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ABSTRACT

Silver Nanoparticle biosynthesis and Bacterial Cellulose production by
novel microorganisms: Characterization, bioactivity, and application to-

wards bioremediation

Microorganisms obtained from kombucha tea (a worldwide consumable fermented
beverage) include the following microbial strains namely Glucanoacetobacter kom-
buchae (RG3T), Papiliotrema laurentii (Y241), and Pichia manschurica (CD17T)
have been used to biosynthesize Silver Nanoparticle (Ag-NPs/NPs). The produced
nanoparticles from each strain were assessed for both physical characterizations by
various instrumental methods like TEM, SEM, DLS, Zeta Potential, FESEM, XRD,
Ft-IR, etc. Glucanoacetobacter kombuchae (RG3T) (RG3-NPs) have been accessed
for various bio-activities like broad-spectrum antibacterial effects towards a vari-
ety of Gram-positive and Gram-negative bacteria. Also, antioxidant, and cytotoxic
properties against cell lines like MCF-7, HEPG-2, and Triple negative human breast
cancer (TNBC) showed the nanoparticle superior efficiency. Therefore, it can be
concluded that RG3-NPs points itself to be a significant bio-material with antibac-

terial, cytotoxic, and antioxidant properties.

Other strains like Papiliotrema laurentii (Y24™) and Pichia manschurica (CD17T)
along with the characterization has also been accessed for the efficient degradation
of 4-Nitrophenol (Y24-NPs), Azo dyes like Congo red and Malachite green (CD1-
NPs). Further, NPs have been used to detect the presence of Fe(III)(Y24-NPs) and
Hg(II)(CD1-Nps) in an aqueous solution with a detection limit of 1.8 M in the linear
range of 5-150 M for Fe(III) and for Hg(II) it was 2.1.04 nM in the linear range of
10-80 nM. Both the NPs were tested for reusability and it was found that Y24-NPs
were 94% reusable while CD1-NPs is 96%. The study, therefore, shows that both
Y24-NPs and CD1-NPs hold great potential for environmental remediation with sig-
nificant catalytic activity and reusability. Further, Glucanoacetobacter kombuchae

(RG3) has been able to successfully produce Bacterial Cellulose (BC). The pro-



duced cellulose has been characterized by SEM, FESEM, XRD, FT-IR, and other
properties like water holding and retention capacity, swelling rate, porosity, and
tensile strength. Along with the characterization the produced Bacterial cellulose
was further tested for other activities like industrial dye removal and antibacterial
and cytotoxic effects. The produced Bacterial Cellulose, therefore, shows good effi-
ciency that is to be applied in the field of filtration and bioremediation. Bacterial
Cellulose and Silver Nanoparticles by the strain RG3T have been merged to produce
a bio-composite. Characterization assessments were done by SEM, FESEM, XRD,
FT-IR, DLS, and UV-Vis Spectroscopy. Bioactivity by antibacterial and cytotoxic
potential has been measured successfully. Therefore, the bio-composite shows itself

to be an antibacterial, cytotoxic, catalytic agent for filtration and bioremediation.
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Chapter 1

Introduction

Over the past years, nanotechnology has been emerging as the cutting-edge inter-
disciplinary technology along with the other branches of science and technology.
These have gained significant importance because of its broad scope applications
and promising outcomes that can be correlated to the unique properties of nano-
materials compared to other standard materials.

Preferably, cost effectiveness and non toxicity should be of primary focus for
synthesising nanoparticles (NPs). When these two criteria are fulfilled, only then
the focus needs to be shifted in obtaining the NPs with superior quality and utility.
Innovations in the way of production and modifications of the NPs with different
utilitarian groups of chemicals and also their conglomeration unlock a broad range
of utmost utilization in the field of biotechnology. Metallic NPs are always in trends
of nanotechnology owing to the fact of huge potentiality in the field of the areas of
physical, chemical, medicine, pharmaceutical, and biotechnology. [83, 91].

Although there are a variety of metallic nanoparticles, among them silver NPs
have gained significant importance due to their virtuous properties and their utility
in the areas of photo-catalysts, photonics, micro-electronics, and lithography [110].
But the sole property of massive antimicrobial activity makes silver stands out alone
in gratitude [4].

Silver nanoparticles (AgNPs) can be synthesised in various ways such as bottom

up like pyrolysis, sol gel method, chemical method, physical method, physio-chemical



method, etc. [85]. These methods often result in generation of secondary pollutants
that may further lead to toxicity towards the environment and also they require
working under high temperature and pressure [96, 16]. In order to overcome these
drawbacks, an economic, eco-friendly, feasible, and greener approach is the need of
the hour. Therefore we propose a solution of eliminating the odds of all the physical
and chemical approaches by introducing the bio-inspired method of NPs synthesis
[4]. The greener method of synthesis is not only environmental cordial, but also can

be waged to manufacture enormous volumes of NPs with nullifying contamination

82].

Apart from silver nanoparticles, bacterial cellulose being world’s most abundant
natural polymer is gaining much importance. It is renewable and biodegradable
and so credits special consideration in the current global concern for the environ-
ment. Among the very few genera of cellulose-synthesize bacteria the best known are
the various species of Acetobacter, Agrobacteria, Rhizobia, and the Gram-positive
genus Sarcina. Of these, Gluconacetobacter xylinum of the Acetobacteracae family

produces a large amount of cellulose that is secreted as an extracellular pellicle.

Bacteria Gluconacetobacter kombuchae, strain RG37T, isolated from kombucha
tea belongs to the family Acetobacteraceae is the first instance of any strain having
both nitrogen- fixing and cellulose-producing activity [36]. Silver as nanoparticles
shows excellent antimicrobial activity against bacteria, fungi, and virus and also the
most preferred metal for its profound role in the field of high-sensitivity bimolecular
detection, catalysis, biosensors, and medicine. Conventionally silver nanoparticles
are synthesized by chemical method using chemicals as reducing agents like ion
sputtering, chemical reduction, sol gel, etc., which may results for various biological
risks due to their general toxicity [3] and thus engendering the serious concern to de-
velop environment friendly processes. Considering the drawbacks of physio-chemical
methods, cost-effective and energy efficient new alternative for AgNPs synthesis us-
ing microorganisms [112] and natural polymers as reducing and capping agents are

emerging very fast. The association of nanotechnology and green chemistry will



unfold the range of biologically and cytological compatible metallic nanoparticles.
Nowadays, Researchers are focusing heavily on prokaryotes as a means of synthesiz-
ing metallic nanoparticle like silver because of their abundance in the environment
and their ability to adapt to extreme conditions. Bacterial (BC) possess good char-
acteristics of high porosity and water permeability and thus is more favorable than
another form of cellulose owing to the porous nature of the arrangement of the fibers
variety of particles made from different materials such as natural and synthetic poly-
mer, and biomaterial may acts as a template. As BC contains a significant amount
of surface hydroxyl groups, Ag+ ions could be easily attached to BC.

The research study here focuses on the bacterial strain, namely, Glucanoaceto-
bacter kombuchae, strain RG3T, which has been utilized for both silver nanoparti-
cle (AgNPs) bio-synthesis and bacterial cellulose bio-production. Further, there is
application on bioactivity and characterization. Two yeast strains namely, Papil-
iotrema laurentii, strain Y24 and Pichia manuschurica strain CD1 were made to
biosynthesis AgNPs and subjected to a test as catalytic reducers for 4-NP and Azo
dyes in wastewater and also used as a highly sensitive probe for the colorimetric
detection Fe (IIT) and Hg (II) in aqueous solution. Lastly, silver nanoparticles and
bacterial cellulose produced by the strain RG3 have been bio-fabricated to apply as
an antimicrobial, cytotoxic agent along with good reusability and stability. All these
microbial strains were obtained from a popular fermented beverage, kombucha. All

these are categorised into Chapters 2, 3, 4, and 5.



Chapter 2

Glucanoacetobacter kombuchae
(RG371), a novel bacteria for
AgNPs biosynthesis:
Characterization and
comprehensive evaluation of

bioactivity

2.1 Introduction

Silver nanoparticles (AgNPs) can be synthesised in various ways such as bottom up
like pyrolysis, sol gel method, chemical method, physical method, physio-chemical
method, etc. [85]. These methods often result in generation of secondary pollutants
that may further lead to toxicity towards the environment and also they require
working under high temperature and pressure [96, 16]. In order to overcome these
drawbacks, an economic, eco-friendly, feasible, and greener approach is the need of

the hour. Therefore we propose a solution of eliminating the odds of all the physical

5



and chemical approaches by introducing the bio-inspired method of NPs synthesis
[4]. The greener method of synthesis is not only environmental cordial, but also can

be waged to manufacture enormous volumes of NPs with nullifying contamination

82].

Over the past decades, there has been few studies pointing on the green synthesis
method of NPs synthesis, including plant extracts, biodegradable polymers, and
microbes. Particularly, microorganism based synthesis is the new trend because
they are secured, sustainable, low cost and therefore environmental friendly too. In
the last few years, bacteria have been widely explored to synthesize inorganic nano-
materials particularly gold and silver. It can be directly contributed to the property
of versatility and survivability of the bacteria at higher concentrations of metallic

ions [51].

Discovery of antibiotics has been a revolutionary milestone in the history of
humans. Unfortunately, the utilization of the novel prodigy medication were followed
by a quick increase in tolerant pathogen strain [97]. Frequent and improper use of
antibiotics may be blamed for this. In order to find out an alternative for the
same, nanotechnology can be applied to beat the drug resistance of many infectious
bacteria. In fact, silver nanoparticle is one of the most suitable one to ht against
the pathogenic strains. Moreover in India, main contaminants of polluted water
are Enterobacteriaceae namely Salmonella typhi, Escherichia coli, Shigella sonnei |
etc. Enterobacteriaceae contributes to water borne related disorders like diarrhoea,
cholera, typhoid, and other infections. Since ancient times, silver has been the
best choice among people for its robust antimicrobial effectiveness. Moreover, silver
shows extensive span of efficiency towards various Gram-positive and Gram-negative
bacteria, also chance of development of bacteria resistance is remarkably low too.

[57).

Usefulness of AgNPs to the medical field is not only restricted to its antimicrobial
effect but also gained much attention due to its cytotoxic effect. In some of the

previous studies, opposed to cell line of human cervical cancer, it has been showed



that the efficiency of AgNPs towards apoptosis, pointing its role as anti cancer drug
therapy [40, 44]. It has been estimated that AgNPs synthesised through biological
method are safe to human cell upto 50 ug/ml of concentration. Therefore, the

cytotoxic effect is an another important factor that needs attention. [1].

Gluconacetobacter kombuchae, strain RG3T has been isolated from a popular
fermented tea, known as kombucha [36]. The GenBank accession numbers for the
strain RG3" are respectively AY688433 and DQ141200. This potential Gram neg-
ative, rod shaped bacteria belongs to the Acetobacter family. This bacteria is also
responsible for nitrogen fixation and cellulose formation as pointed by [36] . Here in
this study, we have used this bacteria for the NPs synthesis by bio-green method.
The present study aims to develop a feasible green alternative towards the synthesis
of AgNPs and to enlighten its broad spectrum antimicrobial effect in some of the
common Gram positive/negative bacteria including Salmonella typhi, Shigella son-
nei., Vibrio cholera, Bacillus cereus, E. coli, and Staphylococcus aureus. Once its
antibacterial property is successfully fulfilled, our attention is then shifted to explore
its cytotoxic activity. The cytotoxicity has been measured against HEPG-2 hepato-
cellular carcinoma cell lines, MCF-7 breast carcinoma cell lines, and MDA-MB-468
corresponding to the Triple Negative Breast Cancer (TNBC) cell lines. HEPG-2
is a human hepatoma origin, non-tumorigenic with elevated proliferating rate and
most frequently applied in drug catabolism and hepato-toxicity studies. MCF-7 is
characterized with presence of estrogen, progesterone, and glucocorticoid receptors.
Further, MDA-MB-48 holds for about 10-15 percentage of the breast cancer lines.
This triple-negative breast cancer cited to the non availability of estrogen or pro-
gesterone receptors and is also responsible to produce insufficient protein commonly
known as HER2. Studies have been conducted on RG3T NPs to check the cytotoxic

activities of these cell lines.

Oxidants are produced as a result of normal metabolism in the body and also in
the environment. These molecules are very reactive and can rapidly react with other

cellular activities of the body leading to noxious effects in body including cancer and



other diseases. In order to get rid of these oxidants and its stresses, scavenging ac-
tivity is helpful. Thus, DPPH (2,2- diphenyl-2-picrylhydrazyl hydrate) and ABTS
(2, 2’-azino-bis 3-ethylbenzthiazoline-6-sulfonic acid) free radical scavenging activ-
ity has been performed to check the effectiveness of the produced AgNPs against
oxidants. Therefore, it may be concluded that the produced NPs has a long way to
go and establish itself as an antioxidant, antibacteria and anticytotoxic bio-material.
Also, a deep interest has been generated towards further exploring and analysing
this NPs for more potential benefits that are applicable towards the society. In the
remaining text, RG3TAgNPs and RG3TNPs is referred to as RG3-NPs. Simultea-
neously, pellet resuspension of RG3T in de-ioned water for the entire experiment
has been termed as cell exudate of bacteria or bacterial cell exudate or simply cell

exudate.

2.2 DMaterials and Methods

2.2.1 Chemicals & reagents

Silver nitrate (AgNOj3), Agar agar Powder, D-(+)-Glucose anhydrous, D-Mannitol,
2,2-diphenyl-2-picrylhydrazyl hydrate (DPPH), 2,2’-Azino-bis-(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS) were purchased from Hi-media (Mumbai,
India) and de-ionized water was used throughout the entire experiment. Every
reagents used here were of unadulterated analytical grade and therefore used with-

out any further purification.

2.2.2 Preparation of bacterial cell exudate

Glucanoacetobacter kombuchae, strain RG3T (=LMG 23726T=MTCC 6913T), was
isolated from Kombucha tea( Kombucha is a sweet, slightly alkaline fermented bev-
erage, consumed world widely specially by the South Asian Countries. Mannitol
broth (Yeast extract 0.75% , Peptone 0.45% , Manitol 2.5%, pH 5) of 100 ml was

prepared to grow 50 jl of previous culture of the strain RG3™, and kept overnight



at 30°C under shaking condition at 120 rpm. Next, the culture was centrifuged at
5000 rpm for 5 minutes and the pellet was collected, washed with deionized water
twice. Washed pellet was re-suspended with 100 ml de-ionized water and again kept
overnight at 30°C under shaking condition at 120 rpm. It was then centrifuged at
5000 rpm for 5 minutes, then the pellet was discarded and the supernatant was

collected. The later was stored at 4°C for further use.

2.2.3 Bio-green Synthesis of Silver nanoparticle using bacterial cell

exudate and it’s optimization

For the formation of AgNPs, different parameters such as concentration of AgNOs;
and glucose, pH, and reaction time were varied. Each parameter was varied keeping
the other parameters constant to optimize the synthesis. These parameters were
varied in the order of AgNOj3 concentration, followed by pH, glucose concentration,
and finally reaction time. Based on the Zeta Potential and UV-Vis spectroscopy
values obtained by varying these parameters, it was noted that RG3-NPs formation
were optimized at ambient temperature with a pH of 7-7.5, AgNOj3 concentration
of 17mg/ml of and 10mg/ml of glucose. Details of these experiment and variation
of different parameters has been also shown in Supplementary Data.
Simultaneously, a control setup was established with only bacterial cell exudate
and AgNOj3 without glucose. The result obtained indicated that the bacterial cell
exudate plus AgNOj3 and glucose together lead to the formation of a brownish yellow
coloured solution, while the controlled set up without glucose and only with the cell
exudate content remained colourless (Figure 2.1). This indicates the importance of

both bacterial exudate and glucose in AgNPs formation.

2.2.4 Characterization of RG3-NPs

Various instrumentation analysis were done to check the existence of the produced
bio-green NPs and to determine it’s characteristics. The confirmation of genesis and

escalation of NPs were surveiled through UV—-vis Spectrophotometer (HITACHI U
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Figure 2.1: (a) Schematic procedure of RG3-AgNPs formation by green method; (b)
Tenable mechanism of RG-NPs formation.

2900/ U 2910 UV VIS DOUBLE BEAM) settled to range including 200 to 800 nm.
Crystalline nature attributed to metallic silver was examined through XRD (Rigaku,
Miniflex). Morphological studies like shape and surface topographical analysis were
carried out by SEM (Hitachi S-4500) and TEM (JEM-2100 Electron Microscope).
The solution were made to centrifuged (5000 rpm, 5 minutes) and then the mixture
was collected after discarding the supernatant for both XRD and SEM study. The

poised AgNPs were vacuum dried & lyophilized for future use. (ELEYA speed Vac).

For TEM analysis, the sample were coated with carbon - copper grid thin film
created by dropping minute quantity of the NPs. By using the blotting paper, any
excess of the sample solution was soaked and then the film along the TEM grid
were permitted to get dry for 5 minutes underneath a mercury lamp. The physique
and form of the produced NPs was also noted. TEM study was conducted with a
step up voltage of 200 kV to predict the accurate morphology and dimensions of the
NPs . FTIR (Shimadzu FTIR spectrophotometer (FTIR 8400)) range were noted in
the span of 4000-400 cm™. To predict the contrasting functional groups directly or
in-directly linked to NPs formation, different vibrational stretched were observed in
spectrum study. With the help of the DLS (Dynamic Light Scattering) and analyzer
of particle size [ZETA Seizers Nanoseries (Malvern Instruments Nano ZS)], precise

size and distribution of the NPs were determined.

Antibacterial activities of the bio-green AgNPs were carried out on possible com-
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mon varieties of human infective and non infective bacteria of Gram positive and
Gram negative origin including Salmonella typhi, Shigella sonnei, Vibrio cholerae,
Bacillus cereus, E. coli, and Staphylococcus aureus by colony count method. For cy-
totoxic studies, HEPG-2, MCF-7, and MDA-MB-48 cell lines were utilised. Further,
for antioxidant activity, DPPH and ABTS assay were performed. Mannitol broth
medium for growth, development, and maintenance of RG3" was used throughout

the study.

2.2.5 Antioxidant Assay

DPPH free radical scavenging assay

The antioxidant study of the bio-synthesized AgNPs was predicted utilizing the
DPPH (2, 2-diphenyl-2- picrylhydrazyl hydrate) assesment [113]. Different concen-
trations (10, 20, 40, 60, 80, 100 png/ml) of the biosynthesized AgNPs were prepared.
1 ml from the above concentrations were added to 3 ml of freshly made methanolic
DPPH solution (0.1 mM) and thoroughly vortexed for an even mixture to form.
Mixed solution were then made to incubate for a time of 30 minutes under dark
condition at ambient temperature. The absorbance was observed at 517 nm oper-
ated via UV-Vis Spectrophotometer (HITACHI U 2900/ U 2910 UV VIS DOUBLE
BEAM). After 30 minutes of incubation, another sample was prepared without the
addition of bio-synthesized AgNPs and marked as sample. Throughout the en-
tire assay, ascorbic acid was used as the standard. Percent inhibition of activity
was counted using the following equation: [(Ao — As)/Ao] x 100, where, Ao is ab-
sorbance of the control sample, As is absorbance of the biosynthesized AgNPs/
Ascorbic acid. Finally the IC50 value (the concentration of the biosynthesized Ag-
NPs that is required to inhibit the 50% of the DPPH solution) of the AgNPs was
determined. Throughout the entire experiments, mean values with standard error

of mean (SEM) were determined based on the triplication of the assay.
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2.2.6 ABTS Radical Scavenging Assay

Biosynthesized AgNPs has been tested again for free radical scavenging property
using ABTS (2, 2’-azino-bis 3-ethylbenzthiazoline-6-sulfonic acid) assay according to
a standard protocol [100]. Stock solution of ABTS was made by adding 7mM ABTS
and 2.45 mM of potassium persulphate. The above mentioned mixture was set to be
incubated for 12-16 hours in the dark following ambient temperature. Then ABTS
stock solution was diluted to make the ABTS working solution to gain an absorbance
of 0.85 + 0.20 at 734 nm. After that, the different concentrations (10, 20, 40, 60, 80,
100 pg/ml) of the biosynthesized AgNPs were prepared and 20 pl of each of these
concentrations were added 180 uL of the working solution of ABTS followed by their
incubation at room temperature for 30 minutes in dark. Absorbance of the mixture
was measured at 734 nm operating an UV-Vis Spectrophotometer (HITACHI U
2900/ U 2910 UV VIS DOUBLE BEAM) after incubation for 30 minutes. The
control sample was made with no addition of bio-synthesized AgNPs and Ascorbic
acid was used as standard in this assay. The scavenging percent activity of the
free radical was measured based the following equation, similar to DPPH activity:
[(Ao—As)/Ao] x 100, where, Ao is absorbance of the control sample, As is absorbance
of the biosynthesized AgNPs/ Ascorbic acid. Finally the IC50 value of the AgNPs

was determined.

2.2.7 Antibacterial Assay

Two bacterial strains of Gram positive origin and three bacterial strains of Gram
negative origin were sorted out for the antimicrobial study. The strains were cultured
on Luria Bertani media for 24 hours at 37°C shaking incubator to obtain the fresh
growth for the study. To each test tube containing 3 ml Luria Bertani broth, 50 pul of
the culture of each bacterial were inoculated. The AgNPs activity were assessed by
Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 25922), Salmonella
typhi (MTCC 531), Shigella sonnei (MTCC 2957), Vibrio cholerae (N16961), Bacil-

lus cereus (MTCC 430). Along with that, the following concentrations of the AgNPs
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(17 mg/ml) solution at different concentrations (0.5, 1, 2, 5, 10, 15, 25, 50 ul ) were
added and kept to observe nightly at 37°C shaker incubator. On the adjoining day,
the O.D value of each concentration was recorded, later spread on the Luria Bertani
agar plate to assess the bacteriocidal or static activity by minimum bactericidal
concentration (MBC) count and kept over at the same condition to observe the

result.

2.2.8 Cell Culture

The following cell lines of malignancy origin namely MCF-7, HEPG 2, and Triple-
negative human breast cancer cell line MDA-MB-468 acquired from National Center
for Cell Science (NCCS) Pune, India were sorted to perform the cytotoxic activity.
The cells were maintained and cultured in specialized DMEM with 10% FBS (Fetal
Bovine Serum), penicillin/streptomycin (100 units/ml) at 37°C and 5% COs. Entire
treatment was performed at 37°C and a minimum cell thickness is maintained to

allow the rampant growth.

Cell Survivability Assay

The cell survivability of RG3-NPs was studied considering the following cancer cell
lines namely: MCF-7, HEPG 2, human triple negative breast cancer cell, MDA-
MB-468 using MTT (4, 5-dimethylthiazol-2-y1)-2, 5-diphenyl tetrazolium Bromide).
To summarize in brief, accessibile to cells after being revealed to numerous ligand
concentration were evaluated by MTT assay. The cells were sowed in 96-well plates
at 1 x 104 cells per well and made available to ligand at concentrations ranging from
0, 20, 40, 60, 80, and 100 pM for 24 hrs. Followed by incubation and germination,
the cells were cleaned with 1x PBS two times followed by treating with solution of
MTT (450 pg/ml) continuously for a stretch of 3-4 hours at 37°C. The emerging
formazan crystallines melted into solubilization buffer of MTT and transmittance
were recorded at 570 nm by employing a spectrophotometer by comparing the value

with control cells.
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For statistical analyses to determine the differences between the treatment and
control groups, Mann-Whitney U Test has been performed in post-hoc analyses

(p < 0.05).

2.3 Results and Discussions

2.3.1 Dynamic Light scattering (DLS) & Zeta Potential

The RG3-NPs displayed hydrodynamic property with a diameter of 197.8 nm (z-
average size) and a polydispersity index (PDI) in zeta potential value of 0.251 as
shown in Figure 2.2. The PDI values of the sample are much lower, indicating
that they formed homogeneous solutions which are well conducive for biological
applications. The RG3 nanoparticles exhibited a surface zeta potential of -31.8
mV. This high surface zeta potential indicates strong stability in aqueous solution.

Hence, the stability is appreciable for biological solutions.

DLS ZETA

Size (d.nm): % Intensity: St Dev (d.nm): Mean (mv) Area (%) St Dev (mV)
Zeta Potential (mV): -31.8

Z-Average (d.nm): 197.8
Zeta Deviation (mV): 5.09 Peak 1: -31.8 100.0 5.09

Pdt: 0.251
Peak2: 3864 28 8.838 Conductivity (mflem): 103 Peak2: 0.0 00 0.00
Intercept: 0.898

Peak 3: 4857 15 695.9 Result quality: Good Peak 3: 0.00 0.0 0.00
Result quality: Good

Peak 1: 2546 95.7 1245
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Figure 2.2: (a) Dynamic light scattering analysis; (b) Surface zeta potential of RG3-NPs

2.3.2 Scanning Electron Microscopy (SEM)

To investigate and analyse surface topography and also to determine average size
of the AgNPs, SEM study were done which specifies different shape of the formed
particles. The obtained green-combined AgNPs displayed the presence of polymor-
phism with respect to shapes like: flake type, spherical, and ellipsoidal. Also the
images reveal few large particles that may be due to overlapping of one particle

with another. The average dimensions of these green biosynthesized NPs were in
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the scale of 35 nm — 65 nm respectively, as shown in Figure 5.1 where part (a) is for

RG3-NPs and part (b) refers to the control sample with glucose.
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Figure 2.3: Surface morphology by scanning electron microscopy of (a) RG3-NPs and
(b) Control sample

2.3.3 Transmission Electron Microscopy (TEM)

TEM inspection denotes nano-crystalline nature of the formed NPs and exhibits
spherical morphology, which are often found to be agglomerated into small aggre-
gates. The produced NPs were found to have an average size 20 nm, as shown in
Figure 2.4. The TEM images also revealed a coated thin layer of glucose as the
capping agent. Therefore, this can be used to explain the decent dispersion of NPs

in the biologically reduced medium also in macroscopic scale.

2.3.4 FTIR Analysis

To investigate the possible mode of interaction of AgNPs with various functional
groups, FTIR spectroscopy study were conducted. FTIR spectrum analysis indi-
cates the existence of dissimilar functional classes at positional places, as shown in
Figure 2.5a and Table 2.1. A stretch at 1377 cm™ pointed towards the symmetry
stretched of a well known nitro compound which corresponds to the C-H bending

of aldehyde groups, acquired from skeleton of glucose in aqueous medium [61]. The
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Figure 2.4: Transmission Electron Microscopy analysis of (a) RG3-NPs and (b) Control
sample

indication of carbonyl group obtained at 1635 cm™ may be correlated to C-N and
C—C stretching indicating protein existence and therefore directly indicates NPs for-
mation [17]. Another well built symmetrical peak at 2015 cm™ were consonant to
the O\C stretching mode [92]. Another powerful, fierce banding at 2578 cm™ can
be allocated to both \NH2 in primary aromatic amines and \OH groups in alcohol
[90]. The bands at 3403-3799 cm™ in the spectra are consistent with O-H stretching
vibrations exhibiting alcohol and phenol.

From the above FTIR analysis, it can be well stated that the OH and C=0 group
present in glucose can be considered for the bio reduction of Ag+ ions foremost
to Ag0 NPs formation. FTIR analysis further concludes the carbonyl group of
amino acid remnants and peptides of the proteins shows greater affinity towards
the metal ions. It thereby avoids agglomeration by establishing a safeguarding coat
membrane and stabilizes them too. All peak changes here symbolize the contribution

of functional groups to synthesize AgNPs.

2.3.5 UV-Vis Spectroscopy

For routine study of the optical properties particularly dependent on size effect and
also for establishing metallic NPs, UV-Vis spectroscopy has been done [66]. The
emergence and optimization of NPs were done by quantifying the absorbance in

the span of 200-800 nm. Simultaneously, controlled set up was done by using only
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Table 2.1: Table representing FTIR data of the synthesized RG3-NPs

Peak Position Mode of Vibration Characteristics of Peak & Remarks  References
(em-1)
1377 Symmetry Stretching Represents C-H bending mode of  [61]
CH2
1635 Stretching C=O0 correlated to C-N and C-C  [17]

stretching indicates the presence of
proteins (thus Nps)

2015 Symmetrical O/C bands [92]
2578 Symmetrical, bending \NH2 in primary aromatic amines  [90]
and \OH groups in glucose
2731 Symmetrical, bending -OH
3403 Symmetrical & Assymetrical -OH [24]
stretching
3799 Symmetrical, stretching -OH

glucose, AgNOs, and soup extract separately. At first for RG3T, the solution color
changed from colourless to brownish yellow. Figure 2.5b shows the indication of
the nanoparticle formation. Also the absorption peak for the RG3T was directed
towards 440-400 nm and the location of the distinctive peak of absorption of biogenic
AgNPs was found to be at 436, 422, 413, and 401 nm respectively. However, a
prominent peak at 430 nm suggests the existence of AgNPs formation. The incident
of absorption peak may be the anticipation of the Surface Plasmon Resonance (SPR)
properties of metallic NPs that can be due to wavering of unbound electron on
the top of the metallic NPs when they line up by resonance with respect to the

wavelength exposed to radiation [131].

2.3.6 XRD

XRD is a direct approach to note the crystalline structure of the produced AgNPs.
The result obtained, depicted in Figure 2.5¢, clearly shows the significant peaks
at (20) values of 38.39 and 44.87 which can be correlated to the (111) and (200)
planes respectively [112, 99], where 0 is the half diffraction angle. By collation with
JCPDS (file no: 89- 3722), the quintessential design of green-synthesized AgNPs can
be established to have a leading structure [4]. The mean crystallite dimensions of the
AgNPs evaluated using the diffractogram by calculating the Scherrer formula given
by, D = K\/(Bcosf) , where X is the wavelength of the X-rays used for diffraction,

K is a constant which is dependent on the crystal motif, and [ is the full width at
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Figure 2.5: (a) FTIR spectrum analysis, (b) UV-Vis Spectroscopic study, and (c) XRD
study of the synthesized RG3-NPs.

half maximum (FWHM) of a peak. The mean size and dimension of the particle

obtained was 27 nm.

2.3.7 Antioxidant Activity

Biosynthesized AgNPs was tested for the unbound radical savenging assay by us-
ing DPPH (2,2-diphenyl-2-picrylhydrazyl hydrate) and ABTS (2, 2’-azino-bis 3-
ethylbenzthiazoline-6-sulfonic acid) assay according to the standard protocol [113,
100]. Different concentrations (10, 20, 40, 60, 80, and 100 pg/ml) was carried out for
both the assay. The control sample was prepared without the addition of biosynthe-
sized AgNPs. Ascorbic acid as the standard was used throughout the entire assay.
The results procured are abridged in Table 2.2 and Figure 2.6.

It has been observed that the formed AgNPs possesses strong scavenging activity
as compared to the controlled one. Also a shift in the scavenging activity was well

noted with the increment of concentration in a quantity-dependent fashion. For the
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DPPH assay, the set down scavenging activity was found to be lying between 6.72
+ 0.29 at 10 pg/ml to 82.94 £+ 0.35 at 100 pug/ml with a mean IC50 value of 53.76
pg/ml for the RG3-NPs. Simultaneously, scavenging activity were also observed
when tested with ABTS assay. Here also a variety of concentrations ranging from
10 to 100 pg/ml) were used to observe the scavenging property. The lowest recorded
scavenging property of RG3-NPs at 10 pug/ml was found to be 17.25 + 0.15 to 66.33
+ 0.82 at 100 pg/ml with the average IC50 value of 71.02 ug/ml. Using the Mann-
Whitney U Test, the p-values for DPPH and ABTS assays were obtained to be
0.0142 and 0.0302 respectively (p < 0.05). Thus, based on the results obtained
by these two activities, we may say that our synthesized AgNPs from the bacteria
RG3" is a potent antioxidant agent.
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Figure 2.6: Antioxidant property analysis of RG3-NPs by (a) DPPH scavenging assay
and (b) ABTS Radical Scavenging Activity assay

Table 2.2: Mean and SEM values of IC50 obtained from antioxidant activity

Method  Test Sample IC50 (ng/ml)

Mean SEM

Ascorbic Acid  27.09 0.83

DPPH RG3-NPs 53.76 1.14
Ascorbic Acid  46.16 0.33

ABTS RG3-NPs 71.02 1.14

2.3.8 Antibacterial Activity

The synthesized RG3-NPs were tested for their antibacterial potency against few

noted bacteria belonging to the Gram positive like Staphylococcus aureus ATCC
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25923 and Bacillus cereus MTCC 430 & Gram negative origin strains such as FEs-
cherichia coli ATCC 25922, Salmonella typhi MTCC 98, Shigella sonnei MTCC and
Vibrio cholerae N16961 using the colony count method, as shown in Figure 2.7. The
antibacterial activity was done on the basis of concentration-dependent manner and
it has been noted that with higher concentration, the efficiency of AgNPs increases.
The concentration ranges from 0.5, 1, 2, 5, 10, 15, 25 and 50 ug/ml. It can be pre-
dicted that for almost all the strains, 25-50 ug/ml is the range where the maximal
cell death occurs. The calculated IC 50 values of S. sonnei, V. cholerae, B. cereus,
S. typhi, E. coli, S. aureus are 3.43, 2.12, 2.28, 3.67, 4.2 and 2.43 ug/ml respectively
as shown in Table 2.3. For all the strains, the efficiency of the synthesized AgNPs
was noted in significant amounts. Our results clearly indicate greater efficiency of

the produced NPs towards both the Gram Positive and Gram Negative strains.

For a long time silver has been best known for it’s contribution towards antibac-
terial effect [98]. Generally it is of the opinion that fitment of the AgNPs towards
the cell membrane and it’s wall damages the intracellular bio-molecular structures
occured by itself AgNPs or it’s ions. Further they are also involved in oxidative
stress that possibly associated in bacterial action of AgNPs. These mechanisms
solely or conjointly intricate in action against bacteria. Moreover, silver being a
Lewis acid is more prone to get attracted by a Lewis bases such as phosphorous
and sulfur carrying bio-molecules which are the vital constituent of the cell mem-
branes, DNA bases, and proteins [31, 11, 43] . Hence, it can be predicted that at
first AgNPs pile up on the cell wall on then on the membrane producing predictable
morphological changes, where decrement of the cytoplasm, membrane dis-integrity
followed by eventual disruption of membrane by electron microscopy [91, 95, 45, 7,
52]. Also, the cations liberated from AgNPs may behave as a reservoir for Ag+

bactericidal agents [18].

The bio-green RG3-NPs displayed remarkable reaction towards all tested pathogenic
bacteria subsequently followed by their anti-bacterial action indicated in Figure 8

and 9 for a sample Gram positive strain Bacillus cereus and Gram negative Vibrio
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Figure 2.7: Colony count of each bacterial strain after being exposed to different con-
centrations of RG3-NPs

Table 2.3: Mean and SEM values of IC50 obtained from antibacterial activity

S. No. Bacteria M

Mean SEM
1 Escherichia coli 4.20 0.75
2 Salmonella typhi 3.67 0.76
3 Shigella sonnet 3.43 0.65
4 Bacillus cereus 3.28 0.97
5 Staphylococcus aureus 2.43 0.97
6 Vibrio cholerae 2.12 0.81

cholerae respectively. It can be observed that as the concentration rises, the cell
viability decreases. It is quite conventional that small sized NPs contains a higher
surface zone and that additionally interacts to the bacterial cell in contrast to the
large sized NPs [84]. Therefore, it can be concluded that RG3-NPs may be well

utilized as an antibacterial agent.

2.3.9 Cytotoxic Activity

The anticancer properties of RG3-NPs were scrutinized on cancerous cell lines in-
cluding HEPG-2, MCF-7, MDA-MB-468 using MTT assay. The cancer cells were
subjected to different concentrations of these complexes for 24 hours. The LD50
values of different cell line HEPG-2, MCF-7, and MDA-MB 468 was found to be
54.35, 55.78, and 52.76 pg/ml, as shown in Table 2.4. Cytotoxic levels for different

concentrations were found to be significantly different from each other, based on
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Figure 2.8: Bactericidal activities of Figure 2.9: Bactericidal activities of
RG3-NPs against sample Gram Positive RG3-NPs against sample Gram Nega-
strain Bacillus cereus at (a) 0 pg/ml tive strain Vibrio cholerea at (a) 0 pg/ml
(Control), (b) 5 pg/ml, (c¢) 25 pg/ml, (Control), (b) 5 pg/ml, (c¢) 25 pg/ml,
and (d) 50 pg/ml and (d) 50 pg/ml

Mann-Whitney U Test (p < 0.05), as shown in Figure 5.6. The results prominently
delineate that the cell practicability gets remarkably lowered in a dose-dependent
approach and manifested outstandingly low LD50 value of 52.76 g/ml for the MDA-
MB 468 cell line. The specific attributes of LD50 values of the complexes are given
in Table 2.4. In case of MDA-MD-468 cell line, where both estrogen and proges-
terone receptors are absent, the body cannot make sufficient amount of HER protein
thereby promoting the growth of cancer cells in the body. The synthesized RG3-NPs

showed good response by lowering those cancer cell lines potency.

Table 2.4: Mean and SEM values of LD50 obtained from cytotoxic activity

LD50 (pg/ml)

S. No. Cell lines

Mean SEM
1 HEPG-2 54.35 0.86
2 MCF-7 55.78 0.65
3 MDA-MB 468  52.76 0.74

2.4 Conclusions

In this study, a green route with innovation has been used to synthesize AgNPs by

utilising a novel bacteria Glucanoacetobacter kombuchae (RG3™). The assessment of
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Figure 2.10: Cytotoxic effect of RG3-NPs (a) HEPG-2 hepatocellular carcinoma cell
lines, (b) MCF-7 breast carcinoma cell lines, (¢c) MDA-MB-468 corresponds to Triple
Negative Breast Cancer (TNBC) cell lines. The results are mean + SD from 3 independent
experiments in each case. Values that share different letter have statistically significant
difference between each other (Mann-Whitney U Test with p < 0.05)

RG3-NPs was done by obtaining physical characteristics like UV-Vis Spectroscopy,
DLS, ZETA, SEM, TEM, XRD, and FTIR where it showed the stable nano size of
20 nm NPs with spherical shapes.The antimicrobial activity with few noted Gram
positive strains like B. cereus and S. aureus and Gram negative strains like V.
cholerae, S. sonnei, S. typhi, and E. coli were tested against NPs in different
concentrations. The results clearly concluded that the synthesized NPs possess
greater activity towards both the varieties. The antioxidant activity was tested
by DPPH assay and ABTS assay. The scavenging activity was found to be lying
between 6.72 £+ 0.29 at 10 png/ml to 82.94 + 0.35 at 100 pg/ml with a mean IC50
value of 53.76 ng/ml for the RG3-NPs in DPPH activity. For ABTS assay, the
lowest recorded scavenging property of RG3-NPs at 10 pg/ml was found to be 17.25
+ 0.15 to 66.33 + 0.82 at 100 png/ml with the average IC50 value of 71.02 pg/ml.
The anti-cancereous effect of RG3-NPs shows promising results with LD50 values of

different cell line HEPG-2, MCF-7, and MDA-MB 468 was found to be 54.35, 55.78,
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and 52.76 pg/ml.

All the above features possessed by the bio-green synthesized AgNPs produced
by the strain RG37 signifies itself to a potent antibacterial, antioxidant and cytotoxic
agent. Further a deep interest is generated to analysing and explore for different
applications which can be beneficial to the society. Also we are hopeful that this

novel NPs can be utilized further in the various fields of science and technology.



Chapter 3

Efficient degradation of
4-nitrophenol and colorimetric
detection of Fe (III) by biogenic
silver nanoparticles of

Papiliotrema laurentii

3.1 Introduction

Environmentally benign technologies in material science, particularly in nanotech-
nological studies, are gaining importance to meet the growing population’s demand.
Remarkably, the bio-green synthesis of nanoparticles has received significant at-
tention and success in recent times. Although several nanoparticles serve well in
nanotechnology and other fields, among them, silver nanoparticles are used largely
due to their specific physical, chemical, and biological properties and application in
the areas such as catalyst [22], photonics [79], micro-electronics [109], [134],[73],[72],
antimicrobial activity [2],antioxidant and anticancerous activity [78] etc. The syn-

thesis of metallic nanoparticles is an important factor in enhancing the potency

25
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and practicability of the nanoparticles (NPs). Although there are a few notable
methods for synthesis, among them, chemical, physical, and bio-inspired methods
are commonly practiced. Out of these, bioinspired methods are gaining significant

importance due to their non-toxic, non-hazardous, benign nature.

Owing to rapid industrialization and to full-fill the growing population demands,
industrial efluents have become a serious threats to the environment. Industries
such as textile discharge untreated effluents into the water bodies which normally
constitute 80% of the total emissions produced by this industry [89] . There are high
level of biochemical oxygen demand (BOD) and chemical oxygen demand (COD) in
the residual waters of the textile industry. The color associated with textile dyes not
only causes aesthetic damage to the water bodies but also prevents the penetration of
light through water. This leads to a reduction in the rate of photosynthesis [46] and
dissolved oxygen levels, affecting the entire aquatic biota [54]. The textile dyes act as
toxic, mutagenic, and carcinogenic agents [10, 63, 126], that persist as environmental
pollutants, and cross entire food chains favoring biomagnification. In this context,
special mention should be made to organic textile dyes which, around 15-50%, do
not bind to the fabric during the dyeing process and are released into wastewater
which is commonly used in developing countries for the purpose of irrigation in
agriculture [89]. 4-nitrophenol (4-NP) is one of the most notable phenolic dyes used
in textile industries. However, 4-NP is a serious threat to the environment because of
its carcinogenic, non-biodegradable properties. They are highly soluble and stable in
aqueous solution [67]. Those dyes are often negative on soil microbial communities

and on the germination and growth of plants [46].

The textile dyes are soluble organic compounds, especially those classified as re-
active, direct, basic, and acids. Due to their high solubility in water, it is difficult to
remove them by conventional methods such as adsorption involving carbon activa-
tion, flocculation, electro-coagulation, etc.[54]. Metal nanoparticles can be applied
as catalysts for efficient degradation of organic dyes, particularly AgNPs [136]. On

the other hand, the reduced form of 4-NP to 4-Aminophenols (4-AP) is less harmful
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to the environment and this reduction can be done with a limited quantity of NaBH,
to achieve the best catalytic reaction [71]. Therefore, the process of bio-catalysis by

AgNPs may be applied as an alternative green method to degrade 4-NP to 4- AP.

In recent years, AgNPs also play a vital role in the colorimetric detection of
several harmful metals in both aquatic and biological environments [94], due to their
strong SPR and optical properties depending on the size and shape. Various toxic
metals ions like Fe?™, Fe?T [102], Hg?" [93], Ni** [101], Cu*T [23], Cr?T [59], Pb?*
[115], AI** [111], Cd** [33], etc. have already been successfully detected by AgNPs.
Among these metal ions, iron metal contamination in water is the most common.
Higher levels of iron in food and water may directly lead to hemoglobinopathy and
can cause mild to severe damage in the vital organs of humans, like liver, pancreas,
and heart, and in worst cases may lead to Alzheimer’s and Parkinson’s diseases [130].
AgNPs can be applied to address this problem by detecting and quantifying these
metal ions, even at low concentrations. For colorimetric detection, the principal
involved mainly is the change of colour or shift of the SPR band when the analyte
binds to the catalysts [117]. The colorimetric sensing method by AgNPs provides a
significant advantage over various other analytical sensitive instrumentations such
as AAS, ICP-MS, XRF, etc., thereby making AgNPs more valuable and applicable

in practical fields.

This study has been designed and applied to produce AgNPs using yeast cell
resuspension or cell exudate from Papiliotrema laurentii strain Y24. Further, cat-
alytic application for 4-NP degradation and colorimetric detection of Fe(III) ions
from an aqueous medium has also been made. To the best of our knowledge, this is
the first attempt to synthesize AgNPs using this yeast cell. Papiliotrema laurentii
(formerly Cryptococcus laurentii) strain Y24 was isolated from Kombucha tea [26] in
our laboratory [106] and deposited to Microbial Type Culture Collection of Chandi-
garh, India (MTCC 6930). Y24' belongs to the family of Rhynchogastremaceae.
4-NP has been selected in this study because of its role as a secondary pollutant

from industries such as petroleum, textile, and manufacturing dye plants. Another
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subject of study here is iron which is a common earth metal. Contamination of
water by high iron content has been a serious threat worldwide, particularly in In-
dia. The nanoparticle synthesis process has been optimized and characterized with
different instrumentation to obtain specific sizes, shapes, and characteristic features.
Further, the performance of AgNPs with respect to their kinetic rate constants, sta-
bility, and reusability for the reduction of 4-NP in the presence of NaBH, have also
been investigated. Moreover, the applicability of AgNPs as a colorimetric sensor for
Fe (III) determination has been demonstrated to obtain sensitivity and selectivity.
Finally, real water testing was done successfully. In the remaining text, Papiliotrema

laurentii has been mentioned as Y247 and Y24-AgNPs is referred to as Y24-NPs.

3.2 Materials and Methods

3.2.1 Chemicals & reagents

Chemicals namely, Silver Nitrate (AgNOs, A.R. 99.9 %), Yeast Extract (Yeast Ex-
tract Powder. RM027), D-(4)-Glucose anhydrous, Peptone Type I, Bacteriologi-
cal. RM667, Hydrochloric acid (HCI), Sodium Hydroxide (NaOH), p-Nitrophenol
(CeH5NO3), Sodium Borohydride (NaBH,), other metal salts like Magnesium sulfate
heptahydrate (MgSO, - 7H,0), Calcium sulfate (CaSOy), Copper (II) acetate mono-
hydrate (C4H;oCuOs), Nickel (II) chloride hexahydrate (NiCly - 6 HyO), (KoPtCly),
Cobalt sulfate heptahydrate (CoSO, - 7H20), Lead (II) nitrate, A.R. (PbNOs3,), Zinc
Sulphate (ZnSQOy), Iron (III) chloride anhydrous (FeCls) were purchased from Hi-
media (Mumbai, India). Whatman filter paper No. 1 was purchased from Thomas
Baker (Thomas Baker Chemicals, Pvt. Ltd. Mumbai, India). Deionized water was
used throughout the entire experimentation procedure. All the above-mentioned
reagents were of extra pure grade and therefore were used without any further pu-

rification.
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3.2.2 Preparation of Y24 cell resuspension exudate

Papiliotrema laurentii (formerly Cryptococcus laurentii) strain Y24, deposited to
Microbial Type Culture Collection of Chandigarh [106], India (MTCC 6930), was
isolated from Kombucha tea [36]. Y24T was grown and maintained in modified YPD
(Yeast, Peptone, Dextrose) media (Yeast extract 0.75%, Peptone 0.45%, Dextrose
2.5%, pH 5). 100 mL of YPD was made to grow with 50 pL of the previous culture
of Y241 at 30°C under shaking condition at 120 rpm observed overnight. On the
next day, the culture was centrifuged at 5000 rpm for 5 minutes and the pellet
was collected and washed with deionized water twice to remove further impurities.
This process was repeated twice. Then the washed cell pellet was resuspended with
100 mL deionized water and again kept overnight at 30°C under shaking conditions
at 120 rpm. It was then centrifuged at 5000 rpm for 5 minutes and the pellet
was discarded. The yeast cell resuspension exudate was collected in the form of a

supernatant. The yeast cell resuspension exudate was stored at 4°C for further use

78].

3.2.3 Bio-green Synthesis of Silver nanoparticles from yeast cell

resuspension exudate

The biogenic synthesis of AgNPs was done by adding AgNOj3 and the cell exudate
of Y24 together in the concentration of 2 mM of AgNO3 and 0.1 mM of dextrose
and then observed for 45 minutes at room temperature. The glucose here in the
bio-synthesis acts as a co-factor to enhance AgNPs formation along with Y24 cell
exudate. The effects of temperature, reaction time, conc. of AgNOj3, and conc. of
glucose was further studied to optimize the formation of the nanoparticles. The
formation of silver nanoparticles was noted by a change in the colour spectrum from
colourless to brownish yellow as recognized by the naked eye. Further investigation
was done by UV-Vis Spectroscopy, scanned in the range of 300-700 nM which showed
a significant peak at around 430 nM, thereby confirming the nanoparticle formation.

For further applications, nanoparticles were centrifuged at 10,000 rpm for 10 minutes
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and washed twice with deionized water to remove unwanted impurities. The entire
process of purification was repeated twice and vacuum dried (ELEYA speed Vac)
and stored in dark for further use. The aqueous solution of Y24-NPs was used to

carry out the catalytic reduction of 4-NP and colorimetric detection of Fe(III).

3.2.4 Characterization of Y24-NPs

The characteristics of the bio-synthesized nanoparticles were specified and validated
using various instrumentation analyses. To detect the formation of the nanoparticle,
UV-Vis Spectroscopy (HITACHI U 2900 / U 2910 UV VIS DOUBLE BEAM) was
carried out in the range of 300 - 700 nM. Crystalline features of the green synthesized
NPs were determined by XRD study (Rigaku, Miniflex). Surface structure analysis
was performed by advanced microscopy instrumentations like SEM (Hitachi S-4500),
TEM (JEM-2100 Electron Microscopy). To obtain information about the functional
group that interacted to form the metallic NPs, FTIR (Shimadzu FTIR spectropho-
tometer (FTIR 8400) study was conducted in the ranges between 4000-400 cm™?.
The precise size and charge distribution within the nanoparticles were examined
with the help of DLS (Dynamic Light Scattering) and Zeta potential [ZETA Seizers
Nanoseries (Malvern Instruments Nano ZS)]. To measure the concentrations of any
elements, Atomic Absorption (AAS) study has been employed. (iCE 3500, Thermo

Scientific, Germany)

3.2.5 Catalytic Activity

The catalysts (Y24-NPs) have been assessed against 4-NP degradation activity by
optimizing different parameters. Firstly, to check the effect of different concentra-
tions of NaBHy, various concentrations of NaBH, like 0.05 mM, 0.1 mM, 0.2 mM
has been used along with 2 mM of AgNPs. Secondly, to assess the effect of 4-NP
concentration on its reduction, different concentrations of 4-NP like 0.1 mM, 0.5
mM, 1 mM, 1.5 mM, and 2 mM was used along with AgNPs and NaBH,. Thirdly,

the effect on the catalyst’s concentration has been studied using 1 mM, 1.5 mM,
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2 mM, and 2.5 mM of AgNPs NaBH,. Finally, the effect of reaction time is also
observed from 0 to 8 minutes, Keeping the concentration of NaBH, and AgNPs the

salne.

3.2.6 Colorimetric detection of Fe(III)

Initially, selectivity towards six different metal ions namely, Fe?*, Zn?*, Ni?* Mg?*,
Ca?", and Cu?" with Y24-NPs was performed. UV-Vis Spectroscopy was done
in the range of 300-600 nM to note the change if any. Further, to predict the
sensitivity of the developed AgNPs-sensor, different concentrations of Fe3* from the
ranges between 5-3000 1M were made to react with Y24-NPs solution and the SPR
potency was determined. Quantitative determination of Fe3* was done by increasing
the concentration of Fe3* from 0 to 3000pM. The resultants were scanned by UV-Vis
Spectroscopy. To authenticate the feasibility of the detecting property of AgNPs,
five tap water samples were mixed with different amounts of Fe* (5, 50, 120, and 210
nM) and studied. Further, Atomic Absorption Study (AAS) and the colorimetric

sensor have been done to recheck and revalidate the quantity of Fe?* ions.

3.3 Results and Discussions

3.3.1 Optimization of Synthesis Conditions

Different functional parameters including temperature, reaction time, metal ion con-
centrations, and glucose concentrations have been analysed to set up an optimal
condition for nanoparticles formation. The concentrations of AgNOj3 were fixed at
2 mM and the concentration of glucose was kept at 0.1 g with a total reaction time
of 45 minutes. The temperature was kept constant at 37°C under dark conditions.
These parameters were followed throughout all the experiments and for every ex-
periment, control setups were also made and checked. The results obtained after
each experiment were analysed and confirmed by UV-Vis Spectroscopy, DLS, and

Zeta Potential respectively.
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First, the reaction temperature was varied between 20°C to 45°C. At 45°C and
37°C, a prominent peak was noted at around 430 nM, as shown in Fig. 3.1(c). On
the other hand, AgNPs formation at 20°C was very faint. It has been observed that
the NPs tend to aggregate and agglomerate at that temperature, whereas it is more
stable at 37°C. Therefore, the synthesis can be inferred to be green as it occurs at
room temperature of 37°C, Fig. 3.1(c).

Second, the reaction time was varied between 5 minutes to 60 minutes, keeping
other parameters intact. The synthesis was observed to be weak at 5 minutes;
however, with the increase of reaction time from 10 minutes to 45 minutes, the rate
of NPs production also increased, as shown in Fig 3.1(d). Beyond 45 minutes, there
seems to be a rapid aggregation of NPs, making it more unstable. Therefore, the
reaction time of 45 minutes has been considered in this study for Y24-NPs formation.
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Figure 3.1: Optimization of Y24-NPs synthesis with reference to (a) Different conc. of
AgNOg3 with 0.1 g of glucose and observed for 45 minutes, (b) Different conc. of glucose
with a fixed concentration of 2mM AgNOg for 45 minutes, (c¢) Different temperature ranges
starting from 20° to 37°, (d) Different reaction times varying from 5 to 60 minutes.

The metal ions and their concentrations are also crucial for the NPs formation.
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The experiments were carried out by varying different concentrations of AgNOj3 from
0.5 mM to 2.5 mM, keeping the other conditions constant. It was found that with
the increase of AgNOj3 concentration, the rate of reaction showed an increasing trend
Fig. 3.1(a). However, at a concentration after 2 mM, aggregation of nanoparticles
occurred, thereby suggesting 2 mM as the ideal Ag™ concentration for Y24-NPs

formation.

After varying the reaction temperature, reaction time, and concentration of Ag+,
finally, glucose concentrations were also varied to optimize the biosynthesis of Ag-
NPs. It has been observed that without glucose, only AgNOj3 alone fails to con-
tribute to nanoparticle formation, as shown in Fig. 3.1(b). However, when glucose
was added along with AgNOs, keeping the other parameters the same, nanoparti-
cle formations occurred successfully. With the increase in glucose concentrations
between 0.05 mM to 0.2 mM, the reaction rate increased. However, the synthesis

seems to be stable at 0.1 mM of glucose.

3.3.2 Characterization of bio-synthesized AgNPs

Dynamic Light scattering (DLS) & Zeta Potential

The nanoparticle of strain Y24 reflected hydrodynamic features with a diameter of
385.3 nM (z-average size) (Fig. 3.2 b) and a polydispersity index (PDI) in zeta
potential value of 0.547, as shown in Fig. 3.2(a). The PDI values of the sample
were considerably low, showing that they produce homogeneous solutions which are
favourable for biological applications. The nanoparticles manifested a surface zeta
potential of -28.5 mV. This higher surface zeta potential stipulates strong steadi-
ness in an aqueous solution. Therefore, the stability can be considered to be well-
acknowledged for biological solutions. The neutral charge of Y24-AgNPs can possi-
bly be due to the presence of negatively charged groups, such as -OH and -COOH,

that encircles the nanoparticles. [75] [128].
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Figure 3.2: Y24-NPs analysis by (a) ZETA Potential; (b) DLS study.

Scanning Electron Microscopy (SEM)

To analyze and investigate the exterior surface morphology and also to predict the
average size of the AgNPs, SEM studies were performed to determine the variety
of shapes of the produced nanoparticles. The obtained green-synthesized AgNPs
reveals irregular to cubical shape. Some large particles were observed which may
be the reason for the overlap of one particle with another. The average dimensions
of these biosynthesized NPs were in the range of 20 nM — 35 nM respectively, as
shown in Fig. 4.1. Here Fig. 4.1c shows Y24-NPs structural morphology and Fig.

4.1d shows the control sample of exudate with glucose only.

Transmission Electron Microscopy (TEM)

TEM techniques are used to determine the particle shape with respect to size and
morphology. An average size of 20 nM of nanoparticle was detected with glucose
coated over the surface, as shown in Fig. 3.4a. Here, Fig. 3.4a denotes the
TEM analysis of Y24-NPs, whereas Fig. 3.4b shows the control sample without
AgNOQOj. Therefore, this indicates the fair dispersion of NPs in the biologically re-

duced medium, even on a macroscopic scale.
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Figure 3.3: Microscopic Characterization of Y24-NPs by (a) FESEM imaging and (b)
Control sample without AgNOs;(c) SEM imaging (d) Control image without AgNOs.

FTIR Analysis

To comment on the possible manner of interaction of AgNPs with a variety of
functional groups, FTIR spectroscopy studies were done. FTIR spectrum analysis
signifies the presence of different functional groups at positional places, as shown in
Fig.3.4c. The demarcation at 1330 cm™ directs concern about the symmetry stretch
of a familiar nitro compound, which may be further linked to the C-H bending of
aldehyde groups, possibly obtained from the skeleton of glucose in aqueous medium

1

[61]. The demarcation of the carbonyl group that occurred at 1637 cm™ can be

related to C-N and C-C bending, showing the existence of protein and thereby

indicating NPs production. A well-built symmetrical peak at 2849 cm™ also relates

1

to the aldehyde groups. Another powerful, fierce banding at 2916 cm™ can be



36

—— Y24-NPs|
130 - 4000 -
(1) —— Y24-NPs
125 |
120
3000
o 1154
: 3
S 1104 :
£ s
£ 105 - 1074 em-1 2 2000 -
£ 2
2 100 8
L 1330 em-1 c (200)
X 5 N 22 1
1000 (I (220) @1
90 - | | } i
2849 cm-1 2916 cm-1 | ;‘\ i i
3272 cm-1
80 T T T T T T T 1 0 T T T T 1
500 1000 1500 2000 2500 3000 3500 4000 4500 30 40 50 60 70 80
(C) Wavenumbers (cm-1) (d) 20°

Figure 3.4: TEM analysis of (a) Y24-NPs and (b) Control sample without AgNOs; (c)
FTIR study of Y24-NPs (d) XRD analysis of the biogenic nanopaparticle.

assigned to dual \NH2 in primary aromatic amines groups and \OH groups in
alcohol [108]. The bands at 3272 cm™ in the spectral series are consonant to the

O-H stretching vibrations predicting alcohol and phenol [108].

After the FTIR analysis, it may be well concluded that all the groups present
are possibly responsible for the bioreduction of Ag™* ions to Ag® in nanoparticle for-
mation. Also, it may be concluded that the carbonyl group of amino acid residues
and peptides of the proteins point towards the greater affinity with the metal ions.
Therefore, these seem to prevent agglomeration by making a safeguard coat mem-
brane and stabilizing them too. All peaks change here in Fig. 3.4c symbolize the

presence of functional groups in synthesized AgNPs formation.
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XRD

To analyse and predict the crystalline morphology of the synthesized Y24-AgNPs,
an XRD study has been carried out. In Fig. 3.4d, prominent peaks can be observed
at (20) values of 37.39, 43.88, 64.33, and 76.58 degrees which can be correlated
to the (111), (200), (220), and (311) planes respectively [99], where 6 is the half
diffraction angle. In correlation with JCPDS (file no: 89- 3722), the classical outline
of bio green-synthesized AgNPs can be explained to contain a principal organization
[2]. The mean average crystallite dimension of the AgNPs was determined using
the diffractogram using the Scherrer formula: D = KM/(Bcosf), where X is the
wavelength of the X-rays used for diffraction, K is a constant which is dependent
on the crystal motif, and £ is the full width at half maximum (FWHM) of a peak.

The mean size of the particle obtained was 20 nM.

3.3.3 Catalytic Activity
Conversion of 4-NP by Y24-AgNNPs

The catalytic activity of the produced Y24-NPs from 4-Nitrophenol (4-NP) to 4-
Aminophenol (4-AP) was explored in the presence of NaBH,. This experiment is
one of the significant mechanisms to evaluate the catalytic activities of metallic
nanoparticles, particularly the ones generated from Pt, Ag, and Au [49]. Also,
4-NP has been selected as the subject model for the catalytic study because of
its activity among other nitrophenols in different fields, such as dyes (particularly
in the tannery for dark colouration), fabrication of fertilizers, explosives, rubber,
pesticides, fungicides, etc. Being a common nitrophenol, this weak acid has got
several toxic possibilities, for example, carcinogenic properties, non-biodegradability,
and higher stability to persist in the environment. In addition to mild skin and eye
irritability, this phenolic compound can seriously harm and cause injury to the
central nervous system and other vital organs in the human body [126]. So, in
order to nullify the toxicity of this phenolic compound, the transformation of 4-

NP into 4-AP needs to be done. 4-AP is considered to be less harmful than 4-NP.
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By considering the previously published works of conversion of 4-NP to 4-AP, we
can divide the steps into three main stages, [10, 114]. The first stage involves the
adsorption of the nitrophenols from the top of the AgNPs. The second step involves
the transfer of electrons between nitrophenols and NaBH, and it’s conversion to
respective aminophenols. Finally, the aminophenols emerging from the top of AgNPs
lead to the onset of the adsorption process, thereby making the surface of AgNPs
ready for the new cycles [10, 114]. For these types of catalytic activities, it is
important to note the following factors e.g., concentrations of the catalysts, NaBHy

(reducers), and the reaction times.
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Figure 3.5: Catalytic reduction of 4-NP by Y24-NPs and estimation of its effects by
other parameters like, (a) When only NaBH, has been used without any catalysts and
observed for 30 minutes, (b) Different conc. of catalysts (AgNPs) ranging from 1 mM, 1.5
mM, 2 mM, and 2.5 mM respectively (c) Different conc. of 4-NP like 0.1 mM, 0.5 mM,
1 mM, 1.5 mM, and 2 mM respectively, (d) Different conc. of NaBH, ranging from 0.05
mM, 0.1 mM, 0.2 mM respectively. All the experimental set up were kept for 8 minutes.

FEffect of NaBH, concentration on 4-NP reduction:

NaBH, is commonly used as a powerful reducing agent. It also plays a vital
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role in the catalytic reduction of 4-NP. Initially, when NaBH, is added to 4-NP,
it induces a shift in the absorption peak from 380 nM to 420 nM, indicating the
formation of 4-Nitrophenolate ions, as shown in Fig. 3.5a. This change also could be
noted by the bare eye as the colour of the 4-NP solution changed from faint yellow
to dark yellow colour on the inclusion of NaBH4. The experimental setup was kept
for observation and after 30 minutes, it was noted that there was no change in the
absorption spectrum. Therefore, NaBH, alone without the assistance of a catalyst is
not sufficient enough to conduct the catalytic reduction of 4-NP. Also, the addition

of the Y24-NPs alone to the 4-NP solution showed no change.

However, besides performing rapid reactions, NaBH, may produce toxic effects
at higher concentrations due to the presence of boron in it. Several studies have
been performed with a higher concentration of NaBH, than 4-NP to achieve a higher
reaction rate and to get a perfect fit in the pseudo first-order reaction plot. Accord-
ing to the Environmental Protection Agency (EPA) and World Health Organization
(WHO), the toxicity limit for boron is 2.4 ng mL~![37, 70]. Although low concen-
tration of NaBHy results in a slower reaction rate, however, it can help to lower
the toxicity produced by boron. Keeping this in mind, various concentrations of
NaBH, (0.05 mM, 0.1 mM, 0.2 mM) have been used in this study. For 0.1 mM and
0.2 mM, significant peaks were observed in the UV-Vis spectroscopy study, whereas
a reduced peak was observed for 0.05 mM concentration, as shown in Fig. 3.5d.
Therefore, considering the toxicity of boron at higher concentrations, the NaBHy
concentration has been fixed to 0.1 mM in this study. The other parameters, such
as concentration of AgNPs and 4-NP have been kept constant at 2 mM and 1 mM,

respectively, with a reaction time span of 8 minutes.
Effect of AgNPs concentration on 4-NP reduction:

The concentration of catalysts is an important factor to determine the rate of
reaction. In this study, different concentrations of AgNPs have been used, including
1 mM, 1.5 mM, 2 mM, and 2.5 mM. At the end of the reaction, it was observed

that the concentration of 2mM of AgNPs was best suited for the catalytic activity
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because, for other concentrations, the reaction time was observed to be significantly

longer, as shown in Fig. 3.5b.
Effect of 4-NP concentration on 4-NP reduction:

The effect of the reactant is also crucial for the catalytic reaction. In this study,
this weak acid has been used as the benchmark to evaluate the catalytic activity
of the metal nanoparticles. Different concentrations of 4-NP (0.1 mM, 0.5 mM, 1
mM, 1.5 mM, and 2 mM) have been used. At the end of the reaction, it has been
observed that with a concentration of 1 mM of 4-NPs, the reaction occurred faster

compared to the other concentrations. (Fig:3.5¢).

Effect of reaction time on 4-NP reduction: In Fig. 3.6a, a graph of UV-Vis
spectroscopy results has been plotted to show the progression of 4-NP in reaction
with Y24-NPs from 0 minutes to 8 minutes. The result obtained indicates that a
peak of 4-NP with Y24-NPs obtained at 400 nM remained unaltered even in presence
of NaBH,. Therefore, NaBH, alone has no role in the reduction of 4-NP into 4-AP.
After the addition of AgNPs, it has been observed that the peak gradually decreases
with respect to the increase in the reaction time, thereby confirming successful

degradation. The complete reduction was achieved quickly within 8 minutes.

The kinetics of this catalytic reaction can be obtained using the pseudo-first-
order reaction: In (c/cy) = —kt, where ¢q is the original dye concentration (mg/L),
¢ is the dye concentration (mg/L) with reference to time, and k is the rate constant
(1/min). So, the reduction rate constant (k) can be calculated from the plot of
—In (A;/Ap) versus reaction time ¢. From Fig. 3.6(b), the linear time-dependency
of —In(A;/Ap)) can be clearly observed with a correlation coefficient R? of 0.944,
thereby authenticating the pseudo first-order kinetics reaction. The values from 2, 3,
4,5, 6, 7, and 8 minutes were plotted to get the fit. The rate constant (k) was found

to be 0.133 min~!, which shows that the rate of catalysis for Y24-NPs is significant.
Possible mechanism of 4-NP reduction by AgNPs:

One of the possible mechanisms of the biocatalysts (Y24-NPs) towards 4-NP

reduction in the presence of NaBH, is shown in Fig. 3.8. Since the nanoparticles
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provide a large surface area, the reduction process can occur spontaneously there.
Here, the catalyst Y24-NPs reacts instantly with the reducer (NaBH4). Simultane-
ously, the BH4™ ions of NaBH, get adsorbed onto the surface of the Y24-NPs and
transfer hydrogen ions on the surface. Moreover, BH, ~ acts as an electron donor in
the catalysis reaction. The substrate 4-NP similarly gets adsorbed onto the surface
and is reduced by the BH; ~ to 4-AP. After the completion of the reduction process,
the product (4-AP) leaves the surface of Ag and gets ready for the next catalytic

cycle.
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Figure 3.6: (a) Effect of reaction time in the catalytic degradation of 4-NP by Y24-NPs.
The experimental setup was observed from the time period between 0 to 8 minutes, (b)
First order-kinetic plot of 4-NP degradation by the catalysts for 2, 3, 4, 5, 6, 7, and 8
minutes respectively.

Reuasability of the catalysts:

For most metal-based catalysts, re-usability is an issue. To address this problem,
catalyst evaluation was done by analyzing the structural stability and repeated re-
usability of the bio-synthesized nanoparticle. In this study, five consecutive cycles
have been carried out to assess the re-usability of the catalysts. Before each cycle, the
catalysts were collected, washed thoroughly and dried for use in the next cycle. After
five repeated cycles, UV-Vis Spectroscopy, (shown in Fig. 3.7a) was assessed in each
cycle. It can be noted that there was a significant prominent peak at around 420 nM,
which corresponds to the original UV-Vis Spectroscopy peak of Y24-NPs. The peak
value for the other cycles remained at around 420 nM. Further, as we approached

towards the final cycle, there was a slight deterioration in the absorption intensity,
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although the peak remained more or less the same. This slight deterioration may
be due to the aggregation of the dye molecules on the surface of the AgNPs. The
conversion efficiency was noted above 94.46%. This higher efficiency of the catalysts
strongly recommends its re-usability. The slight decrease in efficiency may be due
to the process of collection and drying and degradation of the active site due to the
adsorption of the by-products during the experimental procedure. The efficiency

percentage («) of the catalyst was calculated using the Equation given below

Co — Gy
Co

x 100

where Co is the initial concentration and C} is the concentration of 4-NP at the
end stage.

As observed from Fig. 3.7, the efficiency was reduced by only 5.54% after 5
cycles. Initially, we conducted the catalyst efficiency tests for 7 cycles. The rate of
reduction, however, didn’t change significantly uto 5 cycles. This was also confirmed
by UV-Vis spectroscopy, DLS, and ZETA Potential study. But a slight loss of
catalyst was observed during the recovery process after each cycle. So, in order to
minimize the loss of the catalyst, we kept the recycling procedure to 5 cycles only.

To confirm the efficiency of re-usability nature of the catalysts after 5 cycles, its
structures have been assessed based on the TEM imaging, XRD pattern analysis,
followed by Zeta Potential. The resulting catalysts after the TEM study (shown in
Fig. 3.7c) showed average sizes in the range of 16-18 nM, which is almost similar to
the original Y24-NPs TEM size (20 nM). XRD analysis (shown in Fig. 3.7d) was
done to recheck the efficiency of the catalysts and it was found that the diffraction
peaks occurred at 260 values of 37.12, 43.28, 64.43, and 76.58 degrees for AgNPs.
The unused Y24-NPs showed almost the same diffraction peaks at 20 values of
37.12, 43.28, 64.43, and 76.58 degrees. Further, the catalyst’s efficiency after Zeta
Potential analysis showed a value of -19.4 mV, which is lower than the original value
of Y24-NPs, which was -28.5 mV. This reduction in the Zeta Potential value could

possibly be due to the increased adsorption of dye molecules from the surface of the
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Ag+ along with the simultaneous transfer of the hydrogen ions. Considering all the
above facts from the structural analyses, it can be inferred that the catalysts can
be highly stable with significant re-usability, which may be utilized in the practical

field at a significantly lower cost.
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the catalyst for reduction of 4-NP using NaBHy, (¢) TEM analysis of the catalysts, (d)
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Colorimetric detection of Fe(III)

Due to rapid industrialization, metal ion content in the ground and wastewater has
become a serious threat to the ecology and environment. In order to address this
problem, the detection and quantification of these metal ions at lower concentrations
need to be focused on. Among the metal ions, iron metal contamination in water
is the most common. Higher levels of iron in food and water may directly lead
to haemoglobinopathy and can cause mild to severe damage in the vital organs

of humans, like the liver, pancreas, and heart, and in worst cases may lead to
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Figure 3.8: Possible mechanism of 4-NP degradation by the biogenic Y24-NPs by cat-
alytic activity.

Alzheimer’s and Parkinson’s diseases [130], [135], [68]. Sometimes mild symptoms
like nausea and vomiting are also very common. Therefore, in this study, among
the other metals, iron has been specified for analysis. This study focuses on the use
of bio-synthesized Y24-NPs as a probe for the detection of Fe?" ions.

Selectivity and Sensitivity of Metal ions:

Six different metal ions namely, Fe?*, Zn?*, Ni?*, Mg?*, Ca?*, and Cu?* have
been tested with Y24-NPs for sensitivity and selectivity experiments. It was ob-
served that with the addition of Ca?*, Ni?*, and Zn?*, there was a slight decrease
in surface plasmon band, as observed by UV-Vis Spectroscopy in the range be-
tween 300-600 nM (Fig. 3.9a), while the colour remained unchanged. Meanwhile,
there was a decline in the surface plasmon range along with the colour change from
brownish yellow to colourless when Fe3* was introduced. Hence, the biosynthesized
Y24-NPs show significant sensitivity to Fe?* metal ions and require further analysis
for quantification and sensitivity assays.

In order to predict the sensitivity of the developed AgNPs-sensor, different con-

centrations of Fe3* from the ranges between 5-3000 pM were made to react with
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Figure 3.9: (a) Selectivity and sensitivity study by UV—Vis spectroscopic analysis of
Y24-NPs solution in the presence of various metal ions, (b) UV-Vis Spectroscopic study
of the quantitative determination of Fe(III) of different conc. ranging from 5 to 3000
nM with the bio-catalysts, (¢) To test in real water samples, different of conc. Fe(III) to
analyse its absorbance intensity by Uv-Vis Spectroscopy, (d) The plot of sensitivity versus
relative Fe(III) conc.

Y24-NPs solution and the SPR potency was determined. Fig. 3.9b shows a grad-
ual decrease in the peak and low shift of direction of shorter wavelength when the
concentration of Fe3T increased from 5 to 800 pM. This may be possibly due to the
aggregation of nanoparticles and the chelation between the Fe?* ions with AgNPs
cluster.

Quantitative determination of Fe*™ ions

Fe3* jon concentrations and the intensity of the surface plasmon range were
measured to establish the quantification of Fe3* ions. Fig. 3.9b shows that at
concentrations of Fe3* less than 1000 1M, the cumulation of AgNPs occurred rapidly,
as predicted by the diminishing of the band intensity. Fig. 3.9d describes the relative
sensitivity plot of (Ag — A)/Ag in comparison with Fe3™ concentrations between 0

to 3000 pM, where Ag and A are the absorbance band for Y24-NPs surface plasmon
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range band at zero and relative Fe*™ concentrations, respectively [42]. Throughout
the entire tested Fe?" concentration range, exponential relationship was observed.
However, the linear relationship for the test was observed in the range of 5-150 nM,
which is interpreted by the regression equation (A¢g-A)/Ay = 0.0031 [Fe*T|+ 0.327
with a correlation coefficient of 0.835, as shown in Fig. 3.9d. The LOD value of the
testing samples was predicted in accordance with the standard deviation method
[104] and was obtained to be 1.8 pM, which is below the maximum permissible level
of Fe3* (5.36 pM) in drinking water, as guided by the World Health Organization

[60]. Thus Y24-NPs provide higher sensitivity towards the detection of the Fe3*
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Figure 3.10: The catalysts after five cycles of repeated reuse have been analyzed for (a)
TEM imaging of Y24-NPs solution after incubation in 120 uM Fe(III) ions, (b) Efficiency
percentage of five successive cycles of the catalyst for detection of Fe(III), and (c) Zeta
Potential estimation analyse the catalysts after the reuse.

The entire process of colorimetric sensing was based on the principle of aggrega-
tion mechanism between AgNPs and Fe3* ions. Aggregated nanoparticles generate
signals of the shifted peak in the surface plasmon range as well as a change in the
colour of the tested solution. These changes are observed with the help of UV-Vis
Spectrometer and even noted by the naked eye too. Further, the aggregation mecha-
nism between the NPs and the Fe?" ions were analyzed by Zeta Potential and TEM

study, shown in Fig. 3.10a. The Zeta Potential study of the Y24-NPs-Fe3* ions
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showed a value of -16.7 mV which is lower than the Y24-NPs value (-28.5 mV), as
shown in 3.10b. This decrease in value may be directly correlated to the aggrega-
tion between Y24-NPs and Fe®" [117]. The Zeta Potential value is much lower than
the absolute value in order to compensate for the negative charge of hydroxyl and
carboxyl groups on the Y24-NPs surface by Fe*" ions.[130]

Test in real water samples

To authenticate the feasibility of the discussed method, five tap water samples
were mixed with different amounts of Fe3* (5, 50, 120, and 210 pM) and stud-
ied, as shown in Fig. 3.9c. Further, Atomic Absorption Study (AAS) and the
colorimetric sensor have been done to recheck and revalidate the quantity of Fe?*
ions and results are summarized in Table 4.3. The results clearly indicate that the
nanoparticle-metal fabricated sensor provided high-accuracy measurements with the
rate of recovery rate ranging from 98.7% to 100.3%. The result of AAS clearly in-
dicated that concentrations in the tap water samples are proximate to AAS tech-
niques. Therefore, the bio-synthesized Y24-AgNPs can be used as a highly precise

colorimetric nanosensor for Fe** determination in water samples.

Table 3.1: Tap water quantification of Fe3t at different concentrations using Y24-NPs.

Determined Fe (III) Concentration (nM)

Fe(IIT) Conc. (pM) Recovery (%)

AAS Y24-NPs Assay
15 15.06 £+ 0.51 15.04 £+ 0.32 100.3
50 51.12 + 1.41 50.11 £ 1.01 100.2
120 121.02 + 1.08 119.03 + 2.03 99.2
160 159.13 + 1.14 158.2 + 2.16 98.9
210 208.01 4+ 2.45 207.33 £+ 2.65 98.7

Sensing mechanism

It was observed in the study that the increase in concentration of Fes, ions leads
to decolorization of the AgNPs solution with SPR band quenching 3.9b. This could
be correlated to the reduction in the quantity of AgNPs in the solution, which can

be possibly due to the oxidation of Ag® to Ag™ [123, 14]. Moreover, the visible
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shift and widening of the SPR band on the inclusion of Fe3*™ denotes the binding
of Fe?* ions to the AgNPs surface and stabilizes the nanoparticles, indicating the
oxidation-reduction reaction between silver and iron ions [47]. [41] reported that
AgNPs could be degraded by Fe3t ions leading to a colorless solution of AgNPs
and lowering the SPR band intensity. Some of the previous studies reported the
catalysis of nanoparticles by the addition of a metal-oxidant such as Fe3* and also
simultaneously concluded a mechanism of the oxidation-reduction reaction between
AgNPs and Fe* ions [64, 30, 48]. Therefore, on the basis of the previous reports and
present studies, the detection mechanism of Fe3* ions using Y24 stabilized AgNPs
can be proposed as an oxidation-reduction reaction between AgNPs and Fe3* ions,

leading to the decomposition of AgNPs into Ag™ ions.

Figure 3.11: Possible colorimetric sensing mechanism by the biogenic Y24-NPs

3.4 Conclusions

The green synthesis of silver nanoparticles from a novel yeast strain, namely Papil-
iotrema laurentii(Y24") has been performed. Different parameters have been varied

to obtain optimal Y24-NPs. The morphological studies reveal its irregular to cubi-
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cal shape with an average size of 20 nM. The analysis by XRD and FTIR reveals
its monodispersity, different functional groups, and its interaction to stabilize the
nanoparticles. The Zeta Potential study indicates a charge of -28.5 mV, which is
considered as a good stabilized form of nanoparticles in an aqueous solution. In this
study, two catalytic activities have been discussed using the catalyst Y24-NPs. For
the catalytic degradation of 4-NP by Y24-NPs, the pseudo-first-order rate constant
of 0.153 has been obtained and the reaction was completed within 8 minutes. Sig-
nificant results have been obtained in the colorimetric detection of Fe3* in a water
sample with a LOD value of 1.8 ptM. Moreover, it was observed that even after five
recycles, the catalyst Y24-NPs remains largely the same (reduced by 5.54% only
after 5 recycles). These properties can be directly correlated to its recyclability
and reusability. Therefore, the potent Y24-NPs prove themselves to be a significant

catalytic agent with good reusability features, thereby being cost economic too.



Chapter 4

Effective degradation of azo dyes
and colorimetric detection of Hg2+
by biogenic silver nanoparticles of

Pichia manshurica

4.1 Introduction

Environmentally cordial technologies are in great need in the field of material syn-
thesis, and the biosynthesis of nanoparticles has received great attention too. The
biogenic methods of synthesis that involves a variety of microorganisms like bacte-
ria, fungi and actinomycetes, algae, and plant extracts are gaining importance as
simple replacements to the chemical and physical methods. Studies showing syn-
thesis from microbes such as yeasts are particularly important for the synthesis of
inorganic nanoparticles (NPs) like Au and Ag. This can be directly attributed to the
factor of versatility and survivability of the yeast species at higher concentrations
of metallic ions [119]. Among the other nanoparticles, silver nanoparticles (AgNPs)
are used largely due to its specified physical, chemical, and biological properties and

application in the areas such as catalyst [38], photonics [79], micro-electronics [122],

o1
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and other activities like antimicrobial, antioxidant, anticancerous activities [78].

Due to rapid industrialization and to meet the growing population demands,
industrial effluents have become a serious threat to the environment. The indus-
tries like textile, leather, paper, etc, release organic dyes in the form of their efluents
[127]. Those dyes notably compromise the aesthetic quality of water bodies, thereby
increasing the biological and chemical oxygen demand (BOD and COD), reducing
the photosynthesis rate, and preventing plant growth and development [129]. Even-
tually, they enter the food chain, causing bioaccumulation that directly promotes
toxicity, mutagenicity, and carcinogenicity. Among the notable organic dyes, com-
monly used in various fields are Congo red (CR) and Malachite green (MG) [32]. All
these organic water-soluble dyes belong to the azo group. Azo dyes are the largest
group of commercial dyes, including 70 % of the organic dyes generated in the world
[38]. Congo red (CR) belongs to the benzidine-based anionic diazo dye and is re-
sponsible for causing allergic reactions by the metabolism of benzidine, which is a
carcinogenic product [87]. Malachite green (MG) is a cationic water-soluble azo dye
belonging to the triphenylmethane category. The toxicity of this dye depends on
exposure time, temperature, and concentration. MG has been reported to cause
carcinogenesis, mutagenesis, chromosomal fractures, teratogenicity, and respiratory
toxicity [127]. They are also reported to cause serious harm to the central nervous
system and other vital parts of the human body [27]. Both CR and MG has been
selected as the subject model for the degradation study because of their wide utility
among other azo dyes in different fields such as dying agent (particularly in textile,
paper, and tannery industry), fabrication of fertilizers, rubber, pesticides, fungi-
cides, staining of histological tissues, endospores, etc [9]. Therefore, the reduction

of these dyes is important to address high environmental toxicity.

Azo dyes, being commercially important dyes, alone can contribute to almost
60% of water pollution. Degradation of these dyes is therefore much needed to re-
store the water quality and also to make it suitable for aquatic life. Bio-inspired

green synthesized AgNPs provide one of the best solutions to the above-mentioned
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problem. AgNPs, by their property, as potent absorbent [80], can be used as a
catalyst [32] to degrade both CR and MG from the wastewater sources. In recent
times, silver nanoparticles have been employed as catalysts in catalytic degradation
of the harmful azo dyes [9]. Azo dyes successfully bind to the surface of the sil-
ver nanoparticles and due to reduction, they are reduced to produce the degraded
product. The degraded products are chemically non-toxic and less harmful to the
environment. Thereby AgNPs as nanocatalysts are more significant and applicable

as biocatalysts in practical fields.

Heavy metals, mainly like Pb?*, Cr?*, Ni?*, Cd?*, Mn?*, Hg?* are being re-
leased from the industry to the environment, which causes the hazardous effect to
both humans and environment [32]. Among the other heavy metals, mercury is
a persistent, bioaccumulative, toxic pollutant. Mercury may exist in three forms
depending on the environmental condition, such as mercury salt, organic mercury,
and inorganic mercury. Methyl mercury is the most toxic form of mercury and is
responsible to cause tumors in the human body. Thereby, it enters the food chain

by consumption of the methyl mercury accumulated fishes [8].

Several studies in recent times showed AgNPs to be a successful catalyst in the
colorimetric detection of several harmful metals in both aquatic and biological en-
vironments [32, 103, 117]. A study conducted by [117], offers a solution to address
Hg?* contamination in an aqueous solution with the help of nanoparticle acting as
a catalyst to colorimetrically detect and quantify the metal ions at low concentra-
tions. The principle of colorimetric detection governs mainly the color change or
shift of the SPR band when the analyte binds to the catalysts [93]. Moreover, col-
orimetric sensing deployed by AgNPs provides a significant advantage over various
other analytically sensitive instrumentations such as AAS, ICP-MS, XRF, etc., [55,
119] thereby making silver nanoparticles more significant and applicable in practical

fields.

The present study has been designed to biosynthesize AgNPs using yeast cell

resuspension or cell exudate from Pichia manshurica strain CD1. CD1 belonging to
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the phylum Ascomycota and subphylum Saccharomycotina. The GenBank accession
number of the strain CD1 is KY799109. To the best of our knowledge, this is the
first attempt to synthesize AgNPs using this yeast cell Pichia manschurica, strain
CD1 have been extracted from Kombucha tea [25, 36]. The biogenic nanoparticle
were applied as bio-catalysts to assess the catalytic property in azo dyes (Congo
red and Malachite green) degradation and also to detect the presence of Hg?" ion
by colorimetric sensing. The azo dye degradation was done in much effiecient time
and the colorimeteric detection were done at nano-molar level. Further quantifica-
tion and real water sample testing were successfully performed. The nano-catalysts
showed efficient reusability up to 5 cycles. The study therefore attempts to apply sil-
ver nanoparticles of Pichia manshurica, strain CD1 as a catalyst for bioremediation
with practical utility. In the remaining text, Pichia manshurica has been mentioned

as CD1" and CD1-AgNPs are referred to as CD1-NPs.

4.2 Materials and Methods

4.2.1 Chemicals & reagents

Chemicals required for the experimentation were as follows; Silver Nitrate (AgNOsg,
AR. 99.9 %), Yeast Extract (Yeast Extract Powder. RM027), D-(+)- Glucose an-
hydrous, Peptone Type I, Bacteriological. RM667, Hydrochloric acid (HCI), Sodium
Hydroxide (NaOH), Sodium Borohydride (NaBHy), other metal salts like Magne-
sium sulfate heptahydrate (MgSO4 - 7 Hy0), Calcium sulfate (CaSO,), Copper (II)
acetate monohydrate (C4H;oCuQOs), Mercuric chloride (HgCly), Manganese dioxide
(MnO,), Zinc Sulphate (ZnSOy), were purchased from Hi-media (Mumbai, India).
Whatman filter paper No. 1 was purchased from Thomas Baker (Thomas Baker
Chemicals, Pvt. Ltd. Mumbai, India). De-ionized water has been used through-
out the experimentation procedure. All the above-mentioned reagents were of extra

pure grade and therefore were used without any further purification.
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4.2.2 Preparation of CD1 cell resuspension exudate

Pichia manshurica strain CD1 was isolated from Kombucha tea [25]. CD1 was grown
and maintained in modified YPD (Yeast, Peptone, Dextrose) media (Yeast extract
0.75%, Peptone 0.45%, Dextrose 2.5%, pH 5). 100 ml of YPD broth were made to
grow 50 pl of the previous culture of CD1, at 30°C under shaking condition at 120
rpm observed overnight. On the next day, the culture was centrifuged at 5000 rpm
for 5 minutes and the pellet was collected and washed with de-ionized water twice
to remove further impurities. This process was repeated twice. Then the washed
cell pellet was resuspended with 100 ml de-ionized water and again kept overnight
at 30°C under shaking conditions at 120 rpm. It was then centrifuged at 5000 rpm
for 5 minutes and the pellet was discarded. The yeast cell resuspension exudate
was collected in the form of a supernatant. The yeast cell resuspension exudate was

stored at 4°C for further use.

4.2.3 Bio-green synthesis of Silver nanoparticles from yeast cell

resuspension exudate

The biogenic synthesis of AgNPs was done by the addition of AgNOj3 to the cell
exudate of CD1 together in the concentration of 2 mM of AgNO3 and 0.1 mM of
dextrose and then observed for 45 minutes at room temperature. The dextrose here
in this study acts as a co-factor to enhance AgNPs formation along with CD1 cell
exudate. The effects of temperature, reaction time, concentration of AgNOj, and
conconcentration of glucose was further studied to optimize the formation of the
nanoparticles. The formation of silver nanoparticles was noted by a change in the
color spectrum from colorless to brownish yellow as recognized by the naked eye.
Further absorption measurements were done by UV-Vis Spectroscopy, by scanning
in the range of 300-700 nM. For future applications, nanoparticles were centrifuged
at 10,000 rpm for 10 minutes and washed twice with deionized water to remove
any unwanted impurities. The entire process of purification was repeated twice and

vacuum dried (ELEYA speed Vac) and stored in the dark for further use. The
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aqueous solution of CD1-NPs was used to carry out the catalytic degradation and

colorimetric detection.

4.2.4 Characterization of CD1-NPs

The characteristics of the bio-synthesized nanoparticles were specified and validated
using various instrumentation analyses. To detect the formation of the nanoparti-
cles, UV-Vis Spectroscopy (HITACHI U 2900 / U 2910 UV VIS DOUBLE BEAM)
was carried out in the range of 300 - 700 nM. Crystalline features of the green syn-
thesized NPs were determined by XRD study (Rigaku, Miniflex). Surface structure
analysis was performed by advanced microscopy instrumentations like SEM (Hi-
tachi S-4500), TEM (JEM-2100 Electron Microscopy). To obtain information about
the functional group that interacted to form the metallic NPs, FTIR (Shimadzu
FTIR spectrophotometer (FTIR 8400) study was conducted in the ranges between
4000400 cm '. The precise size and charge distribution within the nanoparticles
were examined with the help of DLS (Dynamic Light Scattering) and Zeta potential
[ZETA Seizers Nano series (Malvern Instruments Nano ZS)]. To measure the con-
centrations of any elements, Atomic Absorption (AAS) study has been employed
(iCE 3500, Thermo Scientific, Germany).

4.2.5 Optimization of AgNPs Synthesis Conditions

Different parameters like the effect of temperature, reaction time, metal ion concen-
trations, and glucose concentrations have been varied to set up an optimal condition
for nanoparticle formation. The optimized conditions for AgNPs were fixed as fol-
lows, 2 mM AgNOs, 0.1 mM of glucose at 37°C temperature for 45 minutes under
dark conditions. The above parameters were followed throughout all the experi-
ments and for every experiment, control sets up were also made and checked. The
results obtained after each experiment were analyzed and confirmed by UV-Vis

Spectroscopy, DLS, and Zeta Potential respectively.
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4.2.6 Catalytic activity of CD1-NPs

Degradation of Congo red (CR) and Malachite green (MG)

CD1-NPs were tested for azo dyes degradation mainly by Congo red (CR) and
Malachite green (MG) to test for the catalytic activity. The following parameters
were considered while setting up the experiment, like firstly the effect of AgNPs
concentration on CR and MG dyes reduction has been performed by varying different
concentrations of AgNPs like 0.5 mM, 1 mM, and 1.5 mM along with a controlled
sample containing only AgNPs solution and 0.1 mM of NaBH, were used. Secondly,
the effect of the concentration of the reactant were studied since this is another
important factor for the experiment. Here for both the dyes, the concentrations
were used such as 0.5 mM, 1 mM, and 1.5 mM. Thirdly, pH has been varied in the
range of pH 5, pH 7, and pH 9 to find the optimal results. Lastly, the reaction time
of both dyes was observed. For CR dye a reaction time of 0 to 30 minutes and for
MG dye a reaction time of 0 to 40 minutes has been observed.

In order to calculate the degradation efficiency of the catalysts in the degradation

of both dyes, the following equation has been used :

Co — Cy
Co

o =

x 100

where,

«a = absorbance; Cy = initial concentration of the dye molecules; C; = final
concentration of the dye molecules at the end stage. [13]

Catalytic degradation of the mixed dyes

After individual dye activity was accessed, another set of experiments was carried
out by mixing both the dyes (CR and MG) in the ratio of 1:1 concentration with

0.1 mM of NaBH, and 1.5 mM of the catalysts for the duration of 45 minutes.

Colorimetric detection of Hg?+ by CD1-NPs

To predict the sensing ability of CD1-NPs, Colorimetric sensing was performed.

To begin with the experiment, initially six different metal ions namely Fe3*, Zn?*,
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Mn?*, Mg?*, Ca?t, Hg?*, and Cu®" have been tested with CD1-NPs for the sensing
assay. Further Hg?" has been selected for both sensitivity and selectivity tests. For
sensitivity tests Hg?* concentrations were varied from 1 nM to 1 mM. For sensitivity
measurement, 1 nM to 80 nM concentrations of Hg?* were varied and experiments

was performed. Further to test in real water samples, different concentrations of

Hg?* like, 25, 50, 75, and 100 nM were used.

4.3 Results and Discussions

4.3.1 Optimization of AgNPs Synthesis Conditions

In order to optimize the biogenic AgNPs, initially, at first, the temperatures were
varied ranging from 20°C to 45°C. At 45°C and 37°C, a prominent peak was noted
at around 430 nM. AgNPs formation at 20°C was indistinct. It has been observed
that the NPs tend to aggregate and agglomerate at that temperature, whereas the
NPs were found to be more stable at 37°C. Simultaneously, another intense peak
was noted at 30°C, but the peak at 37°C was found to be more stable. Therefore,

the synthesis can be inferred to be green as it occurs at a room temperature of 37°C.

Secondly, the various reaction times and their effects on nanoparticle formation
in the time span between 5 minutes to 30 minutes were conducted, considering the
other parameters fixed. At 5 minutes, the synthesis was poor but however, with the
increasing reaction time from 10 minutes to 25 minutes, the rate of production of
NPs also increased, as shown in Figure 3.1b. Beyond 30 minutes, there seems to be
a rapid aggregation of NPs, making it more unstable. Therefore, the reaction time
of 30 minutes has been considered for CD1-NPs formation.

For the successful formation of nanoparticles, metal ions, and their concentra-
tions are important. The experiments were conducted by a different variety of con-
centrations of AgNOj3 ranging from 1 mM to 2.5 mM, keeping the other parameters
constant. It was found that with increasing concentration, the rate of reaction was

rapid. However, at a concentration after 2 mM, aggregation of nanoparticles occurs.
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The stable also seems to be low by increasing the concentrations beyond 2 mM,
thereby suggesting 2 mM as the ideal Ag+ concentration for CD1-NPs formation.
After varying with temperature, reaction time, and concentration of Ag+, finally,
glucose concentrations were also varied to optimize. It has been observed that
without glucose, only AgNOs3 alone fails to contribute to nanoparticle production.
However, when glucose was added along with AgNOj3 keeping the other parameters
like the temperature set at 37°C, the concentration of AgNOj3 of 2 mM with a pH
of 7, distinct nanoparticle formation occurred. Although with the rise in glucose
concentrations between 0.05 mM to 0.2 mM, reactions were rapid, it seems to be
stable at 0.1 mM of glucose. Therefore, after the experiments it were concluded
that the CD1-NPs formation best occured at a Temperature of 37°C, with a pH of

7 following 2 mM of AgNOj3 along with 0.1 mM of glucose.

4.3.2 Characterization of bio-synthesized AgNPs
Dynamic Light scattering (DLS) & Zeta Potential

The nanoparticles produced by the yeast strain CD1 exhibited hydrodynamic fea-
tures pointing to a diameter of about 199.5 nM (z-average size). The polydispersity
index (PDI) value was found to be 0.279. The relatively much lower PDI value in
the tested sample indicates the homogeneous nature that is well suited to apply in
biological fields.

The nanoparticles showed a surface zeta potential of -27.4 mV. This valve can be
direct can be correlated to the wilful steadiness of the biogenic nanoparticles in an
aqueous solution. Hence the stability may be well acknowledged for the biological

solutions.

Scanning Electron Microscopy (SEM)

SEM studies were performed to analyze and investigate the outer surface morphol-
ogy. SEM determines the shapes and predicts the average size of the produced NPs.

The biogenic CD1-NPs revealed spherical morphology. The presence of some large
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particles was observed which may be co-related to the overlapping of a particle with
another particle. 20 nM — 40 nM are the average dimensions of the biogenic NPs,

as shown in (Figure4.1b).
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Figure 4.1: (a) TEM analysis, and (b) SEM analysis of CD1-NPs, (¢) XRD study, and
(d) FTIR analysis of the nanoparticles.

Transmission Electron Microscopy (TEM)

TEM studies determine the particle shape with respect to size and morphology. An
average size of 22 nM, Figure 4.1a, was detected with a coating of glucose on the
top of the surface. Therefore, this study denotes the stable dissipation of NPs in

the biologically reduced medium.

FTIR Analysis

To analyse and predict the realizable pattern of interactivity of AgNPs with many

different functional groups, FTIR spectroscopy studies were performed. FTIR anal-
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ysis points to the presence of different functional groups at positional places, as
shown in, Figure 4.1d. The sharp distinction at 1363 cm™ directs to the symmet-
rical stretch of a related nitro compound, which further may be linked to the C-H
bending of aldehyde groups [61], that possibly obtained from the structure of glucose
in an aqueous medium. The variety of the carbonyl group occurring at 1604 cm™ is
to be related to C-N [17], and C—C bending, exhibiting the existence of protein and
therefore may be correlated to the NPs production. A well-constructed symmetrical
peak at 2804 cm™ also contributes to the aldehyde groups [90]. Another prominent,
banding at 2996 cm™, can be assigned to both the NH2 in primary aromatic amine

1

groups and OH groups in alcohol. The bands at 3312 cm™ are in accordance with

the O—H stretching vibrations concluding alcohol and phenol groups [90].

FTIR analysis indicates that the interaction between all the above-mentioned
groups is possibly responsible for the bio-reduction of Ag+ ions to Ag0 in nanopar-
ticle formation. Further, it may be concluded that the carbonyl group of amino
acid residues and peptides of the protein points to considerable affinity towards the
metal ions. Therefore, these seem to prevent agglomeration by creating a coated
membrane and balancing them too. Every peak changes here in Figure 4.1d, are to

signify the presence of functional groups in synthesized AgNPs formation.

XRD

XRD studies provide ideas about the crystalline morphology of the biogenic AgNPs.
In Figure 4.1c, prominent peaks can be observed at (26) values of 37.38 and 43.88
which can be related to the (111) and (200) planes respectively, where 6 is the
half diffraction angle. In correlation with JCPDS (file no: 89- 3722), the classical
outline of bio-genic CD1-NPs can be explained to contain a principal organization.
The mean average crystallite dimensions of the AgNPs were determined by using
the diffractogram using the Scherrer formula as, D = K\/(Bcosf), where A is the
wavelength of the X-rays used for diffraction, K is a constant which is dependent

on the crystal motif, and 3 is the full width at half maximum (FWHM) of a peak.
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The mean size and dimension of the particle obtained was 22 nM.

4.3.3 Catalytic Activity
Degradation of Congo Red and Malachite Green by CD1-AgNPs

Both Congo red (CR) and Malachite green (MG) has been selected as the sub-
ject model for the degradation study because of their wide utility among the other
azo dyes in different fields also have been reported to cause various sereve toxicity.
Therefore, in order to mitigate their toxicity, effective, smart, and, environmentally
cordial degradation by silver nanoparticles in the presence of NaBH, have been per-
formed. The catalytic degradation of these azo dyes by biogenic CD1-NPs has been
determined initially spectrophotometrically under various experimental parameters.
The azo bonds of both the dyes on degradation produce a variety of aromatic amine
products. Practically, the reduction of these dye molecules in aqueous media is not
possible without sodium borohydride (NaBH4). NaBH, acts as a reducing agent
since the reaction is thermodynamically accomplished but kinetically unrealizable.
Therefore, the use of silver nanoparticles as a nanocatalyst provides support and
a pathway through the transfer of electrons between the receptor (dyes) and the
donor (borohydride) ion (BH4!). Furthermore, AgNPs provide an appropriate sur-
face media for attachment of both the dye agents and borohydride ion (BH4™) for
their degradation purpose. Hence, CD1-NPs favor the CR and MG dye degrada-
tion process in a much shorter period. The following experimental parameters were
varied to obtain the accuracy of the dye degradation phenomenon.

Effect of AgNPs concentration on CR and MG dyes reduction: The concentration
of catalysts is a crucial factor to determine the rate of reaction. Among the other
varied concentrations of AgNPs, concentrations like 0.5 mM and 1 mM showed a
prominent peak around 420 nM but the absorbance seems low. The control sample
here was the AgNPs solution which showed a peak around 420 nM. In the case of
concentration 1.5 mM, there seems a reduction in the absorbance intensity with

significantly lesser time. Therefore, the concentration of 1.5 mM of AgnPs was best
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suited for the catalytic activity. This can be seen in Figure 4.2b for CR dyes.
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Figure 4.2: Optimization of the Congo red (CR) dye degradation activity by CD1-NPs
with the following parameters, (a) Effect of the concentration of CD1-NPs, (b) Effect of
the concentration of CR on dye degradation, (c¢) Effect on different pH on CR degradation,
(d) Effect of different reaction time of Congo red dye with the catalysts.

Effect of CR and MG concentration:

The effect of the concentration of reactant is important to determine to quantify
the catalytic reaction. In this study, these azo dyes (CR and MG) have been used as
the benchmark to predict the catalytic activity of the metal nanoparticles (AgNPs).
For the activity to check the effect of the concentrations of both CR and MG,
different concentrations were used such as 0.5 mM, 1 mM, and 1.5 mM have been
used. At the end of the reaction, it has been observed that with the concentration
of 0.5 mM of both CR and MG, the reaction occurred faster, as shown in Figure
4.2b for CR. Here the concentrations of AgNPs and NaBH, were kept at 1.5 mM
and 0.1 mM respectively with a reaction time of 30 minutes for CR and 40 minutes
for MG.

Effect of pH on CR and MG reduction:
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Optimum pH is essential to quantify the rate of reaction. Here pH has been
varied in the range of pH 5, pH 7, and pH 9. It was found that for both the dyes,
pH 7 is the most ideal one, as shown in Figure 4.2c for CR dye. All the other
parameters were kept constant.

Effect of reaction time on CR and MG reduction:

In Figure 4.2d, a graph of UV-Vis spectroscopy result has been plotted to show
the progression of CR in reaction with CD1-NPs from 0 minutes to 30 minutes. It
has been noted that for CR the degradation process completes in 30 minutes and
for MG degradation occurs at 40 minutes. The result obtained indicates that a peak
of CR with CD1-NPs obtained at 400 nM remained unaltered even in the presence
of NaBH,. Therefore, NaBH, alone has no role in the degradation of dyes. After
the addition of AgNPs, it has been observed that the peak gradually decreases with
respect to the increase in reaction time, thereby confirming successful degradation.
The complete reduction was achieved within 30 minutes for CR and 40 minutes for
MG.

By using the pseudo-first-order reaction, the kinetics of the catalytic reaction
may be obtained for both the dyes: In(c/cy) = —kt, where ¢ is the original dye
concentration (mg/L), ¢ is the dye concentration (mg/L) with reference to time,
and k is the rate constant (1/min). So, the reduction rate constant (k) can be
calculated from the plot of —In (A;/Ao) versus reaction time t. From Figure 4.3b,
the linear time-dependency of —in (A;/Ap) can be clearly observed with a correlation
coefficient R? of 0.985 (CR) and R? of 0.989 (MG), thereby authenticating the
pseudo-first-order kinetics reaction. The rate constant (k) was found to be 0.0612
min~! (CR) and for (MG) it was 0.0636, which shows that the rate of catalysis
for CD1-NPs is significant. In order to calculate the degradation efficiency of the
catalysts in the degradation of the both dyes, the following equation have been used

Co— Cy
= — X

100
Co

«

Previous studies conducted by [69] have shown the catalytic degradation of Mala-
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chite green dye by gooseberry extract mediated AgNPs within 140 minutes with an
efficiency of degradation is 69.23 %, whereas a similar study conducted by [121]
by Lagenaria siceraria peel waste mediated silver nanoparticles synthesis reported
the degradation of Congo red within 16 minutes with 92 % degradation efficiency.
Simultaneously more degradation studies have been conducted by a number of re-
searchers, as shown in Table 4.1. By comparing with the previously reported studies,
the CD1-NPs showed the maximum degradation efficiency of Congo red (CR) was
98.86 % within 30 minutes and for Malachite green (MG) the degradation efficiency

was 97.54 % in 40 minutes respectively.
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Figure 4.3: (a) UV-Vis Spectral analysis of the catalysts up to five cycles, (b) First
order-kinetic plot of Congo red, (¢) TEM analysis of the catalysts after the fifth cycle for
morphological analysis, and (d) XRD pattern analysis of the catalysts after fifth cycles
(inlet showing the five recycling of CD1-NPs).

To predict the durability of CD1-NPs as catalyst, evaluation was done by mea-
suring their structure stability and reusability. In the study, five consecutive cycles

have been carried out to determine the reusability of the catalysts. It was noted that

after five repeated cycles, no remarkable changes in conversion were observed, the
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efficiency for the catalysts towards dye degradation were about > 94%, confirming
the higher efficiency towards its re-usability, Figure 4.3, shows the recyclable ability
of the catalysts. The slight decrease in efficiency may be due to the process of col-
lection and drying and degradation of the active side due to absorption of the bye
products during the experiments. Further, the catalyst structures have also been
assessed based on the TEM study, XRD pattern analysis Figure.4.3d, and followed
by Zeta Potential. The tested catalysts showed the same structure as compared to
the original structure whereas the Zeta Potential showed -9.4 mV, which is lower
than CD1-NPs. The reduction in Zeta Potential value could be due to aggregation
of CD1-NPs. Taking into considering of all the factors, it may be concluded that
the catalysts due to its high reusability and stability may be utilized in the practical

field at a significantly lower cost.

Catalytic degradation of the mixture of both Congo red (CR) and Mala-
chite green (MG) by CD1-NPs

After the successful degradation of both CR and MG by CD1-NPs with the efficiency
rate of 98.86 % and 97.54 % for both the dyes, another set of experiments was
performed by mixing both dyes in the ratio of 1:1 to test for catalytic activity and
also to obtain the degradation efficiency of the catalysts. The experiment was set up
using the dyes in the ratio of 1:1 with 0.1 mM of NaBH, , and 1.5 mM of the catalysts
for 45 minutes. The initial timings (0 minutes) till complete degradation (when the
colour changes were visible from dark to almost transparent) were recorded by UV-
Vis Spectroscopy. The results were obtained after every 5 minutes starting from 0
minutes and continuing till 45 minutes. The complete degradation occurred at 45
minutes, as shown in Figure 4.4a.

By using the pseudo-first-order reaction, the kinetics of the catalytic reaction
may be obtained for both the dyes: In(c/cy) = —kt, where ¢y is the original dye
concentration (mg/L), ¢ is the dye concentration (mg/L) with reference to time,

and k is the rate constant (1/min). So, the reduction rate constant (k) can be cal-
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culated from the plot of —In (A;/Ag) versus reaction time t. From Figure 4.4b, the
linear time-dependency of —in (A;/Ap) can be clearly observed with a correlation
coefficient R? of 0.8298 thereby authenticating the pseudo-first-order kinetics reac-
tion. The rate constant (k) was found to be 0.0112 min~!, which shows that the
rate of catalysis for CD1-NPs is significant. Further the degradation efficiency was

calculated with the help of the equation,

Cy—Cy
a=—X

100
Co

where, Cy = initial OD value; C; = final OD value.
In our study, for the mixed dye the initial OD value was 1.8 while the final OD
value was 0.15. Therefore, the degradation efficiency of both the dye was found to

be 91.68 % within 45 minutes.
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Figure 4.4: (a) Reaction time of degradation of both CR and MG by CD1-NPs starting
from 5 minutes to 45 minutes, (b) First order-kinetic plot of the mixture dyes.

Possible mechanism of azo dye degradation

Metal nanoparticles act as an efficient catalytic agent for degrading dyes by favor-
ing the smooth electron transfer between the donor and the acceptor. The dye
degradation process starts when both acceptor and donor materials get absorbed on
the nanomaterial surface through an electron transfer reaction. In order to make
the degradation process both thermodynamically realizable and kinetically feasible

NaBH; was used as a reducing agent along with AgNPs. Therefore, the use of
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silver nanoparticles as nanocatalysts provides an effective pathway for the transfer
of electrons between the receptor (CR and MG) and the donor (borohydride ion
(BH4-1)). Additionally, silver nanoparticles facilitate a suitable surface on which to
attach CR and MG molecules and borohydride ions (BH4-1) for their interaction
with each other to form the degradation products. These nanocatalysts render the
CR dye degradation process kinetically feasible, and the reduction is completed in

a much shorter time.

Reuasability of the catalysts:

The ability to reuse is a concern for most metal-based catalysts. To overcome
the problem, catalyst efficiency evaluation was done by analyzing the structural
stability and repeated re-usability of the catalysts, CD1-NPs. In this study, up to
five consecutive cycles were carried out to assess the re-usability of the catalysts.
Before each cycle, the catalysts were collected, washed thoroughly, and dried for use
in the next cycle. UV—-Vis Spectroscopy, (shown in Fig. 4.3a, was assessed in each
cycle. It can be noted that there was a significant prominent peak at around 420
nM, which may be correlated to the original UV-Vis Spectroscopy peak of CD1-
NPs. The peak value for the other cycles remained at around 420 nM. Further,
as we approached towards the final cycle, there was a slight deterioration in the
absorption intensity, although the peak remained more or less the same. This slight
deterioration may be due to the aggregation of the dye molecules on the surface
of the AgNPs. The conversion efficiency was noted above 94.56%. This higher
efficiency of the catalysts strongly suggests its re-usability. The slight decrease in
efficiency may be due to the process of collection and drying and degradation of
the active site due to the adsorption of the by-products during the experimental
procedure. The efficiency percentage («) of the catalyst was calculated using the

Equation given below

a:(JOC;OOtXIOO
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where, Cj is the initial concentration of the dye and C} is the concentration of

the dye molecules at the end stage.

In our study, Cy for CR dye was 1 mg/L while C; after 5 recycles was found to
be on an average of 0.9456 mg/L. Therefore, the catalyst’s efficiency for CR after
five consecutive cycles of use was found to be 94.56%. As observed from Fig. 4.3,
the efficiency was reduced by only 5.44% after 5 cycles of repeated use. Initially, we
conducted the catalyst efficiency tests for 7 cycles. The rate of catalyst efficiency,
however, didn’t change significantly beyond 5 cycles. This was also confirmed by
UV-Vis spectroscopy, DLS, and ZETA Potential study. But a slight loss of catalyst
was observed during the recovery process after each cycle. So, in order to minimize

the loss of the catalyst, we kept the recycling procedure up to 5 cycles only.

To confirm the efficiency of the re-usability nature of the catalysts after cycles,
its structures have been assessed based on the TEM imaging, XRD pattern analysis,
followed by Zeta Potential. The resulting catalysts after the TEM study (shown in
Fig. 4.3¢) showed average sizes in the range of 17-19 nM, which is almost similar to
the original CD1-NPs TEM size (22 nM). XRD analysis (shown in Fig. 4.3d) was
done to recheck the efficiency of the catalysts and it was found that the diffraction
peaks occurred at 26 values of 36.12, 43.28, 65.43, and 77.58 degrees for AgNPs.
The unused CD1-NPs showed almost the same diffraction peaks at 26 values of
36.12, 43.28, 65.43, and 77.58 degrees. Further, the catalyst’s efficiency after Zeta
Potential analysis showed a value of -20.14 mV, which is lower than the original
value of CD1-NPs, which was -27.4 mV. This reduction in the Zeta Potential value
could be possibly due to the increased adsorption of dye molecules from the surface
of the Ag+ along with the simultaneous transfer of the hydrogen ions. Thereby,
considering all the above facts from the structural analyses, it can be inferred that
the catalysts are highly stable with significant re-usability, which may be utilized in

the practical field at a significantly lower cost.
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4.3.4 Colorimetric detection of Hg?*t

Rapid industrialization is possibly the major cause of high metal ion content in
the ground and wastewater. This has become a serious threat to the ecology and
environment. A feasible solution to address this problem is the detection and quan-
tification of those metal ions at lower concentrations. Among the metals, mercury
is well notable because of its environmental hazard caused by both natural and
man-made sources and thereby regarded as global public health issue. Mercury is
poisonous in all forms including inorganic, organic, or elemental forms [117, 103].
Methyl mercury is a neurotoxicant as it can damage the developing brain by crossing
the placenta and blood-brain barriers easily. The threat to the unborn is, therefore,
of particular concern. It can also trigger depression and suicidal tendencies, paral-
ysis, kidney failure, Alzheimer’s disease, speech and vision impairment, allergies,
hypothermia, and even impotence [117]. Even miniscale increase in methyl mercury
exposure may adversely affect the cardiovascular system, as per the UNEP’s Global
Mercury Assessment report. Water is a major threat because of its possible neuro-
logical toxicity in fish, wildlife, and humans. In this study, biogenic CD1-NPs have

been used as a probe for the detection of Hg?™ ions from aqueous solutions.
Selectivity of Metal ions:

Six different metal ions namely, Fe3*, Zn?T, Mn?*, Mg?*, Ca?", Hg?", and Cu?*
have been tested with CD1-NPs for selectivity analysis. It was observed that with
the addition of Ca?*, Mg?*, and Mn?*, there was a little decrease in surface plasmon
band, as observed by UV-Vis Spectroscopy in the range between 300-700 nM, shown
in Figure 4.5a, while the colour of the testing solutions remained the same. The
further decrease was noted when Pb?* and Fe3* were added, but no colour change
of the testing solution was observed. Meanwhile, there was a gradual decline in
the surface plasmon range along with the colour change from brownish yellow and
eventually colourless when Hg*" was introduced. Hence, the biosynthesized CD1-
NPs show significant sensitivity to Hg?* metal ions and thereby require further

analysis for its quantification and sensitivity assays.
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Sensitivity of Hg**

In order to predict the sensitivity of the developed nanosensor based on CD1-
NPs, different concentrations of Hg?™ (1 nM-1 mM) were analyzed, and their ab-
sorption spectrum potency, zeta potential, and particle size were also simultaneously
determined. The results indicated that the intensity of absorption spectra decreased
with an increase in the concentration of Hg** from 1 nM to 1 mM. Similarly, the
particle size measurement denoted for 1 nM Hg?*" was recorded around —18 =4 2
nM, and the zeta potential was found to be at —31.25 + 3 mV. But with the in-
crease of Hg?™ concentration, the particle size also increases, and the zeta potential
values are found to decrease. At 1 mM Hg?* ion concentration, the particle size was
found to be 558 + 13 nM and the zeta potential value was measured at —10.09 £ 1
mV. Figure 4.6a, shows a gradual decrease in the peak and low shift of direction of

shorter wavelength when the concentration of Hg?* increased from 1 nM to 1 mM.

Further, to predict the sensitivity of the probe at nanomolar levels, different con-
centrations of Hg?™ (1 nM - 80 nM) were assessed and compared with the absorption
spectrum, particle size, and zeta potential analysis. It was found that at 1 nM Hg?*
concentration the particle size and zeta potential values are 389.3 and -10.7 mV
respectively when compared with the values at 80 nM Hg?*t particle size and the
zeta potential are 583.6 and -28.7 mV. This may be due to the fact of aggregation

of nanoparticles and the chelation between the Hg?* ions with AgNPs mass.
Quantitative determination of H@** ions

Hg?" ion concentrations and the intensity of the surface plasmon range were
measured to establish the quantification of Hg*" ions (Figure 4.5¢) shows that at
concentrations of Hg?" less than 50 nM, aggregation of AgNPs occurred rapidly,
as denoted by the decline of the band intensity. Figure 4.5d, describes the relative
sensitivity plot of (A0 — A)/A0 in comparison with Hg?" concentrations between 1
to 80 nM, where A0 and A are the absorbances band for CD1-NPs surface plasmon
range band at zero and relative Hg?" concentrations, respectively (Gao et al., 2015).

The entire tested Hg?* concentration range, the exponential relationship was noted.
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However, the linear relationship for the test was observed in the range of 10-80
nM, which can further be interpreted by the regression equation (A0-A)/A0 =
0.0066 [Hg*" |+ 0.1377 with a correlation coefficient of 0.988, as shown in Figure
4.5(d). The LOD value of the testing samples was predicted in accordance with the
standard deviation method [55] and was obtained to be 21.04 nM. Previous studies
conducted by [28] on Hg?T detection by Vigna mungo beans mediated AgNPs showed
the detection limit of 130 nM in the linear range of 10-100 M. Another studies
conducted by [93] by green tea extracts mediated AgNPs synthesis in the detection
of Hg?* following the linear range of 20 - 160 M with a detection limit of 20 -140
uM. Similar other previous studies has been compared with the present study in
a tabular form showing in Table 4.2. Therefore, CD1-NPs show higher sensitivity

towards the colorimetric detection of the Hg?*.
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Figure 4.5: (a) UV-Vis spectral analysis of CD1-NPs solution in the presence of various
metal ions, (b) Sensitivity of Hg?* at different concentration (c) Quantitative determina-
tion of Hg?*, (d) The plot of sensitivity versus relative Hg?t concentration.

The whole phenomenon of colorimetric sensing was based on the principle of
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aggregation mechanism in between AgNPs and Hg?* ions. Nanoparticles on aggre-
gations generate signals to shift peaks in the surface plasmon range and a change
in the color of the tested solution. UV-Vis Spectrometer analysis helps to note the
changing color of the tested solutions and can even be noted by the naked eye too.
Further, the aggregation mechanism between the NPs and the Hg?" ions analyzed
by Zeta Potential and TEM study, shown in Figure 4.6a. The Zeta Potential study
of the CD1-NPs-Hg?* ions showed a value of -10 mV which is lower than the CD1-
NPs value (-27.4 mV). This lower value may be directly contributed to the fact of
aggregation between CD1-NPs and Hg?*. To justify the compensation for the nega-
tive charge of hydroxyl and carbonyl groups on the CD1-NPs surface by Hg?* ions,

the Zeta Potential value is much lower than the absolute value.

ZETA
. Mean (mV) Area(%)  StDev(mV)
Zeta Potential (mV): 199 Peak 1: 11.0 99.3 5.60
Zeta Deviation (mV): 577 Ppeak2: 9.18 0.7 157
Conductivity (mS/cm) 0.126 Peak3: 0.00 0.0 0.00
Result quality:  Good
| Zeta Potential Distribution
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Figure 4.6: (a) Zeta Potential analysis of CD1-NPs after the reuse, (b) TEM image of
CD1-NPs solution after incubation in 80 nM Hg?* ions at different concentration.

Test in real water samples

To authenticate the viability of the discussed method, five tap water samples
collected from the local sources were mixed with different amounts of Hg?" (25,
50, 75, and 100 nM) and analysed. Further, Atomic Absorption Study (AAS) in
colorimetric sensing has been done to recheck and revalidate the quantity of Hg?*
ions. The results were summarized in Table 4.3. The results clearly indicate that
the nanoparticulate-metal fabricated sensor provided high-accuracy measurements
with the rate of recovery rate ranging from 98.5% to 100.2%. The result of AAS

clearly indicated that concentrations in the tap water samples are proximate to AAS
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Table 4.1: Comparison table for degradation efficiency and duration of different azo dyes.

Sensor Dye Efficiency Duration Reference
(%) (mins)
AgNPs synthesised from MG 69.2 140 [69]
Gooseberry Extract
Bio-mediated AgNPs CR, MO, > 90 MO: 10; [105]
MR CR, MR:
20
Biosynthesised AgNPs using MG 91.6 15 [29]
Moringa oleifera plant ex-
tract
Lagenaria  siceraria peel CR 92.0 16 [121]
waste extract mediated
AgNPs
Bioactive molecules coated MG 94.7 240 6]
AgO-NPs synthesis from
Curcuma zanthorrhiza
Pichia manshurica (CD1) MG, CR CR: 98.8; CR: 30; Present
mediated biosynthesis of MG: 97.5 MG:40 study

AgNPs

techniques. Therefore, the bio-synthesized CD1-AgNPs can be used as a highly

precise colorimetric nanosensor for Hg?t determination in water samples.

Sensing mechanism

It was observed in the study that the increase in the concentration of Hg?* ions
leads to decolorization of the AgNPs solution with SPR band quenching. This
could be correlated to the reduction in the quantity of AgNPs in the solution, which
can be possibly due to the oxidation of Ag® to Ag™ [32]. Moreover, the visible
shift and widening of the SPR band on the inclusion of Hg?* denotes the binding
of Fe?* ions to the AgNPs surface and stabilizes the nanoparticles, indicating the
oxidation-reduction reaction between silver and mercury ions [103, 127] reported
that AgNPs could be degraded by Hg?* ions leading to a colorless solution of Ag-

NPs and lowering the SPR band intensity. Some of the previous studies reported
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Table 4.2: Comparison study of the detection of Hg?T ions.

Sensor Linear range  Detection limit Reference

Citrate and melamine (MA) medi- 10 -100 pM 1.80 puM 65]
ated ligands for the surface modifi-
cation of AgNPs

Biosynthesis of AgNPs using Epi-  0.5-5.0 uM 58.11 nM [39]
lobium parviflorum Green Tea Ex-

tract

3 - (Trimethoxysilyl) propyl 1 nM-1 mM 20-100 nM [19]

methacrylate stabilized AgNPs

Chlorophyll functionalized green 0.1 to 200 uM 100 puM [133]
synthesized AgNPs

~v-aminobutyric acid and citrate ion 5-35 uM 2.37 uM [103]
AgNPs (GABA-Cit@AgNPs)

Vigna mungo beans mediated Ag- 0.1-1 uM 130 nM 28]
NPs

Green tea extracts mediated Ag- 20 to 160 pM  20-140 pM  [93]
NPs synthesis

Pichia manshurica (CD1) mediated 10-80 nM 21.04 nM Present
biosynthesis of AgNPs study

Table 4.3: Real water quantification of Hg?T at different concentrations using CD1-NPs.

Determined Hg?™ Concentration (M)

Hg?™ Conc. (uM) Recovery (%)

AAS CD1-NPs Assay
25 25.16 4+ 0.52 25.14 + 0.34 100.2
50 51.42 + 1.41 50.11 4+ 1.03 99.7
75 76.02 + 1.06 74.65 + 2.23 99.2
100 101.13 + 1.12 98.2 + 2.36 98.5

the catalysis of nanoparticles by the addition of a metal-oxidant such as Hg?* and
also simultaneously concluded a mechanism of the oxidation-reduction reaction be-
tween AgNPs and Hg?" ions [127, 93]. Therefore, it may be summarized that the
detection mechanism of Hg?* ions using by biogenic CD1-NPs may be proposed

as an oxidation-reduction reaction between AgNPs and Hg?" ions, leading to the
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decomposition of AgNPs into Ag™ ions.

4.4 Conclusions

Biogenic production of AgNPs was done using a novel yeast strain, Pichia man-
suchrica (CD1T). The average diameter of the nanoparticle was found to be ap-
proximately 22 nM. The nanoparticle showed efficient catalytic efficiency against
Congo red (98.86% within 30 minutes) and Malachite green (97.54% in 40 minutes).
To achieve further efficiency, both the dyes were mixed in the same ratio and degra-
dation was completed in 45 minutes with 91.86% efficiency. Successful colorimetric
detection of Hg?* was done with a detection value of 21.04 nM. The catalysts showed

reusability up to 5 cycles with 94% efficiency.



Chapter 5

One step synthesis and fabrication
of a novel AgNPs-BC composite :

Characterizations and bioactivity

5.1 Introduction

Nowadays, nanomaterials have attracted increasing interest due to their multifunc-
tional properties such as electrical conductivity, strength and hardness, chemical
reactivity, and versatile biological activity. The chemical and physical features of
nanomaterials are different from those of their bulk materials. Nanoparticles (NPs),
especially metal oxide nanoparticles (MNPs) are widely used as a class of nanoma-
terials. The use of MNPs as antimicrobials, fillers, industrial catalysts, chemical-
sensing devices, and semiconductors are among their broad applications. They are
also useful in the development of cosmetics, microelectronics, medical applications,

and water purification.

Cellulose is the most abundant biomass and renewable resource on earth, is
biodegradable, biocompatible and non-toxic, and can be converted into cellulose
derivatives and regenerated materials one of the most promising materials with broad

applications. More recently, cellulose-based nanocomposites and their derivatives

77
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have attracted great attention and showed more and more importance over the last

two decades due to their high value-added applications in science and technology.

Silver from the ancient point of time is the best choice for a wound healing agent.
It has the highest electrical and thermal conductivity of any metal. Silver occurs in
pure form, as an alloy with other metals, or in minerals. Silver ions and compounds
can kill bacteria, algae, and fungi; therefore, silver will help to purify, sanitize, and
filter water [34]. Natural cellulose obtained from bacteria is the most abundant
biopolymer on earth, has been used for thousands of years and their use continues
today as one of the most exploited renewable raw materials. In recent years, a new
cellulose material, bacterial cellulose, has attracted more and more attention in both
scientific and industrial applications. The presence of a large number of hydroxyl
and ether groups on the cellulose chain can effectively stabilize AgNPs via strong
chemical interactions. Cellulose has the potential to be utilized as a purification or
separation membrane if modified with metal oxides, since cellulose does not have
inherent antibacterial property hence their conjugation with silver has been utilized
for the antimicrobial applications [12]. By considering the inherent reduction ability
to metal ions by hydroxyl groups on Bc material, a green and environmentally
benign approach for the production of silver nanoparticles may be proposed by
using bacterial cellulose as both the reducing and stabilizing agent, without any

chemical reagents introduced.

The discovery of antibiotics has been a revolutionary milestone in the history of
humans. Unfortunately, the utilization of the novel prodigy medication was followed
by a quick increase in tolerant pathogen strain [97]. Frequent and improper use of
antibiotics may be blamed for this. In order to find out an alternative for the
same, nanotechnology can be applied to beat the drug resistance of many infectious
bacteria. In fact, the silver nanoparticle is one of the most suitable ones to hit
against pathogenic strains. Moreover in India, the main contaminants of polluted
water are Enterobacteriaceae namely Salmonella typhi, Escherichia coli, Shigella

sonnei , etc. Enterobacteriaceae contributes to water borne related disorders like



79

diarrhoea, cholera, typhoid, and other infections. Since ancient times, silver has been
the best choice among people for its robust antimicrobial effectiveness. Moreover,
silver shows extensive span of efficiency towards various Gram-positive and Gram-
negative bacteria, also chance of development of bacteria resistance is remarkably

low too.[137].

The usefulness of AgNPs to the medical field is not only restricted to their an-
timicrobial effect but also gained much attention due to their cytotoxic effect. In
some of the previous studies, opposed to cell line of human cervical cancer, it has
been showing that the efficiency of AgNPs towards apoptosis, pointing its role as anti
cancer drug therapy [34]. It has been estimated that AgNPs synthesised through
biological method are safe to human cell upto 50 ug/ml of concentration. Therefore,
the cytotoxic effect is an another important factor that needs attention. [1] becomes
less toxic when conjugated with cellulose. According to the World Health Organi-
zation (2010), 1.1 billion people lack access to improved drinking water. As many
as 2.2 million people die of diarrheal related disease every year most often caused
by waterborne infections, and the majority of these cases are children under the
age of 5. More than ever, existing fresh water resources need protection and new
water resources must be developed in order to meet the world’s growing demand
for clean water. This will require better water treatment technology. Nowadays
,sthere is an increased demand for membranes favored over other technologies for
water treatment, such as disinfection, distillation, or media filtration is because, in
principle, they require no chemical additives, thermal inputs, or require regenera-
tion of over the past decade, nanotechnology has rapidly changed from an academic
pursuit to commercial reality; already nanotechnology concepts have led to new
water treatment membranes that exceed state-of-the-art performance including se-
lective permeability ,high absorption rate etc. Each of these innovative materials
concepts promises unique performance enhancements and each has unique hurdles

to overcome before it is commercially viable.

In this study, Gluconacetobacter kombucha, strain RG3T has been isolated from
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a popular fermented tea, known as kombucha [36]. The GenBank accession numbers
for the strain RG3"T are respectively AY688433 and DQ141200. This potential Gram-
negative, rod shaped bacteria belongs to the Acetobacter family. This bacteria is also
responsible for nitrogen fixation and cellulose formation as pointed by [36]. Here in
this study, we have used this bacteria for the NPs synthesis by bio-green method and
simultaneously for the bacterial cellulose (Bc) production. Single-step fabrication
has been done to produce the biocomposite, AgNPs-Bc. The bio-membrane has
been applied for the antibacterial assays against two Gram-negative and two Gram-
positive bacteria. Simultaneously, cytotoxic effects have also been seen considering
the cell lines like WI38 and A549. Further in order to predict the stability and
reusability of the biocomposite, silver ion-releasing properties has also been accessed.
In the entire text Glucanoacteobacter kombuchae, has been addressed as RG3, silver
nanoparticles has been mentioned as AgNPs, bacterial cellulose as Bc and the bio-

membrane silver nanoparticle bacterial cellulose composite are referred to as AgNPs-

BC.

5.2 Materials and Methods

5.2.1 Chemicals & reagents

Chemicals like Yeast Extract (Yeast Extract Powder. RM027), D-(+)- Glucose an-
hydrous, Peptone Type I, Bacteriological. RM667, Hydrochloric acid (HC1), Agar
Poweder, Sodium Hydroxide (NaOH), Sodium Borohydride (NaBH4), Mannitol,
Hestrin and Schramm medium (H.S medium), and other metal salts were purchased
from Hi-media (Mumbai, India). Throughout the entire experimental procedure,
only de-ionized water was used. All the mentioned chemical reagents were of extra
pure grade and thus were used without further purification. All reagents used here
were of unadulterated analytical grade and therefore used without further purifica-

tion.
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5.2.2 Microbial strain

Gluconacetobacter kombuchae, Strain RG3T (deposited at the International reposi-
tory of Microbial Type Culture Collection, India, MTCC+# 6913) isolated from Kom-
bucha tea [16S ribosomal RNA | partial sequence, GenBank accession no. AY688433]

was used in this study as the source of bacterial cellulose.

5.2.3 Preparation of Bacterial Cellulose (BC) and biocomposite
(AgNPs-BC) formation and purification.

Initially, RG3 was maintained on Mannitol media (2.5% Mannitol, 0.5% yeast ex-
tract, 0.5% peptone, pH 5.0) at 30°C for 72 hours. Further, Hestrin and Schramm
medium (H. S medium) (2% Glucose, 0.5% peptone, 0.5% yeast extract, 0.27%
Na2HPO4, 0.11% citric acid, pH 5.0 adjusted with acetic acid) was used throughout
the in this study based on which the production medium was modified. A 20 mL
pre inoculum culture was grown in a 150 mL conical flask for 48 hours at 30°C.
Aliquots (2.5 mL) from the resulting cell suspension was inoculated into a 50 mL
medium contained in a 250 mL conical flask and grown, either under stationary or
under shaking condition, for 6 days at 30°C. The fermentation was carried out in
triplicates. Cell growth was evaluated by measuring the optical density at 600 nM in
a spectro-photometer. Purification of BC pellet was done by heating the pellet with
NaOH for 20 minutes. This procedure were repeated thrice until all sodium were
removed and pH was checked to be obtained at 7. For future use, the membrane
were vaccum dried using Eleya Speed Vac and stored at cool and dry place.

Using the same bacterial strain (RG3"™), silver nanoparticle (AgNPs) formation
were done as described by the previous studies by [78]. Further, the nanoparticle
was measured to 10 mG was dissolved in 10 mL of bacterial soup and immersed in
dried BC. The experiment were observed for 2 hours under shaking condition at 30
degree incubator. Later, after the visible colour change of the BC from white to
brownish it was further washed with distilled water thrice and spinned at 100000

rpm for 10 mins thrice to remove any impurities and tested.
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5.2.4 Charcterization of the pellicle

The composite was analyzed and validated using various instrumentation techniques.
To detect the crystalline structure, XRD study was performed (Rigaku, Miniflex).
Surface structure analysis was performed by advanced microscopy instrumentations
like SEM and EDAX (Hitachi S-4500) UV-Vis Spectroscopy (HITACHI U 2900 / U
2910 UV VIS DOUBLE BEAM) was carried out in the range of 300 - 700 nM. To
obtain information about the functional group that interacted to form the metallic
NPs, FTIR (Shimadzu FTIR spectrophotometer (FTIR 8400) study was conducted

1. The precise size and charge distribution

in the ranges between 4000-400 cm
within the composite were examined with the help of DLS (Dynamic Light Scat-
tering) and Zeta potential [ZETA Seizers Nano series (Malvern Instruments Nano

ZS)]. To measure the concentrations of any elements, Atomic Absorption (AAS)

study has been employed (iCE 3500, Thermo Scientific, Germany).

5.2.5 Optimization of the synthesis conditions

To achieve the best synthesis condition of the composite, both the silver nanopar-
ticles and bacterial cellulose has been optimized separately. The parameters like
carbon and nitrogen sources, temperature, pH, and incubation period were varied
to get the optimized synthesis condition for the bacterial cellulose. For AgNPs, the
parameters like metal ion concentrations, temperature, time, and pH were varied to

get the best-optimized condition, following the method of [77].

5.2.6 Ag ion release rate measurements

To predict the stability and reusability of the bio-material, the rate of Ag ions
release from AgNPs-BC composite was studied following the method of [137] with
some modifications. First, 0.5 g of AgNPs-BC composite was dispersed in 100 mL
of deionized water. The experimental setup was kept in sealed containers at 25 °C
with gentle agitation conditions. At regular time intervals (2, 8, 12, 24, 48, and 72

h), the suspensions were centrifuged for 5 min at 5000 rpm. Soon after that, 0.2
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mL of the supernatant from each sample was taken and analyzed for the amount of
Ag+ ion released, using atomic absorption spectrophotometry (Shimadzu, AA-7000;

Japan). All measurements were performed in three replicates.

In both methods, the reusability of the AgNPs-BC composite were investigated
by carefully collecting nanocomposite membranes, washing them with deionized
water, autoclaving, and employing them for the next cycle with the same previously

mentioned methods.

The release characteristic of Ag ions from the AgNPs-Bc composites was eval-
uated. The obtained composites were cut into circular shapes with a diameter of
15 mm. The samples were dispersed in a phosphate buffer solution, pH=7.4, while
shaking on a rotary at 37 °C. Aliquots of the sample (0.5 mL) were pipetted at time
intervals over 72 hours, and an equivalent volume of a fresh phosphate buffer was
replenished into the system. Finally, the concentrations of Ag ions (solubility 5.933
g/100 mL in phosphate buffer solution) at all of the specified time intervals were
evaluated using a UV-Vis spectrophotometer at a wavelength of 735 nM with the

three experiments performed for each specimen.

5.2.7 Antibacterial property

Antibacterial properties of the AgNPS-BC biocomposite and BC membrane were
monitored against using two bacterial strains of Gram-positive origin namely, Staphy-
lococcus aureus (ATCC 25923), and Bacillus cereus (MTCC 430), and two bacterial
strains of Gram-negative origin namely, Escherichia coli (ATCC 25922), Salmonella
typhi (MTCC 531). The strains were maintained on Luria Bertani containing ap-
proximately 108 CFU/mL were prepared and cultured at 37 °C in a shaking incu-
bator for 24 hours.

Disc diffusion and the colony-forming count method were used to analyze the
antimicrobial activity. In the disc diffusion method, the specimens were sterilized by
autoclave and prepared into circular discs of 1 ¢M in diameter and placed on a Luria

Bertani agar plate for 24 hours in an incubator at 37 °C. The diameter of inhibition
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zone was measured in terms of mm. The results were evaluated in triplicate and are

reported as the mean + SD.

For the colony-forming count test, the bacteria suspension having the final den-
sity of 105 CFU/mL were considered. The samples were poured in the bacterial
suspension (2.5 mL) in a flask and shaken at 37 °C for 0, 1, 3, 12 and 24 h. At each
of the intervals, the solution (0.1 mL) was withdrawn and diluted with a phosphate
buffer solution to prepare a serial dilution. The bacterial suspensions were carefully
dropped onto agar plates and counted for the number of colony-forming units. The

experiment was performed in triplicate.

5.2.8 Cell Culture

The following cell lines of A549 (Lung cancer cells) and WI38 (Normal lung fibrob-
lasts) acquired from National Center for Cell Science (NCCS) Pune, India A549
and WI38 were cultured and maintained in specialized DMEM and MEM respec-
tively with 10% FBS (Fetal Bovine Serum), penicillin, streptomycin (100 units/ml);
amphotericin-B (anti-fungal) at 37°C and 5% COy respectively. The entire treat-
ment was performed at 37°C and a minimum cell thickness is maintained to allow

optimal growth.

5.2.9 Cell Survivability Assay

To access the cell survivability, A549, and WI38 cells were seeded in 48 well cell cul-
ture plates. The next day cells were treated with BC, AgNPs-Bc. After 24 hrs, cells
were further treated with 3-(4,5 dimethylthiazol-2-y1)-2,5- diphenyl tetrazolium bro-
mide (MTT) (0.5 mg/ml) for 4hrs. The resulting formazan crystals were dissolved
in MTT solubilization buffer and the absorbance was taken with a UV—visible spec-

trophotometer at a wavelength of 570 nM.
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5.3 Result and discussion

5.3.1 One step synthesis of the AgNPs-Bc bio-composite

Bacterial, namely Glucanoacetobacter kombuchae, strain RG3™ has been utilized
for both the biogenic synthesis of AgNPs and Bec. Production of the AgNPs was
previously reported by [78], here the biogenic synthesis of AgNPs was done by the
addition of AgNOj to the cell exudate of RG3 together in the concentration of 17
mG/mL of AgNO3 and 10 mG/mL of dextrose and then observed for 2 hours at
room temperature. Simultaneously with the same mixture 2 mm x 2 mm sized

purified BC was cut and immersed for 2 hours under shaking conditions in a 30°C.

5.3.2 Optimization of the Synthesis Conditions

In order to optimize the biogenic AgNPs-BC composite, at first, the temperatures
were varied ranging from 20°C to 45°C. At 45°C and 37°C, a prominent peak was
noted at around 430 nM. AgNPs formation at 20°C was indistinct. It has been ob-
served that the NPs tend to aggregate and agglomerate at that temperature, whereas
the NPs were found to be more stable at 37°C. Simultaneously, another intense peak
was noted at 30°C, but the peak at 37°C was found to be more stable. Therefore,
the synthesis can be inferred to be green as it occurs at a room temperature of 37°C.

Secondly, the various reaction times and their effects on the AgNPs-Bc com-
posite formation in the time span between 5 minutes to 2.5 hours were conducted,
considering the other parameters fixed. At 5 minutes, the synthesis was not suc-
cessful, with the increasing reaction time, the rate of production of AgNPs-Be also
increased. Beyond 2 hours, there seems to be a rapid aggregation of NPs, making
it more unstable. Therefore, the reaction time of 2 hours has been considered for
AgNPs-BC formation.

For the successful formation of nanoparticles, metal ions, and their concentra-
tions are important. The experiments were conducted by a different variety of
concentrations of AgNOj3 ranging from 1 mM to 2.5 mM, keeping the other param-

eters constant. It was found that with increasing concentration, the rate of reaction
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was rapid. However, at a concentration after 2 mM, aggregation of nanoparticles
occurs. The stability seems to be low by increasing the concentrations beyond 2
mM, thereby suggesting 2 mM as the ideal Ag+ concentration for the biocomposite
formation.

After varying with temperature, reaction time, and concentration of Ag+, finally,
glucose concentrations were also varied to optimize. It has been observed that
without glucose, only AgNOj3 alone fails to contribute to nanoparticle production.
However, when glucose was added along with AgNOj3 keeping the other parameters
like the temperature set at 37°C, the concentration of AgNO3 of 2 mM with a pH
of 7, distinct nanoparticle formation occurred. Although with the rise in glucose
concentrations between 0.05 mM to 0.2 mM, reactions were rapid, it seems to be
stable at 0.1 mM of glucose. Therefore, after the experiments it was concluded that
the AgNPs-Bce formation best occurred at a temperature of 37°C, with a pH of 7

following 2 mM of AgNOj; along with 0.1 mM of glucose.

5.3.3 FESEM

Field emission scanning electron microscopy (FE-SEM) The morphology of the com-
posite was characterized by a field emission scanning electron microscope (FE-SEM)
(Hitachi, Japan) at room temperature. The acceleration voltage and working dis-
tance for each image were 30 kV and 1-5 mm, respectively. The samples were coated
with a thin conductive gold layer, before observation. Size measurements of AgNPs-
Bc and diameter of nanofibers on SEM images were carried out by ImageJ 1.48

software.

5.3.4 SEM and EDAX analysis

To investigate and analyse surface topography and also to determine average size
of the AgNPs, SEM study were done which specifies different shape of the formed
particles. The obtained green-combined AgNPs displayed the presence of polymor-

phism with respect to shapes like: flake type, spherical, and ellipsoidal. Also the
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Figure 5.1: (a) XRD study of the synthesized biocomposite with the bacterial cellulose,
and (b) FTIR analysis of the biocomposite along with bacterial cellulose.

images reveal few large particles that may be due to overlapping of one particle with

another.
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Figure 5.2: Edax study of (a) bacterial cellulose, and (b) AgNPs-Be.

5.3.5 FTIR Analysis

To investigate the possible mode of interaction of AgNPs-Bc with various functional
groups, FTIR spectroscopy studies were conducted. FTIR spectrum analysis indi-
cates the existence of different functional classes at positional places, as shown in
Figure 5.3b. A stretch at 1377 cm™ pointed towards the symmetry stretched of
a well-known nitro compound which corresponds to the C-H bending of aldehyde

groups, acquired from skeleton of glucose in aqueous medium [61]. The indication



38

of the carbonyl group obtained at 1635 cm™ may be correlated to C-N and C-C
stretching indicating protein existence and therefore directly indicates NPs forma-
tion [17]. Another well built symmetrical peak at 2015 cm™ were consonant to the
O\C stretching mode [92]. Another powerful, fierce banding at 2578 cm™ can be
allocated to both \NH2 in primary aromatic amines and \OH groups in alcohol
[90]. The bands at 3403-3799 cm™ in the spectra are consistent with O-H stretching
vibrations exhibiting alcohol and phenol.

From the above FTIR analysis, it can be well stated that the OH and C=0 group
present in glucose can be considered for the bioreduction of Ag+ ions foremost to Ag0
NPs formation. FTIR analysis further concludes the carbonyl group of amino acid
remnants and peptides of the proteins shows greater affinity towards the metal ions.
It thereby avoids agglomeration by establishing a safeguarding coat membrane and
stabilizes them too. All peak changes here symbolize the contribution of functional

groups to synthesize AgNPs-Be.
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Figure 5.3: (a) XRD study of the synthesized biocomposite with the bacterial cellulose,
and (b) FTIR analysis of the biocomposite along with bacterial cellulose.

5.3.6 XRD

XRD is a direct approach to noting the crystalline structure of the produced AgNPs.
The result obtained, depicted in Figure 5.3a, clearly shows the significant peaks at
(20) values of 38.39 and 44.87 which can be correlated to the (111) and (200) planes
respectively [112, 99], where 6 is the half diffraction angle. By collation with JCPDS

(file no: 89- 3722), the quintessential design of green-synthesized AgNPs can be
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established to have a leading structure [4]. The mean crystallite dimensions of the
AgNPs evaluated using the diffractogram by calculating the Scherrer formula given
by, D = K\/(Bcosf) , where X is the wavelength of the X-rays used for diffraction,
K is a constant which is dependent on the crystal motif, and S is the full width at
half maximum (FWHM) of a peak.

XRD is a direct approach to note the crystalline structure of the produced Ag-
NPs. The result obtained, depicted in Figure 5.3a, clearly shows the significant peaks
at (20) values of 38.39 and 44.87 which can be correlated to the (111) and (200)
planes respectively [112, 99], where 6 is the half diffraction angle. By collation with
JCPDS (file no: 89- 3722), the quintessential design of green-synthesized AgNPs
can be established to have a leading structure [4]. The mean crystallite dimensions
of the AgNPs evaluated using the diffractogram by calculating the Scherrer formula
given by, D = K\/(Bcosf) D = % , where \ is the wavelength of the X-rays used

for diffraction, K is a constant which is dependent on the crystal motif, and (5 is the

full width at half maximum (FWHM) of a peak.

5.3.7 Antibacterial Activity

The AgNPs-Bc composite were tested for their antibacterial potency against two
Gram-positive bacterial strain namely like Staphylococcus aureus ATCC 25923 and
Bacillus cereus MTCC 430 & two Gram-negative bacterial strains such as FEs-
cherichia coli ATCC 25922, Salmonella typhi MTCC 98, using the disk diffusion
assay and colony count method. The photographs of antibacterial activities of
AgNPs-BC composite against F. coli and S. aureus with disk diffusion method
was shown in Fig. 5.4. It was seen that in the case of AgNPs-BC membranes devel-
oped an inhibition zone against the mentioned bacteria, but no inhibition zone was
seen for the pure BC membrane as control. For AgNPs-BC composite, the widths
of the inhibition zone were about 3 mm for Staphylococcus aureus and 4 mm for
Bacillus cereus. For the Gram-negative bacteria like Escherichia coli, Salmonella

typhi the zone inhibitions were 4 mm and 3 mm. This clearly indicate that the
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observed antimicrobial activity is due to Ag NPs impregnated inside the bacterial

cellulose matrix, not due to bacterial cellulose.

The quantitative estimation of antibacterial activity of these nanocomposites
were evaluated by plate count method and expressed with three parameters. Com-
monly, the antimicrobial agents causing less than 1-log reduction were assumed as
low antimicrobial activity agents. Those can cause between 1- and 3-log reduc-
tion was considered as moderate antimicrobial agents and the high antimicrobial
activity was assumed to be greater than 3-log reduction. Both of the produced com-
posites have high antimicrobial. The exact mechanism of bactericidal activity of Ag
nanoparticles is still unclear but several studies reported that smaller Ag nanoparti-
cles have better antimicrobial activity. So the strong activity observed in this study
can be due to the small size of produced nanoparticles. This great antimicrobial ef-
fect against Gram-negative bacteria can be due to damage of the microbial enzymes
or cell membrane and electrostatic interactions between the cell walls of bacteria and
nanoparticle. In addition, the bacterial species and characteristics of nanoparticles

have significant effects on the antibacterial activity of AgNPs-BC too.

Figure 5.4: Antibacterial activity assessment by Disc diffusion assay of the bacteria
namely, (a) E. coli (Gram-negative bacteria) and (b) S.aureus (Gram-positive bacteria.
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Figure 5.5: Colony count method analysis and Bactericidal activities of AgNPs-Bc
against sample Gram Positive strain Bacillus cereus at (a) 0 pg/ml (Control), (b) 5 ng/ml,
and Gram Negative strain E. coli, (¢) 50 pg/ml, (d) 0 pg/ml (Control).

5.3.8 Cytotoxic Activity

The anticancer properties of AgNPs-BC were performed on cancerous cell lines in-
cluding A549 (Lung cancer cells) and WI38 (Normal lung fibroblasts) using MTT
assay. The cancer cells were subjected to different concentrations of these complexes
for 24 hours. The cell survivability percentage of WI38 cells treated with AgNPs-
BC and BC had been found to be 93.39 + 7.17, and 15.83 £+ 5.15 respectively.
The cell survivability percentage of A549 cells treated with Ag-BC1 and BC had
been found to be 94.61 + 4.10, and 24.75 + 7.14 respectively. Therefore it may
be concluded that only BC could not show any effective cytotoxic properties but

AgNPs-BC showed higher cytotoxic properties.
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Figure 5.6: Cytotoxic activity by Mtt assay by the cell lines A549 and WI38.

5.3.9 Silver ion release

For a nanohybrid material with antimicrobial and cytotoxic properties, a stable
and prolonged activity is necessary in order to improve its reusability. The initial
amounts of Ag+ in the dried powder of AgNPS-BC were obtained as 26723.06 +
43.11. The releasing percent of loaded Ag molecules and ions from the nanohybrids
was shown in Fig. 6. Ag were released gradually from the nanohybrids within four

days with about 39.7 % after 72 h.

Interestingly, by considering the porous network of AgNPs-BC, it can be con-
cluded that although the microstructure of organic support is an important factor
in the fabrication of nanohybrids, the compatibility of two phases and intensity of
NPs entanglement in biopolymer networks are even more important factors in the
determination of both loading capacity and release controlling. In a study conducted
by [74] investigated the effect of chitosan-alginate system on release controlling of
MgO NPs and revealed that these two biopolymers are able to control its release in

aqueous solutions.
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5.4 Conclusions

One-step synthesis biogenic synthesis of silver nanoparticle and bacterial cellulose
using the bacteria Glucanoacteobacter kombuchae (RG3T) and its fabrication into
a biocomposite, AgNP-BC. Synthesis conditions have been optimized and charac-
terized to obtain the membrane morphology and applicability. Biocomposite were
applied to test for its cytotoxic effect against the cell lines namely A549 (Lung cancer
cells) and WI38 (Normal lung fibroblasts).The biocomposite was further tested for
its antibacterial activity using two bacterial strains of Gram-positive origin namely,
Staphylococcus aureus (ATCC 25923), and Bacillus cereus (MTCC 430), and two
bacterial strains of Gram-negative origin namely, Escherichia coli (ATCC 25922),
Salmonella typhi. The antibacterial activity of AgNPs-BC against both Gramposi-
tive and Gram-negative bacteria showed good results in both disk-diffusion assay and
colony-forming unit assay. After 96 h, Ag+ releasing from AgNP-BC was recorded
as 31.7%, respectively. Therefore the study demonstrates the practical applicability

of the bio-composite in various fields.



Chapter 6

Conclusions

6.1 Chapter 2

An innovative green route has been adapted in this study to biosynthesize Silver
Nanoparticles (AgNPs) for the first time using the cell exudate of a novel bacte-
ria  Gluconacetobacter kombucha (RG3T). Bio-reduction of silver was carried out
by adding AgNOj3 and glucose along with the bacterial cell exudate. The onset
of dark brown colour indicated the synthesis of nanoparticles (NPs) and was fur-
ther validated by absorption spectrum at 430 nm using UV-Vis Spectroscopy. X-
ray diffraction (XRD) study clearly illustrated the crystalline phase of the formed
NPs. Further, morphological studies was done by Transmission electron microscope
(TEM) which showed an approximate size of 20 nm exhibiting the shape of a sphere.
Along with this, results obtained from Scanning electron microscope (SEM), Fourier
transform infrared spectroscopy (FTIR), and Dynamic light scattering (DLS) parti-
cle size analyzer also confirmed the surface morphology and functional group of the
NPs.Broad spectrum antibacterial activity with Gram positive and negative bacte-
ria were evaluated along with the antioxidant activity which showed high potency of
NPs. RG3T-NPs were treated against cell lines like MCF-7, HEPG-2, and notedly
against Triple negative human breast cancer (TNBC) cell line which showed it’s su-
perior efficiency. Therefore, it can be concluded that RG3™-NPs points itself to be

a significant bio-material with antibacterial, cytotoxic, and antioxidant properties.

95
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6.2 Chapter 3

In this study, novel biogenic silver nanoparticles have been developed involving a
green method by a yeast strain, Papiliotrema laurentii (Y24) cell resuspension ex-
udate. Synthesis conditions have been optimized and the produced nanomaterials
have been characterized by DLS, Zeta Potential, FTIR, XRD, SEM, TEM to pre-
dict and analyse the particles. High crystallinity, irregular to cubical shape, and
an average dimension of 20 nM of AgNPs were obtained from the characterization.
Biogenic Y24-NPs were applied to reduce 4-Nitrophenol to 4-Aminophenol by cat-
alytic activity (within 8 minutes). After 5 recycles, high reusability of Y24-NPs was
observed (> 94%). Y24-NPs were further demonstrated for high selectivity and sen-
sitivity towards Fe3T by colorimetric detection with the limit of 1.8 M in the linear
range of 5-150 uM. Additionally, the developed nanosensor has been tested for Fe?*
ions in tap water samples. Therefore, Y24-NPs can be used for bioremediation with

significant catalytic activity and reusability.

6.3 Chapter 4

A novel biogenic silver nanoparticle production has been done using a yeast Pichia
manshurica, strain CD1 cell resuspension exudates. The characterization of AgNPs
by DLS, Zeta Potential, FTIR, XRD, SEM, and TEM was done to obtain spheri-
cal particle morphology with 22 nM diameter. Biocatalysis of CD1-NPs was done
to obtain the catalytic degradation of azo dyes, Congo red, and Malachite green.
Degradation occurred within 30 minutes for Congo red and 40 minutes for Mala-
chite green with degradation efficiency of 98.86 % and 97.54 % respectively. High
reusability (approximately 94%) was observed of CD1-NPs up to 5 recycles. CD1-
NPs were further tested for selectivity and sensitivity towards Hg?* by colorimetric
detection with a limit of 21.04 nM in the linear range of 10-80 nM. The nanosensor
has been tested for Hg?* ions in mercury-treated tap water samples. The efficiency

of the biocatalysts was accessed for practical applicability.
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6.4 Chapter 5

Bio-production of bacterial cellulose (BC) from the strain Glucanoacteobacter kom-
buchae (RG3T has been optimized by varying the different parameters such as media,
days of incubation, pH and carbon and nitrogen sources. The optimum time of in-
cubation was 14 d, and the optimum temperature was found to be 30 degrees C.
At the optimum pH of 5, the highest production of cellulose was obtained. On the
basis of the result obtained On the basis of the above results, the optimum produc-
tion medium was dertermined to contain 2% mannitol, 0.5% beef extract, 0.27%
disodium hydrogen phosphate, 0.11% citric acid, 0.5 % MgSO4, 0.1% lactose and
1.5% (v/v) ethanol with an initial pH of 5.0. RG3 produced 0.728g/1 of cellulose in
unmodified HS medium whereas in the optimized media it was boosted to 3.0g/L.
). Cellulose produced by RG3 under these optimized conditions has a thickness of 8
m, a Young’s Modulus of 1.92 MPa and a value of 10.6% of extension at breakage.
A decrease of 50% cell O.D.600 nM was observed when the membrane was used as
a filter for bacterial and yeast cell suspension. Therefore the membrane was further
applied to test for antibacterial activity to test as filtrate against one Gram-negative
cell F.coli and one Gram-positive bacteria S. aureus. The filtrates indicated the re-
duction of 80-90 % decrease cell O.D. 400 nM. The experiment showed that RG3
can synthesize cellulose even in the absence of any nitrogen source in the medium.
Hence, the strain RG3 can be maintained in a relatively cheap medium and by using
a cheap source like rice straw, it can be directed to synthesize maximum amount of

cellulose.
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ARTICLE INFO ABSTRACT
Keywords: An innovative green route has been adapted in this study to biosynthesize Silver Nanoparticles (AgNPs) for
Bio-green synthesis the first time using the cell exudate of a novel bacteria Gluconacetobacter kombucha (RG3T). Bio-reduction of
No‘fel baCtFria silver was carried out by adding AgNO, and glucose along with the bacterial cell exudate. The onset of dark
:ﬁzzzic;?:l brown colour indicated the synthesis of nanoparticles (NPs) and was further validated by absorption spectrum
Cytotoxic at 430 nm using UV-Vis Spectroscopy. X-ray diffraction (XRD) study clearly illustrated the crystalline phase of
the formed NPs. Further, morphological studies was done by Transmission electron microscope (TEM) which
showed an approximate size of 20 nm exhibiting the shape of a sphere. Along with this, results obtained
from Scanning electron microscope (SEM), Fourier transform infrared spectroscopy (FTIR), and Dynamic light
scattering (DLS) particle size analyser also confirmed the surface morphology and functional group of the NPs.
Broad spectrum antibacterial activity with Gram positive and negative bacteria were evaluated along with the
antioxidant activity which showed high potency of NPs. RG3T-NPs were treated against cell lines like MCF-7,
HEPG-2, and notedly against Triple negative human breast cancer (TNBC) cell line which showed it’s superior
efficiency. Therefore, it can be concluded that RG3T-NPs points itself to be a significant bio-material with
antibacterial, cytotoxic, and antioxidant properties.
1. Introduction properties and their utility in the areas of photo-catalysts, photonics,
micro-electronics, and lithography [4]. But the sole property of massive
Over the past years, nanotechnology has been emerging as the antimicrobial activity makes silver stands out alone in gratitude [5].
cutting-edge interdisciplinary technology along with the other branches Silver nanoparticles (AgNPs) can be synthesized in various ways
of science and technology. These have gained significant importance such as bottom up like pyrolysis, sol gel method, chemical method,
because of its broad scope applications and promising outcomes that physical method, physio-chemical method, etc. [6]. These methods
can be correlated to the unique properties of nano-materials compared often result in generation of secondary pollutants that may further lead
to other standard materials. Commonly, a particle is only considered to toxicity towards the environment and also they require working

nano-sized if it has reached the dimensions close to 100 nm or less [1].

Preferably, cost effectiveness and non toxicity should be of primary
focus for synthesizing nanoparticles (NPs). When these two criteria are
fulfilled, only then the focus needs to be shifted in obtaining the NPs
with superior quality and utility. Innovations in the way of production
and modifications of the NPs with different utilitarian groups of chem-
icals and also their conglomeration unlock a broad range of utmost
utilization in the field of biotechnology. Metallic NPs are always in
trends of nanotechnology owing to the fact of huge potentiality in the
field of the areas of physical, chemical, medicine, pharmaceutical, and
biotechnology [2,3].

Although there are a variety of metallic nanoparticles, among them
silver NPs have gained significant importance due to their virtuous based synthesis is the new trend because they are secured, sustainable,

under high temperature and pressure [7,8]. In order to overcome
these drawbacks, an economic, eco-friendly, feasible, and greener ap-
proach is the need of the hour. Therefore we propose a solution of
eliminating the odds of all the physical and chemical approaches by
introducing the bio-inspired method of NPs synthesis [5]. The greener
method of synthesis is not only environmental cordial, but also can
be waged to manufacture enormous volumes of NPs with nullifying
contamination [9].

Over the past decades, there has been few studies pointing on
the green synthesis method of NPs synthesis, including plant extracts,
biodegradable polymers, and microbes. Particularly, microorganism
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low cost and therefore environmental friendly too. In the last few
years, bacteria have been widely explored to synthesize inorganic nano-
materials particularly gold and silver. It can be directly contributed to
the property of versatility and survivability of the bacteria at higher
concentrations of metallic ions [10].

Discovery of antibiotics has been a revolutionary milestone in the
history of humans. Unfortunately, the utilization of the novel prodigy
medication were followed by a quick increase in tolerant pathogen
strain [11]. Frequent and improper use of antibiotics may be blamed for
this. In order to find out an alternative for the same, nanotechnology
can be applied to beat the drug resistance of many infectious bacteria.
In fact, silver nanoparticle is one of the most suitable one to fight
against the pathogenic strains. Moreover in India, main contaminants
of polluted water are Enterobacteriaceae namely Salmonella typhi, Es-
cherichia coli, Shigella sonnei, etc. Enterobacteriaceae contributes to
water borne related disorders like diarrhoea, cholera, typhoid, and
other infections. Since ancient times, silver has been the best choice
among people for its robust antimicrobial effectiveness. Moreover,
silver shows extensive span of efficiency towards various Gram-positive
and Gram-negative bacteria, also chance of development of bacteria
resistance is remarkably low too [12].

Usefulness of AgNPs to the medical field is not only restricted
to its antimicrobial effect but also gained much attention due to its
cytotoxic effect. In some of the previous studies, opposed to cell line of
human cervical cancer, it has been showed that the efficiency of AgNPs
towards apoptosis, pointing its role as anti cancer drug therapy [13,
14]. It has been estimated that AgNPs synthesized through biological
method are safe to human cell up to 50 ug/ml of concentration.
Therefore, the cytotoxic effect is an another important factor that needs
attention [15].

Gluconacetobacter kombucha, strain RG3T has been isolated from
a popular fermented tea, known as kombucha [16]. The GenBank
accession numbers for the strain RG3T are respectively AY688433 and
DQ141200. This potential Gram negative, rod shaped bacteria belongs
to the Acetobacter family. This bacteria is also responsible for nitrogen
fixation and cellulose formation as pointed by Dutta and Gachhui [16].
Here in this study, we have used this bacteria for the NPs synthesis
by bio-green method. The present study aims to develop a feasible
green alternative towards the synthesis of AgNPs and to enlighten its
broad spectrum antimicrobial effect in some of the common Gram
positive/negative bacteria including Salmonella typhi, Shigella sonnei.,
Vibrio cholera, Bacillus cereus, E. coli, and Staphylococcus aureus. Once
its antibacterial property is successfully fulfilled, our attention is then
shifted to explore its cytotoxic activity. The cytotoxicity has been
measured against HEPG-2 hepatocellular carcinoma cell lines, MCF-
7 breast carcinoma cell lines, and MDA-MB-468 corresponding to the
Triple Negative Breast Cancer (TNBC) cell lines. HEPG-2 is a human
hepatoma origin, non-tumorigenic with elevated proliferating rate and
most frequently applied in drug catabolism and hepato-toxicity studies.
MCF-7 is characterized with presence of estrogen, progesterone, and
glucocorticoid receptors. Further, MDA-MB-48 holds for about 10-15
percentage of the breast cancer lines. This triple-negative breast cancer
cited to the non availability of estrogen or progesterone receptors and
is also responsible to produce insufficient protein commonly known as
HER2. Studies have been conducted on RG3T NPs to check the cytotoxic
activities of these cell lines.

Oxidants are produced as a result of normal metabolism in the
body and also in the environment. These molecules are very reactive
and can rapidly react with other cellular activities of the body leading
to noxious effects in body including cancer and other diseases. In
order to get rid of these oxidants and its stresses, scavenging activity
is helpful. Thus, DPPH (2,2- diphenyl-2-picrylhydrazyl hydrate) and
ABTS (2, 2’-azino-bis 3-ethylbenzthiazoline-6-sulfonic acid) free radical
scavenging activity has been performed to check the effectiveness of
the produced AgNPs against oxidants. Therefore, it may be concluded
that the produced NPs has a long way to go and establish itself as an
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antioxidant, antibacteria and anticytotoxic bio-material. Also, a deep
interest has been generated towards further exploring and analysing
this NPs for more potential benefits that are applicable towards the
society. In the remaining text, RG3TAgNPs and RG3TNPs is referred to
as RG3-NPs. Simultaneously, pellet resuspension of RG3" in de-ioned
water for the entire experiment has been termed as cell exudate of
bacteria or bacterial cell exudate or simply cell exudate.

2. Materials and methods
2.1. Chemicals & reagents

Silver nitrate (AgNO;), Agar agar Powder, D-(+)-Glucose anhy-
drous, D-Mannitol, 2,2-diphenyl-2-picrylhydrazyl hydrate (DPPH), 2,2’-
Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) were purchased from Hi-media (Mumbai, India) and de-ionized
water was used throughout the entire experiment. Every reagents used
here were of unadulterated analytical grade and therefore used without
any further purification.

2.2. Preparation of bacterial cell exudate

Glucanoacetobacter kombuchae, strain RG3T (= LMG 23726T = MTCC
6913T), was isolated from Kombucha tea (Kombucha is a sweet, slightly
alkaline fermented beverage, consumed world widely specially by the
South Asian Countries. Mannitol broth (Yeast extract 0.75%, Peptone
0.45%, Manitol 2.5%, pH 5) of 100 ml was prepared to grow 50 pl of
previous culture of the strain RG3”, and kept overnight at 30 °C under
shaking condition at 120 rpm. Next, the culture was centrifuged at 5000
rpm for 5 min and the pellet was collected, washed with deionized
water twice. Washed pellet was re-suspended with 100 ml de-ionized
water and again kept overnight at 30 °C under shaking condition at
120 rpm. It was then centrifuged at 5000 rpm for 5 min, then the pellet
was discarded and the supernatant was collected. The later was stored
at 4 °C for further use.

2.3. Bio-green synthesis of silver nanoparticle using bacterial cell exudate
and it’s optimization

For the formation of AgNPs, different parameters such as concen-
tration of AgNO; and glucose, pH, and reaction time were varied. Each
parameter was varied keeping the other parameters constant to opti-
mize the synthesis. These parameters were varied in the order of AgNO;
concentration, followed by pH, glucose concentration, and finally re-
action time. Based on the Zeta Potential and UV-Vis spectroscopy
values obtained by varying these parameters, it was noted that RG3-
NPs formation were optimized at ambient temperature with a pH of
7-7.5, AgNO; concentration of 17 mg/ml of and 10 mg/ml of glucose.
Details of these experiment and variation of different parameters has
been also shown in Supplementary Data.

Simultaneously, a control setup was established with only bacterial
cell exudate and AgNO; without glucose. The result obtained indicated
that the bacterial cell exudate plus AgNO; and glucose together lead
to the formation of a brownish yellow coloured solution, while the
controlled set up without glucose and only with the cell exudate content
remained colourless (Fig. 1). This indicates the importance of both
bacterial exudate and glucose in AgNPs formation.

2.4. Characterization of RG3-NPs

Various instrumentation analysis were done to check the existence
of the produced bio-green NPs and to determine it’s characteristics.
The confirmation of genesis and escalation of NPs were surveilled
through UV-vis Spectrophotometer (HITACHI U 2900/U 2910 UV VIS
DOUBLE BEAM) settled to range including 200 to 800 nm. Crystalline
nature attributed to metallic silver was examined through XRD (Rigaku,
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In this study, novel biogenic silver nanoparticles have been developed involving a green method by a yeast
strain, Papiliotrema laurentii (Y24) cell resuspension exudate. Synthesis conditions have been optimized and
the produced nanomaterials have been characterized by DLS, Zeta Potential, FTIR, XRD, SEM, TEM to predict
and analyse the particles. High crystallinity, irregular to cubical shape, and an average dimension of 20 nM
of AgNPs were obtained from the characterization. Biogenic Y24-NPs were applied to reduce 4-Nitrophenol to
4-Aminophenol by catalytic activity (within 8 min). After 5 recycles, high reusability of Y24-NPs was observed

(> 94%). Y24-NPs were further demonstrated for high selectivity and sensitivity towards Fe3* by colorimetric
detection with the limit of 1.8 pM in the linear range of 5-150 pM. Additionally, the developed nanosensor
has been tested for Fe3* ions in tap water samples. Therefore, Y24-NPs can be used for bioremediation with
significant catalytic activity and reusability.

1. Introduction

Environmentally benign processes like biocatalysis in nanotechno-
logical studies are gaining importance to meet the growing population
demand. Compared to the traditional chemical and physical mode of
synthesis, bio-green synthesis of nanoparticles has received significant
importance due to their non-toxic and non-hazardous nature. Although
several nanoparticles serve well in nanotechnology and related fields,
among them, silver nanoparticles (AgNPs) have been used largely
due to their specific physical, chemical, and biological properties and
application in areas such as catalysis [1,2], antimicrobial activity [3],
anticancerous activity [4], etc. In recent years, nanoparticles are being
widely applied in the field of bioremediation, particularly for industrial
effluents such as textile dyes, which normally constitutes 80% of the
total emissions produced by this industry [5].

Among the notable textile dyes, 4-Nitrophenol (4-NP) is one of most
usable dyes, particularly in the tannery for dark colouration, fabrication
of fertilizers, explosives, rubber, pesticides, fungicides, etc. There are
high level of biochemical oxygen demand (BOD) and chemical oxygen
demand (COD) in the residual waters of these dye contaminated textile
industries. The colour associated with the dyes causes aesthetic damage
to the water bodies and also prevents penetration of light through
water. This leads to a reduction in the rate of photosynthesis [6]
and dissolved oxygen levels, affecting the entire aquatic biota [7].
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Therefore, this study attempts to degrade toxic 4-NP into non-toxic
4-Aminophenol (4-AP).

Traditional methods of conversion of 4-NP to 4-AP can be done
using adsorption involving carbon activation, flocculation, electro-
coagulation [7]. Additional methods like ion exchange, flotation of
froth, ozonation, membrane filtration, and reverse osmosis have also
been used for this purpose [8]. Although these methods have been suc-
cessful in dye degradation, however, they can generate secondary waste
products. To come up with a eco-friendly solution, we propose biogeni-
cally synthesized AgNPs as a catalyst to degrade 4-NP to 4- AP. Also,
high surface area and potential electrical conductivity makes AgNPs an
effective catalyst for dye reduction process by bio-catalysis [9].

Apart from dye degradation, AgNPs also play a vital role in col-
orimetric detection of several harmful metals in both aquatic and
biological environments [10], due to their strong Surface plasmon res-
onance (SPR) and optical properties depending on the size and shape.
Various toxic metals ions like Fe2*, Fe3* [11], Hg?* [12], Ni2+ [13],
Cu?* [14], Cr?* [15], Pb** [16], Al** [17], Cd** [18], etc. have
been successfully detected by AgNPs. Among these metal ions, water
contamination by iron is one of the major concern. Higher levels of
iron in food and water may directly lead to haemoglobinopathy and can
cause mild to severe damage in vital organs such as liver, pancreas, and
heart, and may also lead to Alzheimer’s and Parkinson’s diseases [19].
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AgNPs can be applied to address this problem by detecting and quan-
tifying these metal ions, even at low concentrations. For colorimetric
detection, the principal involved mainly is the change of colour or
shift of the SPR band when the analyte binds to the catalysts [20].
The colorimetric sensing method by AgNPs provides a significant ad-
vantage over various other analytical sensitive instrumentation, such
as Atomic absorption spectroscopy (AAS), Inductively coupled plasma
mass spectrometry (ICP-MS), X-ray fluorescence (XRF), etc., thereby
making AgNPs more valuable and applicable in practical fields. Use of
biogenic AgNPs makes the colorimeteric detection process ecofriendly
since there would be no generation of secondary waste products.

This study has been designed and applied to produce AgNPs using
yeast cell resuspension exudate from Papiliotrema laurentii strain Y24.
To the best of our knowledge, this is the first attempt to synthesize
AgNPs using this yeast cell. Papiliotrema laurentii (formerly Cryptococcus
laurentii) strain Y24 was isolated from Kombucha tea [21] in our
laboratory [22] and deposited to Microbial Type Culture Collection
of Chandigarh, India (MTCC 6930). Y24T belongs to the family of
Rhynchogastremaceae. The objective of this research is to utilize and
justify the green synthesized nanoparticles towards sensitivity and
selectivity for iron (III) detection and catalytic degradation of 4-NP.
The nanoparticle synthesis process has been optimized and charac-
terized with different instrumentation to obtain specific sizes, shapes,
and characteristic features. Further, the performance of AgNPs with
respect to their kinetic rate constants, stability, and reusability for the
reduction of 4-NP have also been investigated. Finally, the applicability
of AgNPs as a colorimetric sensor for Fe (III) has been demonstrated
to obtain sensitivity and selectivity and real water testing has been
done successfully. In the remaining text, Papiliotrema laurentii has been
mentioned as Y24 and Y24-AgNPs is referred to as Y24-NPs.

2. Materials and methods
2.1. Chemicals & reagents

Chemicals namely, Silver Nitrate (AgNO;3;, A.R. 99.9%), Yeast Ex-
tract (Yeast Extract Powder. RM027), D-(+)-Glucose anhydrous, Pep-
tone Type I, Bacteriological. RM667, Hydrochloric acid (HCI), Sodium
Hydroxide (NaOH), p-Nitrophenol (C¢HsNO;), Sodium Borohydride
(NaBH,), other metal salts like Magnesium sulfate heptahydrate
(MgSO, - 7TH,0), Calcium sulfate (CaSO,), Copper (II) acetate monohy-
drate (C,H,,CuOs), Nickel (II) chloride hexahydrate (NiCl,-6H,0), Zinc
Sulfate (ZnSO,), Iron (III) chloride anhydrous (FeCl;) were purchased
from Hi-media (Mumbai, India). Whatman filter paper No. 1 was
purchased from Thomas Baker (Thomas Baker Chemicals, Pvt. Ltd.
Mumbai, India). Deionized water was used throughout the entire exper-
imentation procedure. All the above-mentioned reagents were of extra
pure grade and therefore were used without any further purification.

2.2. Preparation of Y24 cell resuspension exudate

Papiliotrema laurentii (formerly Cryptococcus laurentii) strain Y24,
deposited to Microbial Type Culture Collection of Chandigarh [22],
India (MTCC 6930), was isolated from Kombucha tea [23]. Y24T was
grown and maintained in modified YPD (Yeast, Peptone, Dextrose)
media (Yeast extract 0.75%, Peptone 0.45%, Dextrose 2.5%, pH 5). 100
mL of YPD was made to grow with 50 pL of the previous culture of
Y247, at 30 °C under shaking condition at 120 rpm observed overnight.
On the next day, the culture was centrifuged at 5000 rpm for 5 min
and the pellet was collected and washed with deionized water twice
to remove further impurities. This process was repeated twice. Then
the washed cell pellet was resuspended with 100 mL deionized water
and again kept overnight at 30 °C under shaking conditions at 120
rpm. It was then centrifuged at 5000 rpm for 5 min and the pellet
was discarded. The yeast cell resuspension exudate was collected in the
form of a supernatant. The yeast cell resuspension exudate was stored
at 4 °C for further use [4].

Materials Science & Engineering B 296 (2023) 116647

2.3. Bio-green synthesis of silver nanoparticles from yeast cell resuspension
exudate

The biogenic synthesis of AgNPs was done by adding AgNO5; and
the cell exudate of Y24 together in the concentration of 2.0 mM of
AgNO; and 0.1 mM of dextrose and then observed for 45 min at room
temperature. The glucose here in the bio-synthesis acts as a co-factor
to enhance AgNPs formation along with Y24 cell exudate. The effects
of temperature, reaction time, conc. of AgNO, and conc. of glucose
was further studied to optimize the formation of the nanoparticles.
The formation of silver nanoparticles was noted by a change in the
colour spectrum from colourless to brownish yellow as recognized by
the naked eye. Further investigation was done by UV-Vis Spectroscopy,
scanned in the range of 300-700 nM which showed a significant peak
at around 430 nM, thereby confirming the nanoparticle formation. For
further applications, nanoparticles were centrifuged at 10,000 rpm for
10 min and washed twice with deionized water to remove unwanted
impurities. The entire process of purification was repeated twice and
vacuum dried (ELEYA speed Vac) and stored in the dark for further use.
The aqueous solution of Y24-NPs was used to carry out the catalytic
reduction of 4-NP and colorimetric detection of Fe (III).

2.4. Characterization of Y24-NPs

The characteristics of the bio-synthesized nanoparticles were spec-
ified and validated using various instrumentation analyses. To detect
the formation of the nanoparticle, UV-Vis Spectroscopy (HITACHI U
2900/U 2910 UV VIS DOUBLE BEAM) was carried out in the range
of 300-700 nM. Crystalline features of the green synthesized NPs were
determined by XRD study (Rigaku, Miniflex). Surface structure analysis
was performed by advanced microscopy instrumentations like SEM
(Hitachi S-4500), TEM (JEM-2100 Electron Microscopy). To obtain
information about the functional group that interacted to form the
metallic NPs, FTIR (Shimadzu FTIR spectrophotometer (FTIR 8400))
study was conducted in the ranges between 4000-400 cm~!. The
precise size and charge distribution within the nanoparticles were
examined with the help of DLS (Dynamic Light Scattering) and Zeta
potential [ZETA Seizers Nanoseries (Malvern Instruments Nano ZS)]. To
measure the concentrations of any elements, Atomic Absorption (AAS)
study has been employed. (iCE 3500, Thermo Scientific, Germany)

2.5. Catalytic activity

The catalysts (Y24-NPs) have been assessed against 4-NP degrada-
tion activity by optimizing different parameters. Firstly, to check the
effect of different concentrations of NaBH,, various concentrations of
NaBH, like 0.05 mM, 0.1 mM, 0.2 mM has been used along with
2.0 mM of AgNPs. Secondly, to assess the effect of 4-NP concentration
on its reduction, different concentrations of 4-NP like 0.1 mM, 0.5 mM,
1.0 mM, 1.5 mM, and 2.0 mM was used along with AgNPs and NaBH,.
Thirdly, the effect on the catalyst’s concentration has been studied
using 1.0 mM, 1.5 mM, 2.0 mM, and 2.5 mM of AgNPs. Finally, the
effect of reaction time is also observed from O to 8 min, keeping the
concentration of NaBH, and AgNPs the same.

2.6. Colorimetric detection of Fe(IIl)

Initially, selectivity towards six different metal ions namely, Fe3*,
Zn%*, Ni**, Mg+, Ca®*, and Cu?* with Y24-NPs was performed. UV-Vis
Spectroscopy was done in the range of 300-600 nM to note the change
if any. Further, to predict the sensitivity of the developed AgNPs-sensor,
different concentrations of Fe3* from the ranges between 5-3000 uM
were made to react with Y24-NPs solution and the SPR potency was
determined. Quantitative determination of Fe3* was done by increasing
the concentration of Fe3* from 0 to 3000 pM. The resultants were
scanned by UV-Vis Spectroscopy. To authenticate the feasibility of
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A novel biogenic silver nanoparticle production has been done using a yeast Pichia manshurica, strain CD1 cell
resuspension exudates. The characterization of AgNPs by DLS, Zeta Potential, FTIR, XRD, SEM, and TEM was
done to obtain spherical particle morphology with 22 nM diameter. Biocatalysis of CD1-NPs was done to obtain
the catalytic degradation of azo dyes, Congo red, and Malachite green. Degradation occurred within 30 min for
Congo red and 40 min for Malachite green with degradation efficiency of 98.86 % and 97.54 % respectively.
High reusability (approximately 94 %) was observed of CD1-NPs up to 5 recycles. CD1-NPs were further tested

for selectivity and sensitivity towards Hg?" by colorimetric detection with a limit of 21.04 nM in the linear range
of 10-80 nM. The nanosensor has been tested for Hg?" ions in mercury-treated tap water samples. The efficiency
of the biocatalysts was accessed for practical applicability.

1. Introduction

Environmentally cordial technologies are in great need in the field of
material synthesis, and the biosynthesis of nanoparticles has received
great attention too. The biogenic methods of synthesis that involve a
variety of microorganisms like bacteria, fungi and actinomycetes, algae,
and plant extracts are gaining importance as simple replacements to the
chemical and physical methods. Studies showing synthesis from mi-
crobes such as yeasts are particularly important for the synthesis of
inorganic nanoparticles (NPs) like Au and Ag. This can be directly
attributed to the factor of versatility and survivability of the yeast spe-
cies at higher concentrations of metallic ions (Skalickova et al., 2017).
Among the other nanoparticles, silver nanoparticles (AgNPs) are used
largely due to specified physical, chemical, and biological properties and
application in the areas such as catalyst (Eisa et al., 2019), photonics
(Marimuthu et al., 2020), micro-electronics (Tavakoli et al., 2018), and
other activities like antimicrobial, antioxidant, anticancerous activities
(Majumder et al., 2022).

Due to rapid industrialization and to meet the growing population
demands, industrial effluents have become a serious threat to the
environment. The industries like textile, leather, paper, etc., release
organic dyes in the form of their effluents (Ting et al., 2021). Those dyes
notably compromise the aesthetic quality of water bodies, thereby
increasing the biological and chemical oxygen demand (BOD and COD),
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reducing the photosynthesis rate, and preventing plant growth and
development (Varadavenkatesan et al., 2020). Eventually, they enter the
food chain, causing bioaccumulation that directly promotes toxicity,
mutagenicity, and carcinogenicity. Among the notable organic dyes,
commonly used in various fields are Congo red (CR) and Malachite green
(MG) (Dawadi et al., 2021). All these organic water-soluble dyes belong
to the azo group. Azo dyes are the largest group of commercial dyes,
including 70 % of the organic dyes generated in the world (Eisa et al.,
2019). Congo red (CR) belongs to the benzidine-based anionic diazo dye
and is responsible for causing allergic reactions by the metabolism of
benzidine, which is a carcinogenic product (Nga et al., 2022). Malachite
green (MG) is a cationic water-soluble azo dye belonging to the
triphenylmethane category. The toxicity of this dye depends on expo-
sure time, temperature, and concentration. MG has been reported to
cause carcinogenesis, mutagenesis, chromosomal fractures, teratoge-
nicity, and respiratory toxicity (Ting et al., 2021). They are also reported
to cause serious harm to the central nervous system and other vital parts
of the human body (Chinthalapudi et al., 2021). Both CR and MG have
been selected as the subject model for the degradation study because of
their wide utility among other azo dyes in different fields such as dying
agent (particularly in textile, paper, and tannery industry), fabrication
of fertilizers, rubber, pesticides, fungicides, staining of histological tis-
sues, endospores, etc. (Albeladi et al., 2020). Therefore, the reduction of
these dyes is important to address high environmental toxicities.
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Azo dyes, being commercially important dyes, alone can contribute
to almost 60 % of water pollution. Degradation of these dyes is therefore
much needed to restore the water quality and also to make it suitable for
aquatic life. Bio-inspired green synthesized AgNPs provide one of the
best solutions to the above-mentioned problem. AgNPs, by their prop-
erty, as potent absorbent (Maruthapandi et al., 2021), can be used as a
catalyst (Dawadi et al., 2021) to degrade both CR and MG from the
wastewater sources. In recent times, silver nanoparticles have been
employed as catalysts in catalytic degradation of the harmful azo dyes
(Albeladi et al., 2020). Azo dyes successfully bind to the surface of the
silver nanoparticles and due to reduction, they are reduced to produce
the degraded product. The degraded products are chemically non-toxic
and less harmful to the environment. Thereby AgNPs as nanocatalysts
are more significant and applicable as biocatalysts in practical fields.

Heavy metals, mainly like Pb%", Cr?*, Ni%*, Cd*", Mn?*, Hg?* are
being released from the industry to the environment, which causes the
hazardous effects to both humans and environment (Dawadi et al.,
2021). Among the other heavy metals, mercury is a persistent, bio-
accumulative, toxic pollutant. Mercury may exist in three forms
depending on the environmental condition, such as mercury salt,
organic mercury, and inorganic mercury. Methyl mercury is the most
toxic form of mercury and is responsible to cause tumors in the human
body. Thereby, it enters the food chain by consumption of the methyl
mercury accumulated fishes (Akiyama et al., 2022).

Several studies in recent times showed AgNPs to be a successful
catalyst in the colorimetric detection of several harmful metals in both
aquatic and biological environments (Dawadi et al., 2021; Saenchoopa
et al., 2021; Singh et al., 2021). A study conducted by (Singh et al.,
2021), offers a solution to address Hg?* contamination in an aqueous
solution with the help of nanoparticle acting as a catalyst to colori-
metrically detect, and quantify the metal ions at low concentrations. The
principle of colorimetric detection governs mainly the colour change or
shift of the SPR band when the analyte binds to the catalysts (Prema
et al., 2022). Moreover, colorimetric sensing deployed by AgNPs pro-
vides a significant advantage over various other analytically sensitive
instrumentations such as AAS, ICP-MS, XRF, etc., (Huber and Leopold,
2016; Skalickova et al., 2017) thereby making silver nanoparticles more
significant and applicable in practical fields.

The present study has been designed to biosynthesize AgNPs using
yeast cell resuspension or cell exudate from Pichia manshurica strain
CD1. CD1 belonging to the phylum Ascomycota and subphylum Sac-
charomycotina. The GenBank accession number of the strain CD1 is
KY799109. To the best of our knowledge, this is the first attempt to
synthesize AgNPs using this yeast cell Pichia manschurica, strain CD1 has
been extracted from Kombucha tea (Chakravorty et al., 2016; Dutta and
Gachhui, 2007). The biogenic nanoparticle was applied as bio-catalysts
to assess the catalytic property in azo dyes (Congo red and Malachite
green) degradation and also to detect the presence of Hg?" ion by
colorimetric sensing. The azo dye degradation was done in a much more
efficient time and the colorimetric detection was done at the nano-molar
level. Further quantification and real water sample testing were suc-
cessfully performed. The nano-catalysts showed efficient reusability up
to 5 cycles. The study, therefore, attempts to apply silver nanoparticles
of Pichia manshurica, strain CD1 as a catalyst for bioremediation with
practical utility. In the remaining text, Pichia manshurica has been
mentioned as CD1" and CD1-AgNPs are referred to as CD1-NPs.

2. Materials and methods
2.1. Chemicals & reagents

Chemicals required for the experimentation were as follows; Silver
Nitrate (AgNO;, A.R. 99.9 %), Yeast Extract (Yeast Extract Powder.
RMO027), D-(+)-Glucose anhydrous, Peptone Type I, Bacteriological.
RM667, Hydrochloric acid (HCI), Sodium Hydroxide (NaOH), Sodium
Borohydride (NaBH4), other metal salts like Magnesium sulfate
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heptahydrate (MgSO4-7 H,0), Calcium sulfate (CaSO4), Copper (II)
acetate monohydrate (C4H;9oCuOs), Mercuric chloride (HgCl,), Manga-
nese dioxide (MnO3), Zinc Sulphate (ZnSO,4), were purchased from Hi-
media (Mumbai, India). Whatman filter paper No. 1 was purchased
from Thomas Baker (Thomas Baker Chemicals, Pvt. Ltd. Mumbai, India).
De-ionized water has been used throughout the experimentation pro-
cedure. All the above-mentioned reagents were of extra pure grade and
therefore were used without any further purification.

2.2. Preparation of CD1 cell resuspension exudate

Pichia manshurica strain CD1 was isolated from Kombucha tea
(Chakravorty et al., 2016). CD1 was grown and maintained in modified
YPD (Yeast, Peptone, Dextrose) media (Yeast extract 0.75 %, Peptone
0.45 %, Dextrose 2.5 %, pH 5). 100 mL of YPD broth were made to grow
50 pL of the previous culture of CD1, at 30 °C under shaking condition at
120 rpm observed overnight. On the next day, the culture was centri-
fuged at 5000 rpm for 5 min and the pellet was collected and washed
with de-ionized water twice to remove further impurities. This process
was repeated twice. Then the washed cell pellet was resuspended with
100 mL de-ionized water and again kept overnight at 30 °C under
shaking conditions at 120 rpm. It was then centrifuged at 5000 rpm for
5 min and the pellet was discarded. The yeast cell resuspension exudate
was collected in the form of a supernatant. The yeast cell resuspension
exudate was stored at 4 °C for further use.

2.3. Bio-green synthesis of silver nanoparticles from yeast cell
resuspension exudate

The biogenic synthesis of AgNPs was done by the addition of AgNO,
to the cell exudate of CD1 together in the concentration of 2 mM of
AgNO; and 0.1 mM of dextrose and then observed for 45 min at room
temperature. The dextrose here in this study acts as a co-factor to
enhance AgNPs formation along with CD1 cell exudate. The effects of
temperature, reaction time, the concentration of AgNO,, and the con-
centration of glucose were further studied to optimize the formation of
the nanoparticles. The formation of silver nanoparticles was noted by a
change in the colour spectrums from colorless to brownish yellow as
recognized by the naked eye. Further absorption measurements were
done by UV-Vis Spectroscopy, by scanning in the range of 300-700 nM.
For future applications, nanoparticles were centrifuged at 10,000 rpm
for 10 min and washed twice with deionized water to remove any un-
wanted impurities. The entire process of purification was repeated twice
and vacuum dried (ELEYA speed Vac) and stored in the dark for further
use. The aqueous solution of CD1-NPs was used to carry out the catalytic
degradation and colorimetric detections.

2.4. Characterization of CD1-NPs

The characteristics of the bio-synthesized nanoparticles were speci-
fied and validated using various instrumentation analyses. To detect the
formation of the nanoparticles, UV-Vis Spectroscopy (HITACHI U 2900/
U 2910 UV VIS DOUBLE BEAM) was carried out in the range of 300-700
nM. Crystalline features of the green synthesized NPs were determined
by XRD study (Rigaku, Miniflex). Surface structure analysis was per-
formed by advanced microscopy instrumentations like SEM (Hitachi S-
4500), TEM (JEM-2100 Electron Microscopy). To obtain information
about the functional group that interacted to form the metallic NPs, FTIR
(Shimadzu FTIR spectrophotometer (FTIR 8400)) study was conducted
in the ranges between 4000-400 cm™!. The precise size and charge
distribution within the nanoparticles were examined with the help of
DLS (Dynamic Light Scattering) and Zeta potential [ZETA Seizers Nano
series (Malvern Instruments Nano ZS)]. To measure the concentrations
of any elements, Atomic Absorption (AAS) study has been employed
(iCE 3500, Thermo Scientific, Germany).



	Jhilam Majumder
	Acknowledgements
	List of Figures
	List of Tables
	Introduction
	Glucanoacetobacter kombuchae (RG3T), a novel bacteria for AgNPs biosynthesis: Characterization and comprehensive evaluation of bioactivity
	Introduction
	Materials and Methods
	Chemicals & reagents
	Preparation of bacterial cell exudate
	Bio-green Synthesis of Silver nanoparticle using bacterial cell exudate and it's optimization
	Characterization of RG3-NPs
	Antioxidant Assay
	ABTS Radical Scavenging Assay
	Antibacterial Assay
	Cell Culture

	Results and Discussions
	Dynamic Light scattering (DLS) & Zeta Potential
	Scanning Electron Microscopy (SEM)
	Transmission Electron Microscopy (TEM)
	FTIR Analysis
	UV-Vis Spectroscopy
	XRD
	Antioxidant Activity
	Antibacterial Activity
	Cytotoxic Activity

	Conclusions

	Efficient degradation of 4-nitrophenol and colorimetric detection of Fe (III) by biogenic silver nanoparticles of Papiliotrema laurentii
	Introduction
	Materials and Methods
	Chemicals & reagents
	Preparation of Y24 cell resuspension exudate
	Bio-green Synthesis of Silver nanoparticles from yeast cell resuspension exudate
	Characterization of Y24-NPs
	Catalytic Activity
	Colorimetric detection of Fe(III)

	Results and Discussions
	Optimization of Synthesis Conditions
	Characterization of bio-synthesized AgNPs
	Catalytic Activity

	Conclusions

	Effective degradation of azo dyes and colorimetric detection of Hg2+ by biogenic silver nanoparticles of Pichia manshurica
	Introduction
	Materials and Methods
	Chemicals & reagents
	Preparation of CD1 cell resuspension exudate
	Bio-green synthesis of Silver nanoparticles from yeast cell resuspension exudate
	Characterization of CD1-NPs
	Optimization of AgNPs Synthesis Conditions
	Catalytic activity of CD1-NPs

	Results and Discussions
	Optimization of AgNPs Synthesis Conditions
	Characterization of bio-synthesized AgNPs
	Catalytic Activity
	 Colorimetric detection of Hg2+

	Conclusions

	 One step synthesis and fabrication of a novel AgNPs-BC composite : Characterizations and bioactivity
	Introduction
	Materials and Methods
	Chemicals & reagents
	Microbial strain
	Preparation of Bacterial Cellulose (BC) and biocomposite (AgNPs-BC) formation and purification.
	Charcterization of the pellicle
	Optimization of the synthesis conditions
	Ag ion release rate measurements
	Antibacterial property
	Cell Culture
	Cell Survivability Assay

	Result and discussion
	One step synthesis of the AgNPs-Bc bio-composite
	Optimization of the Synthesis Conditions
	FESEM
	SEM and EDAX analysis
	FTIR Analysis
	XRD
	Antibacterial Activity
	Cytotoxic Activity
	Silver ion release

	Conclusions

	Conclusions
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5

	List of Publications
	References

	Jhilam Majumder  papers 85% reduces.pdf
	Jhilam Majumder
	Acknowledgements
	List of Figures
	List of Tables
	Introduction
	Glucanoacetobacter kombuchae (RG3T), a novel bacteria for AgNPs biosynthesis: Characterization and comprehensive evaluation of bioactivity
	Introduction
	Materials and Methods
	Chemicals & reagents
	Preparation of bacterial cell exudate
	Bio-green Synthesis of Silver nanoparticle using bacterial cell exudate and it's optimization
	Characterization of RG3-NPs
	Antioxidant Assay
	ABTS Radical Scavenging Assay
	Antibacterial Assay
	Cell Culture

	Results and Discussions
	Dynamic Light scattering (DLS) & Zeta Potential
	Scanning Electron Microscopy (SEM)
	Transmission Electron Microscopy (TEM)
	FTIR Analysis
	UV-Vis Spectroscopy
	XRD
	Antioxidant Activity
	Antibacterial Activity
	Cytotoxic Activity

	Conclusions

	Efficient degradation of 4-nitrophenol and colorimetric detection of Fe (III) by biogenic silver nanoparticles of Papiliotrema laurentii
	Introduction
	Materials and Methods
	Chemicals & reagents
	Preparation of Y24 cell resuspension exudate
	Bio-green Synthesis of Silver nanoparticles from yeast cell resuspension exudate
	Characterization of Y24-NPs
	Catalytic Activity
	Colorimetric detection of Fe(III)

	Results and Discussions
	Optimization of Synthesis Conditions
	Characterization of bio-synthesized AgNPs
	Catalytic Activity

	Conclusions

	Effective degradation of azo dyes and colorimetric detection of Hg2+ by biogenic silver nanoparticles of Pichia manshurica
	Introduction
	Materials and Methods
	Chemicals & reagents
	Preparation of CD1 cell resuspension exudate
	Bio-green synthesis of Silver nanoparticles from yeast cell resuspension exudate
	Characterization of CD1-NPs
	Optimization of AgNPs Synthesis Conditions
	Catalytic activity of CD1-NPs

	Results and Discussions
	Optimization of AgNPs Synthesis Conditions
	Characterization of bio-synthesized AgNPs
	Catalytic Activity
	 Colorimetric detection of Hg2+

	Conclusions

	 One step synthesis and fabrication of a novel AgNPs-BC composite : Characterizations and bioactivity
	Introduction
	Materials and Methods
	Chemicals & reagents
	Microbial strain
	Preparation of Bacterial Cellulose (BC) and biocomposite (AgNPs-BC) formation and purification.
	Charcterization of the pellicle
	Optimization of the synthesis conditions
	Ag ion release rate measurements
	Antibacterial property
	Cell Culture
	Cell Survivability Assay

	Result and discussion
	One step synthesis of the AgNPs-Bc bio-composite
	Optimization of the Synthesis Conditions
	FESEM
	SEM and EDAX analysis
	FTIR Analysis
	XRD
	Antibacterial Activity
	Cytotoxic Activity
	Silver ion release

	Conclusions

	Conclusions
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5

	List of Publications
	References





