of customised nanoparticles, regardless
of their intended use in wastewater treatment. The thesis emphasises the necessity of
conducting additional research on the characteristics of nanoparticles produced on cell surfaces
to advance peptide sequences. In addition, it investigates the use of cobalt oxide nanoparticles

for various purposes such as cancer research, dye breakdown, and medication disintegration,
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demonstrating their effectiveness in environmental cleanup and as substances that may absorb
cobalt from contaminated water. The focus of this study is to create a genetically altered strain
of Escherichia coli that has a strong attraction to cobalt. This strain can produce cobalt oxide
nanoparticles, potentially used in cancer treatments. These discoveries are significant not just
in the field of medicine, but also in the arecas of wastewater treatment and environmental
cleanup. They provide vital knowledge about the interactions between peptides and metals,
showing potential uses in both industrial and environmental domains. This discovery represents
a major advancement towards a sustainable and ecologically sensitive future by effectively

utilising cobalt through the application of biotechnology and nanotechnology.
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