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ABSTRACT

In this study, highly stable gold nanoparticles (AuNPs) of different sizes ranging from
15-55 nm were synthesized via an eco-friendly, sustainable and cost-efficient approach
using a new plant, Kalanchoe Fedtschenkoi. The AuNPs demonstrated an absorption
spectrum at around 525 nm, hence exhibiting a strong surface plasmon resonance
(SPR) band that is created when the free electrons of the AuNPs oscillate in harmony
with the frequency of incident light. The impact of physiochemical environments, pH
and temperature was examined. The crystal structure and stability of the produced
AuUNPs were validated with a X-Ray diffractogram, zeta potential analysis and
absorption. The morphology, structure and bonds were examined using HRTEM and
FTIR, respectively. The interaction of AuNPs (concentrations range of 0 - 181 uM)
with plasma protein bovine serum albumin was explored using absorption and
fluorescence studies. Further, AuNPs were utilized as an active catalyst for the
degradation of dye methylene blue (MB) in the presence of NaBH4. MB was degraded
by 94 %, and the solution became colorless within 16 min with a rate constant of 0.175

mint,
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CHAPTER 1

INTRODUCTION

1.1. NANOTECHNOLOGY

Nanotechnology, a science that encompasses several disciplines and involves
chemistry, physics, biology, environment, medicine and agriculture, has the potential
to solve various problems such as drug delivery, solar energy conversions [1],
wastewater treatment [2] and cancer treatment [3] and medicine. The ability of
nanotechnology to control and modify the properties of materials at the atomic and
molecular scale allows the creation of new materials and devices with enhanced
properties and functionalities. In recent years, the astounding advancements in
nanotechnology has attracted researchers to engage themselves in developing reliable
and efficient methods to produce nanomaterials ranging from 1 to 100 nm [4]. Because
of the variation from their bulk counterparts in terms of optical, electronic,
physiochemical and magnetic properties, the interest in nanomaterials has intensified
[5].

Major categories of nanostructures of biological significance include metallic,
magnetic nanoparticles, semiconductor quantum dots, carbon-based, polymeric
nanostructures. Quantum dot's size-dependent emission characteristics make them
effective for biological identification and detection. For employment in cell sorting,
magnetic nanoparticles have been used [6]. The interdisciplinary approach has enabled
the creation of innovative solutions to complex problems, leading to new discoveries

and advancements.



1.2. CRITICAL ANALYSIS OF EXISTING LITERATURE

1.2.1. Synthesis Routes

Numerous chemical and physical techniques have been employed for the large-scale
synthesis of various nanomaterials [7]. Chemical approaches, including
electrochemical technique [8], precipitation [9], sonochemical route [10], sol-gel,
hydrothermal [11], chemical bath deposition [12], chemical reduction [13], chemical
vapor deposition [14], microemulsion technique and microwave-assisted [15]
synthesis are the main techniques through the chemical approach using harsh reducing
agents, organic compounds and hazardous substances as well as producing hazardous
by-products that are extremely damaging to the environment [16]. The physical
methods of synthesis, such as gamma radiation, pulsed laser, plasma, vacuum vapor
deposition [17] and mechanical milling, are quite time-consuming and require high
energy. Given the limitations of chemical and physical processes, the growing
concerns over environmental sustainability and the potential hazards associated with
these methods, designing an efficient and ecologically friendly approach to producing

nanomaterials is essential [18].

1.2.2. Gold Nanoparticles

Gold nanostructures and the 0-D nanoparticles (AuNPSs) are one of the most commonly
used noble metal nanoparticles (NPs) and are applied in a variety of fields [19]. Some
of the important physical properties of gold are represented in Fig. 1.1. AUNPs exhibit
size and shape dependent catalytic, optical, and electrical properties, making them
useful for a variety of applications. AuUNPs have proven to be an efficient choice for a

variety of purposes such as leukemia therapy [20], biomolecular immobilization [21],



biosensor production [22], cancer therapy [23], antibacterial treatments [24],
antimicrobial treatments [25] and labeling for contrast enhancement in cryoelectron
microscopy [26]. Apart from biological applications, AUNPs have been utilized in
various other applications, including catalysis, detection [27] and optoelectronic
devices [28]. The surface plasmon resonance (SPR) observed in AuNPs, which
depends on suspension medium and particle morphology, is responsible for a wide

range of applications of AuNPs [29].

Atomic ) Electronic
Atomic Mass . !
Number 196.97 amu Configuration
79 ' [Xe]4f145d106s?
Density Melting Point O);'t‘iatgson
19.3 g/cm3 1337.58 K e

Figure 1.1. Physical Properties of Gold

1.2.3. Eco-Friendly Synthesis of Gold Nanopatrticles

AUNPs have been prepared using several techniques, such as chemical, physical and
biological methods. The most effective and environmentally benign approaches are
biological ones, which draw on natural resources like plant components, agricultural
wastes, enzymes, moulds, yeasts, bacteria, fungus and algae [15]. The need for
environmentally friendly nanoparticle production developed because physical and
chemical procedures are expensive and environmentally harmful. Additionally, the
high cost and complexity of these methods can limit their widespread application.

Green synthesis of nanoparticles utilizes environment-friendly, non-toxic, and secure



natural agents [30]. Since they are produced using a one-step process, nanoparticles
created utilizing green technologies have a variety of optimum sizes, remarkable
stability, and various natures [31]. The issue of toxic surface compounds is not present
in nanoparticle synthesis using biological techniques [16]. AuNPs were synthesized
from various sources, for example, using Zingiber officinale extract [32], Honey
extract [33], Murraya Koenigii leaf [34], Rosa hybrida petal [35], Trachyspermum
ammi seeds [5], Macrotyloma uniflorum [36], Adiantum philippense L. Frond [37],
Punica granatum [38], Salvia officinalis, Lippia citriodora, Pelargonium graveolens
[39], Annona Squamosa L. peel [15], Dendropanax morbifera leaf [40], Allium
ampeloprasum leaf extract [41], Nyctanthes arbortristis flower [42], Morinda
citrifolia leaf [43], Trigonella foenum-graecum [44], Couroupita guianensis flower

[3], etc.

1.3. KALANCHOE FEDTSCHENKOI: A Green Ally in
AUNPs Synthesis

The Kalanchoe plant, commonly known as “Lavender Scallops” or “South American
air plant” is a perennial succulent plant which belongs to the Crassulaceae and is
mostly found in Madagascar and Southeast Africa, is distributed worldwide in warm
regions [45]. In these tropics, plants of the genus Kalanchoe are utilized as traditional
remedies and have a variety of other ethnobotanical purposes. This species is
employed as an analgesic in Brazil. In traditional medicine, the plant had been used to
treat various ailments, including wounds, burns, rheumatism, and hypertension. The
antibacterial properties of the plant were demonstrated by the growth inhibition

exhibited by K. fedtschenkoi (KF) extracts displayed opposing gram-negative bacteria



species such as P. aeruginosa and A. Baumannii,, along with the gram-positive

bacteria S. aureus [46].

1.4. BOVINE SERUM ALBUMIN (BSA)

Bovine serum albumin (BSA) is crucial for maintaining the blood pH and osmotic
pressure as well as for transporting, binding, and delivering numerous substances to
their intended organs [47]. Since the structure and characteristics of BSA are well
understood, it is utilized as a model for research of conformational changes following
interaction with AuNPs [48]. The structure of BSA involves 583 amino acid residues
forming a single polypeptide chain, 17 disulfide links with a single thiol (SH) group.
The BSA molecule is quite compact due to the presence of these disulfide bonds,
which also help stabilize the helical structure of BSA. Fatty acids, which are insoluble
in plasma, are transported mainly by BSA. The adsorption of serum albumins to metal
oxides and the interaction of BSA with metal hydroxide suspensions have been
thoroughly investigated [48]. However, it is known that the chemistry of the particle's
surface and the protein's conformational state both significantly impact how proteins
interact with AuNPs [49]. This makes it challenging to study the behavioral conformity
of proteins for a nanoparticle-protein system, as protein adsorption can lead to the

denaturation of the protein's tertiary and secondary structures [50].

Absorption and fluorescence spectroscopy are the most critical techniques for
examining the interactions between metals and proteins due to their high sensitivity
and straightforwardness [51]. Tryptophan residues Trp 134 and Trp 213 have the
greatest impact on BSA's fluorescence (FL) [52]. Tyrosine and phenylalanine (Phe)

residues make up only a tiny percentage of the yield due to their low FL quantum yield.



As reported previously, the alterations in the area around the microenvironment of
residues may account for the variations of protein conformation on adding 2-azido
acrylates [53]. The absorption or optical density maxima of BSA is located at 278 nm,
with the fluorescence maxima of BSA appearing at 351 nm, quenched by adding
AUNPs [54]. A putative conjugation mechanism is also proposed after looking at the
conformational changes in BSA when interacting with AuNPs, based on the evidence

gained using these approaches.

1.5. DEGRADATION OF HARMFUL DYES

One of the main issues with environmental degradation is the water contamination
brought on by industrial development. Harmful dyes are widely used in industries such
as food, textile, cosmetics, plastics, printing and packaging, leather, paper, and their
discharge into the environment can cause significant ecological and health problems.
Water contamination is influenced by a number of variables, one of which is the
presence of synthetic dye in wastewater [55]. The release of water waste containing
many organic dyes might obstruct plant photosynthesis and sunlight absorption. In
addition, a lot of synthetic dyes pose a serious threat to human health [56]. These
challenges have been overcome using various techniques, including chemical

oxidation, adsorption, fabric filtration, and catalytic degradation [57].

Owing to their novel physical, chemical, and electrical characteristics, differing
from their bulk counterparts, catalytic degradation using metal nanoparticles offers a
convenient degrading approach for hazardous dyes among these techniques [58].
Using biocompatible, environmentally safe nanocatalyst to degrade toxic dyes is the

simplest approach that does not require using organic solvents [59]. The aromatic dye



methylene blue (MB) has a heterocyclic structure. The colour of MB in its crystallized

state is greenish-brown. MB solutions in water are blue. MB is a harmful industrial

dye and is employed as a staining agent in the field of medicine [60].

1.6.

AIM AND SCOPE OF STUDY

Green source mediated synthesis of stabilized gold nanoparticles at various
physiological parameters.

Analyzing the crystal structure, morphology and stability of the biosynthesized
AUNPs using characterization techniques.

Investigating the interaction of AuNPs with BSA protein for enhanced stability
and protein properties.

Exploring the catalytic behavior of AuNPs in degradation of toxic dye.



CHAPTER 2

EXPERIMENTAL SECTION

2.1. CHEMICALS

HAuCIl4.H20 (Tetrachloroauric (111) acid), Sodium borohydride (NaBH4) and Sodium
hydroxide (NaOH) were procured from Sigma-Aldrich Chemicals Co. Bovine albumin
fraction V (BSA) and methylene blue dye were procured from CDH Chemicals Ltd.
The chemicals were all utilized in their original form without any modifications.
Deionized water (DI), having a specific resistance of 18.2 M@ cm™, was employed as

a solvent for all experiments.

2.2. PROTEIN SOLUTION

1.67 mg of BSA was added to 50 mL DI water to prepare a 0.5 uM solution. This
solution was stirred for about 15 minutes to mix well and reached an equilibrium state.
The solution was used for investigating the connection between BSA and AuNPs

through absorption and fluorescence analysis.

2.3. DYE SAMPLES

Initially, a stock solution of 50 uM of MB dye (formula: C16H1sN3SCI; M.M.: 319.85
g/mol) was prepared by mixing 200 mL of DI water and 3.2 mg of the dye. This was
further diluted to 10 uM by adding 80 mL of DI water to 20 mL of the stock solution.
This solution was divided into three vials with 20 mL each. The first solution was
degraded by NaBHya, the second by AuNPs and the third by NaBHs + AuNPs. The

amount of AuNPs added, 2 mL, was kept the same for both the second and third vials.



2.4. PREPARATION OF PLANT EXTRACT

Fresh Kalanchoe Fedtschenkoi (KF) leaves were picked from Dehradun, Uttarakhand,
India, for use in this study. The leaves were further cleansed two to three times to
remove impurities present on the surface. These leaves were dried in the oven at 75°C
for about a day until all the surface moisture was obliterated. The leaves were further
crushed to form a fine powder. 2g powder was boiled with 50 mL of DI water for 30
min at 75 °C, which was further filtered using Whatmann filter paper and kept at a
temperature of 4 °C in the refrigerator for further use. Figure 2.1 illustrates a schematic

representation of the preparation of plant extract.

Dried
and
4 /, crushed

+ DI Water
(75°C)

Fresh KF Leaves Powdered KF Leaves KF Extract

Figure 2.1. The schematic diagram for the preparation of plant extract

2.5. GOLD NANOPARTICLES SYNTHESIS

33.98 mg of HAuCls was added to 100 mL of DI water to prepare 1 mM of
tetrachloroauric acid solution. 40 mg of NaOH was stirred in 10 mL DI water for the
preparation of 0.1 M solution of NaOH. 10 mL of 1mM chloroauric acid solution was
placed in a conical flask and subjected to heating at 75 °C at 400 rpm for a duration of
15 minutes. Further, 2 mL of Kalanchoe Fedtschenkoi extract was added to the

solution. The heating was turned off. A few drops of the basic solution of NaOH were
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introduced into the mixture to adjust the pH to ~ 7 and decrease the reaction time. The
mixture changed from light yellow to various shades from colorless, purple, light pink,
pink and finally red as the reaction progressed over time. Various samples were
formed, namely S1, S2, S3, S4 and S5, corresponding to their reaction time of 1, 2, 4,
6 and 8 h, respectively, to gain a deeper understanding of the formation mechanism
and to control the size of the AuNPs. The longer and continuous reduction of gold
nanoparticles leads to the formation of more uniform and symmetrical nanoparticles
[61]. These samples were stored in the refrigerator for further examination. The
illustration of the process of synthesizing gold nanoparticles is depicted in Figure 2.2,

along with the color change.

: Plant Extract 0 NaOH
Chloroauric ) P
acid + DI 7 pa
water R
4 @
pH~7

.. il Flavonoids JTerpenoid .‘

Color change
indicates the
formation of

AuNPs ‘

Polyphenols

. B
@@ W&o //Q ®

Figure 2.2. Synthesis of gold nanoparticles using the eco-friendly and cost-effective
route
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CHAPTER 3

CHARACTERIZATION TECHNIQUES

UV-visible absorption and fluorescence spectroscopy are the most frequently
employed methods to identify active species due to their robust functionality and high
sensitivity, even to small samples. Perkin-Elmer, Lambda 750 UV/VIS/NIR dual beam
spectrometer (Fig. 3.1) was utilized for the UV-Vis spectroscopic studies. A Horiba
Jobin Yvon Fluorolog-3 spectrofluorometer (Fig. 3.2), equipped with xenon and flash
lamps with 450 W power and a photomultiplier tube, was used for steady-state FL and
FL-excitation measurements. A quartz cuvette was used as a sample container having
an optical path of 10 mm. Drop-casting was used to coat the colloidal AuNPs on a
glass substrate in order to prepare a thin film of AuNPs to measure the X-ray
diffractogram. BRUKER-D8 advanced (Fig. 3.3) was used to record the XRD pattern

of a thin film of AuNPs.

Figure 3.1. PerkinElmber Lambda 750 UV/Vis/NIR spectrophotometer
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Figure 3.3. Bruker’s D-8 Advanced X-Ray Diffractometer

TALOS thermo-scientific instrument (Acc. Vol. 200 kV) (Fig. 3.4) was used to record
the high-resolution transmission electron microscopic (HR-TEM) images. The zeta
potential of colloidal AuNPs along with the size distribution were recorded using a

Zetasizer nano series ZS (Malvern Panalytical) (Fig. 3.5). Fourier transform infrared
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(FTIR) studies in 400 to 4000 cm™ were carried out using Perkin Elmer Two—
Spectrum FTIR spectrometers (Fig 3.6). Furthermore, BSA was used in experiments

with increasing concentrations of AUNPs ranging from 0.91 uM to 181 uM.

Figure 3.5. Zetasizer nano series ZS (Malvern Panalytical)
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Figure 3.6. Perkin ElImer Two-Spectrum FTIR spectrometers
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. X-RAY DIFFRACTION ANALYSIS

The XRD pattern for biosynthesized AuNPs of sample S5 (a thin film of AuNPs
overlay on a glass substrate) along with the JCPDS data of AuNPs is represented in
Fig.4.1. The XRD peaks occur at 2 6 =77.80°, 64.88°, 44.64° and 38.40°, and were
indexed as (311), (220), (200) and (111) planes, respectively, based on the FCC
structure of AuNPs (JCPDS. file no. 04-0784) [62]. The acquired XRD pattern showed
that the synthesized AuNPs were crystallite in nature, which was confirmed by
comparing it to the standard pattern for AUNPs. The intense diffraction peak at 38.40°
indicates the favored direction of orientation in (111) direction [63]. This describes
that molecular-sized structures have an identical spacing between each atom or
molecule in a repeating 3D pattern [64]. The average crystallite size estimated using

Debye-Scherer’s equation D=0.9 A / B cos 8 was 18 nm.

=
90 + —— AuNPs
> 60 | _
5 g -
> S o
a 30 b Q
o
QL
= o Ay "
0
JCPDS No. 00-004-0784

20 30 40 50 60 70 80
20 (degree)

Figure 4.1. XRD pattern of synthesized AuNPs film



16

4.2. UV-VIS ABSORPTION SPECTRA

The size, shape, refractive index and interaction of gold colloids with their medium
affect the surface plasmon resonance band of AuNPs that is appearing in the UV-Vis
spectrum [44]. It is observed that the maximum plasmon resonance peak of gold
nanoparticles varies from 561 to 525 nm with varying average particle sizes from S1—
S5. Fig. 4.2(a) shows the absorption spectra of KF extract, HAuCl4 solution and gold
nanoparticles (S5). Fig.4.2(b) shows normalized absorption spectra of five different-
sized AuNPs. The SPR band of colloid S1 occurs at 561 nm. This long wavelength
absorption is caused by the SPR occurring within the plane, which indicates a notable
difference in the shape of the AuNPs [65]. The size of the nanoparticles may be
correlated linearly with the absorption wavelength [51]. From the spectra, it can be
observed that as the reaction time increased from 1 to 8 h, the SPR band was seen to
shift towards the shorter wavelength, indicating a decrease in particle size. Therefore,
it can be mentioned that the reaction time plays an important role in influencing the

shape and size distribution of AuNPs.

2I8 - I l i H I 0.9
8 21 S5 84 S3 82 S1 8
g 506
£ —— Precursor| 2
[=) Q
Z14) ——AuNPs | 2
<
Extract 03
0.7
0.0 '\ - : L 0.0 1 L
300 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4.2. Absorption spectra (a) of precursor, plant extract and AuNPs (S5) along
with color change (insets) and (b) normalized absorption spectra of different-sized

AUNPs (S1=52 nm and S5=19 nm)
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4.2.1. Effect of pH

The size and shape of AuNPs are greatly controlled by the pH of the solution. The
absorption spectra of colloidal AuNPs produced at different pH levels between pH
level 5 and 13 are displayed in Fig.4.3. Increasing the pH from acidic towards neutral
(~5 - 8) increases the absorption intensity and reaches a maximum at pH 8. However,
a further increase in pH beyond 8, from 8-13, results in a drop in absorption intensity.
The electrical charges on biomolecules are altered by changes in pH, which also affects
the peculiarities of the capping and stabilizing agents [61]. Although, the change in
pH of the AuNPs colloidal solution did not bring any significant change in the position
of the peak of the absorption band. Some aggregations are possible with further
increasing of pH [56]. This indicates that pH 8 is optimal for synthesizing AuNPs with

Kalanchoe Fedtschenkoi extract.
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Figure 4.3. Absorption spectra of colloidal AuNPs at different pH



18

4.2.2. Effect of Temperature

The morphology of the synthesized AuNPs can be greatly impacted by the temperature
[66]. Figure 4.4 shows the absorption spectra of the synthesized colloidal AuNPs (S5)
at temperatures ranging from 0°C to 100°C at an interval of 10 “C. The absorption
maximum and intensity of AuNPs show no significant variation for numerous
temperatures. However, at 90°C and 100°C, there is a slight decrease in the absorbance
intensity, that might be due to the effect of agglomeration of nanoparticles at high
temperatures. The observed results indicate that the synthesized AuNPs are stable at

various temperatures and agree with the previous report [67].

Absorbance

400 500 600 700 800
Wavelength (nm)

Figure 4.4. Absorption spectra of colloidal AuNPs at different temperatures
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4.2.3. Stability of AUNPs

One of the critical parameters determining the stability of AUNPs is the period at which
they hold without significant change in their properties. The more stable AuNPs can
be utilized successfully for various biomedical applications. The absorption spectra of
synthesized AuNPs (S5) were measured at an interval of 10 days for about 4 months.
Figure 4.5 shows the absorption spectra for AUNPs recorded for 110 days at an interval
of 10 days. A slight decrease in the absorption intensity was noticed even after 110
days without any shift in the maximum absorption wavelength. Therefore, the AuNPs
synthesized using Kalanchoe Fedtschenkoi were far more stable than the stability
observed in previous works [68], where the change in absorbance was quite significant
in 10 days only. The change in absorption intensity for 110 days at interval of 10 days

is represented in Fig. 4.6.
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Figure 4.5. Absorption spectra of colloidal AuNPs on different days showing
excellent stability
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Figure 4.6. Variation of Absorption intensity with No. of Days

4.3. ZETAPOTENTIAL ANALYSIS

Zeta potential is a critical factor that influences the stability and morphology of
colloidal suspensions [69]. It indicates the nature and magnitude of the charge
associated with the particle. Zeta potential in colloidal suspensions denotes
electrostatic repulsion between nearby, similar-charged particles [70]. In general,
stable suspensions of colloidal nanoparticles are formed when the zeta potential values
are more positive or negative than + 30 mV form. This is due to the inter-particle
electrostatic repulsion. The plot in Figure 4.7 displays the distribution of particle sizes
for sample S5 with the largest size intensity at 32.7 nm. Thus the average size of
synthesized AuNPs is around 32.7 nm and the zeta potential value recorded is -29.6

mV, showing very high stability of the synthesized AuNPs as compared to previously



21

reported zeta potential values [71]. Dynamic light scattering (DLS) uses the scattered
light intensity as a parameter for the measurement of the hydrodynamic diameter of a
sample, which possibly explains the increase in average size compared to crystallite

size [72].

Intensity

Size distribution (nm)

Figure 4.7. Size distribution of colloidal AuNPs obtained from DLS analysis

4.4. HRTEM ANALYSIS

Figure 4.8 shows the HRTEM images at various magnifications of samples S1, S3 and
S5. Figure 4.8(a and b) shows the images of sample S1 of biosynthesized AuNPs at
magnifications of 20 and 50 nm, respectively, along with the magnification of 5 nm
(the inset of a). These images indicate that sample S1 contains particles having
different shapes, such as oval and spherical. Figure 4.8(c) illustrates the particle size
distribution obtained using HRTEM images with the average size of sample S1 is 53

nm. Figure 4.8(d and e) shows the images for sample S3, indicating that upon
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increasing synthesis time, the particles tend to acquire a more symmetrical and uniform
shape. Figure 4.8(f) represents the size distribution of S3, which indicates the average
particle size for S3 to be 21 nm. With a further increase in synthesis time, the
nanoparticles will gain a more uniform and symmetrical shape, as shown in Figures
4.8(g and h), showing spherical gold nanoparticles for sample S5, which is likely due
to the increased opportunity for nucleation and growth of the nanoparticles [73]. Figure
4.8(i) illustrates the particle size distribution of S5, indicating an average particle size

of AuNPs to be 19 nm, close to crystallite size.

Size =52 nm
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Figure 4.8. HRTEM images at a magnification of 20 and 50 nm along with particle
size distribution of S1 (a,b,c), S3 (d, e, f) and S5 (g, h, i), respectively. The inset of

(a,d,g) represents the image at a 5 nm magnification.



23

4.5. FTIR ANALYSIS

The FTIR technique offers a powerful tool for probing the molecular interactions and
bonding characteristics of nanoscale materials. By examining the spectral fingerprints
obtained from the FTIR analysis, we can gain valuable information about the
functional groups present on the surface of the AuNPs, elucidating their stabilization
mechanism and overall integrity. FTIR analysis enables the identification of organic
compounds, surfactants, or biomolecules that have been involved in the synthesis

process, further enhancing the understanding of the green synthesis pathway.

Several phytochemicals and biomolecules have been reported to be present in
Kalanchoe Fedtschenkoi plant, including organic acids such as malic acid and citric
acid, flavonoids such as quercetin and kaempferol, alkaloids such as bufadienolides
and glycosides, and polysaccharides [74]. FTIR analysis of gold nanoparticles
synthesized using Kalanchoe Fedtschenkoi extract was measured to detect different

functional groups involved in the formation of AuUNPs.

The FTIR spectra of sample S5 and the plant extract are shown in Figure 4.9. The
broader peak recorded at 3297 cm® can be attributed to the vibrations of the hydroxyl
(O-H) bond, which indicates presence of alcoholic and phenolic compounds [75] and
is also observed in terpene and fatty acids. The band at 1636 cm™ can be due to the
stretching vibrations of C=C bonds [76]. The presence of an aromatic component is
evident by the weak band observed at 2098 cm™ [77]. The FTIR analysis showed the
presence of hydroxyl, carbonyl and carboxyl groups, which are commonly found in
flavonoids, organic acids and polysaccharides, which are possibly responsible for the

stabilization and reduction of AuNPs.
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Figure 4.9. FTIR spectra of biosynthesized colloidal AuNPs and plant extract

4.6. INTERACTION WITH BSA

The structure of BSA protein is defined by 583 amino acid residues forming a single
polypeptide chain and 17 disulfide links and a single thiol (SH) group. The possible
mechanism underlying the interaction of the protein with AuNPs may be passive
adsorption [78], in which particular charge functional protein groups are joined to the
surface of gold nanoparticles forming covalent or non-covalent interactions. Figure

4.10 shows the pictorial representation of BSA adsorption on AuNPs.

Bovine Serum Albumin (BSA) Gold Nanoparticles

Figure 4.10. Plausible route of adsorption of BSA on AuNPs
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In BSA, the thiol (SH) group in the albumin cysteine residues interacts with the Au
atoms on the surface of AuNPs, initiating the creation of Au-S covalent bonds.
Because BSA contains binding sites, direct adsorption could be accomplished by
simply incubating gold nanoparticles with BSA. Figure 4.11 shows the surface
diagram of BSA illustrating the interaction of the thiol group of BSA with AuNPs,
possibly in the form of adsorption, where the thiol group of BSA binds with the Au
atoms present on the surface of the AuNPs, leads to the formation of a stable complex
between BSA and AuNPs [79]. The methodological ease and economy of this
adsorption strategy, which avoids the employment of extra reagents and extreme

conditions, make it exceptional and sustainable.

Adsorption

Bovine Serum Albumin (BSA) Gold Nanoparticles

Figure 4.11. Possible interaction of SH group of BSA with AuNPs

4.6.1. Absorption of BSA

The interaction between BSA and AuNPs was examined by measuring the absorption
spectra of BSA, along with the increasing concentration of AuNPs from 0.9 to 181
u M. Figure 4.12 shows that BSA has a strong absorption band at 278 nm. The
absorption band intensity gradually increases along with the rise in the concentration
of AuNPs with no significant shift in absorption maxima. The stable complex in the

ground state formed due to interaction between BSA and AuNPs, as the thiol group of
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BSA binds with the gold atoms present on the surface of AuUNPs, may be the plausible
cause of the increase in intensity [80]. As observed, the concentration of AUNPs used
has no discernible optical density in the region of BSA absorption spectra; the
enhanced BSA absorption is most likely the result of forming a ground-state stable

complex due to intermolecular interactions [81].

181 uM

Absorbance

250 275 300 325 350 75
Wavelength (nm)

Figure 4.12. Absorption spectra of BSA (0.5 uM) with increasing concentration of
colloidal AuNPs

Figure 4.13 illustrates the Benesi-Hildebrand (B-H) absorption plot for increasing the
concentration of AuNPs. The binding constant, K, was determined using the method
reported by [82] using Eqg. (4.1).

L S : (4.1)

A-Ag Aco—4o Kb(Aco_AO)[Q]

where A represents the absorbance of BSA with different concentrations of AuNPs at

278 nm, A, and A, indicate the absorbance of BSA at its initial concentration and in
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the presence of AuNPs at 278 nm, respectively, and [Q] is the AuNPs concentration in
M. The plot of 1/(A — A,) vs. 1/[Q] is linear with a slope that equals to 1/K;, (A, —
Ay) and intercept, which equals to 1/(A., — 4y). The plot showed a linear relation

with R? = 0.99 with a value of K, as 4 x 10* M~1, hence shows a strong binding.
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Figure 4.13. Plot (B-H) of (——) vs. 1/[Q]
—Ag

4.6.2. Fluorescence of BSA

The interaction of BSA with AuNPs was monitored by measuring the change in
fluorescence (FL) intensity, which was quenched by increasing concentrations of
AuNPs from 0 to 181 i M. The strong FL band of BSA at 351 nm is shown in Fig.4.14.
In the presence of AuNPs, BSA's FL intensity reduces, indicating that the former

interacts with one of the protein's two tryptophan residues (Trp-134 or Trp-213) [83].
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It is significant to notice that in the experimental conditions, the BSA's excitation
wavelength (280 nm) does not coincide with the SPR peak (525 nm) of AuNPs,
demonstrating that the quenching process is carried out by nanoparticles [51]. The thiol
group of BSA molecules gets adsorbed on the surface of AuNPs. When the binding
site is close to AuNPs, FL mainly from the tryptophan moiety of BSA is quenched,
and the free BSA in the solution emits the remaining fluorescence [84]. As an outcome,
the un-adsorbed probe molecule of the BSA is responsible for the signal contribution
to the FL spectra [52]. The linear Stern-Volmer indicates that there is only one sort of
quenching in the system. Considering that internal energy transfer requires a good
overlap between the FL and the absorption spectra of the donor and acceptor [51], due
to the significant Stokes shift, the resulting overlap between the FL and absorption
spectra is insufficient for enabling the energy transfer process.

To investigate the mechanism of quenching, FL intensity was recorded with
varying AuNPs concentrations, and the Stern-Volmer (S-V) plot was obtained (Fig.
4.15) with Eq. 4.2 [85].

2 =1+ Ky [0Q] (4.2)
Where F, and F represents BSA’s FL intensities in the absence and presence of
AuNPs, respectively. The S-V plot revealed a linear relationship between the
concentration of AuNPs and FL intensity with R? = 0.99. Ky, referred to as the S-V
constant or the quenching constant, is estimated to be 7.2 x 10* M~ using Eq. 4.2.
The corresponding limit of detection (LoD) for AuNPs was calculated using 30 /K

[86], where o indicates the standard deviation and K is the slope of the plot, to be 6

MM,
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4.7. CATALYTIC PERFORMANCE OF AuNPs

Additionally, the well-crystalline AuNPs were used for the catalytic reaction and to
degrade the textile dye methylene blue (MB) in the presence of a reference and
reducing agent, NaBHa. As observed, MB dye deteriorated from a vivid blue to almost
colorless after 16 minutes (insets of Fig. 4.16c). Figure 4.16 represents the absorption
spectra of methylene blue dye in DI water with NaBHa in the presence and absence of
AUNPs. At approximately 664 nm, MB dye exhibits its distinctive lower energy

absorption band, which corresponds to the n — * transitions [56].

MB is carcinogenic and mutagenic to living things and is toxic in natural water,
and its concentration in the body can be hazardous [55]. The absorption intensity was
somewhat reduced in the addition of NaBHs and AuNPs alone (Fig. 4.16(a, b)),
demonstrating no discernible color change of MB solutions (insets of Fig. 4.16(a, b))
and the MB dye degraded was 29 % and 18 %, respectively. However, the addition of
NaBHj4 reduced the amount of MB and stabilized it, which led to a minor decrease in
absorption intensity. After adding a modest amount of AuNPs, the absorption intensity
reduces steadily and almost entirely after 16 minutes. The absorption intensity is
decreased by about 94 %, a point at which the color is lost (Fig. 4.16c). AuNPs act as
a charge carrier and initialize a transfer of electrons from nucleophilic BH; ions to
electrophilic dye molecules [87], might be a plausible reason for the reduction of MB

dye to leucomethylene blue. [55].

AUNPs perform as active catalysts in the reduction of MB dye using NaBH4 by
providing a surface for BH, donor ions to get adsorbed [88]. The absorption peak of

MB dye arises around 300 nm (not shown), increases initially and decreases
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subsequently, which is plausibly due to the overlap of the absorption of plant extract
and due to degradation of dye [87]. The presence of AUNPs increases the concentration

of active sites, allowing the reaction to occur faster.

However, when used alone, AuNPs and NaBH4 provide electrons for dye

reduction reactions, but their combined use is far more efficient. The degradation

percentage was calculated using (%)x 100%, where A, and A; indicates

0

intensities of absorption of dye at 664 nm initially at time t = 0 (pure dye) and at time

t, respectively. The rate constant for the degradation of MB dye is calculated using the

relation In (:%) = —kt, where k is the rate constant of reaction and t represents the

0

reaction time [56]. The plot of In (j%) vs. t is given in Fig. 4.16(d), which shows a
0

linear relation, showing the pseudo-first-order reaction kinetics of degradation reaction
of MB dye [59]. The rate constant (k) for the degradation of MB dye using AuNPs

with sodium borohydride was determined to be 0.175 min™,

AuNPs with NaBH4 degraded the dye by 94 % in 16 minutes, which is quite
faster than the degradation time reported in previous reports [89, 90], hence
demonstrating a more efficient catalyst while synthesized using Kalanchoe
Fedtschenkoi plant. However, a faster rate has also been reported in some reports [55,
91]. This variation and slowness in the reaction rate in the present system can be
attributed to the differences in the synthesis approaches, various physiochemical
factors, and the concentration and amount of different materials used for the
experimental process. Further optimization of these parameters could potentially lead

to even faster degradation rates.
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Figure 4.16. Absorption spectra of methylene blue with reaction time in the presence
of NaBHa (a), AuNPs (b) and NaBH. + AuNPs (). The plot of In(3%) of MB with
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NaBHs + AuNPs as a function of time (d).
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CHAPTER 5

CONCLUSION

Highly efficient gold nanoparticles were successfully synthesized using an
environmentally-friendly and cost-effective using the leaves of the plant Kalanchoe
Fedtschenkoi. The morphology and size of produced AuNPs reveal a consistent
spherical shape. The AuNPs exhibited excellent crystalline structure having an average
particle size of 19 nm. The AuNPs show a strong SPR band at 525 nm. The AuNPs
are highly stable and examined with a zeta potential of -29.6 mV and absorption

spectra of 4 months since the absorption spectra did not significantly change over time.

Further, interactions of AuNPs and BSA, BSA forms a very important
component of plasma which functions as a drug carrier and helps digest fatty acids,
was examined by recording the change in absorption and FL intensities of BSA with
increasing concentration of AuNPs. The fluorescence intensity of BSA was quenched
following the linear S-V relation with LoD of 6 uM. The adsorption of BSA on the
surface of AuNPs indicated improved drug transfer properties of BSA and extra
stability of AuNPs. Employment of AuNPs degraded textile dye MB remarkably in 16
minutes. 94% of the dye was degraded in the presence of NaBH4 + AuNPs, while
degraded only by 29 % and 18% in the presence of NaBH4 and AuNPs, respectively.
In addition, AuNPs have potential applications in areas such as antibacterial,

antifungal, antioxidant, antimicrobial and anticancer properties.

The graphical abstract shown in Fig. 5.1 encapsulate the crucial aspects of this
research, including the synthesis procedure, characterizations, and outcomes of the

interaction of AUNPs with BSA and the catalytic properties.
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