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Synopsis

Metal and metal-based nanostructures such as gold nanoparticles (Au NPs),
silver nanoparticles (Ag NPs) etc. and 2D-dimensional transition metal
dichalcogenides (2D TMDs) namely molybdenum disulfide (MoS2) nanostructures
have received widespread interest in the scientific community because of their unique
optical and physicochemical properties including ease of functionalization via simple
chemistry and high surface to volume ratio, better bio-functionality, chemical and
thermal stability along with the possibility of interactions with various organic and
inorganic compounds. Currently, there is renewed interest especially on metal or metal-
based nanostructures with respect to their various sensing and biological applications.
On the other hand, most of the organic dye molecules are small fluorescent emitters
which generally consist of rich m—conjugated ring structures such as xanthene, pyrene
or cyanine etc. These commercially available fluorophores exhibit fluorescence
emission from ultraviolet to the near infrared wavelength (300-900 nm) region. Over
the past decade, various organic fluorescent dyes played the central role in the field of
molecular level sensing applications. However, in many cases direct labelling with the
fluorescent probe alter the structural conformation of the target bioanalytes. Also due
to the limited photostablity and aggregation of many organic fluorescent probes, there
are some difficulties for their use in biosensing applications. In recent times metal
nanoparticle/dye interactions have received much attention in the scientific community
due to many interesting spectroscopic properties of the emitter molecules in the vicinity
of nanoparticle. The unique surface chemistry of metal NP’s efficiently interfere with
the oscillating dipole of organic emitter molecules resulting the quenching of
fluorescence signal of the emitter molecules. In many situation, this change in
fluorescence signal is found to be highly specific in presence of guest molecular or ionic
species. On the other hand, the sensing of toxic inorganic ion using self-fluorescent
metal-based nanostructures such as MoS2 both in aqueous solution and intracellular
medium as studied in this present research work contributes significant and valuable
information both for biomedical and environmental aspects.

A promising approach to probe a detectable change or a signal for molecular

recognition is the spectrofluorometric method. Spectrofluorometric technique has a
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great deal of fundamental importance about the knowledge of molecular behaviour and
promotes the understanding of their detail photophysical properties at molecular level
both in the ground and excited electronic states when light interacts with the molecules.
This technique is highly sensitive and most informative analytical tool concerning with
the different fields of material science. Various aspects of radiative and non-radiative
transitions depend on nature, rigidity, intermolecular distance, molecular
microenvironments, presence of any ionic and non-ionic species etc. In this thesis work
the effect of noble metal nanoparticles such as gold nanoparticles on the photophysical
characteristics of some organic fluorescent dyes in absence and presence of biological
molecules (namely L, D-Cysteine, etc.) in aqueous environment have been
systematically investigated. The highly selective and sensitive response of fluorescence
signal due to interaction of metal nanoparticles with target biomolecules reveals the fact
that dye/nanoparticle system may be an efficient sensing platform for various
biomolecular species. In another study silver nanoparticles have been used to study
their interaction organic biologically relevant organic probe acridine orange in presence
DNA in aqueous environment. Results showed strong binding interaction of silver
nanoparticles with DNA as evidenced by fluorescence spectroscopy. In recent times,
2D layered MoS: has attracted great interest among the researchers for their unique
layered structures and interesting fluorescence properties in aqueous medium. These
properties have been utilized for efficient detection of toxic heavy metal ions namely
mercury ions using MoS; nanostructures via spectrofluorometric method and is
presented in this thesis. The relative change of the electronic states of the fluorophores
in presence of various metal nanostructures are systematically correlated with the
exposure of various guest organic, inorganic and bio—molecular species in the studied
medium. Also, the unique layered structure of MoS> enables them as a suitable
candidate to selectively interact with guest ionic species for possible application in
biological fields. Overall, the detailed and systematic investigations of the interactions
of noble metal nanoparticles and layered nanostructures like MoS> with organic,
inorganic and biological species as studied in this present thesis work may contribute
valuable database both for fundamental and technological applications.

The research work which I performed are presented in different chapters of this
thesis. A brief summary of the research is given here.

Chapter 1 represents a general introduction of the thesis work. The

motivation and scope of the present thesis are also briefly summarized in this chapter.
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Chapter 2 gives the theoretical background of the research relevant to the
work presented in this thesis and various analytical approaches especially spectroscopic
techniques utilized for experimental work. The quantum theory of the interaction
between light and matter and also various spectroscopic phenomena at the molecular
level are described in detail. The theoretical backgrounds of computational simulations
(DFT, Quantum Espresso etc.) are briefly described in this chapter.

Chapter 3 represents a literature review for the status of previous and recent
works by various eminent scientists and researchers both at the international and
national levels in the relevant field of research along with some breakthrough and
pioneering work. Some interesting research on sensing mechanisms as reported by
various scientific research groups are also cited to realize the opportunity of further
development in this area of research.

Chapter 4 deals with a detailed description of the experimental methods and
characterization techniques used in the research work as presented in this thesis. The
preparation of mixed solutions used in the sensing of biomolecules and metal ions is
also described step by step. The working principles of various analytical equipment to
characterize metal and metal-based nanostructure materials are also briefly described
in this chapter.

Chapter 5 demonstrates the details of the sensing mechanism of important
essential amino acid namely L-Cysteine (abbreviated as L-Cys) by using citrate capped
gold nanoparticles (Au NPs) and cationic dye Rhodamine B (abbreviated as RhB) dye
in their aqueous solution via spectrofluorometric assay method. The as-synthesized
colloidal Au NPs of diameter ~27.5 nm were characterized by UV-vis absorption and
transmission electron microscopic (TEM) measurements. The fluorescence emission
intensity of RhB dye was strongly quenched by Au NPs in the aqueous solution due to
closer association of dye molecules in the vicinity of NPs surface. However, when L-
Cys aqueous solution was added with Au NPs/RhB mixed solution, fluorescence
emission started to emerge. This might be due to the strong affinity of thiol (-SH)
moiety of L-Cys with the Au NPs in the aqueous medium. Due to SH—Au interaction,
RhB molecules were displaced from the surface of Au NPs and ‘turn—on’ the
fluorescence emission was observed. This binding interaction between SH-Au was
very selective as was evidenced by the selectivity study of other relevant interfering

analytes with Au NPs/RhB mixed solution in the same optimized conditions. This
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sensing mechanism of L-Cys was successfully employed for the detection of L-Cys in
the real biosample of normal human urine.

Chapter 6 mainly focused on the comparative and selective interaction of the

important amino acid D-Cysteine (D-Cys) with the colloidal gold nanoparticles (Au
NPs) in the presence of a fluorescent probe namely rhodamine B (RhB) dye in their
aqueous solution. Various analytical techniques such as UV—vis absorption and steady-
state fluorescence emission, dynamic light scattering (DLS), Zeta potential, circular
dichroism (CD), fourier transform infrared (FTIR) and atomic force microscopy (AFM)
have been employed in the study. D-Cys showed higher fluorescence recovery
efficiency from Au NPs/RhB mixed aqueous solution compared to the other relevant
D- and L- amino acids, other thiol (-SH) containing biomolecules including L-
Homocysteine, D-Homocysteine, Glutathione (GSH) etc. Also, the binding constant
between D-Cys and Au NPs/RhB mixed solution was much higher when compared to
its L- chiral part. Most interestingly, the selective interaction of A NPs/RhB mixed
system with D-Cys is accompanied with distinct colour change of the assay medium
after reaction when compared that with other interfering compounds as observed in the
study. FTIR, DLS, Zeta potential, AFM and CD measurements confirmed the different
nature of interactions between D-Cys and L-Cys with the Au NPs/RhB mixed aqueous
solution. Also, this interaction mechanism was successfully employed to detect D-Cys
from the normal human urine sample.
Chapter 7 demonstrates the interactions of silver nanoparticles with cationic dye
acridine orange in presence of calf thymus DNA in aqueous solution. Results revealed
the strong fluorescence quenching of dye molecules due to silver nanoparticles as dye
molecules adsorbed onto the surface of nanoparticles. DLS and zetapotential results are
also consistent with the observed spectroscopic results. Acridine orange dye molecules
also binds with DNA in the solution but there was no significant change in the peak
position of AO emission. However, most interestingly after addition of Ag NPs in
dye/DNA mixed solution silver nanopartilces strongly attached with DNA by expulsion
of dye molecules from DNA. The proposed study may reveal valuabale informations
about the binding mechanism of silver nanoparticles with DNA in presence of
fluorescent probe.

Chapter 8 describes the sensing of very toxic heavy metal ion namely mercury
(Hg?*) using fluorescent molybdenum disulfide (MoS>) nanoflakes both in the aqueous

solution and cellular milieu. The bio-inspired MoS: nanoflakes were synthesized using
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L-Cysteine as a rich source of sulfur (S) via hydrothermal method. The as-synthesized
MoS: nanoflakes were characterized by X-ray diffraction (XRD), field emission
scanning electron microscope (FESEM), high-resolution transmission electron
microscope (HRTEM), atomic force microscope (AFM), Raman scattering, UV-vis
absorption, steady-state and time-resolved fluorescence emission techniques. XRD,
FESEM and Raman results confirmed the formation of flower-like morphology of
MoS; by the stacking of individual nanosheets. The time-resolved fluorescence
emission spectroscopy (TCSPC) reveals the fluorescence decay profile of as-
synthesized MoS> and the fluorescence was found to be ~2.97 ns. The fluorescent MoS2
nanoflakes were successfully employed in the sensing of the Hg?* ion in aqueous
medium due to strong affinity of Hg?* towards S atom in the MoS> nanostructured
sample. The proposed sensing method is highly sensitive towards Hg?* ion in aqueous
solution. Also, this interaction was very much selective when compared with the other
metal ions (Ca?*, Cd**, Cu®*, Mg?*, Na*, Ni**, Zn>*, AI**, Fe?* etc.) in the aqueous
medium. We have further employed the proposed sensing mechanism to biological cell
for detection of Hg?* ion via fluorescence imaging microscopy and similar fluorescence
quenching was observed. Density functional theoretical (DFT) calculations based on
the Quantum Espresso (QE) package confirmed the binding between Hg?* and S atom
of MoS,.

Chapter 9 presents the overall conclusion of the present thesis and future plan

of research.
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and (B) show the molecular structure of RhB dye and

SAED pattern of RhB/Au NPs mixed sample,

respectively.

(A) DLS and (B) Zeta potential spectra of Au NPs/ RhB

. . 90
mixed aqueous solution at room temperature and pH~7.

Figure 5.5.
Mechanism of detection of L-Cys using fluorometric

assay of Au NPs and RhB. ol

Figure 5.6.

(A) Fluorescence emission spectrum from RhB/Au NPs
mixed solution in absence (curve a) and presence (curve
b) of L-Cys. (B) Spectral overlapping between
normalized absorption of Au NPs and fluorescence
emission of RhB. (C) UV-vis absorption spectra of
Figure 5.7.  RhB/Au NPs in absence (curve a) and presence (curve b) 91
of L-Cys. (D) TEM micrograph of RhB/Au NPs/L-Cys
mixed sample. Insets of (C) and (D) show the UV-vis
absorption spectrum of RhB in presence of L-Cys and
SAED pattern of RhB/Au NPs/L-Cys mixed sample,
respectively.

Fluorescence emission spectra of RhB in absence and
presence of different concentrations of L-Cys.

(A) DLS and (B) Zeta potential spectra of Au
Figure 5.9.  NPs/RhB/L-Cys mixed sample in aqueous solution at 93
room temperature and pH ~7.

Figure 5.8. 92

Fluorescence recovery from assay of Au NPs/RhB in
presence of L-Cys of various concentration viz. 0 uM,
0.01 uM (2), 0.1 uM (3), 1.0 uM (4), 10 uM (5), 100 uM
(6) and 1000 pM (7). Inset shows the plot of
Log[Fluorescence recovery efficiency] vs. Log[Conc of
L-Cys].

Figure 5.10. 94

Digital photographs of Au NPs/RhB mixed solution
Figure 5.11.  before (control) and after adding of relevant analytes of 96
same concentration.
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(A) Fluorescence emission spectra of Au NPs/RhB mixed
solution in absence and presence of interfering relevant

Figure 5.12.  analytes. (B) Relative fluorescence recovery efficiency of 97
the assay of Au NPs/RhB at 574 nm upon addition of L-
Cys and all other relevant interfering analytes.

(A) Fluorescence emission spectra of Au NPs/RhB
mixture in absence and presence of mixture of L-Cys with
relevant amino acids, glutathione, ascorbic acid, uric acid
and neurotransmitters. (B) The plot of relative
fluorescence recovery efficiency (at 574 nm) from the
Figure 5.13. assay of Au NPs/RhB when exposed to the aqueous 98
solution of L-Cys mixed with various analytes. Figure
also represents the relative fluorescence recovery
efficiency of the assay when added separately with other
amino acids, glutathione, uric acid, ascorbic acid and
neurotransmitters.

(A) Fluorescence emission spectra from the assay of Au
NPs/RhB in absence and presence of normal human urine,
mixed solution of L-Cys and urine and mixed solution of
urine and other amino acids except L-Cys. (B) Plot of
relative fluorescence recovery efficiency (at 574 nm)
from the assay of Au NPs/RhB when exposed to the
normal human urine, mixed solution of urine and L-Cys
and urine and other amino acids except L-Cys.

Figure 5.14. 100

Fluorescence decay plots of RhB aqueous solution and of
Figure 5.15.  RhB/Au NPs mixed solution in absence and presence of 101
L-Cys.

(a) UV—vis absorption spectrum of as-synthesized Au
NPs’ colloidal dispersion and (b) TEM micrograph of the
as-synthesized Au NPs. The insets of (a) and (b) show the
digital micrographs of the vial containing as-synthesized
Au NPs’ dispersion and lognormal fitting of the NPs’ size
distribution curve, respectively.

Figure 6.1. 113

(a) Dynamic light scattering (DLS) and (b) Zeta potential
Figure 6.2.  spectra of as-synthesized citrate caped Au NPs colloidal 113
dispersion at room temperature (25°C) and pH~7.

(a) TEM micrograph, (b) SAED pattern with lattice plane
Figure 6.3.  indices, (c) HRTEM image and (d) EDS spectrum of as- 114
synthesized citrate caped Au NPs.
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UV-vis absorption spectra of (a) pure RhB aqueous
solution (curve 1), Au NPs/RhB mixed solution (curve 2)
and (b) mixed solution of Au NPs and D-Cys recorded at
different intervals of time. (c¢) Ratio of the absorbance at
Figure 6.4.  670-528 nm of Au NPs after addition of D-Cys (curve 1) 115
and pure water (200 pL) (curve 2). (d) TEM micrograph
of Au NPs/D-Cys mixed sample. The insets of (a) and (b)
show the molecular structure of RhB and D-Cys,
respectively.

UV-vis absorption spectra of RhB aqueous solution in

absence and presence of D-Cys. 16

Figure 6.5.

(a) Fluorescence quenching of RhB in presence of Au
NPs of different concentrations (b) Spectral overlap
between absorption and fluorescence emission spectra of
Au NPs and RhB respectively. (c) Plot of Log{ (Fo— F)/F}
vs. Log[Conc of Au NPs]. Inset shows the straight-line
region of the Log{(Fo— F)/F} vs. Log[Conc of Au NPs]
plot. (d) Stern-Volmer (SV) plot. Inset shows the straight-
line region of the SV plot.

Figure 6.6. 118

(a) Recovery of fluorescence emission from the Au
NPs/RhB mixed solution when added with D-Cys of
various concentrations. (b) Plot of fluorescence recovery
efficiency from Au NPs/RhB mixed solution for various
concentrations of D-Cys. The inset of (a) shows the
digital micrographs of the vial containing the Au
NPs/RhB mixed solution before (control) and after
incubation with D-Cys.

Figure 6.7. 120

Schematic presentation of the proposed fluorescence
Figure 6.8.  “off—on” mechanism and chemical coordination between 121
the D-Cys molecules and citrate caped Au NPs.

Fluorescence emission spectra of RhB in absence and

Figure 6.9 presence of different concentrations of D-Cys.

121
(a) Fluorescence emission spectra of different
concentration of RhB. (b) Plot of fluorescence emission

Figure 6.10. vs. concentration of RhB. (c) Plot of recovered 123
fluorescence emission from Au NPs/RhB mixed solution
vs. concentrations of D-Cys.

(a) Recovery of fluorescence emission from the Au
NPs/RhB mixed solution in the presence of all of the
relevant analytes. (b) Relative fluorescence recovery

Figure 6.11. efficiency of the Au NPs/RhB mixed solution due to each 125
analyte as calculated from the corresponding emission
intensities.

Figure 6.12. Molecular structure of different D- and L-amino acids, 125

glutathione, ascorbic acid and uric acid.
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Digital photographs of vials showing distinct colour
Figure 6.13.  changes for the interactions of D-Cys and L-Cys with Au 126
NPs/RhB mixed solution.

(a) CD spectra of the aqueous solution of D-Cys (curve
1), L-Cys (curve 2), mixed solution of Au NPs/RhB/D-
Cys (curve 3), Au NPs/RhB/L-Cys (curve 4), and Au
NPs/RhB (curve 5). (b) Column plot of the hydrodynamic
diameter and surface { potential of the NPs as obtained

Figure 6.14. from Au NPs, Au NPs/RhB/D-Cys, and Au NPs/RhB/L- 127
Cys system. AFM topographic micrographs and surface
roughness plot of (c,d) Au NPs, (e,f) Au NPs/RhB/D-Cys
and (g,h) Au NPs/RhB/L-Cys mixed systems. The RMS
surface roughness has been measured along the chosen
lines as shown in the figures.
DLS and Zeta potential spectra of Au NPs/RhB mixed

Figure 6.15.  solution in presence of D-Cys (a,b) and L-Cys (c,d) 128
respectively.

Plot of (a) Log{(Fx — Fo)/(Fmax — Fx)} vs. Log[Conc of D-
Cys] and (b) Log{(Fx — Fo)/(Fmax — Fx)} vs. Log[Conc of

Figure 6.16. L-Cys] to determine the binding constants of the Au 130
NPs/RhB system with D-Cys and L-Cys, respectively.
Figure 6.17. ATR-FTIR spectra of (a) D-Cys (b) and L-Cys in the 131

absence and presence of Au NPs/RhB, respectively.

(a) Fluorescence emission spectra of Au NPs/RhB mixed
solution (control) (curve 1), mixed with normal humane
urine (curve 2), urine and D-Cys (curve 3), urine and all
other analytes used in this work except D-Cys (curve 4).
(b) Plot of the fluorescence recovery efficiencies for the
Figure 6.18.  Au NPs/RhB mixed solution in the presence of normal 133
human urine and all other analytes relevant to the present
work. The inset shows the digital photograph of vials
containing the Au NPs/RhB mixed solution with (A)
urine, (B) mixture of urine and D-Cys, and (C) mixed
solution of urine and all other analytes except D-Cys.

(a) UV-vis absorption spectrum of Ag NPs aqueous
colloidal  dispersion. (b) Transmission electron

Figure 7.1. microscopic image of as-synthesized Ag NPs. Inset of (b) 144
shows the lognormal particle size distribution.

Figure 7.2.  DLS spectrum of colloidal dispersion of Ag NPs 145

Figure 7.3.  Zeta potential spectrum of Ag NPs colloidal solution. 145
UV-vis absorption spectra of (a) AO aqueous solution

Figure 7.4, (concentration of 1 uM) and (b) AO (1 uM) and Ag NPs 147

mixed solutions for various concentrations of Ag NPs.
Inset of (a) shows the molecular structure of AO.
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Figure 7.5.  DLS spectrum of Ag NPs/AO mixed aqueous solution 148

UV-vis absorption spectra of pure DNA aqueous solution;
Figure 7.6. AO/DNA, Ag NPs/DNA and Ag NPs/AO/DNA mixed 149
aqueous solution.

Steady-state fluorescence emission spectra of (a) AO
aqueous solution (concentration 1 uM) and (b) AO (0.5
uM) and Ag NPs mixed solution for various

Figure 7.7.  concentrations of Ag NPs. (c) Stern-Volmer plot for Ag 150
NPs/AO mixed solution for various concentrations of Ag
NPs. (d) Linear region of Stern-Volmer plot. Excitation
wavelength was 475 nm.

Steady-state fluorescence emission spectra of AO (0.5

uM) in presence of DNA (10 uM), Ag NPs (0.96 nM). 152

Figure 7.8.

Geometry optimized structure and frontier molecular
orbitals (HOMO and LUMO) associated with the
electronic states of AO dye molecule as obtained by using
the B3LYP/6-31+G(d,p) level of theory. The excitation
energies (AE) is calculated from the TD-DFT calculation
using the same level of theory.

Figure 7.9. 153

Schematic representation of synthesis of highly

fluorescent MoS2 nanoflakes. 162

Figure 8.1.
(a) X-ray diffractogram and (b) FESEM image of as-
synthesized MoS». Elemental mappings of (c) Mo-La and
(d) S-Ka. (e) Lognormal width distribution of MoS»
nanoflakes as obtained from (b). (f) EDX spectrum of as-
synthesized MoS> nanoflakes. Inset of (a) shows vial
containing aqueous dispersion of MoS> nanoflakes.

Figure 8.2. 167

Topographic AFM image and roughness profile of MoS:

nanoflakes along the green line. 168

Figure 8.3

(a)-(b) TEM micrographs, (c) SAED pattern and (d)

HRTEM micrograph of as-synthesized MoS, sample. 169

Figure 8.4.

(a) UV-vis absorption, (b) steady state fluorescence
excitation (curve 1) and emission (curve 2), (c¢) CIE 1931
color space coordinate and (d) Raman spectrum of
synthesized MoS» nanoflakes aqueous dispersion. Inset of
Figure 8.5.  (a) shows the Tauc plot for indirect optical bandgap of 170
MoS; nanoflakes sample. For excitation spectrum, the
fluorescence emission was monitored at 390 nm. For
fluorescence emission spectrum, the excitation
wavelength was 400 nm.

Zeta potential spectrum of aqueous dispersion of as-

synthesized MoS: nanoflakes at an ambient condition. 17

Figure 8.6.
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UV-vis absorption spectra of (a) Quinine sulfate and (b)
MoS; nanoflakes. Fluorescence emission spectra of (c)
Quinine sulfate and (d) MoS2 nanoflakes. The excitation
wavelengths were 340 nm and 400 nm for quinine sulfate
aqueous solution and MoS: nanoflakes aqueous
dispersion respectively.

Figure 8.7. 172

(a) UV-vis absorption spectrum of MoS: nanoflakes/Hg>*
mixed aqueous solution. (b) Fluorescence emission
spectra of (1) MoS, nanoflakes aqueous dispersion and
(2) MoS; nanoflakes/Hg?* mixed aqueous solution. (c)
TCSPC spectra of MoS, nanoflakes aqueous dispersion
Figure 8.8.  in absence and presence of Hg?* ion. (d) ATR-FTIR 174
spectra of (1) MoS> nanoflakes and (2) mixture of MoS»
nanoflakes/Hg?*. Insets of (a) and (b) show the Tauc plot
for MoS»/Hg?>* mixed solution and the coulometric
change of fluorescent MoS:> nanoflakes aqueous
dispersion before (i) and after (ii) addition of Hg?*.

Cyclic voltammograms of MoS: nanoflakes in absence
(a) and presence (b) Hg?* ion in 0.1 M ammonium
hexafluorophosphate (NH4PF¢) aqueous solution at a scan
rate of 100 mVs'.

Figure 8.9. 177

(a) Fluorescence emission spectra of MoS» nanoflakes for
different concentrations of Hg?* ion. (b) Plot of
fluorescence emission intensity from MoS2 vs.
concentration of Hg”*. (c¢) Stern-Volmer (SV) plot of
MoS.. (d) Plot of Log {(Fo - F)/F} vs. Log [Conc of Hg?*].
Inset of (c) shows the linear region of SV plot.

Figure 8.10. 179

Schematic presentation of the interaction of fluorescent

Figure 8.11. MoS: nanoflakes with Hg?* in aqueous solution.

179

(a) Fluorescence emission spectra as obtained from
aqueous dispersion of MoS» nanoflakes in presence of
different metal ions. (b) Selectivity study of the sensor
towards various metal ions.

Figure 8.12. 182

(a) Optimized unit cell of monolayer MoS». (b), (c) and
(d) band structure, DOS and absorption coefficient of
monolayer MoS: respectively. (e) Optimized unit cell of
bilayer MoS». (f), (g) & (h) band structure, DOS and
absorption coefficient of bilayer MoS: respectively. (i)
Figure 8.13. Hg adsorbed optimized unit cell of monolayer MoS:. (j), 184
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of Hg adsorbed monolayer MoS: respectively. (m) Hg
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Fluorescence microscopic images of (a) normal
myocardium cells (H9¢c2 cell line) and (b) cancerous lung
fibroblast cell (A549 cell line) after treated with MoS:
nanoflakes (top images) and MoS, nanoflakes/Hg?*
Figure 8.14. mixed solution (bottom images). (c) Relative 186
fluorescence intensity profiles obtained from images as
shown in (a) and (b) along the line (red colour). (d) Cell
viability study for 3 hrs of incubation as obtained by MTT
assay method.
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[ General Introduction ]

1. Introductory remarks

Nanostructured materials and nanotechnology have attracted great attention in
the scientific community since the last several decades. Over 50 years ago, the idea of
construction of nanomaterials by arranging the atom over the atom was first put
forwarded by famous physicist Richard Feynman (1918-1988) in his lecture entitled
"There's plenty of room at the bottom" [1]. In general, the term “Nano” in
“Nanotechnology” refers to the materials with dimensions in the range of 1-100 nm
[2]. The nanomaterials possess different physical and physicochemical properties at the
nano level when compared to their bulk counterpart. Moreover, in our surroundings,
there exist highly optimized nanoscale systems which are created by millions of years
of evolutionary scientific development. As an example, the photonic crystal of
nanoparticles in the wings of a butterfly creates intricate colours [2]. The scientific,
experimental, and technical advancements over the last few years have made the ability
to synthesise, control, and measure the miracles in atomic scale. Although, there are lot
of scientific challenges in the field of nanotechnology towards the development of the
high potential and promise that nanotechnologies improve the today's life and mankind.
The main challenges include the development of efficient synthesis methods which
offer great control in both the shape and size of nanomaterials and the overall
engineering of these nanomaterials for various applications. Among the various
nanostructured materials, metal nanoparticles (NPs) especially noble metal NPs are
being explored for their potential applications in the field of catalysis [3], sensing [4],
cell imaging [5], antibacterial [6], antimicrobial [6] etc. applications. These noble metal
NPs unveil some new optical, optoelectronic, magnetic, and many physicochemical
properties that are very different from the constituent atoms or molecules. For example,

the brilliant colours of colloidal dispersion of noble metal NPs such as silver (Ag) and
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gold (Au) etc. are observed due to the surface plasmon resonance (SPR) band which in
general lies in the domain of visible wavelengths in contrast to their bulk counterpart
for which the absorption bands lie in the UV region. The SPR band in the absorption
spectrum is originated due to the interaction of free electrons with light thereby creating
collective oscillation of these electrons on the surface of the NPs [7]. The spectral
properties of these SPR bands significantly depend on the size and morphology of such
metal NPs as well as the dielectric constant of the NP’s surrounding environment [8].
Control of size and shape of these NPs enable various significant electronic, optical,
magnetic, and catalytic [3] properties. Soft chemical methods are very promising for
the synthesis of such noble metal nanostructures with controlled shape and size. Also,
their extinction coefficients are much higher than that of many of the traditional organic
fluorophores, which confirms the suitable use of noble metals NPs in cell imaging and
fluorescence resonance energy transfer (FRET) studies [9]. For example, Au NPs and
Ag NPs have an extinction coefficient of 2.93 x 10° Lmol”'cm™ and 5.6 x 10° Lmol
lem! respectively [10, 11] that allows them to be used as excellent FRET-based
fluorescence quenchers for the study of interactions with different organic
fluorophores, biomolecules and also can efficiently probe many conformational
changes in the molecular structures. Appart from noble metal nanoparticles, 2-
dimensional (2-D) layered nanostructures such as Molybdenum disulphide (MoS) has
also attracted considerable interest in recent times for their utility in various sensing
and biological applications [12]. The molybdenum (Mo) and sulphur (S) atoms are
connected through covalent bond in the molecular layer of MoS». Due to their unique
fluorescence emission properties, well dispersibility in water and low cytotoxicity,
MoS: nanostructures are very promising materials for their possibility of use in various
cellular study and metal ion sensing applications. Development of efficient sensing
platform using nanostructured materials via facile and cost-effective approach in a
ultramolar detection range is essential both for biomedical and environmental aspects.

Organic compounds, namely the xanthene group of dyes also known as laser
dyes are being widely explored during the last few decades due to their incredible
applications in the fields of green energy harvesting with photocells, spectroscopy, bio-
sensing, bio-assisted drug delivery, bio-imaging, and several indirect and direct medical
purposes [13]. Due to the presence of light absorbing chromophores in organic dyes,

they exhibit excellent photophysical characteristics as is easily understood with the help
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of conventional electronic spectroscopic techniques. Most of the organic laser dyes are
fluorescent which is extensively studied by various researchers since long back.
However, in some cases, limited photostability and aggregations of dye molecules
create difficulties for their applications especially in biological and sensing
applications. Additionally, direct labelling of biological molecules with conventional
dyes sometimes causes the structural alternation of the bioanalyte in bio-sensing
applications.[ 14]. Various noble metal NPs such as Au NPs, Ag NPs etc. significantly
interfare with the photoexcitation and affect the deactivation processes of such organic
dye molecules in aqueous medium. Recently, the study of the energy transfer process
between photo-excited organic dye and metal NPs in solution is attracted great attention
due to their sensitivity to the different microenvironments such as temperature, pH etc.
in the solution [15]. The photo-excited dipoles of the fluorophores directly interact with
the surface of NPs to exchange the excited state energy from their chromophore to the
NPs surface. The efficiency of energy transfer strongly depends upon the dye-
nanoparticle separation in the range of 1-10 nm [16]. Among the various organic dyes,
study of the interactions of various cationic dyes with noble metal NPs in aqueous
environment have been attracted great interest among the researchers due to their
immense technological importance in drug delivery, biomedicine, and fabrication of
various sensors [17] and also to comprehend the basic physics involved in their
molecular mechanism. Various studies on the interaction of metal nanostructured
materials with organic emitter molecules can open a great avenue of application in
several emerging field of biomedical applications. More precisely, the attachment of
metal NPs with organic dyes may lead to efficient drug delivery [18], enhanced bio
sensing activity [19], and better photo-response in green energy-harvesting [20]

applications.

1.2. Motivation and objectives of the present thesis

Research in the field of sensing of several biomolecular species and metal ions
is growing in the last few years for various biomedical and environmental aspects.
Synthesis of stable and desired-size noble metal NPs boosted this field of research into
a new dimension. Apart from noble metal NPs, florescent organic molecules played a
crucial role in the scientific and technological demands for the development of cutting-
edge techniques in the field of sensing and related biomolecular ineteractios [14]. As
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mentioned earlier that, noble metals such as Ag NPs, Au NPs etc. show remarkable
electrical, optical, antibacterial and catalytic properties which primarily depend on the
shape and size of NPs [6]. Recently, various metal NPs are being widely used in the
fields of biology, chemistry, cosmetics, foods, medicine etc. [21]. Therefore, the
controlled synthesis of noble metal NPs with well-organised morphology is extremely
important for their methodical utilities in the field of research and development of
various sensors as well as to explore their interaction with biological molecule for future
technological appliactions. NPs have been used in different fields of research including
biology, chemistry, electric engineering, medical physics, and the textile industry in
which the shape and size of nano colloids play a pivotal role in different applications
such as the preparation of electronic and magnetic devices, anti-microbial gene
expression, wound healing using nano-bio composition etc. [22].

Recent advancements and utilization of various inorganic nanoparticles in the
biological fields also create renewed interest for sustainable research and development
of new materials with tailored physical and physicochemical properties. Most noble
metal NPs possess durable structures which can easily host different biological and
organic guest molecules resulting various multifunctional properties [23]. NPs show
unique characteristics when compared to bulk counterparts due to their large surface
area to volume ratio which is especially favourable for various fields of applications
such as medical diagnostics, biomolecular sensing, bioimaging, and treatment for
various convoluted diseases [24].

As mentioned in the previous section, organic fluorophores are small
fluorescent molecules, which are of particular interest as they can interact via
electrostatic attraction or chemisorption with noble metal NPs resulting in aggregated
or self-assembled structures in aqueous solution. These aggregated configurations of
NPs show interesting and significant physical and physicochemical properties. Thus, a
detailed study on the interactions of noble metal NPs with different organic fluorescent
compounds is of utmost importance for various applications. Consideration of various
cationic organic dyes to comprehend their aggregation behaviour when associated in
the vicinity of NPs in aqueous solution. Literature reveals that both the ground state and
excited state electronic properties of the organic dye molecules largely depend on the
way of association with the NPs in their molecular proximity [25]. In many cases this

dye-NPs interaction is very much sensitive and selective [25]. So, it is very much
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important to understand the molecular mechanism of cationic organic dyes involved in
their ground and excited states while interacting with noble metal NPs (Au, Ag etc) in
an aqueous solution for fundamental and technological importance. Moreover, the
overlaps between the UV-vis absorption spectrum of NPs and the fluorescence
emission spectrum of some organic dye molecules indicate the possibility of transfer of
photo-excited energy from the photoexcited dye molecules (donor) to NPs via some
nonradiative energy transfer pathway [26]. Additionally, 2D layered nanomaterials
such as MoS; is a very promising maaterials and are continoueously studied by various
researchers across the globe. Their fascinating fluorescence emission properties led the
scientist to focus their utility in various biomedical applications. Due to this fact, the
research to probe the possible utility of MoS: in the field of molecular and ion sensing
is gained considerable interest among the scientific communities for various
applications.

Therefore, the main objectives of this thesis are summarized below:

# To synthesize noble metal NPs such as Au, Ag etc. via simple soft chemical
route to explore their interaction with various organic fluorescent compounds
namely some cationic dyes and the formation of their molecular aggregates in
aqueous solution.

¥ To choose some suitable biomolecules which can significantly interact with
NPs and efficiently control the aggregation or association behaviour of dye
molecules in the dye-NPs assembly, which motivates to develop efficient
biosensing platform in the aqueous environment or various fundamental interst
in the field of nano-biotechnology.

¥ To optimize various parameters for the interaction involved in the dye-NPs
ensemble and the systematic investigation of any selective binding of such
metal NPs with bioanalyte towards the development of biosensing platform
using fluorescence emission properties of dye molecules in presence of noble
metal NPs..

3 To synthesize 2D layered nanomaterials such as MoSz and to study their
selective interaction with some inorganic compounds namely various salts
towards the detection of metal ions in ageous environment as well as in intra-

cellular environment.
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3 Several analytical approaches such as UV-vis absorption spectroscopy, steady-
state and time-resolved fluorescence emission spectroscopy methods will be
utilized to investigate the detailed photophysical behaviour of the organic
fluorophores while interacting with noble metal NPs in the aqueous solution.
Moreover, with the help of these analytical methods, we want to understand the
spectroscopic characterstics of such dyes in close proximity of metal NPs in
solution phase. In some caeses vibrational spectroscopy such as Fourier-
transformed infrared spectroscopy and Raman spectroscopy will be utilized in
order probe the interaction between the organic and inorganic species to be
used in the study.

3 X-ray diffraction technique will be employed to get the crystalline nature of the
as-synthesized nanomaterials.

¥ Various imaging methods such as Field emission scanning electron
microscope, High-resolution transmission electron microscope, Atomic force
microscopy etc. will be utilized to explore the structure and the morphology of
the as-synthesized metal and metal-based nanostructures as well as the
aggregated dye-nanostructures complex. Also, in some caes, fluorescence
imaging microscopy will be used to visualize the interaction of biological cells
with the some of the synthesized nanomaterials.

¥ Some quantum-chemical calculations such as Density functional theoretical
calculations will be performed to understand different electronic states
associated with the observed electronic transition in absorption and emission

spectra of the dye molecules in the aqueous solution.

1.3. Organization of the thesis

Chapter 1 represents the General Introduction of this thesis work. The motivation

and objective of the present thesis work are also briefly summarized in this chapter.

Chapter 2 gives the Theoretical Background of the research relevant to the work
presented in this thesis and various analytical approaches especially spectroscopic
techniques utilized for experimental work. The quantum theory of the interaction

between light and matter and also various spectroscopic phenomena at the molecular
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level are described in detail. The theoretical backgrounds of computational simulations

(DFT, Quantum Espresso etc.) are briefly described in this chapter.

Chapter 3 represents the detailed Literature review of previous work by various
eminent scientists and researchers both at the international and national levels in the
relevant field of research along with some breakthrough and pioneering work. Some
interesting sensing mechanisms as reported by various groups are also cited to realize

the opportunity for further development in this area of research.

Chapter 4 deals with a detailed description of the Experimental Methods and
Characterization Techniques used in the research work as presented in this thesis.
The preparation of mixed solutions used in the sensing of biomolecules or to study the
interaction with organic dye and metal ions is also described step by step. The working
principles of various analytical equipment to characterize metal and metal-based

nanostructure materials are also briefly described in this chapter.

Chapter 5 demonstrates the details of the sensing mechanism of important essential
amino acid namely L-Cysteine (L-Cys) by using citrated capped gold nanoparticles (Au
NPs) and rhodamine B (RhB) dye in their aqueous solution via spectrofluorometric
assay method. The colloidal Au NPs of diameter ~27.5 nm were synthesized using gold
auric chloride and tri-sodium citrate as the reducing and capping agent and were
characterized by UV-vis absorption spectrum, dynamic light scattering (DLS), zeta
potential and transmission electron microscope (TEM) measurements. RhB is a
xanthene group of dye also known as laser dye. The fluorescence emission of RhB was
strongly quenched in the presence of Au NPs in the aqueous solution due to the closer
association of dye molecules in the vicinity of NPs. The photoexcited energy of RhB
dye molecules was transferred to the Au NPs via some non-radiative path, which was
confirmed by the large overlapped area of the UV-vis absorption spectrum of Au NPs
and the fluorescence emission spectrum of RhB. Due to this energy transfer, the
fluorescence emission of RhB was almost quenched. However, when L-Cys aqueous
solution was added with the mixed solution of Au NPs/RhB, the fluorescence emission
of RhB started to appear. This might be due to the strong affiliation of the thiol (—SH)

moiety of L-Cys with the Au NPs in the aqueous medium. Due to SH—Au interaction,
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RhB molecules were displaced from the surface of Au NPs and ‘turn-on’ the
fluorescence emission. This binding between SH—Au was very selective as was
evidenced by the selectivity study of other relevant analytes with the Au NPs/RhB
mixed solution in the same optimized conditions. This sensing mechanism of L-Cys
was successfully employed for the detection of L-Cys in the real biosample of normal

human urine.

Chapter 6 mainly demonstares the comparative and selective interaction of the
important amino acid D-Cysteine (D-Cys) with the colloidal gold nanoparticles (Au
NPs) in the presence of a fluorescent probe namely rhodamine B (RhB) dye in their
aqueous solution using UV-vis absorption and steady-state fluorescence emission,
dynamic light scattering (DLS), Zeta potential, Circular dichroism (CD), Fourier
transform infrared (FTIR) and atomic force microscopy (AFM) measurements. D-Cys
showed higher fluorescence recovery efficiency from Au NPs/RhB mixed aqueous
solution compared to the other relevant D- and L- amino acids, another thiol (-SH)
containing biomolecules including L-Homocysteine, D-Homocysteine, Glutathione
(GSH) etc. Also, the binding constant between D-Cys and Au NPs/RhB mixed solution
was much higher when compared to its L- chiral part. Most notably, the selective
fluorescence enhancement due to D-Cys is accompanied with a distinct colour change
of the assay solution when compared to the interaction with other amino acids. FTIR,
DLS, Zeta potential, AFM and CD measurements confirmed the segregate nature of
interactions between D-Cys and L-Cys with the Au NPs/RhB mixed solution in the
aqueous medium. Also, the interaction mechanism was successfully used to detect D-

Cys from the normal human urine sample.

Chapter 7 demonstrates the interactions of silver nanoparticles with cationic dye
acridine orange in presence of calf thymus DNA in aqueous solution. Results revealed
the strong fluorescence quenching of dye molecules due to silver nanoparticles as dye
molecules adsorbed onto the surface of nanoparticles. DLS and zetapotential results are
also consistent with the observed spectroscopic results. Acridine orange dye molecules
also binds with DNA in the solution but there was no significant change in the peak
position of AO emission. However, most interestingly after addition of Ag NPs in

dye/DNA mixed solution silver nanopartilces strongly attached with DNA by expulsion
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of dye molecules from DNA. The proposed study reveals many fundamental
informations about the interactios of silver nanoparticles with biological
macromolecule DNA in presence of a fluorescent probe and also contribute significant

database in the field of biotechnology.

Chapter 8 describes the sensing of toxic heavy metal ion namely mercury (Hg?*) ion
using fluorescent molybdenum disulfide (MoS2) nanoflakes both in the aqueous
solution and intracellular medium. The bio-inspired MoS; nanoflakes were synthesized
using sodium molybdate dihydrate and L-Cysteine as a rich source of sulfur (S) via
hydrothermal method. The as-synthesized MoS2 nanoflakes were characterized by the
X-ray diffraction (XRD), field emission scanning electron microscope (FESEM), high-
resolution transmission electron microscope (HRTEM), atomic force microscope
(AFM), Raman scattering, UV-vis absorption, steady-state and time-resolved
fluorescence emission techniques. XRD, FESEM and Raman results confirmed the
formation of flower-like morphology of MoS: by the stacking of individual nanosheets.
The time-resolved fluorescence emission spectroscopy (TCSPC) confirmed the
fluorescence decay time of MoS> was ~2.97 ns. The as-synthesized fluorescent MoS»
nanoflakes were successfully employed in the sensing of the Hg?* ion by using the
strong affinity of the Hg?* ion towards the S atom in the MoS». This sensing method
showed good sensitivity towards Hg?* ion both in aqueous solution and cellular milieu.
Also, this interaction was very much selective when compared with the other metal ions
(Ca?*, Cd?** Cu?*, Mg?*, Na*, Ni**, Zn?*, AI’*, Fe?* etc.) in the aqueous medium. This
study further revealed the limit of detection (LOD) as ~0.09 nM for Hg?* ion
corresponding to the concentration of HgClz in the aqueous medium. The cell viabikity
of using as synthesized MoS, nanoflakes for detection of Hg?* ion in the intracellular
medium have been tested by MTT assay. Density functional theoretical (DFT)
calculations based on the Quantum Espresso (QE) package reveals a correlation of
electronic band structure with observed spectroscopic results towards the binding

between Hg?* and S atom of MoS».

Chapter 9 presents the Overall conclusion of the present thesis and future plan of

research.
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Theoretical Background

This chapter describes the brief information
about some theoretical background and
overview of the research topic related to the
thesis work
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2.1. Introductory remark

Let’s look about some theoretical overview behind the research work presented
in this Ph.D. thesis. Various noble metal nanoparticles and metal-based 2-dimensional
layered nanostructured materials have been synthesized and characterized by different
morphological and spectroscopic techniques. The research work has been performed to
study various photophysical processes of electronically excited organic dye molecules
in the vicinity of metal nanoparticles. The dye-nanoparticles interactions have been
utilized to design various sensing platforms for important biomolecules as well as also
to understand various nano-bio interaction for future technological purposes. Also, the
hydrothermally synthesized 2-D layered nanostructures such as Molybdenum disulfide
is used in the sensing of heavy toxic metal ions both in aqueous solution and intra-
cellular medium. Theoretical overview of various spectroscopic approach utilized for
the research performed and presented in this thesis are discussed. Different
terminologies which are being used during the explanation of the experimentally and

theoretically obtained research results are briefly discussed in this chapter.

2.2. Theoretical background of light-matter interactions

Light is the most important and essential part of the nature for living beings on
the earth. It is an electromagnetic radiation consisting of oscillating magnetic and
electric fields [1]. The subject of light-matter interactions is of huge importance in the
field of atomic physics and quantum optics, which is already gained significant interest
at the frontiers of research. All the matters consist of atoms or molecules. The
photophysical phenomena mainly occur due to the interaction of light with matter and
plays an instrumental role in spectroscopy, laser technology, different sensing
techniques, quantum information, photodiodes, solar cells, high energy particle

detectors etc. In these real life application, light is considered as the plane
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electromagnetic wave which extracted the quantum mechanical information of matter
by means of direct interaction with the free or bound electrons of the matter [2]. The
interactions between light and matter are fundamentally quantum electrodynamical
(QED) in nature accompanied by the quantum transitions of atomic or molecular
electrons resulting absorption, reflection, refraction, emission, scattering etc. of
photons, the quanta of electromagnetic waves [3]. Paul Dirac in 1927 first formulated
the theory of the electron-photon interactions which was reformulated as in the present
forms by Enrico Fermi in 1932 [4, 5]. For simplification, it is sufficient to describe that
the electromagnetic radiation consists of photons travel at the speed of light with wav-

elength much higher than the typical size of wave functions of electrons in the matter.

Different photophysical and physicochemical

S
S
reactions may take place when the matters are S )
encountered with light photons [6, 7]. The | //\V/\.-|® .'.. : o [V
is i i i M- [0 008y 08, .
photosynthesis in plants (also in few animals) o0 070 o
is the most commonly known light induced Ny A
R4

physicochemical phenomenon in nature in

which the energy of electromagnetic radiation
Figure 2.1. Schematic diagram
is converted into its useful chemical forms
represents  the light matter
which is very essential for living being. In
interactions.

specific, the strong coupling between photon of

incident radiation and electron of matter allow to investigate photophysical and
physicochemical reactions in details. However, atoms in the matter and photons of
electromagnetic radiation are usually treated by fully quantum-mechanical descriptions
pillared on the Schrodinger dynamics [8]. The light-matter interaction is schematically
shown in Figure 2.1.

In the quantum mechanical model of light-matter interactions, both the energy
of the atom and the electric field corresponding to the electromagnetic radiation
considered as quantized [9]. Thus, photons are the quanta of electromagnetic field
whereas, electrons are visualized as the quanta of atomic electric field. In general, atoms
are considered as the positively charged nucleus surrounded by the cloud of electrons,
as shown in Figure 2.2. In absence of electromagnetic wave, the centre of positive and
negative charges coincide and there is no net dipole moment. However, a net dipole

moment of p = g7 will be produced when the oscillating electric field of the incident
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electromagnetic wave interacts with the electron cloud of the atom, where ¢ is the
charge, and 7 is the separation between displaced positive and negative charge centres

[10]. According to the classical theory of electromagnetism, this dipole configuration

has an energy of U = —ﬁﬁ , where E is the
oscillating electric field corresponding to the
electromagnetic wave.

Quantum mechanically, light-matter

interaction, as described above, may be
described by the simple interaction Hamiltonian Figure 2.2. Schematic for the

H;, such that, H; = —p.E(#,t), where, p, 7, dipole moment of atom produce

and t are the momentum operator, position | by the light-matter interaction.

vector operator and time respectively [11]. H;
may be considered as the perturbation to the actual Hamiltonian (H,) of the actual
atomic system [11]. The energy eigenvalue of the unperturbed atomic system may be
given by the time-independent Schrodinger equation (eqn.) (2.1) [11],

Hy|n) = Eg|n) e v v vev v e (2.1)
where, E; and |n) are the energy eigenvalue and eigenstate corresponding to the
unperturbed Hamiltonian Hy. The energy eigenvalue corresponding to the perturbed

system can be written by the time-dependent Schrodinger eqn. (2.2) [12]

)
(Ho + HY(®)) = ihm (D) e (22)

where, | (t)) is the eigenstate corresponding to the perturbed atomic system which can

be written in terms of the time-dependent expansion coefficient ¢, (t),

W) = Z Co()e™Ent/Mny o (2.3)

By substituting eqn. (2.3) in to eqn. (2.2) and taking inner product with another
eigenstate |k), we may found,

e, = Ypcn (e Enkt/M (RIH N v e e o (2.4)
where, (k|H;|n) is the matrix elements corresponding to the interaction Hamiltonian

and Enk = En - Ek'

Let us consider that, at time t = 0, the atomic system is in the ground state, i.e.,

|1), then, from eqn. (2.4) we may found that ¢; (0) = 1. This is corresponds to the fact
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that the probability of finding the atom in the ground state at ¢ = 0 is unity. Also, for
weak perturbation in case of light-matter interaction, the probability of finding the
particle in the eigenstate |k) is very low as for very weak perturbation, the system has
highest probability to remain in the ground state [13]. By using these two assumptions,

we may neglect the interaction of |k) with any other states except |1). So, the eqn. (2.4)

becomes, | k )

ihc, = e i @wt/h (k|H,|1) ......(2.5)

where, wq, = Eq/h.

Thus, by the above assumptions, the atom 1)

now becomes a two level energy system | Figure 2.3. Schematic of simple two-

or simply two state energy system as | Jevel energy system of atom.

shown in  Figure 2.3. When

electromagnetic wave interacts with atoms or molecules of the matter, electrons of the
atoms or molecules go to the higher energy state from their ground state. As the excited
electronic state is less stable than ground state, the excited electrons immediately return
to the ground state or lower energy state by emitting absorbed energy. This emitted
energy may be into two forms: radiative and nonradiative emission [14]. The radiative
emission corresponding to the emission of light, while in the nonradiative emission,
energy of excitation will be lost in the form of heat. There are several processes such
as absorption, emission, internal conversion, delayed emission etc. may takes place in
the matter during the photophysical and physicochemical process induced by the light

[14]. The transitions of excited electrons of atom or molecules between different

electronic energy levels after B
9] ]
interacting with the oscillating ré -3
= —
electric field of the incident & 2
electromagnetic wave is shown in 2 s
- - S Q::
. _ B
Flgure 2.4. The variation of g) ! Excited electromie state
g . 23]
periodic potential energy of the
atomic system with the interatomic So - ,
Ground electronic state
distance is shown in Figure 2.5.
. . . Figure 2.4. Schematic for the electronic,
Atoms associated with  this
Lo . . rotational, and vibrational energy levels.
periodic potential behaves like an i

anharmonic oscillators [15]. As shown in Figure 2.5, each electronic energy level
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consists of several vibrational levels each of

which again comprises several rotational \’ _— NI

energy levels. The difference in energy =

between two consecutive levels i.e., the = 0->4 0;_87

energy gap of vibrational levels is greater g é 0 ':?J U)/ e 3
= ooy

than that of the rotational levels. Again, the Wavelength

; : : Ground state
energy gap of electronic level is much higher e

Potential energy

than that of the vibrational levels [16]. The
order of the energy gap may be written as, |

AE, >» AE,;, > AE,,; where AE, , AE,;

and AE,,; are the electronic, vibrational and Dis
1stance

rotation energy gap respectively.
Generally, the transitions between Figure 2.5. Variation of periodic
rotational and vibrational energy levels are | potential energy with intermolecular
induced by the microwave and infrared distance and the transition between
radiation of the electromagnetic wave | ground vibrational energy level of the
respectively [16]. But, the transitions ground electronic state to the excited

involved in the electronic energy levels are | vibrational energy level of excited

induced by the visible and ultraviolet part of | electronic energy state.

the electromagnetic wave [16]. Thus, a particular electronic transition corresponding to
the absorption of ultraviolet and visible radiation of light contains huge number of
vibrational and rotational transitions as shown in Figure 2.5. The chemical composition
and structure of a molecule generally determines its electronic energy levels. The
electronic spectroscopy also known as the ultraviolet-visible spectroscopy (UV-vis
spectroscopy) which is mainly due to the transition of electrons from lower energy level
to higher energy level, gives the identity of the molecules precisely. Different

spectroscopic techniques used in the field of research are briefly described in Table 2.1.

2.3. Ultraviolet-visible light absorption in polyatomic molecules
Ultraviolet-visible (UV-vis) or electronic absorption spectroscopy (200-800
nm) is often used in the quantitative analysis of matters [17]. When atoms or molecules

are exposed to the electromagnetic radiation, they can absorb exact amount of energy
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corresponding to the energy gap between the two particular orbitals and go to the higher
energy states as shown in Figure 2.5. Due to this, intensity of the incident light (Io) is
attenuated after interacting with the matter. This attenuated intensity (I(x)) emerged
from a linearly absorbing medium of optical path length x is shown in Figure 2.6 and
is given by the Beer-Lambert’s law (eqn. (2.6)) [18],

I(x) = Ipe~s®xc | (2.6)

|
I Linearly ()

- —g(A)xc
where ¢ and e(A) are the | —> absorbing 100 = loe™™ 7,
. . medium
concentration of the linearly —X—

absorbing medium and molar

X

extinction coefficient at a . . .
Figure 2.6. Process of absorption of photon in a

ticul length A of th
pattictfiar Waveleng or e linearly absorbing medium.

incident light respectively. The
absorbance (A(1)) (eqn. (2.7)) and transmittance (T(A)) (eqn. (2.8)) of the linearly

absorbing medium are defined as [18],

AQ) = logy, (I;—)) N I ¢ )

and, TQ) = (%) RO ¢ )|

Table 2.1. Different spectroscopies used in the field of research.

Spectroscopics

Electronic Vibrational Rotational
Transition between electronic Transition between vibrational Transition between
cnergy levels coupled with energy levels coupled with rotational energy
vibrational and rotational rotational levels levels

levels

Absorption Emission

Transition from a lower energy level Transition from higher to lower energy level

(ground state) to higher energy level

(excited state)
Fluorescence Phosphorescence
Spin allowed Spin forbidden

Typical absorption spectrum of linearly absorbing molecules is shown in Figure 2.7 in
terms of both absorbance (A) and transmittance (T). A, is the wavelength of incident
light corresponding to the maximum absorbance of the incident electromagnetic
radiation. In the absorbance vs wavelength curve, the continuous radiation from the

source shows a peak at Ay whereas in transmittance vs wavelength curve, it shows dip

Chapter 2: Theoretical Background 19|Page



Ph.D. Thesis: Pradip Maiti

at Ag. In molecular system, the characteristic feature such as shape and the position

absorption bands strongly depend on

y
the degree of distribution of electrons % %

within the molecule [18]. Electrons are é g

primarily localized in the chromophore {% é A
of the organic materials. So, the Wavelength Wavellen;th

absorption spectrum can be used to . . )
Figure 2.7. Absorption spectrum in

identify the molecular light absorbing )
absorbance and transmittance form.

units i.e., chromophores.

There are different types of transitions of molecular electrons observed in
several organic molecules [19]. These transitions are shown in Figure 2.8. Generally,
the energy increases for different transitions in the sequence asn = m", m — m" and

0 — o°. A complex absorption

A * - .
. o (Antibonding) | gpectrum  consist of many
n—=ao
. Ll i T (Antibonding) | absorption bands can be created
5| n-»m o0 . .
& g e n (Nonbonding) | by the complex organic molecule
T (Bonding) . )
oo due to the various spectroscopic
0 (Bonding) transitions involved in it. The

frequency of the emitted spectral

Figure 2.8. Schematic for the different types of | band position by the molecules

electronic transitions involved in the molecular | depends on the energy gap

orbitals. between initial and final

electronic  states of after
excitation. These transitions generally require multiple bonds, and occur in alkenes,

alkynes, and aromatic compounds.

2.4. Radiative transitions

The emission of light from an electronically excited state of an atom or molecule
is known as luminescence [20]. After absorbing energy exactly equal to the energy gap
between two discrete energy levels of an atom or molecule, electron jumps to a higher
energy state and stay there for a very short period of time and finally the electron returns
to the lower possible energy levels by emitting its excited energy. In case of atoms,
these energy levels have been constructed by following the charge distribution on the

nucleus.
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Whereas, for molecules, it depends on both charge distribution and arrangem-

ent of nuclei. Thus, in

. . Singlet states  Internal conversion (nonradiative)
molecules, the vibrational de- -

2
L. 52 o— Vibrational relaxation (nonradiative)
excitation also known as . -
Intersystem crossing (nonradiative)
vibrational relaxation occurs S 1 = Triplet states
——
. . . T — T1
in the following steps: first o ) —
g T unreseonics Phosphorescence
electron absorbs photon and |Z/VVVVVM P
—
. . . 2 AW Nonradiative
go to vibrational and rotational | £ relaxation
. . 1
levels of electronic state with &
2
higher energy, then, loses its S0 §

energy via some nonradiative | Figure 2.9. Jablonski diagram showing various

process and comes back to | pathways of absorption and emission of energy of a

lowest vibrational and | molecule.

rotational level of lower
electronic energy state [21]. Finally, excited electron emits energy in terms of light
photon and returns to the ground state via radiative transition. This phenomenon, in
which light emission occurs from an excited atom or molecule is termed as
photoluminescence. Depending upon the nature of excited state, photoluminescence is
generally classified into two categories i.e., fluorescence and phosphorescence. The
photophysical pathways for absorption and emission of light by molecules are
described by the well-known Jablonski diagram [22] as shown in Figure 2.9. The
electronic singlet states are labelled as Sy, S, S, etc. corresponding to the ground, first,
second excited singlet states respectively. The triplet electronic states are denoted by
Ty, T, etc. for first and second excited states respectively. Various vibrational energy
levels associated with each electronic energy states are labelled by 0, 1, 2...etc. The
transitions between different energy levels are depicted by the vertical lines as shown
in the Jablonski diagram (Figure 2.9). As, the energy absorbed by the atom or molecule
occurred in discrete quanta, the absorption spectrum shows a series of absorbance
bands. In the simple Jablonski diagram (Figure 2.9), the rotational levels associated
with different vibrational levels are neglected to avoid many of the possible absorption
bands due to rotational transitions which are difficult to resolve with UV-vis absorption

spectroscopy.
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2.4.1. Fluorescence:

In 1560, Bernardino de Sahagin and in 1565, Nicolds Monardes first observed
and described the fluorescence in the infusion of lignum nephriticum, which was
collected from the wood of Pterocarpusindicus and Eysenhardtiapolystachya [23,24].
The chemical component which was responsible for the fluorescence was the oxidation
product also known as matlaline, which was the flavonoids components of that wood
[23]. Edward D. Clarke in 1819 and René J. Haiily in 1822 described fluorescence in
fluorites [25]. In 1833 and 1845, David Brewster and John Herschel explained the
fluorescence phenomenon for chlorophyll and quinine respectively [26]. George G.
Stokes in 1852 explained the ‘refragibility’ i.e., wavelength change phenomenon by
uranium and fluorspar glass which were able to change the violet light into blue light
[26]. He named this phenomenon as “fluorescence”. The name “fluorescence” was
derived from the europium containing mineral calcium difluoride, well known as
fluorite, which mainly emits blue colour light.

Atoms or molecules are promoted to the higher excited electronic states (S1, Sz,
S3 etc.) after photoexcitation or any other external perturbations. Basically this
excitation can result the electrons in atoms or molecules to reach any of the vibrational
levels associated with every electronic states and is typically occurs very fast (~1071%)
after photoexcitation [27]. Then the excited electron quickly loses the excess vibrational
energy (due to collision or interaction with incident photons) through vibrational
relaxation and arrived at the ground vibrational level of the excited electronic state.
During their return to the ground state, the loss of excited state energy of the electron
may occur through different radiative and nonradiative transitions which are already
schematically shown in the Jablonski diagram (Figure 2.9.). When the electron
undergoes transition from the ground vibrational level of the excited singlet state to any
of the vibrational levels of the ground electronic state, the remaining excited energy of
electron is emitted in the form of light. This emission of light due to electronic transition
is known as fluorescence. However, this return of excited electron to the ground state
is spin allowed [28]. The rate of fluorescence emission is in the order of ~108 s-1, such
that the fluorescence lifetime (t¢), which is the average time of atom or molecule for
staying in the excited electronic state and subsequent return to their ground state, is

nearly of the order of ~10 ns [29]. The intrinsic character of a fluorescent molecule
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may be represented by a parameter called quantum efficiency or fluorescence quantum
yield (®5) and is given by eqn. (2.9) [29],
Df = Ng/Ny e v e e e (2.9)

where n, and ny¢ are the number of absorbed and emitted photon per unit time during
the process of fluorescence emission respectively. The minimum and maximum values
of @¢ are zero and one respectively. If the fluorescence emission takes place for all the
excited electrons simultaneously after absorption of light, then the quantum efficiency
of the material will be maximum. For any other process, other than radiative process,
the value of @¢ will be very less or may even be zero. However, due to vibrational
relaxation the excited electrons reduce some of its excited sate energy before returning
to ground sate. This implies that the energy of the emitted light is always less than that
of absorbed light. Although, ideally, the absorption spectrum or more precisely, the

fluorescence excitation spectrum and the emission spectrum of a particular material are

mirror-image  to each | ¢ i Stokes shif
)
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experimentally, always a g é 'q': [FluoreScence
=] o N itati Fluorescence
. . e 8 = excitation emission
shift is observed between | § g £ [ spectrum
2 51 5 spectrum
i Z z
fluorescence  excitation g
= . . . . :
and emission spectra [30] 450 500 550 600 650
So Wavelength (nm)
and is referred to as the @ (®)

stokes shift as shown in
Figure 2.10. The radiative Figure 2.10. (a) Schematic represents for the vertical
rate constant (K¢) of a | transition corresponding to the absorption and
fluorophore in the | fluorescence emission. (b) Fluorescence excitation and

fluorescence emission is | emission spectra of organic fluorophore.

related to its average
lifetime (t¢) by the eqn. (2.10) [29]
Ke = 1/Tf ce e er e et e e e e e e (2.10)
But, various nonradiative decay processes affected the average lifetime of the
fluorophore. So, the overall fluorescence lifetime (tg) of the fluorophore in terms of
radiative decay constants (K¢) and nonradiative decay constant (kg) is given by the eqn.
(2.11) [29]
Tr = 1/(Ke+ Kg) e cov e v e e (2.11)
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The typical fluorescence emission spectrum is displayed in Figure 2.10. A particular

photon emitted in the process of fluorescence emission, has single wavelength. Due to

this, the intensity vs wavelength plot looks like a single vertical line situated on that

particular wavelength of the emitted photon. But experimentally, the fluorescence

emission spectrum looks like Gaussian distribution or Lorentzian distribution around

that line [31] and is known as spectral line broadening. The broad spectrum pattern is

generally produced by the overlapping of closely spaced spectral lines. There are many

general useful rules which govern the process of fluorescence emission as given bellow:

K/
0.0

Kasha's rule: According to this rule, the quantum yield of fluorescence
emission is independent of the wavelength of excitation [32]. This is due to the
fact that, the molecular excitation usually deactivates to the lowest vibrational
level of the excited electronic state prior to the emission of light as fluorescence.
Mirror image rule: According to this rule, for many of the fluorophores, the
optical absorption spectrum (or excitation spectrum) is a mirror image of the
fluorescence emission spectrum [33]. This rule is also related with the Franck—
Condon principle which states that electronic transitions between different
energy levels of a molecule are vertical as represented by vertical line in
Jablonski diagram, such that, the change in energy is occurred without changing
the distance of nucleus.

Stokes shift: According to Stokes, emitted fluorescence radiation has lower
energy and a longer wavelength compared to that of the absorbed radiation [34].
The shift or difference in wavelengths of absorption and emission maxima is
known as Stokes shift. The Stokes shift occurs due to the loss in energy of
absorbed photon compared to that for emission. In general, the amount of Stokes
shift depends on the nature of fluorophores and their microenvironments. The
other reason behind the Stokes shift are the nonradiative decay or loss of the
excited energy of atoms or molecules through the vibrational levels of the
excited electronic state and the emission of light due to the electronic transition
from the lowest vibrational level of excited state and the higher vibrational level

of the ground electronic state.

2.4.2. Phosphorescence:

Phosphorescence is another type of light emission when excited electron

undergoes a transition from triplet states (T, T> etc.) to the ground state (S,) [35]. The
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orientation of spin of an electron is conserved during the production of excited state via
transitions from lower to higher energy orbitals. Electrons are arranged themselves in
paired for molecules having even number of electrons. During the excitation, an
electron does not disturb this parity. According to the Quantum Theory [36], a molecule
can exist in three different forms of very slightly but indistinguishable energy. The
molecule is then said to exist in a triplet energy state in which the electron has different
spin symmetry than that in the ground state. The indirect transition from singlet to triplet
electronic state takes place when the energy of lowest vibrational level of excited singlet
state is equal to the energy of highest vibrational level of the triplet state. This type of
indirect transition from singlet to triplet states in known as Intersystem Crossing (IC)
and is shown in the Jablonski diagram (Figure 2.9). Theoretically, direct transition from
the ground electronic state to a triplet state is forbidden for a molecule even with large
number of electrons. Also, the reverse transition from triplet state to the ground state is
less probable and the rate of emission is very slow (from 1000 to 100 s™1) [37]. Thus,
excited phosphors slowly return to the ground electronic state after excitation takes
place and the corresponding emission lasts for much large duration compared to
fluorescence since Ti to S, transition is forbidden due to spin-orbit interactions between
singlet and triplet states. The typical lifetimes of the phosphorescence are in the order
of milliseconds to second [38]. In the aqueous medium at room temperature, due to
very fast deactivation excited energy of electron to lower energy states when compared
with the time scale of emission process, the phosphorescence is usually not observed in
solution [39]. The transition metal-ligand complexes (MLCs) containing one or more
metal and organic ligands, shows phosphorescence from the transitions singlet to triplet
and again singlet states. MLCs have phosphorescence lifetimes of the order of hundred

nanoseconds to few microseconds which is visible by necked eyes [40].

2.5. Non-radiative transitions

If any electronic transition between different energy levels occurs without
emitting light photon or radiation, then this type of transition is called radiationless or
non-radiative transition. Also, the intensity of emission is less strong than the
corresponding absorption. The weak intensity of the fluorescence emission of most of
the materials is observed because of the dissipation of the excited state energy through
various non-radiative channels such as dissipated as thermal energy in the surrounding

environment. Also, the non-radiative transition may occur when the excited molecule
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transfers all of its energy to neighbouring molecules or species while returning to their
ground state. In general, the non-radiative transitions take place through different
pathways such as internal conversion, vibrational relaxation, intersystem crossing, and

non-radiative relaxation etc. [41] as shown in the Jablonski diagram (Figure 2.9).

2.5.1. Internal conversion

In this process, the excited electron goes to the vibrational level of electronic state
of lower energy from the vibrational states of a higher electronic excited state without
radiating light photon [42]. During internal conversion, excess energy of the electron is
emitted as the thermal energy in the surrounding medium. This type of transition
generally happens between the states having same spin multiplicity i.e., singlet to
singlet or triplet to triplet states. The typical rate of transition of internal conversion is
~101? s~1 which is faster than that of the rate of fluorescence emission (~10° s=1) [43].
Due to presence of higher number of vibrational transformations with increase in
vibrational levels in the electronic states, more flexible molecular structure shows
greater probability of internal conversion. Therefore, more rigid molecule exhibits

comparatively higher fluorescence emission.

2.5.2. Vibrational relaxation

Vibrational relaxation occurs when excited electron goes from a higher
vibrational level to the lowest vibrational level of the same excited electronic state [44].
The vibrational relaxation generally takes place by the photoexcited molecule before

fluorescence emission.

2.5.3. Intersystem crossing

This type of non-radiative electronic transition occurs between two vibrational
levels having nearly same energy but with different spin multiplicity (i.e., singlet,
triplet) [35]. After excitation, electron goes from singlet to triplet energy state by
flipping its spin via non-radiative transition. The probability of intersystem crossing is
very less even in the high fluorescent material as singlet to triplet transitions are
generally spin forbidden. However, the probability of intersystem crossing increases
for the molecules having heavier atom in which large spin-orbit coupling exists. The

average rate of intersystem crossing is nearly ~10%2 s~1 [45], which is comparable with
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the internal conversion. After intersystem crossing, the electron goes to the lowest

vibrational level in the same triplet state followed by the internal conversion.

2.5.4. Non-radiative relaxation

In non-radiative relaxation, molecule can directly make transition from zero
vibrational level of excited state to the ground state [46]. When the energy gap between
the lower vibrational level of excited electronic state and upper vibrational level of the
lower electronic state, the electron may tunnel from upper level to the lower level. The
probability of tunnelling from upper level to the lower level is directly proportional to
the energy difference between the corresponding vibrational levels. The non-radiative

relaxation generally occurs between singlet-singlet and triplet-triplet states.

2.6. Molecular aggregation

Aggregation of molecules is a multi-molecular phenomenon which is affected
by different parameters including, pH of solution, molar concentration, temperature etc.
[47]. Various organic and biological compounds can associate to form some ordered
structures (dimmer, trimer, etc.). In general, the m-conjugated organic molecules
strongly take part in the molecular aggregation process via hydrophobic-hydrophilic,
solute-solvent and intermolecular hydrogen bonding and noncovalent intermolecular
interactions [48]. The photophysical and physiochemical properties due to molecular

staking of m-conjugated molecules differs when compared to that of isolated molecule.

In 1963, Kasha and his co-workers P

———
first elucidated the conception of | E'ff—n e + B
molecular exciton coupling theory _>7 i . 4< t
[32]. According to this theory, the ’ NA ........ 1
absorption and emission properties l
of the molecular aggregates are i 5, — N
treated as the reflection of | LUEEC  omomerieve e
interactions between molecular
transition dipoles moments. In the | Figure 2.11. Schematics for the H-type and J-
exciton coupling model, the organic | type molecular aggregates.

dye molecules are treated as “disk-like” or “card-like” flat structure and the aggregated
structure of linear molecule can be visualized by the card packing model based on the

coulomb coupling in between the neighbouring monomer units. There are commonly

Chapter 2: Theoretical Background 27|Page



Ph.D. Thesis: Pradip Maiti

two types of molecular aggregates such as, H-type and J-type are observed. The
molecular mechanism involved in the formation of these aggregates of organic dyes is

schematically shown in Figure 2.11.

2.6.1. H-type aggregates

In H-type aggregates, the card-like planer dye molecules are coupled with each
other in parallel or sandwich one upon the other [49]. For these molecular aggregates,
both the UV-vis absorption and fluorescence emission bands are hypsochromically
shifted (due to this, it is called H-type) or blue shifted compared to the monomeric unit.
Also, in the excitonic band which is the highest energy electronic state, the dipole
oscillator utilized all the molecular excitonic energy [49]. In most of cases H-type
molecular aggregates do not emit fluorescence when compared to that due to
monomeric unit as the fluorescence emission proceeds from the lowest excited

electronic singlet state (S;).

2.6.2. J-type aggregates

In J-type aggregates, molecules are arranged in head-to-tail pattern such that
narrow molecular absorption band is obtained in the UV-vis absorption associated with
stronger fluorescence emission at longer wavelength (bathochromic shift or red shift),
compared to their monomer unit [49]. This type of molecular association was first
reported by E. Jelley and named after Jelley [50]. In J-aggregates, the Coulomb
coupling between aggregated molecules is negative. Also, the oscillator strengths are
concentrated in the lower most energy of exciton and the fluorescence emission

originated due to J-type aggregates are not generally suppressed [49].

2.7. Resonance energy transfer between organic fluorophore and

metal nanoparticles

An excited molecule (donor) can donate all of its excitation energy to other
molecules or metal nanoparticles (NPs) in a close proximity in the surrounding
environment via fluorescence resonance energy transfer (FRET) [51]. FRET is a non-
radiative process where an excited donor molecule can transfer its energy to a nearby
acceptor molecule. The main pre-requisite for FRET to occur is the sufficient spectral

overlap of the fluorescence emission of the donor and the absorption spectrum of the
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acceptor, which is schematically shown in Figure 2.12. This type of energy transfer
involves long range dipole-dipole interactions between excited donor and acceptor

moieties without emitting photon [51]. In general, the name FRET is sometimes
replaced by the resonance energy transfer (RET) as no photon is emitted in the energy
transfer process [52]. The rate of energy transfer depends on various factors such as
extend of spectral overlap between fluorescence emission spectrum of donor and
absorption spectrum of the acceptor, the fluorescence quantum yield of the donor, the

relative orientation of transition dipole moments of donor and acceptor and the distance

in between donor and acceptor moieties in a
© 3
medium [51]. The energy transfer efficiency | £ /\\ Fluorescence | 3
D / 172}
. . 5 / <—emission of | &
(Et1) between a particular pair of donor and z \d/ f\ donor é
acceptor (donor-acceptor pair are separated | B T A 3
o A =
by a fixed distance) is determined by the | £ [Absorbance &
= of acceptor g
quenching of fluorescence emission of donor . |~
. . ) .. 400 500 600 700 800
due to interaction with acceptor and is given Wavelength (nm)
by the eqn. (2.12) [51] hV\ / é}o@
J‘b S
<> =
where Fp and Fp, are the fluorescence
Donor Acceptor
emission of donor in absence and presence of
acceptor respectively. The value of Et is also | Figure 2.12. Schematic represents the
determined with help of eqn. (2.13) using the | resonance energy transfer (RET).

fluorescence lifetime data of donor [51]
under the same required conditions as stated earlier,

ET =1 = Tpa/Tp cve vev ver wvr wvevevee e e (2.13)
where tp and tpy are the fluorescence lifetime of donor in absence and presence of
acceptor respectively.

The fluorescence quenching of fluorophore are mainly two types, one is static
quenching and another one is dynamic or collisional quenching [53]. In static
quenching, donor and acceptor are at a fixed distance. This situation may occur in case
whether the donor is directly adsorbed on the surface of acceptor. Donor-acceptor
ground state complex is also formed in the static quenching. In case of dynamic
quenching, fluorophore and quencher are in relative motion and continuously collides

with each other. Quenching may also occur by a variety of trivial mechanism other than
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static and dynamic methods. A fluorophore itself can attenuate its excited state energy
and goes to the ground state after the removal of the incident radiation.
The quenching of fluorescence emission intensity of a fluorophore is described

by the well-known Stern-Volmer relation (eqn. (2.14)) [53] as describe bellow,

F
F—D =1+ Key[Q] = 1+ KqTp[Q] e v voe e v e e e (2.14)
DA

where Fp and Fp, are the steady-state fluorescence emission intensity of donor in
absence and presence of the acceptor. Kgy is referred to as the Stern-Volmer quenching
constant which corresponds to the sensitivity of energy transfer from excited
fluorophore to the quencher. Ky,tp and [Q] are the bimolecular quenching constant,
and fluorescence lifetime of donor in absence of quencher and the concentration of
quencher molecules respectively. A straight line Stern-Volmer plot (Fp/Fpa vs. [Q]
plot) indicates either pure static quenching or pure dynamic quenching. Any deviation
of the plot from straight line may correspond to the occurrence of both static and

dynamic quenching of fluorescence of the fluorophore.

2.8. Infrared spectroscopy

Infrared spectroscopy belongs to a class of vibrational spectroscopy, which
recognizes transition between different vibrational levels without electronic transition
after excitation with infrared or near infrared light [54]. Also, the vibrational spectrum
is very sensitive to the structure and molecular geometry. It provides many fundamental
information including bond angle and bond length of the functional groups of a
molecule. Molecular vibrations are two types, one is stretching vibrations, and another
one is bending vibrations. In the stretching vibrations, molecule changes its bond
lengths whereas in the bending vibrations, molecule changes its bond angles. Again,
the stretching vibrations are of types, symmetric stretching and asymmetric stretching.
In the symmetric stretching, bonds of the molecule vibrate in plane or out of plane
direction with respect to the original molecular plane of vibration. In the asymmetric
stretching, few bonds become shorter and few bonds become longer simultaneously. In
the bending vibrations of a molecule, the change of angle between two neighbouring
bonds occur. Bending vibrations are of four types, such as rocking, scissoring, wagging,

and twisting.
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2.9. Quantum-chemical calculations

Quantum-chemical computational calculations are the interlinked branch
of both physics and chemistry [55] for organic and inorganic compounds. It mainly
utilizes the high speed super computer incorporated with efficient computer
programming based on theoretical chemistry models to solve various complicated
physical and physicochemical problems. The theories behind the computational
calculation have been refined and evolved gradually. Now, it is very efficient to explore
variety of important ground and excited state molecular properties such as optimized
geometry, various molecular orbitals namely highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), equilibrium state between
molecules, and energy corresponding to a particular reaction in many complex
molecular systems. In the mathematical models, behind the chemical-computation,
large number of coupled equations are solved simultaneously via iteration method [56].
In this convergence technique, iterations continue to run until a new equivalent outputs
results are obtained as in the previous one by using particular set of mathematical and
physical approximations. To obtained optimized geometry, molecular orbitals and
corresponding energies different approximation methods have been marched with the
programme algorithm and applied to the atomic orbitals with the help of well-defined
basis set. The selection of theoretical model strongly depends on the dimension (i.e.,
number of atoms and bonds in the molecules), environment of the system and on the
extent of approximation. The computational study generally complement various
scientific and fundamental information obtained in the chemical experiments. Also, in
some cases, it predicts hitherto chemical phenomena which are usually difficult to
observe experimentally. In general, the quantum-chemical computational methods are
mainly four types such as ab initio, semi-empirical, density functional, and molecular
mechanics methods [57]. Among the various methods density functional theory is

systematically used in the research presented in this thesis and is briefly discussed here.

2.9.1. Density functional theory (DFT)

In DFT method, calculations are performed based on the total electron density
designated by p(x,y,z), instead of wave function of the electrons as used in the
Hartree-Fock method [57]. In DFT, the total electron density is the basis of whole

methods of studying atoms and molecules. The results obtained in DFT method are
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comparable with the ab initio method, but DFT method takes lower CPU time. In DFT
calculation, there is an approximate Hamiltonian for the total electron density from
which ground and excited state properties and detail potential energy surfaces are
determined for the molecules [58]. Kohn and Sham formulated the presently used DFT
method, where exchange correlation functional is used for any unknown energy
configuration. According to the first Hohenberg-Kohn theorem, “any ground state
property of a molecule can be represented by the ground state electron density
functional” [57]. The second Hohenberg-Kohn theorem tells that “any trial electron
density function will give an energy higher than (or equal to, if it is exactly the true
electron density function) the true electronic ground state energy”. There are mainly
three methods used in the DFT calculation, which are B3LYP, PW91 and VWN.

% B3LYP: It includes Becke-3-parameters (B3), Lee—Yang—Parr (LYP)
functional. It is the most popular method in the DFT calculation. B3LYP is
called as a hybrid method, because it includes corrections for gradient and
exchange correlations.

% PWOI1: It is a gradient-corrected method.

% VWN: The calculation performed in this method is based on local density

approximation.

2.9.2. Molecular mechanics (MM)

In many cases, very large molecular systems are modelled using classical
expression of energy of the harmonic oscillator by avoiding quantum mechanical
calculations entirely [59]. In the MM simulations, atoms in the molecule are considered
as spheres and bonds as springs. In the energy calculations, different algebraic
equations are considered instead of electron density and wave function. The constants
involved in the algebraic equations are generally obtained from the experimental data
or other relevant calculations. The MM simulation is very simple computation, so that,
one doesn’t need complicated software of suit. Different types of MM simulations are
given bellow.

% Universal force field (UFF): Generally, UFF method is used in Avogadro to

explore different molecular properties of inorganic and organic compounds.

% Merk molecular force field (MMFF): MMFF is another important method,

which is mainly used for some organic systems.
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2.10. Binding constant and number of binding sites of metal-organic

nanoassembles

The understanding of the formation of a complex between fluorophore with
another molecules or some metal nanoparticles is of prime importance both for
fundamental and technological aspects in various fluorometric measurements. The
adsorption of the fluorophore on the surface of the metal NPs alter the different
fluorescence properties such as fluorescence intensity, lifetime etc. The steady-state
fluorescence emission spectra of the fluorophore of interest in presence of different
concentrations of the quencher can be used to evaluate the binding constant between
the fluorophore and the quencher (metal NPs) and the number of available binding sites
in the fluorophore environment with help of the following eqn. (2.15) [60]

Fp —Fpa

Log{ } = LogKy + nyLog[Q] ... e et v v e ... (2.15)

Fpa

where Fp and Fp, are the fluorescence emission intensity of the fluorophore (donor) in
absence and presence of quencher (acceptor) respectively. K}, and ny, are the binding
constant and number of binding sites respectively. [Q] is the concentration of the
quencher. The values of K, and n;, can be determined from the intercept and slope of
Log{(Fp — Fpa)/Fpa} vs. [Q] plot. If the value of K}, and ny, increase with increase in
the value of quencher concentration, then fluorescence quenching will be dynamical in
nature. This is because in the dynamical quenching, the rate of collision increases with
increase in concentration of the quencher. But if Ky and nydecrease with increase in
quencher concentration, then quenching may be static in nature and there is a possibility
of the formation of ground state complex between donor-acceptor pair. The Gibbs free
energy change in the interaction can be determined by using the value of Ky from the
following relationship (eqn. (2.16)) [61]
AG = —RTInKy ... v v v v v e (2.16)

where R and T are the universal gas constant and temperature respectively. The

negative value of AG interaction between fluorophore and quencher is spontaneous.
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3. Introductory remarks

Noble metal nanoparticles (NPs) and metal-based 2D layered nanostructures
have received wide spread interest among the scientific community of India and abroad
because of their unique physical and physicochemical properties such as high surface
area-to-volume ratios, high optical transparency, chemical and thermal stability [1-3].
In this context, gold (Au), silver (Ag) and Molybdenum disulfide nanostructures show
remarkable potential in number of technological applications [3,4] in recent years. The
unique localized surface plasmon resonance (LSPR) of Au and Ag NPs can efficiently
modulate the intrinsic fluorescence properties of various organic compounds. The
frequency of LSPR is found to depend on the properties of surface electrons of the NPs
and their medium where they are dispersed. Also the photoinduced electron transfer
between excited organic dye chromophores and inorganic metal or metal-based NPs
open up a new avenue for the development of various molecular level sensing platform
for wide variety of organic and inorganic analytes in different environment. Due to the
coupling between photoexcited fluorophore and LSPR of such NPs, there may be
quenching or enhancement of fluorescence emission of the fluorophore [5,6]. It is
observed that the quenching or enhancement of fluorescence are influenced by the
presence of guest biomolecules because of their strong affinity with metal nanoparticles
in aqueous medium as reported by various researchers [7]. Currently, there is renewed
interest especially on metal or metal-based nanostructures with regard to the possibility
of various sensing as well as biological applications [8,9].

On the other hand, 2D layered nanostructures such MoS: is already attracted
significant interest because of their tunable optical properties which are suitable for
various technological applications [10]. During the last few years the research with
layered MoS> nanostructures is increased and play a central role in materials research

because of their considerable biocompatibility and easy exfoliation in aqueous
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environment. Literature reveals that the unique fluorescence emission properties of
MoS: nanostructures are very selective and sensitive in various environments
containing ionic species (such as metal ions) assuring their potential to design various
efficient sensing platform.

Among the various analytical techniques, spectrofluorometric method is now
become a highly promising approach to selectively monitor a detectable change or
asignal in molecular recognition processes. This technique has a great deal of
fundamental importance about the knowledge of molecular behaviour and ensures a
deeper understanding of their detail photophysical properties in nanoscale both in the
ground and excited electronic states when light interacts with these molecules. Various
aspects of radiative and nonradiative transitions depend on the nature, rigidity and shape
of the molecules. Moreover, several photophysical properties are highly induced and
affected by the local microenvironment of the molecules. It is also observed that in the
aqueous environment of metal or metal-based NPs, the properties of various organic
emitters are modified, which may alter their radiative deactivation process resulting the
change in their electronic spectra [11-13]. The relative change of the electronic states
of the organic emitters in presence of various metal or metal based NPs may be
systematically investigated with the exposure of various guest molecular species in the
same experimental condition. This strategy of understanding the fluorescence
behaviour of organic emitters in presence of metal NPs plays significant role for
desiging various molecular and biomolecular sensing platform with very high signal-
to-noise ratio.

Various research groups both in national and international level are working in
the broad area of this promising field for variety of important technological
applications. So, in this chapter a brief overview of the research performed by various
groups both in national and international level relevant to the research as presented in

this thesis is highlighted.

3.2. International status

The study of nanoscience and nanotechnology has revolutionized the fields of
materials research to create or tailor the properties of novel objects in nanometer sacle
i.e., 1-100 nm. This interdisciplinary fileds of research significantly impact our life as
it offers sustainable development through smart products for biomedical fields,

environmental safety, better build quality, device miniaturization and as a whole the
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improvement of our everyday life. However, among the various promising applications,
nanotechnology provides facile and cost-effective approaches for molecular and
biomolecular sensing applications by utilizing different specific and non-specific
interactions with the target analytes. In this context novel metal NPs such as Au NPs,.
and 2D layered MoS:z nanostructures are in increasing demand as they play pevotal role
in various sensing applications [14]. The unique optical properties of such
nanomaterials assure their suitability to selectively control their interactions with wide
variety of biological and inorganic species in different environments. These
nanomaterials are found to significantly interact with various organic fluorescent
compounds and can efficiently quench the fluorescence emission intensity in presence
of guest molecular species. This strategy is successfully implemented for both lable and
label free detection of various bioanalytes at very low molar concentration in aqueous
medium as well as in real biological samples [15]. Additionally, the distinct colour of
such metal and metal-based nanomaterials in solution facilitates sensing of analytes via
colorimetric changes which are observed during the assay experiments [16]. Therefore,
research in this emerging area of nanotechnology has attracted great deal of interest of
the international scientific community during the last decades [17]. Some interesting
research related to sensing and biological applications of such nanostructured materials
and relevant photophysics as performed by various scientists and researchers at

international level are briefly described in the following sub-sections.

3.2.1. Fluorescence-based sensing applications of dye-metal NPs system

Noble metals such as gold and silver are the naturally occurring elements and
are found in the components of the Earth’s crust. The study of interaction between
noble metal NPs (Au NPs, Ag NPs etc.) with organic dye molecules has become
growing interest towards the development of efficient sensing platforms for various
important biological and inorganic compounds both in aqueous solution and biological
environments [18]. The strong localised plasmonic oscillation of Au NPs and Ag NPs
can strongly couple with the oscillating dipoles of various organic fluorophores in the
vicinity of NPs resulting distinct change of fluorescence properties of the emitter
molecules. These interactions are manifested in variety of spectroscopic observations
such as energy transfer from organic molecules to metal NPs or vice versa, direct
adsorption characteristics of the organic molecules onto the surface of metal NPs etc.

[19]. All these processes significantly impact on the radiative and non-radiative
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pathways of excited electronic states of the emitter molecules. Based on the metal NP-
fluorophore interaction, number of applications have been developed such as solar cell,

bio-imaging, medical therapies, biomolecule sensing, ion sensing etc. [20].

3.21.1 Gold nanoparticles for sensing and biological applications

Various researchers in the international level have given continuous efforts to
design efficient sensing platforms using plasmonic Au nanostructures or their
functionalization with appropriate fluorescent probe. Due to the high molar extinction
coefficient and extremely broad energy bandwidth, Au NPs can be used as an excellent
fluorescence quencher of organic probes in the resonance energy transfer (RET) based
fluorometric assay methods for the sensing of biomolecules [21, 22].

The most common approach of desiging biosensor is based on fluoremetric
assay using Au NPs, where Au NPs are functionalized with a suitable organic
fluorophore molecule. Due to this, there will be some changes in the absorption band
of Au NPs and the fluorescence emission of the fluorophore is quenched. This is known
as the fluorescence “turn-off”. After addition of analyst i.e., the target biomolecules,
the fluorescence emission of the fluorophore may be retrieved and is called “turn-on”
[23]. Tang et al. [24] have used B-cyclodextrin (B-CD) functionalized Au NPs to design
RET based cholesterol sensor. Addition of fluorescein (FL) molecules with CD/Au NPs
system forms CD/Au NPs/FL complex resulting in the fluorescence quenching of FL.
via RET process. However, after addition of cholesterol, the FL. molecule is replaced
by cholesterol in the CD/Au NPs/FL complex system due to the higher binding affinity
between B-CD and cholesterol and consequently FL becomes free in the assay medium.
This eventually restore the fluorescence emission of FL. They reported the
fluorescence-based detection of cholesterol using this technique at nanomolar
concentration level. Chang et al. [25] have constructed a fluoremetric assay using nile
red (NR) with Au NPs for the sensing of biothiols at submicromolar concentration
range. According to their study, NR is noncovalently attached to Au NPs in the aqueous
medium. RET based Au NPs assay was also used by various group of researchers for
the detection of Cysteine and Homocysteine [26]. C. C Huang et al. [27] reported a
simple approach for the selective detection of Homocysteine thiolactone using
fluorosurfactant (FSN) functionalized Ag NPs. Au NPs/FSN behaves as aminothiol
removers and as sensors. They have used Au NPs/FSN mixed system for the detection

of Homocysteine and Cysteine at 100 nM concentration levels. J. H. Lin et al. [28]
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demonstrated a selective and sensitive sensing method based on fluorosurfactant-caped
Au NPs (FSN-Au NPs) with o-Phthaldialdehyde (OPA). According to their report, the
selectivity of FSN-Au NPs-OPA system is more than 100-fold for Homocysteine over
any other aminothiols with a limit of detection of 180 nM. They also confirmed the
selective binding interaction of FSN-Au NPs-OPA with Homocysteine in the real urine
samples.

The remarkable quenching of organic dyes due to noble metal NPs has ensured
enhanced sensitivity of the fluorescence resonance energy transfer (FRET) based
biosensor [29]. L. Qin et al. [30] demonstrated fluorescence “turn-on” sensing of small
protein molecule namely glutathione via FRET between Au NPs and amine-terminated
gold nanorods. The energy transfer between gold nanorods capped glutathione and Au
NPs was highly selective through the electrostatic interaction. Their result revealed a
linear fluorescence enhancement with increasing glutathione concentration in the range
of 2-100 nM.

Another interesting approach which is being recently investigated by various
researchers [31,32] is the molecular beacons which utilize fluorescence labelled ssSDNA
functionalized with NPs forming hairpin structures for the development of biosensor.
In this case the hairpin structure leads to the closer association of the fluorescent dye
moiety around the surface of metal NPs resulting a drastic reduction of fluorescence
via energy transfer between dye and NPs. However, in the presence of any
complementary RNA and DNA target, the hairpin structure may be altered resulting the
restoration of fluorescence signal [33]. Benia et al. [34] reported the use of molecular
nano-beacons formed by 13 nm Au NPs for systematic detection of a genetic mutation
associated with systic fibrosis considering only 1 nM of target analyte. Tseng et al.
[35] demonstrated a highly selective turn-on fluorescence sensing of iodide ion using
fluorescein 5-isothiocyanate (FITC) functionalized Au NPs in aqueous medium. They
explored the selective binding affinity of I" ion to Au NPs compared to other halides
ions. Therefore, it is observed that most of the studies regarding the sensing of various
biological and inorganic materials involves the proper functionalization of Au
nanoparticles with fluorescent probes. However, it is still challenging to find the
appropriate combination of fluorescent probes and Au NPs to design efficient sensing
platform for variety of other important bio-analytes because of possible structural

alternation of target biomolecular species while interacting with such funtionalized
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metal nanoparticles in the assay medium. Also the effect of the external perturbation
may influence the fluorescence signal in the fluorometric measurement. In contrast, a
ratiometric approach of analysis of fluorescence signal in presence and absence of
analytes can provide much accurate information of the analytes during the sensing

experiment.

3.21.2. Silver nanoparticles for biological applications

Appart from Au NPs, Ag NPs have received great interest of the scientific
community and researchers especially in the field of biosensing and bioimaging
because of their unique physical and physicochemical properties when compared to
their bulk counterpart. Dr. Muhammad Ismail and co-workers in North China Electric
Power University, Beijing, China studied the role of Ag NPs on the highly sensitive
detection of urea in real urine sample via a simple spectrofluorometric method [36].
They used a second order spectrofluorometric method to eliminate the possible effect
of the interference in the real bioenviornment. Dr. Won-Gun Koh and his group at
Yonsei University, South Korea developed highly sensitive polycaprolactone (PCL)
fibers decorated with silica-coated silver nanoparticles as an efficient biosensing
platform to study the immunoassay using IgG and fluorescence-labeled anti IgG. The
significant fluorescence enhancement of these protein conjugated fluorophores was
observed due to the presence of Ag NPs [37]. Prof. J. R. Lakowicz and his coworkers
at the University of Meryland, USA successfully investigated the enhancement of the
intrinsic fluorescence of tryptophan residue using Ag NPs for label free detection of
protein namely avidin (which is present in the whites of eggs) via fluorometric method
at submolar concentration [38]. Fluorescence based immunoassay is a conventional
method in biomedical fields for sensitive detection of proteins associated with various
antigen-antibody interactions. Prof. Jinhe Yang and his co-workers at Shandong
University, china used CTAB-caped Ag NPs as an effective probe for determination of
nucleic acid via resonance light scattering technique [39] Prof. Chang-Ping Yu ,
Institute of Urban Environment, Chinese Academy of Sciences, china studied the
interaction of Nitrosomonas europaca ATCC 19718 with silver NPs having varying
sizes. They fund the effective inhibition of Nitrosomonas europaea by addition of Ag

NPs [40]
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In recent times much emphasis has been given to Ag NPs for various ion sensing
applications as well. Prof. Shao-Jung Wu and his co-workers at the Taipei Medical
University in Taiwan [41] synthesized dual chitosan capped Ag NPs for designing
fluorometric and colorimetric based sensor towards the selective detection of Hg2+ ion
in aqueous medium. Prof. Victor Sinchez-Mendieta with his research group at
Autonomous University of the State of Mexico, Mexico used green synthesized Ag NPs
as an efficient sensing platform for detection of Cu2+* and Pb2+* in aqueous solution via
fluorescence method [42]. Taihua Li et. al. at Korea Advanced Institute of Science and
Technology (KAIST) studied the specific interactions of Ag NPs with various chiral
biomolecules such as cysteine, glutathione and penicillamine etc by CD spectroscopy
and such interactions was found using Au NPs . [43]

However, the information regarding the optimum condition as well as the proper
combination of NPs and organic emitters are still in the early stage of research while
considering their real applicability in the biomedical field [44]. Researchers [45]
suggest that Ag NPs have relatively high cytotoxicity depending upon the size of the
nanoparticles. Therefore, size of the metal NPs may be an important factor for the real

application in fluorescence-based biological applications using metal NPs.

3.21.3. Metal nanoparticles based suvfa.ce energy transfer (SET)

Surface energy transfer (SET) involves metallic surface such as metal
nanoparticles (i.e., Au NPs, Ag NPs etc.) and a molecular dipole of an organic molecule
and was theoretically first predicted by R. Chance et al. in 1978 [46] and
experimentally reported by Y. Chen et al. in 2000 [47]. According to the theoretical
model of Chance, in SET the rate of energy transfer (Ksgt) from photoexcited dipole to

metal surface is given by the following equation (eqn.) (3.1),

1 /d 4
0
SE Tp (d) ( )

where tp, d and do are the life-time of the organic molecule (donor), distance between
surface of metal NPs (acceptor) and organic molecule (donor) and a constant
respectively. From this relation it is clear that the rate of energy transfer from donor to
acceptor is proportional to 1/d*. According to B. N. Persson and N. D. Lang [48] the
values of Kggr and d, for a photoexcited molecule with energy above the Fermi energy

level of metal NPs, can be determined by using Fermi’s golden rule when the molecule
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goes to the ground energy state by the scattering of electron. However, SET process
does not require overlapping between UV-vis absorption spectrum of the acceptor and
fluorescence emission spectrum of the donor in contrast to that for FRET process. SET
process is mainly originated from the electromagnetic interactions between the
conduction electrons on the metal surface of the acceptor and excited dipole of the
donor. The experimental observations of the various researchers suggest that FRET is
generally limited to the distance of up to ~80 A, however SET is effective for much

larger distances [49-51].

3.22. Two-dimensional fluorescencent MoS2 nanostructures for sensing and

biomedical applications

After the discovery of graphene (one of the isotope of carbon) in 2004, two-
dimensional (2D) nanostructured materials have gained much attention of the scientific
community [52]. Since then, important physical and chemical properties of various 2D
layered materials other than carbon have been discovered and studied with the potential
applications in the fields of transistors, catalysis, optoelectronic devices, sensors,
bioimaging, topological insulators, biomedical research and so on [53-55]. 2D layered
materials derived from the transition metal dichalcogenides (TMDs) are very promising
due to ease of synthesis, diverse physical and physicochemical characteristics. In the
last decade, TMDs becomes the focus of both technological and fundamental research
due to their different material properties, wide range of chemical composition, unique
crystal and morphological features etc. [56,57]. TMDs are generally represented a MX,,
where M is a transition metal from the group 4 to group 10 of the periodic table (i.e.,
Hf, Mo, Nb, Ta, Ti, W, V) and X is the chalcogen (i.e., S, Se, Te). Transition metals
have d-electrons. These d-electrons fill up the d-bands to different levels resulting the
variety of spectroscopic and electronic properties [58]. The wide range of electronic
structures of TMDs facilitates their applications not only in the electronic and
optoelectronic devices but also in the fields of catalysis, sensors, bioimaging etc. The
atomic arrangements of the TMDs also play important roles along with the chemical
compositions in determining the 2D material properties. The bulk 2D TMDs are formed
by the stacking of molecular layers via weak van der Waals interactions, whereas the
transition metal and chalcogens are bonded covalently within the molecular layers [59].

The weak inter-layer and strong intra-layer interactions in the TMDs possesses the high
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anisotropy which can tailor the material properties through various methodologies
including intercalation, alloying, reducing dimension etc. [60]. There will be
significant change in the band structures and band gap energies when 2D layers are thin
down towards the single-layer limit [61,62]. Also, the intercalation of guest ion between
the two layer of TMDs eventually change the carrier densities which may alter the
optoelectronic properties of the materials [63].

Among different TMDs, nanostructured molybdenum disulphide (MoS:z) has
received significant interest of the scientific community during the last several years
because of their diverse potential in variety of fields such as catalysis, molecular and
biomolecular sensing, ion sensing, bioimaging, nanomedicine, drug delivery etc. [64].
MoS:2 has been found to interact with wide variety of guest molecules or ionic species
which may be easily intercalated between the layers of MoSz. This eventually may
change their charge carrier density resulting significant alternation of spectroscopic
properties at nanoscale. MoSz posseses sheet like layered nanostructures wchich show
very high photoluminescence yield in ambient condition. In 2010, A. Splendiani et al.
[65] first reported the photoluminescence from MoS, NSs monolayer. According to
them, bulk MoS, is an indirect bandgap semiconductor which shows negligible
photoluminescence. When this rich d-electron crystal of MoS, is thinned to monolayer,
a strong photoluminescence is obtained. The quantum confinement of the layered d-
electrons creates photoemission, indicating the transition from indirect to direct
bandgap materials provides new opportunities of applications at the nanoscale. Also,
G. Eda et al. [66] showed 2D MoS, monolayer is a photoluminescent direct bandgap
semiconductor when compared to its bulk counterpart.

As mentioned earlier, the significant and interesting optical properties of MoS2
ensures their suitability in various promising technological applications. Among the
various such interesting applications, sensing of wide spectrum of molecular and
biomolecular and ionic species as well as biomedical applications have drawn much
interest of the global scientific communities [67]. In recent times different forms of
nanostructured MoSz have been investigated by various group of researchers for
sensitive detection of ionic species both in aqueous solution as well as in biological
environment.

According to the World Health Organization (WHO), mercury (Hg?*), arsenic
(As37), lead (Pb?*), and cadmium (Cd?™) are the highly toxic heavy metal ions [68].
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These non-biodegradable heavy metal ions are serious concern to the lives in the
environment as they represent major threats to human health and many aquatic lives.
Recently, scientific community are very interested to design and develop
spectrofluorometric sensors for the selective and sensitive detection of these toxic
heavy metal ions to provide a better platform for the removal of these ions. X. Peng et
al. [69] designed a visual detection and removal method for the Hg?* by a ferrocene
derivative. Q. Ji et al. [70] reported a chip device configured by 3D paper-based
microfluidic for the fluorescence detection of Hg?* and Cu?* ions. Y. J. Kimetal. [71]
developed a novel technique based on the Au NPs for spectroscopically silent heavy
metal ions sensing. H. Sun et al. [72] reported CdTe NPs based Hg?* microsensor. They
mainly used the dendrite structure of self-assembled CdTe NPs in presence of Hg?*
ion. However, these methods require very sophisticated synthesis of the probe materials
and very cross-sensitive towards the other ions while considering their practical
applications. Prof. Giovanni Fanchini and co-workers [73] at University of Western
Ontario, Canada developed solid-state chemiresistors using two-dimensional MoSz NSs
which were functionalized with L-Cysteine for detection of heavy metal ion namely
Cd?+ ion present in drinking water at ppb level. Another important metal element
namely iron (Fe) which is an essential trace element for living being and is important
as a constituent part of various proteins, enzymes etc. for regulating some biophysical
and biochemical processes in our physiological system. However, the imbalance of
Fe3+ jon in our body imparts many detrimental effects such as kidney diseases,
anaemia, hepatitis, alzimers etc. Therefore, detection of the Fe3+* ion is essential and
important for various biomedical interest. Jian Ma et. al. [74] developed highly efficient
sensing platform using MoS2 quantum dots for label free detection of Fe3* ion in
aqueous medium in the concentration range of 0-50 pM/L via fluorometric method
under the exposure of UV light. Prof. Chi Zhang and co-workers [75] at Jiangnan
University, China also studied the use of MoS2 quantum dots functionalized cysteine
for detection of trivalent metal ions namely Fe3+ and Al3+ in aqueous solution using
dual model photoluminescence switching of MoSz QD. Prof. Wei-Lung Tseng and his
group [76] at National Sun Yat-sen University, Tiwan used 6-Mercaptopurine to
selectively quench the fluorescence of MoS2 nanodots. This selective fluoroscence
response of MoS2 has been utilized for various biological applications such as

glutathione sensing, cell imaging, and drug delivery.
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Unlike other 2D TMDs and graphene, the intrinsic fluorescence properties of
MoS, nanostructures are very sensive to the interactions with many biomolecules which
open a wider window for the use of MoS, in the field of biomedical applications {85}
[77]. The high fluorescence of MoS, can be controlled by the interaction of the cation
in between the layers of the MoS,. As mentioned earlier, single or few layers of MoS,
shows high photoluminescence compared to their bulk counterpart, which make them
useful in the treatment and imaging of various cellular system. Long term live cell
tracing is sometimes required to have better insights into the cellular system to
understand the cell dynamics of the development of carcinogenic domains, immune
responses, regenerative processes etc. For this purpose, proper and viable cellular
imaging play the pivotal role to resolve such biomedical issues. Using organic probe in
cellular imaging in many cases face difficulties due to limited photostability and
photobleaching especially while using long term evaluation of cell dynamics. Prof.
Weili Wei a co-researcher [ 78] at Chongqing University, China successfully used MoS2
quantum dots as a fluorescent signalling agent to probe the long term live cell dynamics
via the covalent linkage of MoS2 with intracellular thiol compounds. Additionally, they
suggested that due to extraordinary surface-area to volume ratio, MoS2 will be an
effective candidate for loading of functional molecules for many further biomedical
applications. Prof. Joseph Wang and his group at University of California, San Diego,
USA [79] explored MoS:2 as an advanced surface material in the synthesis of powerful
tubular microengines with a diverse array of capabilities such as delivery of drug
doxorubicin, highly sensitive detection of nucleic acid namely miRNA-21 via
fluorescence TURN-OFF mechanism. Their study reveals MoS2 as advanced material
for the development of multifunctional micromachines for diverse biomedical
applications.

The other advantages of MoS, over other 2D TMDs and graphene are good
biocompatibility and very low cytotoxicity. Wei et al. [80] conduct the cell viability
tests on human lung carcinoma epithelial cells (A549) incubated for 24 hrs with varying
concentrations of the graphene and three TMDs including MoS,. They observed that, at
the concentration of MoS,, 1.6 times higher than that of graphene, A549 cells are viable
incubated with MoS, NSs than that of graphene. Thus MoS, could be less hazardous
and more biocompatible compared to graphene and other TMDs for potential

biomedical applications.
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3.3. National status

Apart from the International status on the research in this emerging area of
nanotechnology, in India there are various research groups working and exploring some
application of fluorescence based on the detail study of photophysical and
physicochemical behaviours of some fluorescent organic dyes namely rhodamine B
(RhB), safranin O (SO), methylene blue (MB), rhodamine 6G (R6G), acridine orange
(AQ) etc. in presence of inorganic noble metal NPs such as gold nanoparticles (Au
NPs), silver nanoparticles (Ag NPs), titanium dioxide nanoparticles (TiO2 NPs), zinc
sulphide nanoparticles (ZnS), zinc oxide nanoparticles (ZnO). Also, these NPs-dye
interactions are have been investigated for various applications like sensing, cellular
imaging etc. as being investigated extensively by the several group of researchers.

The drastical change in the fluorescence emission properties and shortening of
the excited state life-time of R6G dye while interacting with Au NPs in the aqueous
solution was reported by Prof. A. Patra and his research group in the Indian Association
for the Cultivation of Science in Kolkata [81]. According their study, the energy transfer
from photoexcited dye to NPs was occurred via surface energy transfer (SET) process.
Prof. T. Pal et al. [82] in the Indian Institute of Technology, Kharagpur, for the first
time, reduced the metal silver (I) to Ag NPs via photochemical reduction method in
presence of ascorbic acid in the aqueous medium of Triton X-100. They showed that
the synthesized string-like assembly of Ag NPs was extremely stable and efficient to
show SERS soignal. The bio-functionalization of Ag NPs, Au NPs was reported by
Prof. A. Mukherjee and his research group in the Indian Institute of Science in
Bangalore [83]. According to their study, the bio-functionalization of the inorganic
noble metal NPs is very essential to achieve the biocompatibility in the specific
biomedical applications. Prof. S. K. Kailasa and his research group in the National
Institute of Technology in Surat [84] had investigated the influence of the
concentrations of reagents, reaction time and temperature on the morphology and
electronic properties of Au NPs. They used ascorbic acid functionalized Au NPs as a
colorimetric probe for the selective and sensitive sensing of glutathione (GSH) and
cysteine (Cys) in the aqueous medium. The localized surface plasmon resonance
(LSPR) of lauryl sulfate modified Au NPs have been successfully utilized as the
colorimetric probe for the detection of arsenic in aqueous solution by the research group

of Prof. K. Dewangan of Indira Gandhi National Tribal University in Amarkantak [85].
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This colorimetric probe changes its colour from pink to blue after addition of arsenic
solution resulting the red-shift in LSPR via coupling between NPs. Au NPs are being
increasingly used in biosensing applications owing to excellent optoelectronic
properties. Prof. C. Raman Suri and his research group in the Institute of Microbial
Technology (CSIR) in Chandigarh [86] developed a novel electrochemical detection
technique for cardiac troponin I using citrate caped Au NPs and troponin I biointerface.
In recent years, this technique has attracted much attention in India for biomedical
engineering and drug delivery system as well. However, another important work in the
field of drug delivery system based on noble metal NPs had been reported at the Bose
Institute in Kolkata [95]. V. Banerjee et al. [87] reported that the research on Ag NPs
have been emerged with increasing applications in biological systems, for example as
antimicrobial agents and potential candidates for controlled drug delivery systems. In
all such applications various interactions between proteins and other biomolecules with
Au NPs have been explored. Hence, the study of such interactions is of considerable
importance for wide spectrum of biological application. They have studied
experimentally that the LSPR band profile is dependent on protein concentration for a
number of proteins. They explained that protein dependent LSPR signal is an interesting
phenomenon and it is independent of size and structure of protein. Another group of
researchers from the Indian Institute of Science in Bangalore [88] successfully
developed the nanocomposite films of reduced graphene oxide-silver (RGO-Ag) on
kapton sheet. This RGO-Ag based flexible film demonstrated good scalability in the
sensing of temperature. The tendency of agglomeration of RGO nanosheets had been
removed by incorporating the Ag NPs in the nanosheets, which showed excellent
thermal conductivity suitable for the applications like temperature sensor. In the very
recent time, a novel electrochemical immunosensors had been developed by Prof. R.
Khan and his research group in the Advanced Materials and Processes Research
Institute (CSIR), Bhopal [89] using the nanocomposites of graphene oxide-gold (GO-
Au) for the dual detection of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) antigen and SARS-CoV-2 antibody. Development of various photoplasmic
platform using some hetro-nano hybrids for the augmentation of fluorescence signals
of emitter molecules in the close vicinity of hybrid nanostructures is attracted recent
interest in the field of photonics and related applications. Prof. S. S. Rammamurthy at
Sri Satya Sai Institute of Higher Learning, Andhrapradesh, [90] studied hybrid

nanostructure with Au NPs and Ag NPs for attomolar level detection of biologically
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relevant organic material namely, mefenamic acid with very high sensitivity via cell-
phone based fluorescence detection method.

On the other hand, Transition metal Dichalcogenides (TMDs) like molybdenum
disulfide (MoS2) nanostructures are attracted much attention of the national scientific
communities due to their unique optical, physicochemical and electrical properties of
such layered 2D nanostructures. Also, recently, the biocompatibility and biological
applicability of MoSz has been extensively explored by the various group of researchers
in the national level. Prof. N. C. Das and his research group of the Indian Institute of
Technology, Kharagpur [91] reported for the first time the synthesis of
MoS,/vinyltrimethoxysilane (MoS2/VTMS) coated poly(vinylidene fluoride) (PVDF)
sponge via reverse immersion precipitation (IP) method. They showed that this sponge
had oil/water separation and broad antibacterial properties. Recently, MoS> has
considered as one of the best promising materials as a co-catalyst for photocatalytic
hydrogen evolution over the more-expensive platinum and other conventional
materials. A group of researchers from the Indian Institute of Technology, Mandi [92]
reported an easy method for the preparation of ultrathin defect-rich MoS>
nanostructures coated N-doped ZnO nanorods. They showed that this catalyst had a
greater potential in the photocatalytic generation of H> under solar light irradiation.
Also, the surface functionalization of MoS> using the noble metal NPs such as Ag NPs,
Au NPs is an emerging field of research in the field of chemical sensing and electronic
devices. Prof. A. Singha of Bose Institute, Kolkata [93,94] successfully reported Au
NPs decorated MoS; nanoflowers (Au-MoS> NFs) as an efficient biosensor. Recently,
electrochemical deposition technique has been widely used for the deposition of MoS2
thin films on the ITO glass substrate using the method of carboxylation on MoS>
nanostructures (MoS2-COOH). C. Pal et al. [95] reported that synthesized MoS,-COOH
showed sulfur vaciencies on the outer layer of the nanosheets which eventually make
this material hydrophilic with enhanced conductive and charge transfer properties.
They also reported that after proper functionalization with single stand DNA (ssDNA),
MoS2-COOH behaves as an excellent material for the selective and sensitive detection
of mercury (II) ions at the femtomoler level of concentration in the aqueous medium.

Therefore, in the light of above literature review, the study of the interactions
of various novel metal NPs namely Au, Ag NPs etc. and 2D layered nanostructures
such as MoS, with organic and inorganic species both in solution and real bio-

environment become an emerging topic of research for fundamental as well as
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technological interest. Although various studies are performed in national and
international level, but still needs continuous development to explore further possibility
of metal NPs or their various nanostructures while considering the wide spectrum of
sensing and biological applications. It is also very crucial to study the important factors

which may affect the viability of such application in diverse technological fields.
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Experimental Methods and
Characterizations Techniques

This chapter demonstrates the detail
description of the materials used,
experimental methods and various
characterization techniques used in the
research presented in this thesis.
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Experimental Methods and
Characterizations Techniques

4. ntroductory remarks

In this thesis work, various materials such as organic fluorescent dyes,
surfactants, inorganic metal salts along with other chemical reagents and various
analytical instruments have been used to study the sensing and biological applications
of the novel metal or some metal based nanomaterials. For the synthesis of metal-based
nanostructures such as gold nanoparticles (Au NPs), silver nanoparticles (Ag NPs) and
molybdenum disulfide (MoSz) nanoflakes soft chemical and hydrothermal synthesis
methods are used. The morphological characterizations of the as-synthesized
nanostructures samples have been thoroughly investigated using X-ray diffraction
(XRD), field emission scanning electron microscope (FESEM), transmission electron
microscope (TEM), atomic force microscope (AFM), dynamic light scattering (DLS),
UV-vis absorption spectroscopy, steady-state and time-resolved fluorescence emission
spectroscopy, Raman spectroscopy etc. The spectroscopic investigation on the
interaction metal and metal-based nanostructures with various organic dyes and
inorganic compounds such as various metal-based inorganic salts has been
systematically studied using UV-vis absorption, steady-state and time-resolved
fluorescence emission spectroscopic measurements. In some work, fourier transform
infrared (FTIR) in attenuated total reflectance (ATR) mode, circular dichroism (CD)
and cyclic voltammetry (CV) are also used to probe the interaction and association
between the metal-based nanostructured materials with organic and inorganic
compounds in the aqueous medium. To understand and visualize the morphology of the
nanomaterials for their interaction with organic and inorganic compounds, TEM and
AFM methods are employed. The experimental results are analyzed and correlated with

some theoretical study as performed by different software packages. The discussion
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about materials used, experimental methods adopted and various analytical methods

used for all the research work of this thesis are discussed in detail in this chapter.

4.2. Materials

4.22. Organic materials used

** Rhodamine B (RhB)
Rhodamine B (CogHs;N,05Cl, M. W.: 479.01 gmol™?)

Figure 4.1. Chemical
structure of Rhodamine

abbreviated as RhB is a xanthene dye having very good B

spectral properties and is widely used as a fluorescent
probe in various biomolecular and chemical sensing, biological staining applications
[1,2]. The chemical structure of RhB dye is shown in Figure 4.1. In aqueous medium,
RhB has absorption and fluorescence emission maximum at around 555 nm and 575

nm respectively [2].

*%* Acridine orange | \|/\ | oS
CH3\ o - N/CH3

The acridine orange (AO) is a an N| \
C

organic dye and in solution is a

Figure 4.2. Chemical structure of Acridine

cationic in nature. This dye belongs
orange

to the family of xenthane class of

molecules and is also an aromatic compound. It has high fluorescence quantum yield
and high stability. This dye is a nucleic acid selective dye as reported in the literature
[3]. It is widely used biological field for cell study, bacterial staining etc.[4]. The

molecular structure of AO is shown in the figure 4.2.

4.2.2. Biomaterials used

** Deoxyribonucleic acid

Deoxyribonucleic acid (abbreviated as DNA) is a biopolymer and is responsible for
function of various organ of living being and also carries various genetic informations.
This consists to strands which are wind together as double helical type. Each strands
has phosphate bakbone which has alternative sugars. Different base pairs such as

adenine (A), cytosine (C), guanine (G) or thymine (T) are connected with the sugar
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group. The sequence of the base pairs control the synthesis of proteins moecules which

regulate development and the functions of different organs in our body.

** Various amino acids such as L-Cysteine, D-Cysteine, L-Aspartate (L-Asp), L-
Histidine (L-His), L-Methionine (L-Met), L-Serine (L-Ser), L-Tryptofan (L-Try),
L-Alanine (L-Ala), L-Arginine (L-Arg), L-Glycine (L-Gly), L-Isolevcine (L-Iso),
L-Proline (L-Pro), L-Threonine (L-Thr), L-Valine (L.-Val), L-Asparagine (L-Aspa),
L-Glutamic Acid (L-Glu), L-Glutamine (L-Glut), L-Phenylalanine (L-Phe), L-
Leucine (L-Leu), L-Tyrosine (L-Tyr) L-Lysine (L-Lys) and L-Homocysteine (L-
HomoClys) and antioxidant glutathione (GSH) have used in the research presented

in theis thesis.

4.2.3. Tnorganic materials used

%* Gold nanoparticles (Au NPs)

Nanoparticles (NPs) have already opened up versatile avenues to explore the new
horizon in the field of materials science. NPs show different and various distinct and
interesting properties such as high surface-to-volume ratio, strong response to incident
electromagnetic radiation etc. when compared to their bulk counterpart [S5]. The focus
on the emerging aspects of novel metal NPs has paved the way for a new dimension in
the research [6]. Noble metal NPs, like gold nanoparticles (Au NPs), have attracted
considerable interest for several decades. When Au NPs interact with electromagnetic
radiation of suitable wavelengths, the free electrons in their conduction band perform
collective oscillations giving rise to the strong plasmonic band which is generally
observed by UV-vis absorption spectroscopy [7]. This type of collective oscillation of
electrons is termed surface plasmon resonance (SPR). Au NPs were synthesized by the
reduction of gold salt (HAuCl4, 3H20) using citrate salt of sodium (Na3Ce¢Hs07) as the
reducing and capping agent in the aqueous medium [8]. The aqueous dispersion of Au
NPs is reddish-wine in colour and stable at ambient condition. The synthesized Au NPs

had an average diameter of ~27.5 nm with an absorption band of ~528 nm.

%* Silver nanoparticles (Ag NPs)
Among the various noble metal NPs, silver nanoparticle (abbreviated as Ag NPs) is
also attracted significant attention of the researchers because of their unique optical and

antimicrobial properties [9]. Since the last few decades, the quenching and
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enhancement of fluorescence emission of various fluorophores due to the SPR of
colloidal Ag NPs and other properties of Ag NPs bring them to the centre of interest of
the scientific community. The colloidal Ag NPs were synthesized by simple chemical
methods as described elsewhere [10]. In a typical synthesis, the aqueous solution of
silver nitrate (AgNO3) was added dropwise into the aqueous solution of sodium
borohydride (NaBHa4). The bright yellow colour of the reaction mixture indicated the
reduction of AgNO3 and the formation of stable colloidal Ag NPs. The prepared Ag

NPs had an average diameter of ~8.71 nm with a strong absorption band at ~400 nm.

** Molybdenum disulfide (MoS,) nanoflakes

The evolution of nanomaterials by altering the shape and size at the nanoscale levels
confirm their various applications in day-to-day life. The most optimistic two-
dimensional (2D) materials such as carbon nanotubes (CNT), 2D honeycomb silicon,
2D layered materials like graphene and graphite, 2D layered transition metal
dichalcogenides (TMDs) like tungsten disulfide (WS2) and molybdenum disulfide
(MoS2) draw the center of attention of global scientific community for their significant
use in various fields including electronic, biomolecular and chemical sensing,
bioimaging, cancer treatments etc. [11-13]. Among the different 2D-TMDs, MoS2
nanoflakes were considered as the multipurpose materials for their physical and
physicochemical properties at the nanoscale level. In the hexagonal structure of MoS2
nanoflakes, the S-Mo-S atomic layers were bonded by covalent attraction, whereas the
adjacent NSs layers are stacked with each other by weak van der Waal interactions [14].
These promising characteristics of MoS2 nanoflakes make them suitable for various
practical applications. The layered MoSz nanoflakes can be prepared by chemical
exfoliation of bulk MoS2. Also, MoS2 NSs can be synthesized by the chemical reduction
of molybdenum salt in the presence of some rich source of sulfur (S) in the control
hydrothermal environment. In this research work, MoS2 nanoflakes were synthesized
via hydrothermal method by using sodium molybdate dihydrate (NazMoO4, 2H20) as
the salt of Mo and L-Cysteine (C3H7NO2S) as the rich source of sulfur (S) by placing
the mixed solution in a Teflon-lined stainless-steel autoclave heated at 180°C for 36
hrs [15]. The as-synthesized MoS2 nanoflakes showed promising photophysical

properties which confirmed their use in metal ion sensing applications.
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** Metal-based salts

To study the effects of various metal ions on the spectroscopic properties of 2D layered
nanostructed compound namely MoS», various metal based salts have been choasen.
This includes HgCl,, AgCl, NaCl, CaCl,, MgCl,, CdCl,, PbClz, MnCl; and many others

relevant metal salts.

4.2.4. Other materials used

%* To change pH
Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used to control the
pH of the aqueous solvent medium for specific experiments performed during this

thesis work.

%* Solvent

Ultrapure triple distilled deionized milli-Q water (collected from Synergy
integrated with an Elix-Advantage set-up, make: Millipore SAS, France) was used to
prepare the solutions of the compounds as used in different spectroscopic and other
relevant analytical studies. All the prepared solutions were kept in airtight conditions
to maintain their fixed concentrations and to avoid any contamination as it can affect

the experimental results.

4.3. Methods

4.3 Preparation of mixed solutions for fluorometric measurements

All the mixed solutions of Au NPs, Ag NPs and MoS> nanomaterials and the various
organic dyes used are prepared in 1:1 volume ratio prior to the spectrofluorometric
measurements. All the solutions of pure and mixed samples are preserved in air-tight
condition in different glass made conical flask at room temperature and used for the
various analytical measurements. All the colorimetric changes of the mixed samples as

prepared are captured by digital camera immediately after mixing.

4.3.2. Spectroscopic studies in aqueous solution

Organic materials including dyes are dissolved in ultrapure milli-Q water
(resistivity ~18.2MQ-cm). Metal nanoparticles such as Au NPs, Ag NPs, etc., and
metal-based nanostructures namely MoS2 nanoflakes are not fully soluble in aqueous
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medium, they are in normally dispersed in aqueous medium. The MoS; layers were

exfoliated in aqueous medium by rigorous

4 &
. . . K o
ultrasonication for few minutes at room %, S

. . Sample
temperature. For UV-vis absorption,

steady-state, and time-resolved
fluorescence emission measurements of
organic fluorophores, an appropriate | @ 0L
volume of their aqueous solution (with

required molar concentration) was taken Figure 4.3. Schematic diagram of the

in high quality quartz cuvette of 1 cm path working principle of X-ray diffraction.

length.

4-3.3- Morphological and topographical studies on the solid surface
Morphological and topographical studies were performed on the drop-cast films
of our samples with the help of XRD, FESEM, HRTEM and AFM measurements. For
XRD, FESEM and AFM studies, sample solutions were drop casted on smooth quartz
glass substrates and dried at room temperature (25°C). In the case of the TEM study,
sample solutions were spread onto the copper microgrids by drop casting and then were

dried sufficiently at room temperature before the microscopic measurements.

44 Characterization techniques

4-4. X-ray diffraction

The X-ray diffraction (XRD) technique is a powerful constructive method to
determine the compositions and crystalline structures of the samples [16]. A
commercially available X-rays powder diffractometer (model: D8, , WI, Bruker AXS,
USA) which is available in our department was used in this study. XRD studies give
the information on crystal texture, phases, average grain size, crystal strain, and defects
for the too-small crystal. This technique is very well known and can easily be applied
to determine the structure and arrangements of atoms in macromolecules and inorganic
compounds. In this elegant method, high energetic X-rays are passed through the
sample. Some part of the incident beam bouncing-off after the collision with atoms in

the materials and goes to different angle other than the incident one. This angle of the
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emergent beam from the material is known as the angle of diffraction (8). Figure 4.3
represents the schematic diagram of the working principle of the X-ray diffraction
method. In 1912, Max von Laue et al. observed that the crystalline materials behave

like 3D diffraction gratings in the range of X-ray wavelength [17]. A monochromatic

beam of X-ray produces

constructive interference after -}

Laser source for Slit

being scattered at a certain [ menchromaclight

diffraction angle from the

specific lattice plane of the
material. The intensity of the Figure 4.4. Schematic diagram of the working

diffraction peaks is the principle of dynamic light scattering method.

fingerprint of periodic atomic arrangements in the given sample. Highly crystalline
materials exhibit number of sharp peaks with significant intensity in their XRD spectra.
The diffraction angle (0) can be used to determine the separation between different
atomic layers (d) in the material by using Bragg’s law of diffraction (eqn.) (4.1)
2dSin® =nA ..o ci i i (41)

where n and A are the integer number and wavelength of incident X-ray respectively.
X-ray diffraction technique is vastly used in the rapid development of the field of
material science, microelectronics, glass industry, forensic science, pharmaceutical

industry, geological applications, etc.
4-4.2. Dynamic light scattering and Zeta potential spectroscopy

Dynamic light scattering (DLS) method is used to determine size distribution of
nanoscale particles and polymers based on their diffusion behaviour in the dispersion
medium or in solution respectively [18]. The working principle of DLS is schematically
shown in Figure 4.4. A monochromatic beam of laser of suitable wavelength is entered
into the sample compartment after passing through a polarizer (slit). The scattered light
is collected by a photomultiplier after passing through a second polarizer. The resulting
spectrum is correlated by a correlator and projected onto a screen. The scattering of the
laser photons occurs through the quasi-elastic technique. In this technique, the
hydrodynamic radii of the colloidal particles are correlated with the diffusion
coefficient via temporal fluctuations of the scattered photons of the laser beam. The

DLS method is widely used in the characterization of nanoscale particles including
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polymers, protein cages, micelles, virus-linked nanoparticles, biological cells,
carbohydrates, vesicles, etc. [19, 20].

On the other hand, Zeta ({) potential measurements have been using by the
scientific communities over the centuries for their fascinating applications in the field
of colloidal chemistry. The interface between the attached and moving fluid in the
vicinity of a surface in the colloidal dispersion is known as the slipping plane. The
electrokinetic potential at the slipping plane is known as the { potential. On the other
hand, the C potential is also defined as the potential difference between boundary layer
of the dispersive medium on the dispersed particle and that of dispersive medium [21].
Figure 4.5 represents the schematic diagram of { potential on the surface of metal
nanoparticle dispersed in the aqueous medium. The value of the { potential of the
colloidal dispersion generally indicates the stability of the dispersed solution. More the
value of C potential, higher the stability of the colloidal dispersion i.e., the colloidal
dispersion will resist the particle aggregation in dispersion medium [22]. The accurate

determination of the pKa value of complex polymer systems is very difficult using

conventional methods. The pKa value of these o © I--—: Electrical double layer
o a © 10!

complex systems can be estimated precisely by

using the value of Zeta potential [23].

4.4.3. Circular dichroism spectroscopy

In the first half of the 19th century, the

-100
phenomenon of circular dichroism (CD) was

discovered by Jean B. Biot, Augustin Fresnel

= Potential (mV)

and Aimé Cotton [24]. The optical activity of

Distance from particle surface

the inorganic and organic molecules can be

determined by using CD spectroscopic Figure 4.5. Schematic diagram of

. . Zeta potential on the surface of the
measurements and is manifested as the

metal nanoparticle.

absorption band in the CD spectrum. The

electromagnetic radiation used for the measurement of the optical activity, consists of
polarization including left-handed and right-handed circular signals [25]. Left-handed
circular (LHC) and right-handed circular (RHC) polarized light consists of two possible
states of spin angular momentum. Due to this CD is referred to as the dichroism for
spin angular momentum. The CD has a wide range of applications in a variety of
research fields including biochemistry and inorganic chemistry [26,27]. The secondary
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structure of proteins can be investigated using ultraviolet CD. The charge transfer
induced transition involved in the inorganic materials can be determined with the help
of ultraviolet-visible CD spectrum. The near-infrared CD spectroscopy can be utilized
to investigate electronic structure by probing the metal d — d transitions. The working
principle of a commercially available CD spectrometer is schematically shown in
Figure 4.6. The solution of the sample is placed in a cuvette on the path of a circular
polarized electromagnetic wave. Firstly, the sample solution is illuminated by LHC
polarized radiation and the absorbance is measured. A second radiation consisting of

RHC polarized radiation is used to irradiate the sample solution. The chiral

v& LCP ”

J (‘ Detector ™= /\\

= \
Unpolarized RCP V

light source  Monochromator Polarizer Sample Wavelength (nm)

CD (mDeg)

Figure 4.6. Schematic diagram of the working principle of circular dichroism

spectroscopy.

substance  then  reacted ;A.irmr

differently with the circularly | £f) ‘fm:

polarized radiation due to the ” - . -t photo detector
intrinsic asymmetry of the *\% u

chiral molecules. The %i Eﬁ%}, »

f \‘\1_

Wavelength (nm)

Absorbance

difference in the absorbance

of LHC and RHC polarized

4] Beam splitter j' Photo detector

hght glVeS the CD SpeCtrum Monochromator Sample cell

of sample. Figure 4.7. Schematic diagram of the working

principle of UV-vis absorption spectroscopy.

4.4.4. Ultraviolet-visible

absorption spectroscopy

Ultraviolet-visible (UV-vis) absorption spectroscopy is the oldest, most useful,
and most conventional characterization method in the fields of physics, chemistry,
biology, medicine, and many more. In UV-vis absorption spectroscopic measurements,
the various properties of the sample are investigated via the interaction of
electromagnetic radiation in the ultraviolet and visible region with the atoms or

molecules of the matter [28]. The fraction of light that comes out the sample
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compartment is compared with the reference beam of light, which informs how much
of the photon is absorbed which is schematically shown in Figure 4.7. This above
process is spectrophotometrically repeated for each wavelength. The UV-vis absorption
spectrum is generally coming out as a broad spectrum instead of a sharp line due to the
associated transitions between several vibrational and rotational states along with the
electronic transitions. In the absorption spectrophotometer, the incident light splits into
two beams after passing through a beam splitter and passes through two sample
compartments which mount two quartz cuvettes. One of the cuvettes contains a

background solvent and the light passes

through it acts as a reference. Whereas,
another cuvette which contains the sample

solution. Also, some substrates coated with

thin films may also be mounted in the

sample compartments for specific

Figure 4.8. Typical image of UV-vis

measurements. The beams of light reach absorption spectrophotometer installed

the detectors (Silicon photodiode, in our laboratory.

photomultiplier tube etc.) after passing
through the sample and reference. The working principle of a typical UV-vis absorption
spectrophotometer is schematically shown in Figure 4.7. Generally, in an absorption
spectrophotometer, deuterium, and tungsten lamps are used as the source of light. After
passing through a diffraction grating used as a monochromator, a beam of light with a
specific wavelength goes in two directions. Generally, an UV-vis absorption
spectrophotometer works between the ultraviolet (170 - 350 nm) and visible (360 -
800 nm) regions of the electromagnetic spectrum. The transition of electrons between
the discrete electronic energy states is mainly responsi ble for the observed electronic

absorption spectrum by UV-vis absorption spectroscopy. Due to this, the UV-vis
absorption spectrum is also known as the electronic spectrum [29]. According to the
Beer-Lambert law (eqn. 4.2) [30], the observed intensity of the absorption peak at a
particular wavelength is directly proportional to the presence of absorbing species in
the sample i.e., this intensity depends on the concentration of the samples in the
medium. When a material is illuminated by electromagnetic radiation,
some fraction of radiation will be absorbed and some will be transmitted. The amount

of electromagnetic radiation absorbed or transmitted depends exponentially on the
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concentration (c) and optical path length (1) of sample. Therefore, the absorbance of
light by the sample can be represented by eqn. 4.2
A =log,,(I,/1) = ecl......... (4.2)

Data Acquisition
Interface

where, Iy, I and € are the original intensity

A/D Signal
Converter

Photomultiplier

of the incident radiation, the intensity of e

the radiation after exiting from the

> -0—J

NS
sample, and the coefficient of molar i —sm-—F

Monochromator
absorptivity. The transmittance (T) is Tchoppexj S?TI .
P “-:I)“ .\ ‘_ -
defined by the eqn. 4.3, Sample Mo'f:ﬁ‘,,‘:f.‘:;mﬁé"- @ 5
Beam Splitter &

Io

T= o - (4:3) Figure 4.9. Schematic diagram of the

A commercially available dual beam UV- [ working principle of a steady state

vis absorption spectrophotometer (model: | fluorescence emission spectroscopy.

UV-1800, make: Shimadzu Corporation,

Japan) was used in the measurements related to this thesis work, and Figure 4.8 shows

the real image of this instrument.

4.4.5. Steady-state fluorescence emission spectroscopy

As discussed in the previous section, when an electron absorbs energy from the
incident photon of electromagnetic radiation, gives the absorption spectrum. When the
photoexcited electrons return from the excited electronic state to the ground state via
radiative pathways, an emission spectrum may be observed depending upon nature of
the electronic states of the material. The steady-state fluorescence emission
spectroscopy belongs to class of electronic spectroscopy operated in the wavelength
range of 200 — 1100 nm. Figure 4.9 shows the schematic diagram of the working
principle of steady-state fluorescence emission spectroscopy. Firstly, light from the
Xenon lamp passes through the monochromator for the selective wavelength for a
particular sample. Also, Mercury- arc lamps, light-emitting diode (LED), and lasers

maybe used as source of night.
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The electron of the sample’s molecules absorbs energy from the incident
monochromatic radiation and goes to the higher vibrational level of excited singlet
electronic state. However, within very short interval of time (~10'?s), the excited
electron goes to the lower vibrational level from the higher vibrational level of the
excited state, which is referred to as the vibrational relaxation. Finally, the electron
returns to the ground electronic state from the higher electronic state and emits the
excited energy in the form of fluorescence emission [31]. There are also some
nonradiative transitions, the energy for which is generally dissipated in the form of heat.
The photomultiplier tube is commonly used as a detector which is placed at an angle of
90° relative to the excitation radiation to collect only the scattered light from the sample.
Commercially available fluorescence emission spectrophotometer (model: Fluoromax
4, make: Horiba Scientific incorporated, USA was used in the measurements related to

this thesis work, and Figure 4.10 shows the real image of this instrument.

44.6. Time-resolved fluorescence emission spectroscopy
The fluorescence decay lifetime of the samples was performed in time domain using

the Time-correlated single photon counting (TCSPC) method [31] with the help of

time-resolved fluorescence spectrometer. | .. e
TCSPC is a statistical counting method in
which time-resolved fluorescence data is
recorded. Also, this method provides

information about the excited state

properties of the light emitting species. In
this method method, light-emitting diode | Figure 4.10. Typical steady-state
(LED) or pulsed laser were used as the | fluorescence emission

source for excitation of the samples at a | Spectrophotometer installed in our

particular wavelength.  The excitation | laboratory.

wavelength is generally considered near

the wavelength corresponding to absorption maximum.
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After phtoexcitation the corresponding emission is monitored at the maximum
emission wavelength as obtained in the steady-state measurement. Unlike steady-state
fluorescence emission measurements, in TCSPC, a single photon is counted and its time
of arrival through the sample is correlated with that of the photon used during the

excitation. This process is

CFD

Monochromator

CFD A Y

TAC - :

Beam splitter I

repeated many times to get the

distribution of photons over e

time. The details of the Luses dicds

working principle of TCSPC

are schematically shown in

Count

Con -7- A
compute .15— Jr

Figure 4.11. The fluorescence Time (ns)

b

d DC
signal from the sample is
Figure 4.11. Schematic diagram of working
collected and detected with a
principle of time-resolved fluorescence emission
single-photon counting high-
spectroscopy (TCSPC).

gain  photodetector  after

passing through a monochromator. Mainly, an avalanche photodiode or a multi-channel
plate, or a photomultiplier is used as a photodetector. The count rate of photons is kept
at less than 5 % compared to that of the frequency of the excitation signal to confirm

the measurement of a maximum of one photon per excitation cycle.

4.4.7. Fourier trangform inﬁared spectroscopy

Fourier transform infrared (FTIR) spectroscopy belongs the class of vibrational
spectroscopy operated in the region of near infrared to microwave of electromagnetic
radiation. [32]. The working principle of a commercially available FTIR spectrometer
is schematically shown in Figure 4.12. In an FTIR spectrometer, there is interference
between two IR beams of light from the same source with a change in path length [33].
The change in path length between the two beams is generally achieved by using a
Michelson interferometer, which consists of a source of light (mercury arc or tungsten
lamp), two perpendicular mirrors, and a semi-reflecting beam-splitter. After that, the

beams are decomposed into frequencies by using a Fourier Transform (FT) algorithm.

Chapter 4: Experimental Methods and.......... 71| Page



Ph.D. Thesis: Pradip Maiti

FTIR spectroscopy
is usually used to get the
structural information
including the presence of

any functional group, bond

Michelson Interferometer

types, bond length, type of
interactions between
molecular species, etc. of

an IR active material. An

Focusing Mirror Fixed Mirror
Sample
Beam Splitter
: . § e
Moving
= i
Detector Mirror || =
Parabolic
Collection
I Mirror
| U Nd-YG LASER
o with line filter
Spatial Filter

Figure 4.12. Schematic diagram

principle of FTIR spectroscopy.

of the working

FTIR spectrometer

4.13.
of

Figure

Typical

photograph the FTIR

instrument installed in our

department.

“|measures the changes in

the intensity and
frequencies of the beams of light after interacting
with the sample. The amount of intensity absorbed
by the sample is measured by the Beer-Lambert law
(eqn. 4.2). Figure 4.13 shows the image of an FTIR
spectrometer installed in our department (model:
IR Affinity-1S, make: Shimadzu Corporation, Japan).
Attenuated total reflectance (ATR) is an accessory of
the commercially available FTIR spectrophotometer

to measure the surface properties of thin film or solid

samples. In the ATR-FTIR, the interfering beams have a penetration depth of ~1 to 2

pum depending on the conditions of the sample.

4.4.8. Field emission scanning

electron microscopy
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There are mainly two types of microscopy available, one is optical microscopy

(OM) or also known as light microscopy and another one is scanning electron
microscopy (SEM) [34]. Optical microscopy is the oldest and simplest microscopic
technique which is continuously used for the last two centuries with limited capabilities.
Field emission scanning electron microscopy (FESEM) is an elegant and promising
imaging technique used worldwide in many disciplines. The working principle of a
FESEM is shown schematically in Figure 4.14. In the FESEM technique, a highly
focused beam of electrons with a very shorter wavelength created by the high vacuum
field emission scans the sample and produces high-resolution micrographs [35]. The
nanoscale resolution (~1 nm) of the images is obtained due to very shorter wavelength
of electron beam. This beam of the electron is accelerated through the high electric field
gradient. Then, the beams are modified into narrower and focused by accelerating
potential through the condenser lens and a few other arrangements. These sharp focused
electron beams then hit the sample placed on a metallic stage in the same vacuum
chamber. To improve the image quality and confirm the conductivity of the sample, the

gold coating is used during the sample preparation for FESEM measurements.

7 - Depending upon the electronic distribution of the atoms of
! i
M e
il

the sample, secondary electrons, back-scattered electrons,

i i[

W X-rays, etc. are produced when the focused beams of
B ii =

electrons interacted with the sample. The detector mainly
collects the secondary electrons to visualize the micrograph
of the sample. The secondary electron contains detailed
information about the surface morphology, chemical
composition, and a rough idea about the crystal nature of the

sample.

In the research work related to this thesis, the
Figure 4.15. Typical | morphology, topography, size distribution, and purity of as-
photograph  of the | synthesized various noble metal nanoparticles and metal-
FESEM  instrument | based two-dimensional nanostructured materials namely
installed  in  our | MoS, were obtained by using FESEM equipment installed

department. in our department (model: Inspect F50, make: FEI,

Netherland) and a typical image of this equipment is shown in Figure 4.15. For the

FESEM microscopic measurements, the sample solutions were drop-casted on the glass
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substrate and subsequently dried at ambient temperature. After proper drying, these
substrates were coated with gold with the help of mini DC sputter coater and
subsequently the gold coated sample is mounted on a movable stage in FESEM sample

chamber under proper vacuum condition.

4.4.9. High-reso[uﬁon transmission electron microscopy

In the early 20t century, Transmission electron microscopy (TEM) was designed and
developed shortly after the verification of the wave-particle duality characteristics of

the electron to overcome the drawbacks of optical

Electron source

microscopy [36]. The TEM techniques bring a

revolution in the understanding of materials. It e
. Condenser aperture
provides crystallographic, structural, phase, and
Sample
compositional information on the atomic scale [37]. Objective lens

Objective aperture

TEM analysis has become a major tool in the fields ——
elected area aperture
/. g
of materials science, chemistry, and biology due to mmfum ~ Intermediate lens
. o ) . ) Projective lens
its versatility and high spatial resolution. The Screen

working principle of high-resolution transmission Figure 4.16.  Schematic

electron microscopy (HRTEM) is schematically
shown in Figure 4.16. In HRTEM, a beam of

diagram of the working

principle of HRTEM.

electrons is passed

through several apertures and lenses. After passing through

the sample, the beam of electrons is focused on a phosphor

screen. The accelerating voltage used for the beam of
electrons in HRTEM is in the range of 150-250 kV, which
is much higher than that used for FESEM (5-30 kV). This

high energy is mainly required to pass the sample during

TEM imaging. A sample of thickness <100 nm gives good
images in HRTEM. A photograph of commercially

Figure 4.17. Typical
Photograph of the TEM

available HRTEM equipment is shown in Figure 4.17. A

. TEM (model: JEM-2100, make: JEOL Ltd., Japan) was
instrument.

used in the analysis of metal nanoparticles and metal-based
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nanosheets. To proceed with TEM study, a small amount of sample was drop cast on

a carbon-coated copper grid and dried for 24 hrs at room temperature.

4.4.10. Atomic force microscopy

The Atomic Force Microscopy (AFM) was invented in the year of 1985 by G.
Binnig and H. Rohrar. [38] It is used to determine the surface morphology of various
types of samples, especially thin films. It provides 3-dimensional information, i.e.,
roughness of the surface of the sample. In addition to its superior resolution, the AFM
has advantages when compared with SEM, that it provides 3D imaging of the surfaces
of almost any type of sample with extraordinary topographic contrast, direct height
measurements, and undistorted views of surface features. In AFM measurement, no
surface coating is required. AFM may be operated in the ambient condition in the air
or under high vacuum (for specific measurements). The mechanical properties of the
sample at nanoscale resolution can also be estimated by this elegant imaging method.
In the special arrangement, the surface potential is also determined for a large variety
of samples.

The basic working principle of AFM is simple and is schematically shown in

Figure 4.18. A sharp tip is put in contact or close vicinity to a sample surface by spring

Feedback loaded cantilever and scans systematically. It gets

Electronics

deflected if the tip encounters changes in the

Photodiode &

z
photodetector %-e; roughness of the sample surface while scanning.
= Different types of force such as van der Walls,
electrostatic, mechanical contact force, etc. may be
responsible for the deflection of the tip while

PZT Scanner scanning through the specimen surface. A very sharp
Figure 4.18. Schematic laser beam focused on the back of the tip will
diagram of the operation amplify the atomic scale deflection onto a position-
principle of the AFM. sensitive photodiode. A very sharp tip is required to

obtain a high-resolution image. There are two
commonly used modes for AFM topographic study: (i) static or contact mode and (ii)

dynamic mode (non-contact mode or tapping mode).
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4.4.m. Raman spectroscopy

Raman spectroscopy is a branch of vibrational spectroscopic technique typically
used to interpret various chemical structures based on their vibrational characteristics
of atoms in a sample. It generally measures the shift in frequency between incident
electromagnetic radiation and inelastically scattered radiation produced from the
sample. If the scattered photon has a frequency lower than the incident radiation, then
this scattering is known as the Stokes-Raman scattering [39]. On the other hand, if the
scattered photon has a higher frequency compared to that of the incident photon and in
that case, it is known as the anti-Stokes Raman scattering [39]. Generally, molecules in
the excited state produce anti-Stokes lines during the Raman scattering, where the

photon will get vibrational energy from the molecule [40]. The shift in frequency

between incident photon and scattered photon | & _ .
220 1
depends on the chemical compositions (functional | £ § 3 0
>
groups) present in the molecule which is responsible
for the Raman scattering. The energy level diagram
ks 4
involved in the Stokes and anti-Stokes Raman é §§ 3
gs? 1
scattering is schematically shown in Figure 4.19. | ©  Rayjeigh Stokes Ant-Stokes®
. . . . . scattering Raman Raman
The working principle of a commercially available scattering scattering
Raman spectrometer is schematically shown in | Figure 4.19. Vibrational
Beam expander Focusing mirror energy levels involved in the
{Lascrsmmu:‘
—-— = Raman spectroscopy.
Rayleigh filters Figure 4.20. Fundamentally, the Raman

spectrum can be treated as a

fingerprinting tool to study chemical

I Sample 4 _ bonding and intramolecular bonds and
Detector L — / . . .
T — P identify the corresponding molecules. So

Figure 4.20. Schematic diagram of the the Raman spectrum of the unknown

working principle of Raman samples can be analyzed to get

information about the compound present
spectroscopy.

in the sample.
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Cyclic voltammetry (CV) is the

) . . Potentiostat Interface
widely used electroanalytical technique g}
in the fields of electrochemistry, organic >
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chemistry, inorganic chemistry, Refence electode -
1 i —Counter electrode .
biochemistry, etc. to study the Computer®

electroactive nature of the sample in

solution or of an adsorbed molecule

Figure 4.21. Schematic diagram of the

working principle of cyclic voltammetry.

onto the

electrode. [41]. The rapidly obtained voltammograms in the CV are mainly based on

the redox behaviour of the sample over a wide range of potential. In the CV

experiments, potential in the working electrode is linearly ramped over time during

each phase which is known as the scan rate (V/s) of the experiment. The trace of the

cyclic voltammogram is obtained by plotting current vs. potential in the working

electrode. The voltammogram carries information about the redox behaviour and

electrochemical reaction rate of the sample which are the function of the energy scan.

Figure 4.21 schematically shows the working principle of electrodes in the CV

measurement. As shown in this figure, the potential difference between reference and

working electrodes is ramped and the current
is measured between the counter and the

working electrodes.

4.4.13. Fluorescence imaging microscopy

Fluorescence microscopy is an optical
imaging technique that uses fluorescence
emission instead of absorption, scattering, or
reflection of signals in the details study of the
inorganic or organic sample [42]. The
fluorescence microscope is of two types, one
is a simple fluorescence imaging microscope
and another one is a confocal microscope. The

design and working principle of a confocal

. ‘ -
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1
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Figure 4.22. Schematic diagram of
the working principle of

fluorescence imaging microscopy.

microscope is more complicated than an epifluorescence microscope. However, the
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resolution of fluorescence image is much better in a confocal microscope which mainly
uses optical sectioning for better resolution. The specimen emits a fluorescence signal
at a higher wavelength after photo-excitation with specific electromagnetic radiation of
a lower wavelength. Excitation and emission filters are generally used to separate the
weak fluorescence emission from the sample from that of the strong excitation signal
[42]. Figure 4.22 schematically shows the working principle of an epifluorescence
microscope in which electromagnetic radiation with excitation wavelength illustrates
the sample through the objective. The fluorescence emission from the specimen goes
to the detector via the same objective, due to this an objective of large aperture is mainly
used in a simple optical microscope. A dichroic mirror or filter is a wavelength-specific
beam splitter that mainly transmits fluorescence radiation through the detector and

eyepiece but cut out or reflects any remaining exciting radiation toward the source.

4.5. Computational techniques

OriginPro 8.5 software was utilized to plot and analyze the experimental data
as presented in the present thesis.

Density functional theoretical (DFT) simulation was also carried out using
Gaussian 09 and GaussView 06 software to optimize the stable geometry of the studied
organic dye molecule. Gaussian and GaussView simulations are often used in quantum
chemical calculations. The details of these methods are already discussed in Chapter 2.
The name is Gaussian comes from the use of Gaussian orbitals to speed up molecular
simulation and energy calculations to know the electronic structure of a compound
instead of using Slater-type orbitals. This choice can speed up, especially the Hartree-
Fock calculation. In GaussView 06, molecules are drawn, and several parameters are
assigned such as calculating methods, e.g., DFT, Hartree-Fock, semi-empirical, etc.,
basis sets, assigning spin, charge, determining energy, NMR spectra, optimizing
molecular geometry, etc. After setting all the required parameters, the job is submitted
to run to perform the calculation. Then job is taken care of by Gaussian 09 from
GaussView 06. Gaussian 09 then calculates this and gives calculated results and files.
These files are opened by GaussView 06, and calculated parameters are visualized
through it. Not only parameters like electronic energy and transition states, bond length,
UV-vis spectra, NMR spectra, etc. can be seen through this, but also we can have
visualized the optimized molecular structure and orbitals, animate the molecular
vibrations, generate electron cloud, etc.
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Theoretical simulation for the periodic crystalline material is also carried out
with the help of the QUANTUM ESPRESSO (QE) suite of computer codes. QE is a
quantum-mechanical material modeling for electronic structure calculations. QE is

mainly based on the DFT, plane waves modelling and pseudopotentials approximation.
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CHAPTER ~ 5

Selective and sensitive detection of
L-Cysteine via fluorometric assay
using gold nanoparticles and
Rhodamine B in aqgueous medium

Characterizations of synthesized colloidal
gold nanoparticles and their interaction with
rhodamine B dye towards the development of
essential amino acid namely L-Cysteine sensor
are highlighted in this chapter.

A research paper based on the work presented in this chapter
has been published in Materials Chemistry and Physics 234
(2019) 158-167
http://doi.org/10.1016/j.matchemphys.2019.06.001
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Selective and Sensitive Detection of
L-Cysteine via Fluorometric assay
using Gold nanoparticles and
Rhodamine B in Aqueous Medium )
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5. Introductory remarks

The thiol containing amino acid L-Cysteine (abbreviated as L-Cys) generally
found in human plasma is well known as the building block of proteins and is involved
in verity of important biological processes [1]. Normally a small amount of L-Cys is
present in human body in the form of N-acetyl-L-cysteine (NAC) commonly known as
L-Cys and is naturally derived from the amino acids serine and methionine [2]. It is
widely used in pharmaceutical industry as medicine to treat different type of
physiological complications [3—6]. The body prepares the important antioxidant from
NAC by converting it firstly into L-Cys and then into glutathione [7]. Antioxidants such
as or ascorbic acid (vitamin C) fight against the free radicals in our body and reduce
oxidative stress before damage of the vital molecules. For healthy adults about 4.1
mg/kg/day of L-Cys is required as recommend by Joint FAO/WHO/UNO expert
consultation [8]. Although L-Cys has a number of health benefits, the elevated amounts
of such amino acid may cause neurotoxicity [9], promotes urinary stone formation [10]
etc. and it can also be regarded as the biological marker for various diseases [11-13].
Therefore, it is of utmost importance to detect the concentration of L-Cys by a highly
sensitive, selective and convenient method with high degree of accuracy in order to
prevent its adverse effects in our health. Various analytical methods such as
immunoassay, electrochemistry, chromatography etc. are recently being explored for

the detection of L-Cys and are performed in conjugation with liquid chromatography,
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fluorimetry, colorimetry, differential pulse voltammetry and spectrofluorimetry etc.
[14-19]. But immunoassay and chromatography required expensive biological reagents
and complicated instrumentations. Also, the electrochemical methods show relatively
low selectivity to L-Cys. Some methods utilize the fluorometric detection after direct
labeling of suitable fluorescent probe with target bio-analyst. However direct labeling
sometimes causes structural alternation of the biological species resulting erroneous
information. Also, these detection methods directly utilizing the absolute fluorescence
intensity sometimes may include unwanted noise due to environmental perturbation in
the measurement. In recent times the colorimetric methods are attracted great attention
but are still limited because of their lack of effectiveness at very low concentration.
Therefore, it is of crucial importance to design the appropriate sensing platform for the
detection of L-Cys both selectively and quantitatively with high degree of accuracy in
the physiological range. In this direction, the method based on the fluorometric assay
may offer great advantages for the detection of L-Cys as they enable a direct and level
free detection in an aqueous environment even at very low concentration. Also, the
ratio-metric fluorescence recovery from the fully quenched state of any suitable
fluorescent probe in presence of the analyst biomolecule ensures the elimination of any
external perturbation involved in the measurements. Metal nanoparticles (NPs) are
attracted considerable attention for their excellent ability to modulate the spectroscopic
properties of various interesting cationic organic dyes in the aqueous environment
[20,21]. The ground and excited state electronic properties of such dye molecules
adsorbed onto the surface of gold nanoparticles (Au NPs) or silver nanoparticles (Ag
NPs) show significant physical and physicochemical behavior which sometimes enable
their use in many biomolecular recognition processes [22]. The reduction of excited
state fluorescence life time down to several hundreds of picoseconds has been attributed
to energy or electron transfer processes [23,24] from excited dye molecules to these
NPs. The resonant coupling between the oscillatory electric dipole of plasmonic
electrons and the dipole of excited dye molecules may be a possible reason for ultra-
fast energy transfer [25]. These interesting photophysical processes of small organic
dyes assembled on to the noble nanoparticle’s surfaces are sometimes very sensitive to
the specific guest-host geometry in a particular environment, which allows their
possible application in the field of biosensors [26]. On the other hand, these NPs may

aggregate in solution while interacting with many biological molecules namely protein,
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enzyme, amino acids etc. [27] resulting substantial effect on the surface plasmonic band
under optical irradiation. In this chapter, a highly sensitive and selective method for
detection of L-Cys via fluorescence turn-off and turn-on mechanism based on the
interaction of RhB and Au NPs in aqueous media have been studied. The cationic dye
RhB belongs to xanthene family of organic dyes and has high fluorescence quantum
yield (0.71) in water with good photo-stability [28,29]. The fluorescence emission of
RhB was turned on from its initial quenched state and was recovered (approximately
68 fold) after addition of L-Cys to RhB/Au NPs mixed solution at a concentration range
between 0.01 pM and 1000 uM. Most interestingly this fluorometric method was
accompanied with a significant and noticeable color changes of the final solution and
is therefore direct visual evidence for selective determination of L-Cys over all other

associated amino acids in the aqueous medium.

5.2. Experimental

5.2.1. Materials

The amino acid of our interest i.e., L-Cys (C3H7NOz, M.W: 121.15 gmol-1)
along with all other essential and non-essential amino acids used in this present work,
RhB (Cz8H31CIN203, M.W: 479.02 gmol-1), chlorauric acid (HAuCls, 3H20, M.W:
339.79 gmoll), glutathione (M.W: 307.32 gmol1), ascorbic acid (C¢HsOs, M.W:
176.12 gmol?), uric acid (CsH4N403, M.W:168.11 gmol-1) were purchased from
Sigma Aldrich chemical company, USA and used without further purification. The
purity of RhB was checked via spectroscopic method prior to use in the experiment.
Trisodium citrate (NasCeHs07, M.W: 258.06 gmol-1), sodium chloride (NaCl, M.W:
58.44 gmol-1), potassium chloride (KCl, M. W: 74.5513 gmol-1) were purchased from
Merck Chemical Company, Germany. All the glasswares were cleaned with freshly
prepared aquaregia solution (3:1 mixture of hydrochloric acid (HCI) and nitric acid
HNO:3) followed by subsequent rinsing with triple distilled deionized Milli-Q water
(resistivity 18.2 MQ cm, pH~7, collected from Synergy integrated with an Elix®-
Advantage set-up, Millipore SAS, France) and then were autoclaved for 24 hrs before
use. Aqueous solutions of the chemicals were also prepared with the same triple

distilled Milli-Q water.
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5.2.2. Synthesis of Au NPs

Au NPs were synthesized by citrate reduction method as described elsewhere
[30]. In a typical procedure, 50 mL aqueous solution of HAuCl4, 3H20 (concentration
of 0.25 M) was heated to boiling and 1.2 mL of Na3CeHs07 (1%) was added into the
solution under vigorous stirring for preparing gold nanocolloidal solution. Within a
time of 70 s, the boiling solution turned faintly to blue color and after 120 s the blue
color changed to deep red. The solution was then set aside to cool down at room
temperature. The final concentration of the gold nanocolloidal solution became 0.1 mM

at pH~7.

5.2.3. Characterizations techniques

The UV—vis absorption spectra of the samples were recorded in the wavelength
range of 200-800 nm by a double beam UV—vis absorption spectrophotometer (UV-
1800, Shimadzu, Japan) after proper baseline correction for the solvent background.
Steady state fluorescence spectra of the samples were recorded in the range of
wavelength 545-700 nm by using a Horiba Spectrofluorometer (Fluoromax-4C,
Horiba Scientific Incorporated, USA). An excitation light source of wavelength 530
nm emerged through a slit having width of 2 nm was used for all the steady state
fluorescence emission measurements. Both the absorption and emission spectra were
collected from the sample solution in quartz cell (Kozima, Japan) of 1.0 cm path length
at room temperature (25°C). The hydrodynamic nanoparticle size distribution and the
effective surface Zeta ({) potential of the as-synthesized Au NPs were obtained by a
Zetasizer (Zetasizer Nano ZS, Malvern Instruments Ltd, UK) via dynamic light
scattering method (DLS) at an ambient condition. High resolution TEM study of the
Au NPs was carried out on a Transmission Electron Microscope (TEM) operated at 200
kV (JEM-2010 TEM, JEOL Ltd., Japan). For TEM study, the sample solutions were
incubated for 15 min and then a small drop was spread onto the carbon coated copper
microgrid (PELCO 300 Mesh Grids, Ted Pella Inc. USA) and subsequently dried at
room temperature. Time resolved fluorescence emission measurements were acquired
by using time-correlated single photon counting (TCSPC) method (Fluorolog, Horiba
Jobin Yvon, USA) to obtain the excited state fluorescence lifetime of the samples. In
this method, the sample solutions were excited at 510 nm by using a picosecond pulsed

diode laser. The fluorescence decay data were collected over 200 channels which were
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calibrated on a non-linear time scale with increasing time according to an arithmetic
progression with a Hamamatsu photomultiplier tube (R928P). The raw decay data as

obtained were analyzed using IBH DAS6 software.

5.3. Results and discussions
531. Characterizations of synthesized AuNPs

Figure 5.1A shows the UV—vis absorption spectrum of the citrate-stabilized Au
NPs in aqueous colloidal solution and shows distinct absorption band with its maximum
at around 528 nm along with two weak humps at 251 nm and 356 nm. The former is
due to the strong characteristic surface plasmon resonance (SPR) while the other two

are due to the intra-band electronic transitions of gold and can be related with the traces

1.24
£l
8
3 094
c
©
£
2 06
o
<
0.34
0.0 - T T T T
200 300 400 500 600 700 800
Wavelength(nm)
30 —— Lognormal fitting
()
254

20

Number of Particles
-
o

15 20 25 30 35 40 45 50

Particle Diameter (nm)

Figure 5.1. (A) UV-vis absorption spectrum of as-synthesized Au NPs in aqueous
colloidal solution. (B) TEM micrograph of Au NPs. (C) Lognormal fitting of the
particle size distribution. (D) SAED pattern with the Miller-indices of Au NPs. Inset
of (D) shows the HR TEM micrograph with crystal spacing.
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of such bands as similarly reported for Ag NPs by some researchers [31,32]. The well
resolved and sharp SPR maximum band is basically due to both longitudinal and
transverse SPR equivalently, which reveals a sign of the formation of spherical Au NPs.
The molar extinction coefficient of Au NPs (with maximum SPR observed at 528 nm)

was calculated as 540 x 107 M-1cm-1 [33].
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Figure 5.2. (A) DLS and (B) Zeta potential spectra of as-synthesized Au NPs in

aqueous solution at room temperature and pH ~7.

The DLS study (Figure 5.2A) revels that the average hydrodynamic size of Au
NPs was about 53.78 nm. To have further knowledge about the homogeneity of NPs
distributions the surface ¢ potential was measured (Figure 5.2B) and was found to be -
30 mV at room temperature and solution pH~7. These results suggest that Au NPs
could overcome the van der Waals attraction through the strong electrostatic repulsion
between the negatively-charged citrate coronas around the NPs surface in the aqueous

medium and therefore Au NPs remained effectively stabilized prior to their use in the

experiment [34].

However, to have a more precise and clear
understanding of the size and morphology of Au NPs,
TEM study was performed. Figure 5.1B shows that Au
NPs were mono-dispersed with nearly spherical in
shape and the average particle diameter was ~27.5 nm
as calculated from the size distribution curve (Figure

5.1C). The selected area electron diffraction (SAED)

Figure 5.3. EDS spectrum
(Figure 5.1D) reveals the good crystalline nature of Au
of as-synthesized Au NPs.

NPs. The rings as seen in SAED pattern were indexed

and corresponds to the electron diffractions originated from (311), (222), (400) etc.
planes of FCC gold crystal. The interplaner spacing as calculated (Figure 5.1D) was
about 0.11 nm corresponding to the lattice plane (222). The High-resolution TEM
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micrograph was also shown in the inset of Figure 5.1D. The energy dispersive X-ray
spectrum (EDS) curve (Figure 5.3) shows the nucleation of Au NPs without any
impurities and the presence of large number of Au NPs in its colloidal solution used for

the experiment.

5.3.2. UV-vis absorption spectroscopy

The cationic dye RhB is a well-known laser dye from the xanthene family of
organic dyes and its molecular structure is shown as the inset of Figure 5.4A. The UV—
vis absorption spectrum of pure RhB solution (concentration of 6 uM) as shown in
Figure 5.4A (curve 3) exhibits a strong absorption band at around 554 nm which is
attributed to the characteristic T-m* transition of dye monomer units and a very weak
band observed at around 520 nm is assigned to the dimeric states of RhB molecules
due to the n-m* transition [29]. In aqueous solution at low concentration (i.e., 6 uM)
RhB dimmers are in equilibrium with the monomers and their mean numbers should
remain constant at a particular concentration [29]. However, in our work, the

concentration of RhB solution was about 0.1 pM for the detection of L-Cys. So, it was
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Figure 5.4. (A) UV-vis absorption spectra of (1) aqueous colloidal dispersion
of Au NPs, (2) mixed aqueous solution of RhB and Au NPs, (3) aqueous
solution of RhB. (B) TEM micrograph of Au NPs/RhB mixed sample. Insets of
(A) and (B) show the molecular structure of RhB dye and SAED pattern of
RhB/Au NPs mixed sample, respectively.

presumed that most of the RhB molecules might exist as monomer units in the studied
aqueous solution because of their very low concentration. RhB/Au NPs mixed solution
(1:1 vol. ratio) (Figure 5.4A, curve 2) showed that the main characteristic absorption

band position (554 nm) of RhB was almost unaltered but with decreased intensity along
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with an increase in absorbance of dimeric band (520 nm) compared to that of pure
RhB. This change in the absorption spectrum of RhB in presence of Au NPs was
possibly due to their adsorption on to the NPs surface. More precisely this aggregation
effects were manifested as the close packing of RhB dye molecules around the Au NPs
surface and this eventually induced enhanced dye-dye intermolecular interaction. Some
authors [20-22] also reported this type of aggregations of other xanthene family dyes
on the Au NPs surface via strong electrostatic interaction. In fact, addition of Au NPs
to the aqueous solution of RhB certainly changed the microenvironment around the
electronic states of the dye molecules and this might have altered their electric transition
dipole-moment. The interaction of molecular dipoles of RhB with the plasmonic field
produced by Au NPs eventually affected the excitation energies of the individual dye
molecules resulting decrease in absorbance of dye monomeric band at 554 nm.

The closer association of dye molecules on the Au NPs surface additionally
induced the aggregations of NPs in the mixed sample which was also observed from
TEM analysis (Figure 5.4B). It is clearly observed that different size of dye/Au
composite systems were formed in the mixed ensembles which have been correlated
with the observed UV—vis results. The DLS measurement shows that the hydrodynamic
diameter of the NPs increases after addition of RhB and the negative charges on the

surface of citrate stabilized Au NPs were reduced as evidenced from Figure 5.5A,B

respectively.
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Figure 5.5. (A) DLS and (B) Zeta potential spectra of Au NPs/ RhB mixed aqueous

solution at room temperature and pH~7.

5.3.3. Sensing of L-Cys based on fluorometric assay

In this work we systematically design a highly sensitive sensing platform for
the quantitative as well as selective recognition of L-Cys using fluorometric assay of
RhB/Au NPs in the aqueous medium. The sensing of L-Cys via fluorometric assay

mechanism is schematically shown in Figure 5.6.
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The fluorescence emission spectra of RhB/Au NPs mixed aqueous solution (1:1

vol. ratio) in absence (curve a) and presence (curve b) of L-Cys (concentration of 100

uM) was shown in Figure 5.7A. It is observed
that RhB/Au NPs mixed aqueous solution
had negligibly small value of emission
intensity because of efficient fluorescence
resonance energy transfer (FRET) from
excited dye molecules to the Au NPs surface

as well as also the decrease in radiative rate
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Figure 5.6. Mechanism of detection
of L-Cys using fluorometric assay of

Au NPs and RhB.
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Figure 5.7. (A) Fluorescence emission spectrum from RhB/Au NPs mixed solution
in absence (curve a) and presence (curve b) of L-Cys. (B) Spectral overlapping
between normalized absorption of Au NPs and fluorescence emission of RhB. (C)
UV-vis absorption spectra of RhB/Au NPs in absence (curve a) and presence (curve
b) of L-Cys. (D) TEM micrograph of RhB/Au NPs/L-Cys mixed sample. Insets of
(C) and (D) show the UV—-vis absorption spectrum of RhB in presence of L-Cys and
SAED pattern of RhB/Au NPs/L-Cys mixed sample, respectively.
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constant of individual RhB molecules adsorbed on NPs surface. The energy transfer
from donor RhB to acceptor Au NPs is mainly due to FRET process which is clearly
perceived from the large overlap between the emission of RhB and absorbance of Au
NPs as shown in Figure 5.7B. However, most interestingly after addition of L-Cys
solution to the RhB/Au NPs mixed solution the fluorescence emission at around 574
nm was found to emerge with much increased intensity from its quenched state as
shown in Figure 5.7A (curve b). This observation clearly suggests that the emission of
RhB molecules which were adsorbed onto the Au NPs surface before addition of L-Cys
was recovered to a great extent and was possibly due to a strong interaction between L-
Cys and Au NPs through the thiol moiety (—SH) [35]. Due to this strong affinity of thiol
to Au NPs, the L-Cys molecules were strongly bound to NPs resulting the escape of
RhB molecules away from NPs surface. Because the attachment of RhB molecules with
Au NPs were due to electrostatic interaction whereas L-Cys tend to attach with Au NPs
by Au-S bond via chemisorption which is relatively much stronger. As a result, the
electrostatic charge distribution around the NPs surface was disrupted causing the
release of RhB molecules from Au NPs surface resulting the decrease of fluorescence
quenching via nonradiative energy transfer. Thus, addition of L-Cys eventually restored
the fluorescence band intensity of RhB at around 574 nm. However, the control

experiment (Figure 5.8) (i.e., fluorescence emission of RhB/L-Cys mixed aqueous

solution without Au NPs) reveals a
RhB (0.1 uM)

RhB (0.1 pMy/L-Cys (0.01 pM)
RhB (0.1 uMY/L-Cys (0.1 uM)
RhB (0.1 pMYL-Cys (1 uM)
RhB (0.1 pMY/L-Cys (10 pM)
RhB (0.1 pMYL-Cys (100 uM)
—— RhB (0.1 pMWL-Cys (1000 i)

3.2x10°4

negligible effect of L-Cys on the

emission profile of RhB molecules in | . 2.4x10°4

the studied aqueous medium as the 1 6x10°

unaltered emission band position and
8.0x10°

Fluorescence emission (cps)

no such significant rise and fall of

o . s 0.0
emission intensity with increase or 550 500 650 700

. Wavelength (nm)
decrease of L-Cys concentration. But

the slight decrease in emission Figure 5.8. Fluorescence emission spectra

intensity of RhB after addition of L- of RhB in absence and presence of different

Cys solution of different | . -0 tations of L-Cys.

concentrations might only be due to
the dilution of the RhB concentration in the mixed solution and not due to any

interaction in their ground or excited electronic states.
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In order to support the above results as obtained from fluorometric assay
method, TEM study (Figure 5.7D) was also performed for the RhB/Au NPs/L-Cys
mixed solution at the same ambient condition. We already observed that the dye
molecules were adsorbed on the Au NPs surface resulting some aggregation of Au NPs
and the distribution became inhomogeneous (Figure 5.4B). However, from Figure 5.7D
it is clearly observed that after addition of L-Cys in RhB/Au NPs mixed aqueous
solution, the distribution of NPs became more homogeneous but the average size of the
particle increased to about 40 nm. This increased size distribution of Au NPs was
basically due to some aggregation of individual NPs in the relatively higher viscous
medium after addition of L-Cys. However, the crystallinity of Au NPs after addition of
L-Cys possibly was not altered as distinct diffraction rings was observed from SAED
images (Inset of Figure 5.7D). DLS study as shown in Figure 5.9A further reveals the
increase in the hydrodynamic particle size distribution (~67.84 nm) of Au NPs in
presence of RhB and L-Cys compared to pure Au NPs (~53.78 nm). Also, { potential
as measured for RhB/Au NPs/L-Cys mixed solution was found to be -13.0 mV (Figure
5.9B) which is much lower than that of pure Au NPs (-30.1 mV) as well as RhB/Au
NPs mixture (-20.0 mV). The reduced ¢ potential of Au NPs in RhB/Au NPs/L-Cys
mixture eventually favored further aggregation of NPs. More precisely the addition of
L-Cys to the RhB/Au NPs mixed aqueous solution might have displaced the negatively
charged citrate around NPs surfaces resulting the decrease in negative { potential of Au

NPs. This in turn also favored the aggregation of Au NPs in aqueous medium [35].
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Figure 5.9. (A) DLS and (B) Zeta potential spectra of Au NPs/RhB/L-Cys mixed

sample in aqueous solution at room temperature and pH~7.
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5:3.31. Sensitivity of the proposed method

In the present work, we have also studied the quantitative detection of L-Cys
via fluorometric assay of RhB/Au NPs assembly in the same aqueous environment.
Figure 5.10 demonstrates the fluorescence spectra of RhB/Au NPs mixed aqueous
solution in presence of various L-Cys concentrations viz. 0.01 pM, 0.1 pM, 1.0 uM, 10
uM, 100 uM and 1000 uM. From this figure, we immediately see that the fluorescence
emission band of RhB at 574 nm was recovered and their intensity increased
systemically with increase in L-Cys concentration. Also, the increase in fluorescence
recovery efficiency with the concentration of L-Cys was almost linear (Inset of Figure
5.10). The systematic recovery of fluorescence from RhB/Au NPs mixed solution in
presence of L-Cys was highly sensitive with the change in the concentration of L-Cys.

Therefore, this fluorometric assay in aqueous medium may be a suitable and efficient

sensing platform for quantitative
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fact, the initial quenched fluorescence
emission of RhB due to Au NPs via
FRET  process was  gradually
decreased as the concentration of L-
Cys was increased. A very good linear

relationship between the fluorescence

Figure 5.10. Fluorescence recovery from
assay of Au NPs/RhB in presence of L-Cys
of various concentration viz. 0 uM (1), 0.01
uM (2), 0.1 uM (3), 1.0 uM (4), 10 pM (5),
100 uM (6) and 1000 puM (7). Inset shows
the plot of Log{(F-Fo)/Fo} vs. Log[Conc of
L-Cys].

recovery efficiency (at 574 nm) and the concentration of L-Cys can be used to calibrate
the proposed method of L-Cys detection in the concentration range of 0.01 puM-0.1 mM
as obtained from the inset of Figure 5.10. The calibration equation (eqn. (5.1)) for this
approach can be written as

Log[(F — Fy)/Fy] = Log[C] + Constant ... ... ... cc. e oo ... (5.1)
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where C is the concentration of L-Cys which was added into RhB/Au NPs mixed
solution during the fluorometric assay experiments. The linear fitted plot as shown in
inset of Figure 5.10 is almost passed through the initial point of the calibration curve

and hence the limit of detection (LOD) may be approximately considered as 0.01 pM.

Table 5.1. Comparison with other reported methods for detection of L-Cys.

Probe Detection principle Range LOD Ref.
(inpM)  (inpM)
TCEP & CMQT* HPLC-UV 20-300 0.5 [14]
Fluorescein—modified Fluorescence 0.8-4.1 0.1 [15]
Au NPs

Ficin Colorimetry 0.05-14 0.02 [16]

Poly(p-coumaric acid)/ Differential pulse 7.5-1000 1.1 [17]
MWNT/GCE" voltammetry

Cu2+—caclein Fluorimetry 0.3-12 0.04 [18]

TI(ID)* Spectrofluorimetry 0.1-5.5 0.1 [19]

Rhodamine B Coated Fluorometric assay 0.01-100 0.01 This

Au NPs work

*TCEP-tris(2-carboxyethyl)phosphinehydrochloride, CMQT-2-Chloro-1-

thylquinolinium tetrafluoroborate. °MWNT/GCE-multi-walled carbon nanotubes
modified glassy carbon electrode. “TI1(III)-Thallium(III).

The sensibility or the LOD of the proposed L-Cys detection method can be comparable
with the results reported in the literature as cited in Table 5.1. Furthermore, the present
technique utilizes the ratiometric fluorescence response of the fluorescent probe (RhB).
Hence the effect of any impurity or external perturbation on the fluorescence was
automatically discarded during the calibration of the proposed assay. Also, the range of
detection in the present method is comparable to the concentration of L-Cys present in
the blood plasma [37] (near about micromolar), which suggests that our detection

technique will have great potential with the diagnostic impact for biomedical interest.

5.3.3.2. Selectivity of the proposed method
In the practical purposes a good biosensor should selectively responds to a

particular biological analyte which is to be sensed at a given time otherwise the sensing
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process will be failed to give the desired output. To evaluate the selectivity of the
proposed method towards L-Cys, the interference of various other twenty amino acids
such as L-Aspartate (L-Asp), L-Histidine (L-His), L-Methionine (L.-Met), L-Serine (L-
Ser), L-Tryptofan (L-Try), L-Alanine (L-Ala), L-Arginine (L-Arg), L-Glycine (L-Gly),
L-Isolevcine (L-Iso), L-Proline (L-Pro), L-Threonine (L-Thr), L-Valine (L-Val), L-
Asparagine (L-Aspa), L-Glutamic Acid (L-Glu), L-Glutamine (L-Glut), L-
Phenylalanine (L-Phe), L-Leucine (L.-Leu), L-Tyrosine (L.-Tyr) L-Lysine (L.-Lys) and
L-Homocysteine (L-HomoCys) and antioxidant glutathione (GSH) were tested via the
same fluorometric assay method in aqueous medium. Apart from these amino acids, the
interactions of other relevant biosamples such as uric acid and ascorbic acid and some

neurotransmitters (K* and Na*) are also examined with the proposed assay method.

5.3.3.3. Colorimetric response of the assay

The most interesting

observation was that just after addition
of equal amounts of various amino
acids including L-Cys separately to
the RhB/ Au NPs mixed aqueous

solution the color of the final solution

became nearly bluish-black (as shown
in Figure 5.11) only in case of L-Cys | Figure 5.11. Digital photographs of Au
and could be clearly visualized with | NPs/RhB mixed solution before (Control)

the naked eye. and after adding of relevant analytes of same

The concentrations of aqueous | concentration.

solutions of all the amino acids, other
biosamples and neurotransmitters were same (0.1 mM) for these colorimetric
observations. This was the initial visual evidence that L-Cys could selectively bind to
Au NPs thereby changing the color of the final solution. It is already evident from
Figure 5.7C (curve b) that the addition of L-Cys to RhB/Au NPs mixed aqueous
solution causes the emergence of the new absorption band of Au NPs at around 670
nm which implies a very fast and strong interaction between L-Cys and Au NPs in
presence of probe RhB in the ground electronic states resulting the change of color of

RhB/Au NPs mixed solution from wine to bluish-black.
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Figure 5.12A shows the fluorescence emission spectra from RhB/Au NPs mixed
system for various amino acids including L-Cys as well as glutathione, uric acid,
ascorbic acid and some neurotransmitters like Na*, K+ etc. and the corresponding

change in fluorescence recovery efficiency as a function of various analytes are shown
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Figure 5.12. (A) Fluorescence emission spectra of Au NPs/RhB mixed solution in
absence and presence of interfering relevant analytes. (B) Relative fluorescence
recovery efficiency of the assay of Au NPs/RhB at 574 nm upon addition of L-Cys

and all other relevant interfering analytes.

in Figure 5.12B. From this plot it is clearly observed that the fluorescence recovery
efficiency of RhB/Au NPs system in presence of L-Cys was significantly maximum
compared to the rest of the amino acids although the concentration of all the amino
acids remained same. The all-other amino acids showed almost negligible effect on the
quenched state of RhB adsorbed onto Au NPs surface resulting no noticeable change in
fluorescence intensity of the dye molecules. Additionally, there was no significant
enhancement of fluorescence recovery efficiency while using the other amino acids of
concentration of at least 100 times higher than that of pure L-Cys (Figure not shown).
However, only other three essential amino acids namely L-Histidine, L-Methionine and
L-Homocysteine showed slightly greater fluorescence recovery efficiency but still very
less compared to the L-Cys. The slight difference of the fluorescence recovery
efficiency in presence of L-Histidine and L-Methionine as shown in Figure 5.12B might
be due to the electrostatic interaction of —NH; with the negatively charged Au NPs and
very minimal interaction through the less accessible intra-bond S-atom resulting a slight
decrease in overall fluorescence quenching via FRET between excited RhB molecules
and Au NPs during photo excitation [38]. It is also relevant to mention here that it was

Chapter 5: Selective and sensitive detection of L-Cysteine.... 97 |Page



Ph.D. Thesis: Pradip Maiti

unlikely for Au NPs to self-assemble with these two amino acids via covalent
combination through S-Au bonds in the same aqueous environment as compared to L-
Cys [39]. However, for L-Cys, the thiol moiety (-SH) is the head group and more
exposed to aqueous environment causing greater extent of interaction with Au NPs.
Although L-Homocysteine is a homologue of the amino acid L-Cys but differing with
additional methylene bridge, it still shows almost 1/3 less fluorescence recovery
efficiency compared to L-Cys while considering same molar concentrations for both
the amino acids during the assay experiments. Additionally, the concentration of L-
Homocysteine used was 0.1 mM which is much higher compared to its presence in real
blood plasma. So, it is expected that in real biosample it would leave negligible effect

in the detection of L-Cys by the proposed method.

In this work it is therefore highly important to study the relative fluorescence
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Figure 5.13. (A) Fluorescence emission spectra of Au NPs/RhB mixture in absence
and presence of mixture of L-Cys with relevant amino acids, glutathione, ascorbic
acid, uric acid and neurotransmitters. (B) The plot of relative fluorescence recovery
efficiency (at 574 nm) from the assay of Au NPs/RhB when exposed to the aqueous
solution of L-Cys mixed with various analytes. Figure also represents the relative

fluorescence recovery efficiency of the assay when added separately with other

amino acids, glutathione, uric acid, ascorbic acid and neurotransmitters.

recovery efficiency of RhB/Au NPs system when exposed to L-Cys in presence of other

interfering essential and non-essential amino acids. This is because of the fact that the
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physiological plasma medium contains other amino acids as well along with L-Cys. So,
the study of fluorescence recovery from RhB/Au NPs mixed aqueous solution was
carried out in presence of L-Cys mixed with other amino acids (0.1 mM) and is shown
in Figure 5.13A. The corresponding fluorescence recovery efficiencies are also shown
in Figure 5.13B. Interestingly it has been observed that the fluorescence recovery
efficiency from RhB/Au NPs mixed solution in presence of L-Cys mixed with various
other amino acids was nearly equal or close to that obtained with pure L-Cys only.
These results suggest that in the presence of L-Cys, approximately 20-fold
enhancement of the fluorescence recovery efficiency was obtained when compared to
that in presence of other amino acids without L-Cys in the mixture. From this study it
can also be concluded that the presence of more freely assessable -S atoms in L-Cys
compared to that in case of all other amino acids, L-Cys binds to Au NPs surface via
S-Au bonding competitively and selectively in faster way resulting the displacement of
RhB molecules from Au NPs surface. Consequently, the fluorescence quenching due
to FRET between RhB and Au NPs was reduced. This is why fluorescence intensity
became much higher when L-Cys was present with other amino acids in aqueous
medium. Therefore, the proposed technique may be an efficient sensing platform for

highly selective determination of amino acid L-Cys in aqueous medium.

5.3.3-4 Real bio-sample analysis by using the fluorometric assay

The proposed fluorescence-based sensing mechanism for detection of L-Cys is
also tested with real biosample in the present work. The L-Cys may present in both
human blood plasma and urine. In our experiments we have used normal urine sample
which was provided by our laboratory volunteer research student (male) having no renal
complications. These experiments were performed with extra precaution to avoid any
type of contamination or direct human contact with the urine sample. It is already
known that [40] the excess amount of free L-Cys in urine causes the disease Cystinuria
which leads to the formation of L-Cys stones in the renal system. The same assay
condition was maintained while doing the real sample analysis. The fluorescence
recovery was measured from the RhB/Au NPs system in presence of pure human urine,
L-Cys and other amino acid mixed urine and are shown in Figure 5.14A. The
corresponding fluorescence recovery efficiencies are shown in Figure 5.14B.

From Figure 5.14B it is observed that, the assay experiment with just pure urine

sample shows nearly 35% fluorescence recovery whereas addition of L-Cys (0.1 mM,
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200 pL) to the urine shows enhancement of fluorescence recovery efficiency up to
62%. The normal level of L-Cys in human urine is about 0.13 mmol/day [41] and any

excess amount of L-Cys in the urine is therefore manifested as several health issues.
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Figure 5.14. (A) Fluorescence emission spectra from the assay of Au NPs/RhB in
absence and presence of normal human urine, mixed solution of L-Cys and urine and
mixed solution of urine and other amino acids except L-Cys. (B) Plot of relative
fluorescence recovery efficiency (at 574 nm) from the assay of Au NPs/RhB when
exposed to the normal human urine, mixed solution of urine and L-Cys and urine and

other amino acids except L-Cys.

Therefore, the initial fluorescence recovery with pure urine sample is basically due to
usual presence of L-Cys in the urine. However, the increase of fluorescence recovery
efficiency after addition L-Cys in the urine is a confirmation of selective detection of
L-Cys because presence of all other amino acid did not show any significant rise in
fluorescence recovery efficiency as observed from Figure 5.14B. Thus, the present
mechanism may be a suitable method for the determination of L-Cys in the human urine

sample in order to diagnose the disease Cystinuria.

5.3.4. Time resolved fluorescence emission spectroscopic study

The time resolved fluorescence emission spectroscopy is a useful and powerful
method to know the excited state life time of fluorophore and the nature of quenching
whether it is dynamic or static. In this study, the time resolved fluorescence emission
of RhB aqueous solution (0.1 uM) was measured by using TCSPC method in absence

and presence of Au NPs and L-Cys respectively using an excitation laser source of
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wavelength of 510 nm and the corresponding fluorescence emission was monitored at
574 nm. The fluorescence decay plots as obtained were fitted by two exponential

functions according to eqn. (5.2) and are shown in Figure 5.15. The average lifetimes
of the samples were calculated according to eqn. (5.3) [23] and are summarized in Table

5.2

I(t) = e + e L (5.2)
i 04T
o i (>3)

Prompt

Decay RhB

—— Fit RhB

Decay RhB+Au NPs

—— Fit RhB+Au NPs
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W — Fit RhB+Au NPs+L-Cys

where a1, az are the normalized pre-

exponential factors of the molecules with

lifetime t1 and T2 respectively. Tav is the

Log[Counts]
=)

average fluorescence life time. The

average fluorescence life time of pure

RhB was calculated as 1.384 ns [29] but P/ R A A ,, = "y
Time(ns)
it was decreased to 1.225 ns after the mene

addition of Au NPs (0.1 mM). This | Figure 5.15. Fluorescence decay plots
decrease in fluorescence lifetime might be | of RhB aqueous solution and of RhB/Au
related to the reduced excited state energy | NPs mixed solution in absence and

of RhB molecules due to their adsorption | presence of L-Cys.

onto Au NPs surface in solution as well as
the non-radiative energy transfer from RhB to Au NPs and some extent of dye
aggregation. The relationship between the intensity of fluorescence emission and the

life time of fluorophore may be given as in eqn. (5.4) [36].

1 1
Tobs = Kobs - Ky + Knr + Ket

e (5:4)

That is the observed lifetime Tobs is the inverse of the observed decay rates, radiative
decay rate Kr, non-radiative decay rate Knr and the rate of energy transfer Ket. For a
particular organic dye in specific environment, both the radiative and non-radiative
decay rates are normally considered as constant. From the steady state measurement, it
was already observed that the decrease in radiative rate of RhB upon adsorption on to
Au NPs was only 20% to the overall fluorescence quenching. Thus, the rate of energy
transfer Ket is the major contributor to the decreased fluorescence lifetime of the
fluorophore in presence of Au NPs which played the dominant role in fluorescence

quenching. However, the most interesting observation was that when L-Cys solution
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was added to the RhB/Au NPs mixed solution the average fluorescence lifetime of RhB
molecules was again enhanced significantly to 1.342 ns which is almost close to that
of pure dye molecules. More precisely the reversal of the fluorescence lifetime of RhB
after addition of L-Cys is basically attributed to the availability of free RhB molecules
in the surrounding aqueous medium of Au NPs/L-Cys conjugated systems. Therefore,
this result also supports the fluorescence recovery of RhB molecules from their
quenched state in the surface of Au NPs when exposed to L-Cys solution. The very
small difference in the average lifetime in this case as compared to that of pure RhB
may be due to the different microenvironment of the surrounding medium of dye
molecules after addition of L-Cys because the dielectric properties of the medium might
have changed [42]. This may slightly affect the decay path of the excited RhB

molecules.

Table 5.2. Fluorescence life time parameters as obtained from the fitted data of pure
RhB and RhB/Au NPs mixed solution in absence and presence of L-Cys.

Corresponding fluorescence emission was monitored at 574 nm.

2

Sample name  Number of Aex T ay Ty a; Ty X
Exponential (nm) (ns) (ns) (ns)
RhB 2 510 0.066 0.375 1.522 0.156 1.384 1.276
RhB/Au NPs 2 510 0.037 1.311 1.517 0.129 1.225 1.156
RhB/Au NPs/L-Cys 2 510 0.048 0.788 1.577 0.132 1.342 1.279

Aex= Excitation wavelength

5.4. Conclusions

We have successfully developed a sensing platform for selective and
quantitative detection of important bio-thiol namely L-Cys via fluorometric assay of
RhB and Au NPs in aqueous medium as well as in real biosample (human urine). The
LOD for L-Cys was found to be 0.01 pM in our experimental range of concentration.
The initial fluorescence quenching of RhB in presence of Au NPs without L-Cys in the
mixture was possibly dominated by FRET mechanism which depends upon the relative
distance between dye and NPs. As the decrease in the radiative rate of RhB/Au NPs
complex systems contributed only 20% of the overall fluorescence quenching, which

also suggests that the excited state energy transfer was dominant factor for the drastic
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fluorescence quenching. The selective fluorescence response of RhB/Au NPs complex
molecular assemblies in presence of L-Cys in the mixture was also accompanied with
a color change from wine to bluish-black which was not observed for all other amino
acids including other thiol containing compounds, namely L-Methionine, L-
Homocysteine, glutathione in the same aqueous environment. Additionally, the other
relevant biosamples such as uric acid, ascorbic acid, neurotransmitters have shown
negligible interference over the selective determination of L-Cys. However, the assay
with real biosample shows about 35% fluorescence recovery occurred from the
mixture. This is basically due to the usual presence of L-Cys in normal urine. In aqueous
solution the thiol moiety in L-Cys formed strong bonding with the citrate caped Au NPs
and might have displaced RhB molecules from the surface of Au resulting the
aggregation of individual NPs as confirmed by UV-vis absorption spectroscopy. The
TEM study confirmed that our synthesized Au NPs was nearly spherical with average
diameter of 27.5 nm. DLS and Zeta potential studies revealed the homogeneity of Au
NPs distribution in aqueous solution and did not aggregate prior to their use in the
experiments. Fluorescence lifetime of RhB adsorbed onto Au NPs surface was reduced
compared to that of pure RhB in aqueous solution as confirmed by TCSPC study.
Addition of L-Cys in the mixture restored the fluorescence lifetime of pure RhB
resulting the decrease of fluorescence quenching via FRET. Therefore, the present
study may be proposed as an efficient sensing platform for selective and highly

sensitive detection of L-Cys via fluorometric assay mechanism using Au NPs and RhB.
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CHAPTER ~ 6

Comparative and Selective
Interaction of Amino Acid D-
Cysteine with Colloidal Gold
Nanoparticles in the Presence of a
Fluorescent Probe in Aqueous
Medium

This chapter demonstrates the study of
comparative and selective interaction of
amino acid D-Cysteine (D-Cys) with
colloidal gold nanoparticles (Au NPs) and
cationic dye Rhodamine B (RhB) in
aqueous solution.

A research paper based on the work presented in this chapter has
been published in ACS Omega 7 (2022) 29013—-29026
http://doi.org/10.1021/acsomega.2c02725

Ph.D. Thesis: Pradip Maiti



Ph.D. Thesis: Pradip Maiti

& -
<= CHAPTER~6 53~
% 5
- -~

N

/Comparative and Selective Interaction
of Amino Acid D-Cysteine with
Colloidal Gold Nanoparticles in the
Presence of a Fluorescent Probe in

\Aqueous Medium %

6.1. Introductory remarks

The fundamental part of antibodies, signaling molecules, enzymes, hormones,
receptors, and protein structures present in all living organisms is amino acids. They
also act as biochemical rulers in the neurotransmission [1,2]. All of the amino acids
present in the nature exist mainly in two forms: dextrorotatory (D) and levorotatory (L)
enantiomers. On the basis of the protein-creating efficiency, there are in total 20 amino
acids that have been reported. Previously, it was presumed that only L-amino acids
were necessary in mammals, including humans, in the formation of components for
proteins and peptides. However, various sensitive and selective analytical approaches
developed for detecting chiral amino acids [3,4] suggested that diverse D-amino acids
are also present in mammalian tissues. Different studies have been performed to explore
the physiological functions of D-amino acids. The physiological and the biochemical
activities of different D-amino acids such as D-cysteine (D-Cys), D-aspartate (D-Asp),
Dalanine (D-Alan), D-serine (D-Ser) etc. in our nerve cells, skin, arterial walls, bones,
other tissues, and body fluids, including amniotic fluid, urine, blood plasma,
cerebrospinal fluid (CSF), saliva etc., have been systematically studied by various
researchers in the last several years [5,6]. The semi-essential, proteinogenic amino acid
cysteine (C3H7NO2S) (abbreviated as Cys) contains thiol (—SH), amine (—NH2), and
carboxylic (—COOH) functional groups. The —SH moiety mainly takes part in the

nucleophilic enzymatic reactions [7]. Also, the —SH group plays an important structural
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role in the formation of many proteins by creating the disulfide derivative of Cys [8].
D-Cys creates hydrogen sulfide (H2S) and decreases the disulfide bonds present in the
receptors [8]. This may act synergistically and increase the responsiveness of
neurotransmitters specifically to a particular activity. The deviant activity of receptors
causes diseases in the central nervous system (CNS) such as amyotrophic lateral
sclerosis, Alzheimer’s disease, schizophrenia etc. [9,10] In the endocrine gland, H2S
prevents discharge of insulin due to glucose generation by the pernicious f cells [11].
Tong et al. showed that the biofilm formation of Streptococcus mutans and
Streptococcus sanguinis on the surface of teeth could be controlled by free D-Cys [12].

In recent times, the study of the interactions of various proteins and amino acids
with nanoparticles (NPs) has attracted great attention in the field of nano-biotechnology
[13]. Among the various amino acids, D-Cys is also responsible for the growth of
various diseases and disorders in the human body. Thus, the selective and quantitative
recognition of D-Cys is very important for the diagnosis and treatments of various
diseases. D-Cys can interact and be functionalized with several interesting metal NPs
[13,14] because NPs possess significant adsorption capabilities due to their large
surface area to volume ratio [15]. Sometimes this type of biomolecules can bind with
such NPs via selective covalent interactions [16]. Among the various metal-based NPs,
[17,18] noble metal NPs such as gold nanoparticles (Au NPs) show significant
prospects regarding their potential in various fields of biomedical applications such as
drug delivery [19], biomolecular sensing [20-22] etc. The high extinction coefficient
of Au NPs in the visible region renders them as an efficient platform for signaling
molecular recognition processes through their color change [21]. The small sizes of
these metal NPs with a large surface curvature facilitate their binding with various
organic dyes, proteins [16,18] etc. The degree of structural perturbation of the protein
molecules due to their interaction with NPs varies for different protein species [23]. As
the amino acids are the basic structural units of protein molecules, the study of the
interaction of amino acids with Au NPs via a simple spectrofluorometric technique is
of particular importance. The —SH-containing amino acid D-Cys is recognized as an
important regulator of neurotransmitters and the overall neural cell dynamics in our
physiological system. Therefore, a comparative study of the interaction of various
forms of Cys and their chiral discrimination while interacting with Au NPs is important

for both fundamental and biomedical interests.
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This chapter demonstrates the interaction or reactivities of D-Cys and L-Cys as
well as all other relevant amino acids, neurotransmitters etc. with citrate caped Au NPs
in the presence of a fluorescent probe, namely rhodamine B (RhB), in aqueous medium
as studied in my thesis work. RhB is a cationic organic dye with a high fluorescence
quantum yield and has been used as an interesting signaling agent for various
biomolecular recognition events [24,25]. The fluorescence emission of the RhB dye is
almost fully quenched by the colloidal solution of Au NPs and the mechanism of the
quenching has been described in detail in this work. The fully quenched fluorescence
emission of this dye due to Au NPs in the aqueous solution is recovered via selective
interaction with the amino acid D-Cys through SH-Au bond formation and aggregation
of Au NPs. This interaction is also reflected as a distinct color change of the assay
medium from red-wine to bluish-black, which is different from the interaction with L-
Cys or any other interfering compounds studied in this work. The ratio-metric
determination of the fluorescence recovery efficiency [26,27] in the presence of various
analytes in the assay medium automatically eliminates the perturbation from any
external influences during the assay. However, there are few recent reports on the
detection of D-Cys based on various methods such as SRM-chromatography,
colorimetric, ultra-high-performance liquid chromatography (UHPLC)-URMS-
chromatography, electrokinetic chromatography [28—32] etc. However, the proposed
fluorometric method, which is free from any direct leveling, offers great advantages for
the detection of D-Cys, especially up to the nanomolar level. The aggregations of the
Au NPs/RhB system in the presence of both the —SH-containing amino acids, D- and
L- Cys, have been visualized by transmission electron microscopy (TEM) and atomic
force microscopic (AFM) studies and are correlated with the observed Fourier
transform infrared (FTIR), UV-vis absorption, and steady state fluorescence
spectroscopic results. The different extents of interaction of D-Cys and L-Cys with the
proposed Au NPs/RhB mixed system in aqueous medium are also distinguished by the
chiral properties using the circular dichroism (CD) spectroscopic technique. Au NPs
and the RhB-based fluorescence turn-on sensing platform are also tested with normal
human (male) urine as a real biosample to realize the same selective response of the D-

Cys present in urine.
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6.2. Experimental section
6.2.1. Materials

All of the chemicals used in this work were of analytical grade and were used
as obtained without further purification. Gold (III) chloride acid trihydrate (HAuClas-
3H20, MW: 393.83 gmol-1), RhB (C28H31CIN203, MW: 479.02 gmol-1), D-Cys
(CsH7NO2S, MW: 121.15 gmol—1), and other D- and L-amino acids, ascorbic acid (AA)
(CeHs06, MW: 176.12 gmol-1), uric acid (UA) (CsH4N4+03, MW: 168.11 gmol-1),
glutathione (GSH) (C10H17N306S, MW: 307.33 gmol—1), and homocysteine (Hcys)
(C4HoNO2S, MW: 138.18 gmol-1), were purchased from Sigma-Aldrich Chemical
Company. Trisodium citrate (Na3CeHs07, MW: 258.06 gmol-1), sodium chloride
(NaCl, MW: 58.44 gmol-1), and potassium chloride (KCI, MW: 74.5513 gmol-1) were
purchased from Merck Chemical Company, Germany. All of the glasswares were
cleaned with freshly prepared aqua regia (mixture of HCl and HNOs3 in 3:1 ratio)
followed by subsequent rinsing with triple distilled deionized Milli-Q water (resistivity
18.2 MQ cm, pH~7 at 25°C, collected from Synergy integrated with an Elix Advantage
setup; make: Millipore SAS, France) and then were autoclaved for 24 hrs before use.
Aqueous solutions of the samples were also prepared with the same triple distilled

deionized Milli-Q water.

6.2.2. Synthesis of AuNPs

The well-documented Frens’ soft chemical reduction method has been used to
obtain monodispersed gold nanocolloids with the desired particle size distribution
[21,33]. In brief, an aliquot of a 50 mL aqueous solution of HAuCl4-3H20 (0.25 M)
was heated to boil and 1.2 mL of Na3CeHs07 (1%) was added into the solution under
vigorous stirring for the formation of gold nanocolloids. In about 100 s, the boiling
solution turned faintly blue. After 120 s, the blue color changed to deep red, which
indicates the formation of the spherical Au NPs. The synthesized nanocolloidal solution
was set aside to cool down to room temperature and stored at 4°C for future use. The
final concentration of the aqueous gold nanocolloidal solution was 0.1 mM at pH~7 in

ambient temperature.
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6.2.3. Characterization techniques

High-resolution transmission electron microscopy (HRTEM) measurements,
energy-dispersive spectroscopy (EDS) images, and selected area electron diffraction
(SAED) patterns of the Au NPs were collected using a field emission transmission
electron microscope (JEM-2010 TEM, JEOL Ltd., Japan) operated at an accelerating
voltage of 200 kV. For the HRTEM study, the sample solutions were incubated for 15
min and then a small drop from each solution was spread onto the carbon-coated copper
microgrid (PELCO 300 Mesh Grids, Ted Pella Inc.) and subsequently dried at room
temperature (25°C). The hydrodynamic nanoparticle size and the effective surface
potential of the as-synthesized Au NPs were obtained by a Zetasizer (Zetasizer Nano
7S, Malvern Instruments Ltd., U.K.) via the dynamic light scattering (DLS) method at
ambient condition. The UV—vis absorption spectra of the samples were obtained in the
wavelength range of 200—800 nm by a double beam UV-vis absorption
spectrophotometer (UV-1800, Shimadzu, Japan) after proper baseline correction for
the solvent background. The steady-state fluorescence emission spectra of the sample
solutions were recorded using a spectrofluorometer (Fluoromax-4C, Horiba
Instruments Incorporated, USA) under the following conditions: excitation and
emission monochromator slit widths of 2 nm each, excitation wavelength of 530 nm,
emission wavelength range of 540—700 nm, and experimental temperature of 25°C.
Fluorescence-grade quartz cuvettes (path length 1.0 cm, Kozima, Japan) were used in
all of the absorption and fluorescence emission measurements. CD spectroscopic
measurements were carried out using a JASCO J-815 CD spectrometer (JASCO
International Co., Ltd., Japan). The surface morphology and roughness measurement
of the samples were performed using a commercially available atomic force microscope
(AFM) (NaioAFM, Nanosurf, Germany) in tapping mode in a humidity-controlled
environment. For AFM analysis, the freshly prepared Au NPs aqueous colloidal
dispersion and a mixture of Au NPs/RhB in the presence of D-Cys and L-Cys,
respectively, were deposited onto smooth glass substrates. FTIR spectra of the samples
were recorded using a FTIR spectrometer (model: Spectrum Two, make: Perkin Elmer
Inc.) in attenuated total reflection (ATR) mode at ambient temperature. The pH of the
aqueous solutions was measured using a digital pH meter (FiveEasy Plus, Mettler

Toledo, Germany).
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6.2.4. Sample preparation for the spectrofluorometric measurements

The Au NPs/RhB mixed solution was prepared by adding 2 mL of freshly
prepared Au NPs of concentration 0.1 mM into 2 mL of freshly prepared RhB of
concentration 0.1 uM at ambient condition. Thus, the final concentrations of the Au
NPs and RhB in the total 4 mL mixed solution were 0.05 mM and 0.05 pM,
respectively. The pH of the RhB aqueous solution was 7.0 and remained approximately
constant through the whole analysis. Then, a freshly prepared 200 pL aqueous solution
of each concentration of D-Cys (concentration range from 1000 uM to 1 nM) was
added to the Au NPs/RhB mixed ensemble separately and incubated for 3 min at room
temperature (25°C). Also, the D-Cys aqueous solution was prepared by using ultrapure
triple distilled Milli-Q water at pH~7.0. The final concentrations of D-Cys in all of the
Au NPs/RhB/D-Cys mixed solutions were in the range 0.0476 nM to 47.6 uM. After
the incubation period of 3 min, colorimetric images, the UV—vis absorption, and
steady-state fluorescence emission spectra of the Au NPs/RhB/D-Cys complex were
recorded immediately. Also, aqueous solutions (fixed concentration of 0.1 mM) of
other relevant D- and L- amino acids such as D-arginine (D-Arg), L-arginine (L-Arg),
D-histidine (D-His), L-histidine (L-His), D-methionine (D-Met), L-methionine (L-
Met), D-proline (D-Pro), L-proline (L-Pro), D-tryptophan (D-Trp), L-tryptophan (L-
Trp), D-tyosine (D-Tyr), L-tyosine (L-Tyr), L-cysteine (L-Cys), and other —SH-
containing compounds like glutathione (GSH) and homocysteine (Hcys) as well as
some different biomolecules such as ascorbic acid (AA), uric acid (UA), and
neurotransmitters (Na+ and K+) were prepared in the same ambient condition. A 200
uL aqueous solution of each compound was added separately to the Au NPs/RhB mixed
solution and incubated for 5 min at ambient condition prior to the spectrofluorometric
measurements. The 5 min incubation time used for other analytes except D-Cys was
just to confirm whether these other compounds have any effect on the proposed

interaction even after a longer time of incubation compared to that of D-Cys.

6.3. Results and discussions

6.31. Characterizations of the Au NPs

The UV—-vis absorption spectroscopic data were recorded to explore the optical

absorption properties of the as-synthesized citrate stabilized colloidal aqueous
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dispersion of Au NPs and are shown in Figure 6.1a. The figure shows a distinct
absorption band with its maximum at around 528 nm due to the strong characteristic
surface plasmon resonance (SPR) of the Au NPs. Also, there are two weak humps
observed at 251 and 356 nm, which are mainly attributed to the intra-band electronic
transitions of gold [34]. The sharp and well-resolved SPR maximum band is originated

basically due to both the longitudinal and transverse SPR equivalently, which is an
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Figure 6.1. (a) UV—vis absorption spectrum of as-synthesized Au NPs’ colloidal
dispersion and (b) TEM micrograph of the as-synthesized Au NPs. The insets of (a)
and (b) show the digital micrographs of the vial containing as-synthesized Au NPs’

dispersion and lognormal fitting of the NPs’ size distribution curve, respectively.

indication of the formation of spherical Au NPs [35]. The average hydrodynamic
diameter of the colloidal Au NPs as obtained from the DLS study was about 48.04 nm
(as shown in Figure 6.2a). The surface ¢ potential of the Au NPs was found to be —30.1
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Figure 6.2. (a) Dynamic light scattering (DLS) and (b) Zeta potential spectra of as-
synthesized citrate caped Au NPs colloidal dispersion at room temperature (25 °C)

and pH~7.
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mV (as shown in Figure 6.2b). The high negative { potential reveals the homogeneity
and stability of the NPs in the aqueous colloidal dispersion.

On the other hand, the TEM micrograph as shown in Figure 6.1b gives the visual

evidence that Au NPs were monodispersed
with nearly spherical shape and the average
particle diameter was ~27.5 nm, as is
evidenced from the lognormal fitting of the
particles’ size distribution curve (the inset of
Figure 6.1b and Figure 6.3a). The good
crystalline nature of the Au NPs was shown
by the SAED pattern (as shown in Figure

6.3b). The rings as shown in SAED were
indexed as (311), (222), and (400) and
correspond to the electron diffractions | Figure 6.3.(a) TEM micrograph, (b)

originated from the planes of the face- | SAED pattern with lattice plane
centered cubic (FCC) gold crystal [36]. The [ indices, (¢) HRTEM image and (d)
interplanar spacing of the as-synthesized | EDS spectrum of as-synthesized

FCC Au NPs was 0.11 nm for the (222) | citrate caped Au NPs.

plane as calculated from the HRTEM micrograph (as shown in Figure 6.3c). The EDS
spectrum (as shown in Figure 6.3d) reveals that the nucleation of Au NPs occurred
without any impurities and confirms the presence of a large number of NPs in its

aqueous colloidal dispersion.

6.3.2. UV-vis absorption spectroscopic study

The UV-vis absorption spectroscopic measurements were carried out by adding
D-Cys and other D- and L-amino acids, neurotransmitters, AA, UA, including other
—SH-containing compounds such as Met, HCys, GSH etc., to the mixed solution of Au
NPs and RhB (aqueous mixture of Au NPs (0.1 mM) and RhB (0.1 pM) in 1:1 volume
ratio). Figure 6.4a shows the UV-vis absorption spectra of pure RhB (0.1 uM) (curve
1) along with the mixture of RhB and Au NPs in aqueous solution (curve 2). The
concentrations of Au NPs and RhB in the mixed solution were 0.05 mM and 0.05 pM,

respectively. The inset of Figure 6.4a shows the molecular structure of the laser dye
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RhB. The UV-vis absorption spectrum of pure RhB exhibits a strong absorption band
at around 554 nm, which is attributed to the T—Tt* transition of the dye monomer unit,
and a weak hump is observed at around 520 nm, which is originated from the n—m*
transition due to the presence of dimeric units [24]. The UV—vis absorption results of
the mixed solution further reveal that the monomeric absorption peak of RhB remains
unaltered but with decreased intensity, whereas the dimeric band intensity (520 nm)
increases. This variation of the absorption intensity may possibly be due to the closure

association of the RhB molecules adsorbed onto the NPs’ surface. As RhB is a cationic
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Figure 6.4. UV—vis absorption spectra of (a) pure RhB aqueous solution (curve 1),
Au NPs/RhB mixed solution (curve 2) and (b) mixed solution of Au NPs and D-Cys
recorded at different intervals of time. (c) Ratio of the absorbance at 670—528 nm
of Au NPs after addition of D-Cys (curve 1) and pure water (200 pL) (curve 2). (d)
TEM micrograph of Au NPs/D-Cys mixed sample. The insets of (a) and (b) show

the molecular structure of RhB and D-Cys, respectively.
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dye and citrate caped Au NPs have a large negative surface { potential, the strong

electrostatic interaction between Au NPs and
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dye molecules in their aqueous mixed solution.
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each Au NP is determined using the relation [37] Wavelength (nm)

(equation 6.1) (eqn. 6.1)

Nay Figure 6.5. UV-vis absorption

N, =
dye ™ {TAu NPs]/[RhB]} spectra of RhB aqueous solution

where nau is the number of gold atoms in each |in absence and presence of D-

NP. The number of gold atoms per NP (nau) is | Cys.

calculated by using the expression [37,38]
nau=(1/6)(59 nm-3)(dav)3, where dav is the mean diameter of the Au NPs. Thus, in
this case, an Au NP of average diameter 27.5 nm is composed of 642138 gold atoms.
In the mixed solution of Au NPs (0.1mM) and RhB (0.1 pM), 642 dye molecules are
adsorbed on each Au NP surface.

On the other hand, the UV—vis absorption spectrum of RhB in the presence of
D-Cys as shown in Figure 6.5 reveals that there is no appreciable effect of D-Cys on
the absorption behavior of RhB in the mixed solution of RhB and D-Cys. The
concentration of RhB was kept fixed for all of these mixed solutions, which were
prepared using RhB and the Au NPs solution in 1:1 volume ratio. The UV-vis
absorption spectra of the Au NPs (concentration of 0.1 mM) recorded at different
intervals of time after addition of the aqueous solution of D-Cys (concentration of 0.1
mM) are shown in Figure 6.4b. The respective concentrations of Au NPs and D-Cys in
the mixed solution were 0.09 mM and 6.25 pM. The inset of Figure 6.4b shows the
molecular structure of D-Cys. The additional band of Au NPs observed at around 670
nm is originated due to the strong interaction of D-Cys with the citrate caped Au NPs
in the mixed aqueous solution. The absorbance of the main SPR band at around 528
nm gradually decreases and the new band at 670 nm systematically increases with the
incubation time for the mixed solution. The absorbance ratio (Ae7o/Asz28) of the Au NPs

colloidal dispersion, as shown in Figure 6.4c, increases with the incubation time in the
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presence of D-Cys. This is possibly due to the strong cooperative metal ion-ligand
interactions [39]. Because of this interaction, the citrate layer on the NP’s surface may
be displaced and the interparticle separations of the NPs are possibly reduced due to the
subsequent cross-linking through the amino groups of D-Cys. As a consequence, the
increased dipole—dipole interactions and the coupling between neighboring plasmons
eventually induced the formation of aggregates or clusters [39,40] of Au NPs. This
aggregation is manifested as the emergence of the additional band at around 670 nm in
the UV—vis absorption spectra [41,42]. In order to have direct visual evidence for the
formation of aggregates or clusters of NPs, TEM analysis was also performed. Figure
6.4d shows the TEM image of the Au NPs/RhB/D-Cys mixed sample and clearly shows
very dense and aggregated domains of the NPs when compared to the TEM image of
pure Au NPs as shown in Figure 6.1b. This aggregation eventually induces enhanced
dye—dye intermolecular interaction in the mixed solution of Au NPs and RhB. As a
result, the RhB molecules might have altered electric transition dipole moments in the

microenvironment of Au NPs [43].

6.3.3. Interaction of D-Cys with the Au NPs/RhB mixed solution

To understand the interaction of D-Cys with the Au NPs/RhB mixed ensemble
in aqueous medium and the related photophysical properties, steady-state fluorescence
emission measurements were performed. It is observed from Figure 6.6a that the
steady-state fluorescence emission intensity of the peak at around 574 nm of RhB in
the Au NPs/RhB mixed aqueous solution (1:1 volume ratio) is almost quenched for an
Au NP concentration of 0.05 mM in the mixed solution at ambient condition. It is
important to mention that the electrostatic interaction between the dye molecules and
the negatively charged citrate layer on the Au NPs or any formation of H bonds does
not change the electronic transition dipole moment of the xanthene moiety of the RhB
molecules [44] as there is no shift of the emission band (574 nm) of dye molecules
after photoexcitation of the Au NPs/RhB mixed ensemble in the absence or presence of
D-Cys. Therefore, the effect of direct molecule on nanoparticle interaction may be
excluded from the initial fluorescence quenching of RhB molecules in the presence of
Au NPs. Additionally, the possibility of dynamic collisional quenching of fluorescence
may be less due to the existence of a strong electrostatic interaction between the RhB

molecules and negatively charged citrate caped Au NPs in the studied aqueous medium.
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Figure 6.6. (a) Fluorescence quenching of RhB in presence of Au NPs of different
concentrations (b) Spectral overlap between absorption and fluorescence emission
spectra of Au NPs and RhB respectively. (c) Plot of Log{(Fo-F)/F} vs. Log[Conc of
Au NPs]. Inset shows the straight-line region of the Log{(Fo-F)/F} vs. Log[Conc of
Au NPs] plot. (d) Stern-Volmer (SV) plot. Inset shows the straight-line region of the
SV plot.

Interestingly, there is a sufficient spectral overlap between the absorption spectrum of
Au NPs and fluorescence emission spectrum of RhB as shown in Figure 6.6b. So, the
observed quenching of fluorescence emission (574 nm band) of RhB in the Au NPs/
RhB mixed solution is mostly due to the efficient nonradiative energy migration
through the resonance energy transfer (RET) process using the dipole—dipole resonance
interaction between the excited RhB dye (donor) molecules and Au NP surface
(acceptor), as well as the decrease in the radiative rate constant of individual RhB
molecules when they are adsorbed onto the NPs’ surface [21,43]. This resonance energy

transfer process is a distance-dependent phenomenon and therefore the concentration
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of the Au NPs (acceptor) plays a significant role in controlling the relative distance
between the donor and acceptor sites in the mixed solution. The RET efficiency (E) is

calculated using the expression [44,45] (eqn. 6.2)

F
Fo

E=1-— e (6.2)

where Fo and F are the fluorescence emission intensity of RhB in the absence and
presence of Au NPs, respectively. The value of energy transfer efficiency (E) is
estimated as 0.9989, considering the fluorescence spectrum of Au NPs/RhB with
concentrations of RhB and Au NPs as 0.05 uM and 0.05 mM in the mixed solution,
respectively. The value of the binding constant (Kb) to a binding site and the number of
binding sites (n) per RhB molecule in the Au NPs/RhB mixed aqueous solution are
determined from the fluorescence quenching data of RhB in the presence of Au NPs by
using the following eqn. 6.3 [46]

Fo

Log{ )} = LogKy, + nLog[Q] ... .. vee et ev er et . (6.3)

where [Q] is the corresponding quencher (Au NPs) concentration. The values of Ky, and
n are calculated from the intercept and slope of the plot as shown in Figure 6.6a,c and
are found to be 2.202 x 103 M~1 and 0.376, respectively. The change in Gibbs free
energy (AG) for the interaction between RhB and Au NPs at room temperature (25°C)
is obtained using the Gibbs—Helmholtz relation [46] AG = —RTInKb, where R is the
universal gas constant and T is the temperature. The calculated value of AG is —19.07
k] mol-1. The negative AG value indicates that the interaction between RhB and Au
NPs is spontaneous. Also, the quenching of the fluorescence emission of RhB by Au

NPs is further described by the well-known Stern—Volmer eqn. 6.4 [47]

F
%:1+me]mmmmmmmm"m®

where Ksv is the Stern—Volmer quenching constant. The deviation from linearity of the
Stern—Volmer plot at higher quencher concentration implies that the fluorescence
quenching of the RhB dye is a mixture of static and dynamic (diffusion) quenching
[48]. Considering the slope of the straight line region of the Fo/F vs [Q] plot (i.e., at
lower concentrations of Au NPs) as shown in Figure 6.6a,e, the value of Ksv is
calculated as 8.174 X 106 M~1. The bimolecular fluorescence quenching rate constant
(Kq) and Ksv are related by the relation [49] Kq = Ksv/to0, where To is the fluorescence

emission lifetime of pure RhB (1.384 ns) [21]. The value of Kq is calculated as 5.906
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X 1015 M~1s~1 for this fluorometric titration experiment. The high values of both Ksv
and Kq substantiate the efficient quenching of RhB (donor) fluorescence by Au NPs in
the aqueous medium. All of the above calculated photophysical parameters are

summarized in Table 6.1.

Table 6.1. Binding constant (Kb), binding sites (n), Gibbs free energy (AG), Stern-
Volmer constant (Ksv), quenching rate constant (Kq) for Au NPs/RhB mixed aqueous

solution. R? is the corresponding correlation coefficient.

Kb (M) n Rz  AG(Kjmoll)  Ksy(MY) R2 Kq (M-1s1)
2.202x 103 0.376 0.9924 -19.07 8.174 x 106 0.9924 5.906 x 1015
120.0k 24
o (a) (b)
100.0k 1 E o3 29 y=A+Bx
g g v A=3.09746 B=0.17779
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Figure 6.7. (a) Recovery of fluorescence emission from the Au NPs/RhB mixed

solution when added with D-Cys of various concentrations. (b) Plot of fluorescence

recovery efficiency from Au NPs/RhB mixed solution for various concentrations of

D-Cys. The inset of (a) shows the digital micrographs of the vial containing the Au

NPs/RhB mixed solution before (control) and after incubation with D-Cys.

However, interestingly, after addition of D-Cys to the mixed solution of Au NPs
and RhB, the original fluorescence emission (574 nm) of dye molecules is recovered
from their quenched state as shown in Figure 6.7a. The concentrations of RhB and Au
NPs for the assay experiments were optimized in such a way that there is an almost
complete quenching of the fluorescence emission of RhB in the Au NPs/RhB mixed
system before addition of the D-Cys solution when excited with light of wavelength

530 nm and recovery of fluorescence signal in the presence of D-Cys at ambient
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condition. This “turn-off” and “turn-on” mechanism of fluorescence emission due to
the presence of D-Cys in the assay medium is schematically shown in Figure 6.8.

For the assay experiments, the concentrations of RhB and Au NPs in their
aqueous mixture were fixed at 0.05 uM and 0.05 mM, respectively. These selected

concentrations of RhB and Au NPs in their aqueous solution at ambient condition may

be considered as an Do
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from the Au NPs/RhB mixed solution in the absence (control) and presence of various
concentrations of D-Cys. Also, there is a distinct color change of the mixed final
solution from red-wine (control) to bluish-black (after addition of D-Cys) as shown in
the inset of Figure 6.7a. From the fluorescence emission of RhB in the presence of
different concentrations of D-Cys (viz. 0.06 nM to 62.5 pM in the mixed solution) as

shown in Figure 6.9, it is further confirmed that there is no significant effect of D-Cys
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citrate caped Au NPs possess three carboxylated (—COO~) groups [50], whereas the D-
Cys molecule has —SH, —COO~ groups, and the amino group (NHs3*) in the same
aqueous environment. The citrate layer surrounding the Au NPs in aqueous dispersion
gives an overall strong negative surface potential as is already confirmed by the ¢
potential study (as shown in Figure 6.2b). It is already reported elsewhere that at neutral
pH (7.0) cysteine is neutral [51], due to which there will be very less possibility of
citrate caped Au NPs having direct interaction with D-Cys through its —NH2z group via
electrostatic attraction [42]. However, due to the strong affinity of the —SH moiety of
D-Cys towards the Au NPs’ surface, they try to encapsulate [41] Au NPs by thiolate—Au
bond formation via chemisorption [39], which eventually displaces the original citrate
layer of Au NPs. As a consequence, the RhB molecules that were adsorbed onto the
citrate caped nanoparticles’ surface by electrostatic interaction [52] now become free
in the surrounding environment. This is why the intrinsic fluorescence emission of RhB
with peak centered at 574 nm is retrieved after photoexcitation. However, the
displacement of the citrate layer of Au NPs should depend upon various factors like the
concentration of D-Cys molecules in the assay medium, overall charge distribution,
surface potential around the nanoparticle surface, temperature etc. Immediately after
the reaction of D-Cys with Au NPs/RhB systems, the presence of amino acid molecules
in the encapsulating shell of NPs starts to induce crosslinking (as shown schematically
in Figure 6.8 between the neighboring encapsulated Au NPs) in the mixed solution,
resulting in the formation of Au NP aggregates or clusters, which causes a color change
of the mixed solution from red-wine to bluish-black [53,54] after the reaction. The
aggregation of Au NPs in the presence of D-Cys is already evidenced by the UV—-vis
absorption (Figure 6.4b) and TEM study (Figure 6.4d) as discussed earlier. From the
above discussion, it is clear that the fluorescence emission band intensity at 574 nm of
the mixed solution of Au NPs and RhB is recovered after addition of D-Cys and this
fluorescence recovery is most probably due to the availability of free RhB molecules in
the mixed ensemble. Overall, due to the interaction of D-Cys with the Au NPs/RhB
system in solution, the relative distance between the dye molecules and Au NPs might
have increased, resulting in the decrease of fluorescence quenching via nonradiative

energy transfer pathways.
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6.3.4. Sensitivity of the interaction of the Au NPs/RhB mixed ensemble
towards D-Cys

In this work, it is important to understand the sensitivity of the interaction of D-
Cys with Au NPs/RhB mixed aqueous solution. It is observed that under the optimized
experimental condition, the fluorescence emission intensity obtained from the Au NPs/
RhB/D-Cys mixed solution increases almost linearly with the increase in concentrations
of D-Cys. The relative fluorescence recovery efficiency is defined by [(F—Fo)/Fo] and
is given by the following linear eqn. 6.5 [52]
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Figure 6.10. (a) Fluorescence emission spectra of different concentration of RhB.
(b) Plot of fluorescence emission vs. concentration of RhB. (c) Plot of recovered
fluorescence emission from Au NPs/RhB mixed solution vs. concentrations of D-
Cys.
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where C is the concentration of D-Cys and A is an arbitrary constant. The relative
fluorescence recovery efficiency and the concentration of D-Cys follow the linear
equation y = 3.09746 + 0.17779[C] with a correlation coefficient (R?) of 0.99402 as
shown in Figure 6.7b, and the concentration range of 0.004 nM to 47.6 pM in the Au
NPs/RhB mixed ensemble. Thus, this method of recovery of fluorescence emission
shows very high sensitivity to a broad linear range of concentrations of D-Cys.

To compare the sensitivity of Au NPs/RhB towards D-Cys, the limit of detection
(LOD) has been determined by the 3o method [55] using the expression
LOD=(kxSD)/S, where S is the slope of the recovered fluorescence emission from the
Au NPs/RhB vs concentration of D-Cys (in M) plot. The LOD value of D-Cys (as
shown in Figure 6.10a-c) is found to be 4.2 nM. This LOD value indicates that the
proposed Au NPs/RhB mixed ensemble is highly sensitive towards D-Cys for
spectrofluorometric measurement. The linear range and LOD of D-Cys determination
as previously reported in the different studies have been compared with the present

work and summarized in Table 6.2.

Table 6.2. Comparisons of the Analytic Methods for the Determination of D-Cysteine.

Probe/systems Detection principle Rasl%;)(m Lg%m Ref.
4-fluoro-7- SRM-Chromatogram 0-300 - [28]
nitrobenzofurazan
Ag NPs-embedded Colorimetric - 4880 [29]
nanopaper
NCS-OTPP? UHPLC-HRMS- 0.098 - 1000 19.20 [30]
Chromatograms
Polar ionic elution® Chiral UHPLC-MS 0.413-4.13 165.08 [31]
L-Carnitine methyl Electrokinetic 10 -150 1100 [32]
ester bis Chromatography
Au NPs/RhB mixed Colorimetric & 0.001-100 4.2 This
system Fluorometric assay work

3(R)-(5-(3-isothiocyanatopyrrolidin-1-yl)-5-oxopentyl)triphenylphosphonium,
®MeOH/MeCN/H20 49/49/2 vivIv

6.3.5. Selectivity study of the proposed bio-nano interactions
The selectivity of the interaction of the Au NPs/RhB mixed solution towards D-
Cys in the presence of other relevant interfering analytes such as AA, UA,

neurotransmitters, other D- and L-amino acids including D-Arg, L-Arg, D-His, L-His,
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D-Met, L-Met, D-Pro, L-Pro, D-Trp, L-Trp, D-Tyr, L-Tyr, L-Cys, —SH-containing
compounds like GSH and Hcys etc. is tested under the same optimized experimental
conditions of the Au NPs/RhB mixed solution and the corresponding fluorescence

emission spectra are illustrated in Figure 6.11a. The chemical structures of all of the
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Figure 6.11. (a) Recovery of fluorescence emission from the Au NPs/RhB mixed
solution in the presence of all of the relevant analytes. (b) Relative fluorescence
recovery efficiency of the Au NPs/RhB mixed solution due to each analyte as

calculated from the corresponding emission intensities.

NH [¢] NH 0 (o] (o]
D-Arginine ‘ L-Arginine & D-Histidine L-Histidine
0 o 0 " i
HBC/S
\/\AOH ch/S\Al)kOH C;JLOH C])'LOH | '%H OH
NH, NH; NH NH e :
D-Methionine L-Methionine ~ D-Proline  L-Proline D-Tryptophan
o fo) . OH
HN NH; HO L £
L-Tryptophan ° D-Tyrosine L-Tyrosine Ascorbic acid
o} (o] SHH 0 " 0 s o]
HO™ NN Aon 0=<Nfiti A T Hs’\‘)LOH
NH, H o N NS0 NH, NH,
Glutathione Uric acid D-Cysteine L-Cysteine
Figure 6.12. Molecular structure of different D- and L-amino acids, glutathione,
ascorbic acid and uric acid.
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interfering compounds are shown in Figure 6.12. From Figure 6.11a it is observed that
the fluorescence emission intensities of the Au NPs/RhB mixed solution in the presence
of D-Cys and L-Cys are significantly high compared to those for other interfering
compounds, although the concentrations of all of the analytes were the same in these
spectrofluorometric measurements. However, when the Au NPs/RhB mixed solution is

added with D-Cys, the final solution turns red-wine to bluish-black in color, which is

different when mixed with L-Cys solution separately, as

shown in Figure 6.13. The relative fluorescence recovery § § ¢
efficiency [(F—Fo)/Fo] as shown in Figure 6.11b becomes . LY g f' %
remarkably high for D-Cys compared to that for all other S 418 " 8.
relevant interfering species or elements. From the above *ﬁ

observations it is clear that the interaction of the Au =5

NPs/RhB mixed ensembles with D-Cys in aqueous ] ..
Figure 6.13. Digital

medium is selective due to the high fluorescence recovery )
photographs of vials

as well as distinct color change of the Au NPs/RhB mixed . o
showing distinct colour

solution when compared to the interactions with L-Cys
changes for the

and all other D- and L-amino acids, physiologically | . )
interactions of D-Cys
and L-Cys with Au

NPs/RhB mixed

relevant interfering elements etc. as studied in this
experiment. It is important to mention that the difference

between fluorescence recovery efficiencies for D-Cys and Lt
solution.

L-Cys might be attributed to the different chiralities in the

molecular structure of these amino acids, as is evidenced from the CD spectra shown
in Figure 6.14a. The high selectivity of the interaction of the Au NPs/RhB mixed
solution with D-Cys may be attributed to the change in structural configuration of the
amino acid D-Cys, which is manifested as the observed change in the peak position of
the CD spectrum. This is because any change in the configuration of the functional
group (—SH) while interacting with the Au NPs/RhB mixed ensemble in aqueous
medium possibly disrupts the chiral properties in the structure of D-Cys. As a result,
there is a blue shift of the peak position at 210 nm in the CD spectrum as shown in
Figure 6.14a. On the other hand, when L-Cys is added to the Au NPs/RhB mixed
solution, the peak position observed at 216 nm in the CD spectrum is not altered except
for a slight reduction of intensity. These observations clearly indicate that the chiral

properties of L-Cys were possibly less affected while interacting with the Au NPs/RhB
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Figure 6.14. (a) CD spectra of the aqueous solution of D-Cys (curve 1), L-Cys (curve
2), mixed solution of Au NPs/RhB/D-Cys (curve 3), Au NPs/RhB/L-Cys (curve 4),
and Au NPs/RhB (curve 5). (b) Column plot of the hydrodynamic diameter and
surface ¢ potential of the NPs as obtained from Au NPs, Au NPs/RhB/D-Cys, and
Au NPs/RhB/L-Cys system. AFM topographic micrographs and surface roughness
plot of (c,d) Au NPs, (e,f) Au NPs/RhB/D-Cys and (g,h) Au NPs/RhB/L-Cys mixed
systems. The RMS surface roughness has been measured along the chosen lines as

shown in the figures.

mixed ensemble compared to those of D-Cys. From the DLS study, as shown in Figures
6.14b, 6.15a, and 6.15c, it is observed that the particle size of Au NPs increases in the
presence of both D- and L-Cys. However, for D-Cys, the increase in hydrodynamic
particle diameter is higher (91.67 nm) compared to that of L-Cys (67.84 nm). This
observation implies the possibility of a high degree of aggregation of Au NPs while
interacting with D-Cys when compared to that due to L-Cys. As mentioned earlier,
amino acids basically displace the citrate layer of the Au NPs during interaction and
induce interparticle cross-linking, which favors rapid aggregation of Au NPs. However,
the rate or extent of interparticle cross-linking is possibly higher for D-Cys than for L-
Cys. Additionally, the less negative ( potential (Figures 6.14b, 6.15b, and 6.15d) of the
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Au NPs/RhB mixed solution containing D-Cys (—14.03 mV) compared to that with L-
Cys (—18.04 mV) confirms the higher aggregation of NPs in the case of D-Cys [56].
To have a better understanding and direct visual evidence of the formation of aggregates
or clusters, AFM topographical imaging is performed in a tapping mode. Figure
6.14c—h shows the AFM topographical image and surface roughness plot of the drop-
casted film deposited onto smooth glass substrates from the Au NPs/RhB mixed
solution in the presence of D-Cys and L-Cys, respectively. For all of these
measurements, Au NPs/RhB mixed solutions were prepared in 1:1 volume ratio and
their concentrations in the mixed solution were 0.05 mM and 0.05 pM, respectively.
These images show that D-Cys facilitates a higher extent of aggregation or formation
of clusters of Au NPs in the mixed solution. The root-mean-square (RMS) surface
roughness of the Au NPs/RhB film is estimated as 4.4 nm, whereas for L-Cys and D-
Cys it becomes 7.25 and 18.92 nm, respectively. That is, the surface roughness of the
film having D-Cys is much higher compared to that of L-Cys. Our AFM analysis revels
that D-Cys induces a much greater degree of nanoparticle aggregation. Also, the

hydrogen bond between the neighboring D-Cys molecules in the aqueous solution is
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Figure 6.15. DLS and Zeta potential spectra of Au NPs/RhB mixed solution in
presence of D-Cys (a,b) and L-Cys (c,d) respectively.

highly affected by the steric hindrance due to the presence of Au NPs. The high extent
of aggregation of NPs in the aqueous mixture of Au NPs/RhB facilitated higher
fluorescence recovery from the quenched state due to the release of more number of
RhB dye molecules from the Au surface.

Interestingly, our proposed Au NPs/RhB mixed platform does not show any
significant or appreciable fluorescence recovery by other aminothiols such as Hcys and
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GSH in the same aqueous medium as studied in this work. In case of Hcys and GSH,
we observe a slight recovery of fluorescence emission from the Au NPs/RhB matrix in
aqueous medium. Although Hcys is a homologue of the amino acid Cys, it differs with
an additional methylene bridge in its molecular structure. It is also known that [57]
nearly at physiological pH, Hcys contains one amino group (—NH3*), one —COO-
group, and one —SH group in aqueous medium, whereas citrate caped Au NPs possess
three —COO~ groups in the same aqueous medium. Therefore, the direct electrostatic
binding between Hcys and Au NPs is minimal. Due to the presence of the —SH group
in Hcys, there will be still some interaction via thiolate—Au bond formation, but the rate
of displacing the citrate layer on which the cationic RhB molecules are bound might be
limited due to the difference in the orientation of the amino acid groups or in the
interfacial free energies when compared to D-Cys or L-Cys in the studied aqueous
environment [41]. As a consequence, the fluorescence emission recovery from the Au
NPs/RhB mixed ensemble is less compared to D-Cys and L-Cys. On the other hand,
GSH has two —COOH groups associated with glutamic acid and glycine residues and
three amino groups (—NH37) in three amino acids, and one sulfur atom present in the
Cys residue. It is expected that at intermediate or higher pH the disassociation of
—COOH groups may hinder [58] the binding of GSH with Au nanocolloids via the a
amine group. This results in a very little cross-linking between the —SH group and Au
colloids. As we have studied the binding interactions at neutral pH (7.0), less interaction
between Au and GSH results in lower fluorescence recovery in the Au NPs/RhB
aqueous medium. Additionally, the GSH molecule is relatively bulky in size compared
to cysteine or Hcys, and therefore, the interfacial reactivity may be less probable due to
energetic consideration. However, literature revels that the amino acid Trp can
selectively bind with Au NPs [59]. In the present work, we did not find any significant
fluorescence recovery from the Au NPs/RhB mixed solution in the presence of D- and
L-Trp. This is possibly due to the formation of the nonfluorescent Trp—RhB complex
[60].

The binding constant, sometimes referred to as the association constant (Ka), of
the Au NPs/RhB system with D-Cys and L-Cys in the aqueous medium has been
determined using the Benesi—Hildebrand eqn. 6.6 [61,62]

1 1 N 1
(Fx — Fo)  (Fnax —Fo)  KalM1(Fpax — Fo) 7"

N (1)
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where Fo, Fx, and Fmax are the fluorescence emission intensities obtained from the
mixture of Au NPs/RhB in the absence of D-Cys (or L-Cys), with an intermediate
concentration of D-Cys (or L-Cys) and the concentration of D-Cys (or L-Cys) at
saturation level, and [M] is the concentration of D-Cys (or L-Cys). The magnitude of
the binding constant (Ka) gives an indication about the strength of interaction between

the guest and host for their complexation in a medium and is related to the change in
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Figure 6.16. Plot of (a) Log{(Fx—Fo)/(Fmax—Fx)} vs. Log[Conc of D-Cys] and (b)
Log{(Fx—Fo)/(Fmax—Fx)} vs. Log[Conc of L-Cys] to determine the binding constants
of the Au NPs/RhB system with D-Cys and L-Cys, respectively.

Gibbs free energy [46] (AG=—RTInKa) for the process. The values of Ka have been
obtained from the intercept of the plot of Log{(Fx—Fo)/(Fmax—Fx)} vs. Log[M] as
shown in Figure 6.16 for both D-Cys and L-Cys, and are summarized in Table 6.3.
These values confirm that both D-Cys and L-Cys can bind to the Au NPs/RhB system
in aqueous solution. But, in the case of D-Clys, this interaction is stronger than that for
L-Cys. Therefore, due to the strong binding interaction between D-Cys and citrate
caped Au NPs in aqueous medium, the fluorescence recovery efficiency is much higher
compared to L-Cys. The values of the Gibbs free energy AG and binding constant Ka
for Au NPs/RhB/D-Cys and Au NPs/RhB/L-Cys complexes have been calculated from
the steady-state fluorescence emission spectra and are summarized in Table 6.3. The
negative AG indicates that the interactions of both D-Cys and L-Cys with the Au
NPs/RhB system are spontaneous. However, the higher negative value of AG reveals
the faster rate of interaction in the case of D-Cys with the assay medium compared to
that for L-Cys.
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Table 6.3. Binding constant (Ka), Gibbs free energy (AG) for the D-Cys and L-Cys with
the Au NPs/RhB mixed systems in aqueous solution. R is the corresponding correlation

coefficient.

Chiral amino acids K, (M) R2 AG (kJmol?)
D-Cys 708.712 0.9933 -16.261
L-Cys 592.025 0.9798 -15.816

For further investigation on the selectivity and interaction mechanism of Au
NPs/RhB with D- and L-Cys, FTIR spectroscopic measurements in ATR mode were
performed and are shown in Figure 6.17. The FTIR spectra of pure D-Cys and L-Cys
(curve 1 in (a) and (b), respectively) are very similar and show IR bands with peaks
centered at 3166, 1582, and 1390 cm~1, which are attributed to the stretching of
—NHs* and the asymmetric and symmetric stretching of the —COO~ functional groups
of Cys molecules, respectively. In addition, Cys molecules have a weak IR vibrational
band near 2550 cm~1, which is originated due to the characteristic stretching vibration
of the S—H bond (thiol group). Other vibrational bands are observed at 2968 cm~! (CHz
stretching, asymmetric), 2078 cm~1 (NH3 bending, asymmetric), 1522 cm~1 (N—H
bending), 1340 cm~! (NH3 bending, symmetric), 1294 cm~1 (CHz wagging), 1195
cm~1 (CHz twisting), 1130 cm~1 (SOz2 stretching), 1062 cm~1 (NH3 rocking), 941

Transmittance (a.u.)
Transmittance (a.u.)

_Tr ;
——D-Cys
4 ——L-Cys
—— Au NPs/RhB
Au NPs/RhB
,"’——/Y\A, —— Au NPs/RhB/D-Cys L —— Au NPS/RhB/L-Cys

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™) Wavenumber (cm™)

Figure 6.17. ATR-FTIR spectra of (a) D-Cys (b) and L-Cys in the absence and

presence of Au NPs/RhB, respectively.
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cm~1 (S—H bending), 866 cm~1 (N—O stretching), 635 cm~1 (COOH bending), 536
cm~1 (COOH rocking) etc. These results are consistent with the FTIR spectra of amino
acids reported elsewhere [63—65]. Interestingly, for the Au NPs/RhB/D-Cys system,
the IR bands corresponding to the stretching of —NH3z* and —COO- groups of D-Cys
are almost absent, possibly due to their cross-linking with other cysteine molecules
attached to the neighboring Au NPs. However, for the Au NPs/RhB/L-Cys system, the
bands of these stretching vibrations are also abruptly reduced compared to pure L-Cys
but the peaks are still visible. These observations may reveal that the interparticle cross-
linking is much stronger in the case of D-Cys in the assay medium, resulting in a rapid
and greater extent of nanoparticle aggregations, which is reflected in the different color
change of the final solution. This may also be due to the change in their dipole moments
when binding with a high electron density of the metal surface. But the most significant
observation is that the S—H stretching vibration band (2550 cm—1) totally disappears
for D-Cys after interacting with the Au NPs/RhB mixed system in aqueous medium
(Figure 6.17a curve 3). This indicates that S—H bonds are cleaved in the presence of
the metal NPs, which further indicates the strong binding interaction of D-Cys with Au
NPs. On the other hand, the S—H stretching vibration band is not totally absent for L-
Cys when interacted with the Au NPs/RhB system but it appears as a weak band near
2550 cm~1 as shown in Figure 6.17b (curve 3). Therefore, it is clear that the interaction
of D-Cys with the Au NPs/RhB mixed system is stronger compared to that of L-Cys in
the studied aqueous medium. Additionally, the FTIR spectra of the Au NPs/RhB mixed
system (curve 2 in Figure 6.17a,b, respectively) confirm that there is no such significant
effect of RhB molecules on the interaction of D-Cys or L-Cys molecules with Au NPs

in the assay medium.

6.3.6. Real biosample analysis

The proposed nano-bio interaction is also studied in the presence of normal
human urine. The normal urine sample was collected from a healthy laboratory
volunteer (male researcher) having no renal complications. In this investigation with
the normal urine sample, we maintained the same optimized concentrations of RhB and
Au NPs in their mixed solution as discussed earlier, and took extra precautions to avoid
any direct contact or any type of contamination with the urine sample. D-Cys may
present in both urine and blood plasma. It is already known that diseases like cystinuria

leading to the formation of kidney and renal system stone occur due to the free presence
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of Cys in the urine [66,67] The fluorescence emission spectra of the mixed solution of
Au NPs/RhB (control) in the presence of normal urine (200 pL), mixture of normal
urine (200 pL) and D-Cys (0.1 mM, 200 pL), and mixture of normal urine (200 pL)
and all other analytes (0.1 mM) used in the present work except D-Cys are shown in
Figure 6.18a. The concentrations of D-Cys and all other analytes in the final assay
medium containing urine were 2.38 uM, respectively. The corresponding fluorescence
recovery efficiency is shown in Figure 6.18b. From this figure it is clear that, the normal
urine shows fluorescence recovery efficiency of 42% but mixture of normal urine and
D-Cys shows fluorescence recovery efficiency of 73%. Therefore, the usual presence
of Cys in the normal urine gives the initial fluorescence recovery from Au NPs/RhB
system. It is also observed that when all other D and L-amino acids along with the other
relevant interfering compounds as considered are mixed with the proposed assay
matrix, the fluorescence recovery efficiency is slightly higher than that due to pure
normal urine. This may be due to the presence of L-Cys as was added with all other

interfering compounds. Additionally, there is also a distinct color change (from red-
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Figure 6.18. (a) Fluorescence emission spectra of Au NPs/RhB mixed solution
(control) (curve 1), mixed with normal humane urine (curve 2), urine and D-Cys
(curve 3), urine and all other analytes used in this work except D-Cys (curve 4). (b)
Plot of the fluorescence recovery efficiencies for the Au NPs/RhB mixed solution in
the presence of normal human urine and all other analytes relevant to the present
work. The inset shows the digital photograph of vials containing the Au NPs/RhB
mixed solution with (A) urine, (B) mixture of urine and D-Cys, and (C) mixed

solution of urine and all other analytes except D-Cys.
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wine to bluish-black) of the assay solution after addition of D-Cys compared to all other
analytes including L-Cys as shown in the inset of Figure 6.18b. This study confirms the
proposed nano-bio interaction is manifested as the selective binding of D-Cys with Au
NPs/RhB in in human urine as well. Therefore, the proposed Au NPs/RhB system in
aqueous medium under the appropriate and optimized condition may be used as an
efficient platform for rapid detection of D-Cys in human urine in a ratio-metric

approach to diagnose various renal complications.

6.4. Conclusions

In conclusion, we demonstrate a simple fluorometric method to explore the
comparative and selective interaction of the amino acid D-Cys among various other D-
and L-amino acids, neurotransmitters, relevant biological compounds etc., with citrate
caped gold nanoparticles (27.5 nm) in the presence of the fluorescent dye RhB. Au NPs
are found to almost fully quench the fluorescence emission of RhB dye in the optimized
concentrations of both Au NPs and RhB via a nonradiative energy transfer pathway
from the excited RhB molecules to Au NPs in aqueous solution at neutral pH. This
quenched fluorescence is selectively recovered with high efficiency after addition of D-
Cys to the Au NPs/RhB mixed solution and there was a distinct color change of the
assay medium after reaction with D-Cys when compared to the effect of other
interfering compounds studied in this work. The degree of aggregation of Au NPs is
greater due to the interaction with D-Cys compared to L-Cys due to strong thiolate—Au
bond formation via chemisorption and possibly greater interparticle cross-linking
compared to that due to L-Cys and in aqueous solution. The higher value of binding
constant and higher negative value of Gibbs free energy for D-Cys interacting with the
Au NPs/RhB mixed system compared to those for L-Cys as estimated from the
fluorescence recovery results confirm the stronger interaction of D-Cys with the
nanoparticle system in the studied aqueous medium. The difference in aggregations of
D-Cys and L-Cys while interacting with Au NPs/RhB mixed systems in solution is
correlated with the ¢ potential results and chiral properties of the amino acids, as
evidenced by the ¢ potential study and CD spectroscopic characterization, respectively.
The ATR-FTIR study further distinguishes the difference of interactions of both D-Cys
and L-Cys with the assay matrix through the change in vibrational signatures of the

S—H bond as well as other relevant functional groups and is consistent with the
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observations by the other analytical methods used in this present work. The interaction
of D-Cys with the proposed nanoparticle-based platform is highly sensitive and lies in
the broad linear range of concentration of 1 nM to 100 pM. The LOD for D-Cys is
found to be 4.2 nM, which is lower compared to many available detection methods
cited in the literature. The normal human urine sample when mixed with the assay
matrix (Au NPs/RhB) and D-Cys exhibits a higher fluorescence recovery and distinct
color change (red-wine to bluish-black) of the assay medium after reaction compared
to that for L-Cys or all other interfering compounds as studied. Therefore, the proposed
bio-nano interaction may be realized as an efficient approach for the selective

recognition of the amino acid D-Cys in the aqueous environment.
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CHAPTER ~ 7

Interaction of Silver
nanoparticles with cationic
dye Acridine orange iIn
presence of DNA in aqueous
environment

This chapter describes how silver
nanoparticle influence the photophysical
properties of biologically relevant cationic
dye acridine orange in aqueous solution.
Also the binding interaction of silver
nanoparticles with calf thymas DNA in
presence of fluorescent probe acridine

orange Is explored.
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7. Introductory remark

During the last several decades’ novel metal nanoparticles (NPs) have drawn
much interest because of their fascinating optical and electronic characteristics [1,2].
These interesting properties led the researchers to motivate towards number of
promising applications in biomedical fields, cosmetics, food industries, textiles, paints
etc. [3,4]. Most noticeable the unique surface plasmon resonance (SPR) of metal NPs
can efficiently modulate the photophysical properties of various organic molecules both
in their ground and excited electronic states [5]. The observed changes of such
photophysical behaviour of organic moieties located in the vicinity of metal NPs
sometimes found to show very selective while interacting with various target
biomolecular species in the same environment leading to various promising
applications in biomedical field [6,7]. Literature reveals that size and shape of such
novel metal NPs are two important factors because these correspond to the different
surface plasmonic oscillation which may interfere with the fluorescence of guest
organic species in their close proximity [8]. The plasmonic field may overlap with the
oscillating dipole of neighbouring organic fluorophores resulting the enhancement or
quenching of fluorescence of the organic emitter molecules around the NPs depending
upon their relative separation [9]. As the spherically shaped metal NPs do not possess
any dipole moment compared to organic dye molecules, therefore energy transfer may
occur from the excited dye chromophore to metallic surface. The large absorption cross-

section of NPs also favours this energy migration towards the surface of metal [10].
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The energy transfer is also manifested as the fluorescence quenching of the dye

molecules.

In recent times dye-conjugated metal NPs assembly have been shown to be
efficient platform for selective recognition of various biomolecular species at various
environments [11,12]. Among the various metal NPs, Silver nanoparticles (Ag NPs)
have drawn immense interest among the researchers due to their good catalytic
properties, antibacterial properties, ability of interacting with wide variety biomolecular
species through different specific and non-specific interactions [13,14,15]. The strong
SPR of Ag NPs enable them to modulate physical and physicochemical properties of

organic dye molecules.

The study of the interaction of Ag NPs with deoxyribonucleic acid (DNA) and
its constituents became a great interest among the scientists in the interface
nanobiotechnology [16]. Nucleic acids containing various base pairs are carrying the
characteristic genetic information and recognition of the structure of DNA is of
particular importance for the diagnosis of various genetically induced health
complications [17,18]. As both DNA and Ag NPs do not possess fluorescence emission,
therefore it is difficult to discriminate the nature of form of DNA just utilising their
direct interaction. In this regard spectrofluorometric method using an organic probe
(generally dye) is an excellent choice to discriminate the structure or form of DNA
present in a particular medium by observing the unique change in fluorescence
properties of dye in the Ag NPs/DNA medium involving various specific and non-

specific interactions [19].

In this chapter, I have studied the photophysical behaviour of cationic laser dye
Acridine Orange (abbreviated as AO) in presence of Ag NPs in aqueous solution.
Additionally, the binding interaction of Ag NPs and AO in presence of Calf Thymas
DNA in the mixed solution have been explored. UV-vis absorption and fluorescence
spectroscopic studies provides many useful information about the nano-bio interaction
in this present work, which can contribute as scientific database in biological research
and various biotechnological applications. Ag NPs strongly quench the fluorescence
emission of AO in aqueous solution and UV-vis absorption study is evident that there
was binding between DNA and Ag NPs. Most interestingly in presence of DNA the

fluorescence of AO is not quenched rather it binds with DNA either by intercalation or
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groove binding. As AO is planner molecule it can easily intercalate between the sugar
bases of DNA double helix structure [20]. Addition of Ag NPs solution in AO/CT-DNA
mixed solution reveals the strong interaction with DNA and induces the expulsion of
AO dye from the DNA duplex structure as is anticipated from the steady-state
fluorescence spectroscopic study. Density functional study are also have been

performed to understand the electronic energy of level of the dye molecules.

7.2. Experimental methods

7.2.1. Materials
The cationic organic dye acridine orange (abbreviated as AO) (C17H19N3, M.W.:

265.36 gmol ') and silver nitrate (AgNO3, M.W.: 169.87 gmol™') were purchased from
Sigma Aldrich chemical company, USA and have been used without further
purification. However, their purity was checked by UV-vis absorption and steady-state
fluorescence method before use in the experiment. Sodium borohydride (NaBH4, M.
W.: 37.83 gmol!') were purchased from Merck chemical company, Germany. Calf
Thymas DNA was supplied by SRL chemical company, India. The purity of DNA was
confirmed by the ratio of absorbance (~1.8) at ~260 nm and ~280 nm. Triple distilled
deionized Milli-Q (resistivity 18.2 MQcm) water was prepared by Synergy integrated
with an Elix-Advantage set-up (Millipore SAS, France) and have been used to prepare
all the sample solution. The glassware used for the experiment have been thoroughly
cleaned and autoclaved before use. pH of all the solution were measured with the help

of a high precision digital pH meter (Five easy, Metler Toledo, Germny).

7.2.2. Synthesis of Ag NPs

Ag NPs was prepared by the reduction of AgNO3 aqueous solution by NaBH4
according to the method available in the literature [21,22]. At first, 70 mL aqueous
solution AgNOs3 of concentration of 0.05 mM was mixed to 110 mL solution of NaBH4
(concentration of 1.5 mM) drop-wise and the mixture was stirred rigorously at room
temperature (25°C). Then the mixed solution has been chilled in the ice bath. At the
early stage during reaction, the colour of the mixture was light yellow and gradually
turned to very bright yellowish type after adding all the AgNO3 solution. Finally, Ag

NPs was obtained in the colloidal solution which shows clear yellow colour. A typical
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image of vial containing Ag NPs colloidal dispersion is shown in the inset of Figure

7.1a.

7.2.3. Characterizations

High resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) measurements of as-synthesized Ag NPs were performed
on a transmission electron microscope (TEM) (JEM-2100, JEOL. Ltd, Japan) operated
at accelerating voltage 200 kV. For HRTEM study, the sample solutions were incubated
for 15 min at room temperature (25°C) and then a small drop of sample solution was
spread onto the carbon coated copper microgrid (PELCO 300 Mesh Grids, Ted Pella
Inc. USA) and subsequently dried at the same ambient temperature. All the absorption
spectroscopic measurements were performed by using a double beam UV-vis
absorption spectrophotometer (UV-1800, Shimadzu, Japan). However, before taking
the sample spectrum, a proper baseline correction was done. A steady state fluorescence
spectrometer (Fluoromax 4, Horiba Scientific, USA) was used to obtain all the emission
spectroscopic measurements of the sample solution. The sample solutions were exited
at 475 nm and the emission was scanned in the wavelength of 490-700 nm region at
ambient condition. Both the UV-vis absorption and fluorescence emission spectra of
the sample solutions were collected using quartz cell (Kozima, Japan) of 1.0 cm path
length at room temperature (25°C). Dynamic light scattering study and zeta potential of
as-synthesised Ag NPs, Ag NPs/AO and Ag NPs/AO/DNA samples were characterised
by Zetasizer (Zetasizer Nano ZS, Malvern Instruments Ltd, UK).

7.2.4. Computational details

The ab initio geometry optimization and quantum-chemical calculation of AO
dye in the solvent medium (water) have been performed by the density functional
theoretical approach (DFT) using the Gaussian 09 software [23]. The geometry of AO
was optimized in aqueous medium using the Becke’s three-parameter (B3) with
Lee—Yang—Parr (LYP) hybrid correlation energy (B3LYP functional) [24] and 6-
31+G(d,p) basis set [24]. Water was incorporated as an implicit solvent using the

conductor-like continuum polarized model (CPCM) at room temperature (25°C). The
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geometry optimized structures of AO was obtained by the fully relaxed method, and
the corresponding molecular orbitals such as HOMO and LUMO levels were visualized
with the help of time dependent density functional theory (TD-DFT) using the same
level of theory as was used for geometry optimization in the GaussView 6.0.16 software
[25]. After the geometry optimization, frequency check was carried out to confirm the
fully relaxed mode of the AO molecule by attaining the local minima of the potential

energy surfaces.
7.3. Results and discussions

7.31. Characterization of as-synthesized Ag NPs

The as-synthesized Ag NPs have been characterized UV-vis absorption, DLS
and Zeta potential, TEM etc. measurements. All these methods have been described in
the previous section. Figure 7.1. Shows the UV-vis absorption spectrum of stable

aqueous colloidal solution of Ag NPs. The absorption spectrum shows distinct
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Figure 7.1. (a) UV-vis absorption spectrum of Ag NPs aqueous colloidal dispersion.
(b) Transmission electron microscopic image of as-synthesized Ag NPs. Inset of (b)

shows the lognormal particle size distribution.

absorption peak at around ~400 nm which is attributed to the characteristic surface
plasmon resonance band of Ag NPs in the colloidal solution after photoexcitation [26].
Other small absorption band observed at ~300 nm is ascribed to the intraband electronic
transition of silver [27]. However, the nature and position of these bands should depend

upon various factor such as NPs size, shape as well as the surrounding environment
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[28]. We have also performed transmission electron microscopy of the as-synthesized
Ag NPs as shown in Figure 7.1b. TEM images shows the well dispersed merely
spherical shaped Ag NPs and the average size of the nanoparticles is found to be ~9.264
nm with slandered deviation of ~1.798 nm as obtained from lognormal distribution.
The as-synthesized Ag NPs was further characterized by DLS and Zeta potential study.
Figure 7.2 shows the DLS spectrum of Ag NPs colloidal solution. From this figure the
average hydrodynamic particles size is approximately estimated as ~91 nm. The
contributions from other to small peaks are very less which implies that Ag NPs
colloidal solution was mostly homogeneous with very minimal polydispersity in the
studies medium. Also, to have an idea about the stability of Ag NPs in the aqueous
medium, surface zeta potential is investigated as shown in Figure 7.3. Zeta potential of
Ag NPs is found to be -33 mV which reveals that the Ag NPs in the solution were
mostly stable and did not form aggregates or clusters. This also corresponds to the fact
that the Ag NPs could easily balance the weak van der Waals force of attractions and
the strong electrostatic interactions between borohydrate layer on the surface of Ag NPs

in the aqueous colloidal dispersion.
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Figure 7.2. DLS spectrum of colloidal dispersion of Ag NPs
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Figure 7.3. Zeta potential spectrum of Ag NPs colloidal solution.
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7.3.2. UV-vis absorption spectroscopic study

The cationic dye AO is highly photophysically active organic compound and is
attracted significant attention of the researchers due to their wide range of applications
such as, textile industry, biomedical field especially in the flow cytometry to
discriminate denaturation of DNA and various intracellular contents or to diagnose the
alternation of genetic components in the cell [29,30]. This dye in the dilute solution
mostly exists in their monomeric structures. However, at higher concentration (>10
uM) they have tendency to form dimeric structures which show different spectral and
photophysical properties in different microenvironment [31]. AO is widely used in
bacterial staining for fluorescence microscopy [29]. Therefore, the photophysical
studies of this dye is prime importance from the point of view of their various
biomedical applications. Figure 7.4a shows the UV-vis absorption spectrum of pure AO
aqueous solution (concentration of 1 uM). Inset of Figure 7.4a shows the molecular
structure of AO. Aqueous solution of AO exhibits prominent absorption bands in the
wavelength region of 350-550 nm. The highly strong absorption band observed at ~490
nm is attributed to the monomeric forms of the dye molecules whereas weak shoulder
at ~470 nm is possibly due to the presence of some aggregates (namely dimer) of dye
molecules in the studied concentration of AO solution [31]. All these observations are
in well consistent with the results reported elsewhere. Literature reveals that the
intensity of this dimeric band increases with increase in concentration of dye solution

[31].

In this work we have basically studied the interaction of Ag NPs with AO dye
in absence and presence of DNA by using electronic spectroscopy. In recent times Ag
NPs has been explored as various gene delivery agent in vivo and found to be
biocompatible when properly functionalized. The unique plasmonic properties of Ag
NPs can modulate various physical and physicochemical properties of organic emitter
molecules which are used as fluorescence probe system to diagnose the structure and
conformation of biomolecules. Therefore, keeping in mind the potential application of
such Ag NPs in biological field, the interaction of Ag NPs with biologically relevant
organic dye namely AO is important. Figure 7.4b represents the UV-vis absorption
spectra of AO aqueous solution (1 uM) for various concentrations of Ag NPs colloidal

solution. From the figure it is observed that the ~490 nm band of AO is shifted to ~500
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nm and intensity of this band also increases with increase in concentration of Ag NPs
in the mixed solution. Additionally, the main absorption peak of the Ag NPs gradually
increases with increase of nanoparticle concentrations. The shift of the absorption band
of AO at ~500 nm reveal the binding of Ag NPs with AO dye molecules in the mixed
aqueous solution. Ag NPs in the solution carries net negative charges as evidenced from
the Zeta potential study (Figure 7.3) and AO is a cationic dye. So the electrostatic
interactions may play the dominant role in the binding AO and Ag NPs in the solution.
Due to this interactions AO dye molecules might have adsorbed on to the NPs surface
in the ground state resulting the change in the electronic properties of dye molecules.

Also due to this interaction the average hydrodynamic size of the nanoparticle as

0.10 0.12
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Figure 7.4. UV-vis absorption spectra of (a) AO aqueous solution (concentration of
1 uM) and (b) AO (1 uM) and Ag NPs mixed solutions for various concentrations of

Ag NPs. Inset of (a) shows the molecular structure of AO.

obtained from DLS study (Figure 7.5) is increased to ~105 nm confirming the
adsorption of dye molecules on the surface of NPs. Furthermore, the Zeta potential of
AO/Ag NPs mixed solution becomes less negative (-16 mV) when compared to pure

Ag NPs. Both these results confirm the binding of Ag NPs with AO in aqueous solution.
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Figure 7.5. DLS spectrum of Ag NPs/AO mixed aqueous solution

Ag NPs have been explored as the carrier of various biomolecules including
delivery of theraptic materials for biomedical interest. In this study we also aim to
understand the effect of Ag NPs/AO mixed solution on the spectroscopic properties of
DNA. Itis a biological macromolecules and in aqueous solution it is negatively charged
[32]. Figure 7.6 shows the UV-vis absorption spectra of pure DNA solution, AO/DNA
mixed solution, Ag NPs/DNA mixed solution and Ag NPs/AO/DNA mixed solution.
Pure DNA shows the characteristic absorption band at around ~262 nm which is due to
n-m* transition of the nucleic acid base pairs of DNA [33] The transition dipole
moments due to this absorption generally oriented along the short axis of the base pair
[34]. AO/DNA mixed absorption spectrum as shown in Figure 7.6 reveals that the
characteristic band of DNA is shifted to ~267 nm and the monomeric band of AO (~490
nm) is also slightly shifted to higher wavelength i.e., at ~500 nm. This change of the
absorption spectrum gives an indication of the interaction of DNA with AO dye
molecules in the aqueous solution. The difference in ionic character of DNA and AO is
possibly responsible for the interaction. On the other hand, when Ag NPs is mixed with
DNA solution the ~262 nm band is totally disappeared with no appreciable change of
the plasmonic band (~400 nm) of Ag NPs. This results confirms the binding of DNA
with Ag NPs as well. Most interestingly absorption spectrum of Ag NPs/AO/DNA
shows that the ~262 nm of DNA is shifted to ~267 nm as well as AO monomeric
absorption peak is slightly shifted. Additionally, the intensity of plasmonic band (~400
nm) of Ag NPs is sufficiently decreased. This observation reveals the bind of both Ag
NPs and AO dye with DNA in the aqueous solution.
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Figure 7.6. UV-vis absorption spectra of pure DNA aqueous
solution; AO/DNA, Ag NPs/DNA and Ag NPs/AO/DNA mixed

aqueous solution.

7.3.3. Steady state fluorescence spectroscopic study

Steady fluorescence emission technique is an elegant approach of understanding
the molecular level interactions in the excited state between various molecular species.
Figure 7.7a shows the steady-state fluorescence emission spectrum of AO aqueous
solution (concentration of 1 uM). This emission spectrum shows distinct and prominent
emission peak of AO dye at around ~525 nm. The sample solution was exited at
wavelength of 475 nm. The 525 nm peak is attributed to the monomeric emission of
AO in aqueous solution [31]. However, when Ag NPs solution with varying
concentrations are added to AO solution, the intensity of monomeric band (~525 nm)
is gradually decreased as shown in Figure 7.7b. This gradual quenching of fluorescence
of AO due to addition of Ag NPs in the mixed solution might have happened due to the
adsorption of dye molecules on to NP’s surface resulting the decrease in radiative rate

of the dye molecules while interacting with NP’s surface.
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Figure 7.7. Steady-state fluorescence emission spectrum of (a) AO aqueous
solution (concentration 1 pM) and (b) AO (0.5 uM) and Ag NPs mixed solution for
various concentrations of Ag NPs. (c) Stern-Volmer plot for Ag NPs/AO mixed
solution for various concentrations of Ag NPs. (d) Linear region of Stern-Volmer

plot. Excitation wavelength was 475 nm.

The quenching of the observed fluorescence of AO due to Ag NPs depends on
the nature of interactions between dye molecules and NPs. The quenching may be static
or dynamic. For static quenching, a ground state complex may be formed and this does
not emit fluorescence [31]. On the other hand, in dynamic or collisional quenching
molecules encounter with the quencher due to diffusion resulting change in the
radioactive rate of the emitter molecules [35]. The nature or type quenching may be

described by well-known Stern-Volmer (SV) equation [36],

Fy
+ = 1+Kyle] TR /% §

where Fo and F are steady state fluorescence intensity of dye molecules in absence and
presence of quencheri.e., Ag NPs respectively. Ksv is known as SV quenching constant

and measure the extent of fluorescence quenching of the emitter molecules in a
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particular medium. The plot of Fo/F versus concentration of Ag NPs as shown in Figure
7.77c gives the nature of fluorescence quenching. From this figure it is observed that at
lower concentration range the plot is almost linear as shown in Figure 7.7d. The value
of Ksy is calculated as 1.73209 x 10° M™! from this linear SV plot. However, at higher
concentration the plot deviates from the linearity. This results reveal that both static and
dynamic quenching might have occurred in the Ag NPs/AO mixed solution under
photoexcitation. Actually, at higher Ag NPs concentration, the collision between the
nanoparticle and dye molecules increases resulting a dynamic change of the excited
state of AO molecules. However, the overall radiative rate constant might have
decreased resulting the quenching of the fluorescence intensity of AO in presence of

Ag NPs.

The main interest in this study is to understand the interaction behaviour of Ag
NPs/AO mixed system with DNA in aqueous environment. The study of the interaction
of NPs with biological molecules or systems has become an active area of research for
different biological applications during the last several years [29]. The fluorescence
emission study of the Ag NPs/AO mixed system in presence DNA gives some
interesting results. As both DNA and Ag NPs do not show fluorescence emission,
therefore the interaction of such biomolecules with Ag NPs may be understood through
the change of fluorescence emission properties of AO in presence of Ag NPs. Figure
7.8 shows the steady state fluorescence emission spectra of pure AO solution, AO/DNA
mixed solution, AO/Ag NPs mixed solution and AO/Ag NPs/DNA mixed solution
respectively. The emission spectra give some interesting results. The emission spectra
of pure AO and AO/DNA are almost similar. AO molecule may intercalate between the
double helix of DNA and the complexation is stabilized by n-n stacking interaction [37]
although very small amount of DNA (400 uL) was added to AO solution. However,
exact binding mechanism is not readily understood and further studies are required.
Emission spectrum of AO/Ag NPs mixed solution shows sufficient quenching of the
emission. The possible reason of this quenching is already described earlier. However,
after addition of DNA in the AO/Ag NPs mixed solution the emission intensity at ~525
nm is further quenched. It is therefore concluded that Ag NPs strongly binds with DNA
and forms complex [38] when compared to AO as reflected in the emission results. The
reduction of fluorescence intensity of AO/DNA mixed solution after addition of Ag

NPs may possibly due to the fact that Ag NPs were trying to associate with DNA
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molecules by means of several possible ways such as groove binding, hydrophobic or
hydrogen bonding interactions or via electrostic interactions [39]. Also the drastic
reduction of fluorescence intensity of AO/DNA mixed solution in presence of Ag NPs
implies that the Ag NPs induces rapid exclusion of AO molecules from the double helix
structure of DNA and replacing Ag NPs via strong interaction. Literature reveal that

this type quenching may be static quenching as Ag NPs forms complex with DNA [40].
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Figure 7.8. Steady-state fluorescence emission spectra of AO aqueous solution (0.5

uM) in presence of DNA (400 uL, 10 uM), Ag NPs (0.96 nM).

7.3.4. DFT study

DFT is an important theoretical approach for studying the frontier molecular
orbital structure and molecular orbital energies responsible for various photophysical
properties in different microenvironments. Figure 7.9 shows the geometry optimized
structure of AO dye in the solvent (water) background using the CPCM model. The AO
dye was optimized by the B3LYP/6-31+G(d,p) level of theory using the Gaussian 09
software [23,24]. The TD-DFT calculation was also performed using the same level of
theory as already used in case of geometry optimization. Frontier molecular orbitals
(HOMO, LUMO etc.) energies or the excitation energies were also obtained for AO
and their corresponding contour map was visualized by GaussView 6.0.16 software
[25] as shown in Figure 7.9. The HOMO and LUMO energy difference or the energy
corresponding to the excitation of singlet electronic state of AO was estimated as

~3.411 eV. The theoretical study also reveals that the main strong characteristic
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transition of AO dye is attributed to the m—n* transition of the xanthene moiety and the
result is consistent with the experimental UV—vis absorption study of the dye aqueous
solution. The resultant transition dipole moments for the ground state to the first excited
state transition of AO was 0.422 Debye. Therefore, the well converging nature of this
theoretical study signifies various important information on the electronic structures

and molecular mechanism involved in their ground electronic states.
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Figure 7.9. Geometry optimized structure and frontier molecular orbitals (HOMO
and LUMO) associated with the electronic states of AO dye molecule as obtained by
using the B3LYP/6-31+G(d,p) level of theory. The excitation energies (AE) is

calculated from the TD-DFT calculation using the same level of theory.

7.4. Conclusion

In conclusion the present study reveals the interaction of as-synthesized silver
nanoparticles (Ag NPs) with cationic organic dye namely Acridine orange (AQO) in
presence of biological macromolecule DNA in aqueous medium. DLS studies reveals
the hydrodynamic particle size of the Ag NPs as 91 nm. When Ag NPs interacts with
AO molecules the hydrodynamic size of the nanoparticles also increases which
confirms the adsorption of dye molecules on the surface of nanoparticles. Ag NPs
strongly quench the fluorescence emission of dye molecules in the solution. UV-vis

studies confirm the binding of both Ag NPs and dye molecules with DNA molecules.
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However, addition of Ag NPs to AO/DNA mixed solution gives the strong quenching
of emission of AO dye molecules. However, this quenching of fluorescence of AO
molecules by Ag NPs in presence of DNA corresponds to striving interaction of Ag
NPs with DNA through the expulsion of intercalated AO molecules from the DNA
molecules. DFT results reveals the energy gap between the HOMO and LUMO levels
of AO dye molecule as 3.41 eV. The proposed study provides valuable fundamental
information about nano-bio interactions and may have possible implications for various

biotechnological applications.
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CHAPTER ~ 8

Hydrothermal Synthesis of Bio-
Inspired MoS, Nanoflakes for
Highly Sensitive Fluorescence-
based Detection of Mercury lon in
Aqueous Solution and Cellular
Milieu

This chapter describes the synthesis and
characterization of fluorescent MoS;
nanoflakes. As-synthesized nanoflakes
are utilized to detect toxic metal ion
namely mercury both in aqueous solution
and human cell via highly sensitive
fluorescence method.

A research paper based on the work presented in this chapter
has been communicated to an international journal for
publication.
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8.1. Introductory remarks

Heavy metal ion such as mercury (Hg) is one of the most dangerous non-
biodegradable metal pollutant is known to be highly toxic for biological system as
suggested by World Health Organisation (WHO) [1]. Elemental mercury (HgP) is easily
oxidized into divalent mercuric ion (Hg?*) form and is widely released to the
environment by means of various emission such as industrial activities, vehicles,
power-plants using fossil fuels etc. [2]. Also, Hg?* dissolved in water is the most
abundant form of inorganic Hg [3]. Trace amount of Hg?* ion in drinking water may
also contribute to the detrimental effects on our physiological health due to disruption
in both neurological and immunological responses [4,5]. US Environmental Protection
Agency (USEPA) already set a maximum permissible limit of inorganic Hg in drinking
water as 0.002 ppm [6]. It is well known that the prevalence of Hg in the earth surface
is occurred from volcanic activity, weathering of rocks, sea water etc. [7]. Human
activity is also an another predominant factor for the release of Hg into the environment
particularly by the thermal power stations, residential coal burning, medical wastes,
pharmaceutical wastes etc. [8]. High exposer of Hg to human body in many specific
geographical locations are also due to gold mining, deforestations etc. [9]. However,
chronic low dose of Hg exposer is associated with the dietary intake of methyl-mercury
(CH3Hg) from various sea-foods and due to significant bio-activity of the Hg, Hg?*

can easily be accumulated in the biological cells [9]. The toxic effect of Hg depends on
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the difference in the bio-accessibility and the toxico-kinetics in the biological
environment [10]. Hg?* ion tends to bind with nucleobase pairs resulting the conformal
change in DNA, which may depend upon the sequence of the base pairs [11]. Various
studies suggest that thymine-thymine (T-T) interactions are specific to Hg [12,13]. Due
to the above reasons, Hg pollution is being considered as one of the greatest threats to
the public health and environmental safety [4,5,8]. Therefore, a precise and facile
approach for highly sensitive and selective detection of Hg* ion in aqueous medium as
well as in biological cells is of utmost important both for our health and environment.
In recent time, various two-dimensional (2D) metal-based nanosheets (NSs)
have gained significant attention of the global scientific community for metal ions
sensing applications [14]. The important physical and physiochemical properties of 2D-
layered materials other than carbon have already been discovered for various fields of
applications such as transistors, supercapacitors, optoelectronic devices, sensors,
bioimaging and so on [15,16]. The 2D-layered nano-structures derived from Transition-
metal dichalcogenides (TMDs) exhibit distinct optical, electronic and catalytic
properties due to their wide range of chemical composition and unique crystal structures
[17,18]. Transition metals have d-electrons which fill up the d-bands to different energy
levels resulting significant spectroscopic and electronic properties [19]. Single layered
TMD such as molybdenum disulphide (MoS2) is attracted particular attention in the
field of electronics and biomedical research due to their specific structural,
morphological, optical and catalytic properties [20,21]. On the other hand, bulk 2D
structures of this type of TMDs are also formed by stacking of large number of
molecular layers via weak van der Waals interactions. The molybdenum (Mo) and
sulfur (S) atoms are bonded covalently within the molecular layers of the transition
metal chalcogens MoS» [22]. But, various nanostructures of 2D MoS; have gained great
attention because of their well dispersibility in aqueous medium through easy
exfoliation by disrupting the weak van der Waals forces between the consecutive
stacked layers [23]. The presence of intrinsic S-atom in MoS, NSs makes them a
suitable platform for adsorbing various heavy metal ions. In contrast, due to lower
specific surface area in bulk MoS; as well as the limited accessibility of divalent sulfur
(S%) ion, bulk MoS: is generally inefficient for the detection of metal ions [24]. Thus,
it is of prior importance to synthesize suitable MoS> nano-structures with higher

specific surface area and maximum number of accessible S ion for efficient selective
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interactions with heavy metal ions. Nanostructured MoSz has been explored as a
suitable material for electrochemical sensing of Hg?* ion in DMF solution [25]. But, as
most of the metal ions are abundant in aqueous medium in the environment as well as
in our physiological system, a suitable, cost effective and facile approach for the
detection of Hg?* ion in aqueous environment is a great deal of importance both for
biomedical and environmental aspect. Among the various available analytical
approaches of detection of metal ions using 2D MoS; or their nanocomposites with
other materials, label-free fluorescent detection technique in real cellular system is
attracted considerable interest in recent times because this technique is highly sensitive
towards analytes [26,27]. Also, measuring the fluorescence signal of the probe via a
ratiometric approach in absence and presence of analytes can give accurate information
of sensing due to the cancelation of the any external perturbations during measurement
[28].

As it is already mentioned earlier that, the presence of Hg?* ion in cellular
system may have detrimental effects, therefore, a proper and highly sensitive method
of detecting of such metal ion in biological system is of prime importance in the
scientific community [12]. Although MoS: nanostructures have been explored for the
detection of Hg?* ion in different media via various analytical methods, the information
regarding the use of nanostructured MoS: for the detection of such Hg?* ion in
biological cells via a label-free fluorometric method is limited. The main issue of using
MoS: nanostructured materials for effective biomedical applications is restricted due to
their low fluorescence quantum yield (QY) and poor readability of the optical signal
from the biological medium. Therefore, the consideration of many critical parameters
is highly essential while synthesis of nanostructured MoS: with high fluorescence QY
especially for biological applications. Y. Wang et. al. [29] reported the enhancement of
QY of MoS: nanoflakes by reducing their lateral dimension. They also showed that the
QY yield can also be increased by adjoining the MoS» nanoflakes [30].

In this chapter, the synthesis of highly fluorescent MoS> nanoflakes using
sodium molybdate dihydrate and biological compound namely L-Cysteine (L-Cys) for
sensitive detection of Hg* ion both in aqueous medium, normal and cancer cells (H9¢2
and A549 cell lines) through the fluorescence quenching effect of MoS: are
demonstrated. Nanoflakes like structures of MoS: due to stacking of NSs have been

visualized by Field emission scanning electron microscopy (FESEM), Transmission
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electron microscopy (TEM), Atomic force microscopy (AFM) etc. The crystallographic
information of MoS: nanoflakes are explored by the X-ray diffraction (XRD) and high
resolution TEM (HRTEM) study. UV-vis absorption, steady-state and time-resolved
fluorescence emission (TCSPC), Raman spectroscopic and Cyclic voltammetry (CV)
studies were employed to understand the electronic properties and the interaction of
MoS, with Hg?* ion in aqueous medium. The fluorescence microscopic imaging
technique was used to detect the presence of Hg?* ion in the studied cells. Density
functional theoretical calculations (DFT) have been performed using Quantum
Espresso (QE) software package in order to correlate the band structures and electronic
properties of MoS, nanoflakes in absence and presence of Hg?* ion with the

experimental observations.

8.2. Materials and experimental methods

8.2.1. Materials

All the chemicals were in analytical grade and used in this work as received
without further purification. Sodium molybdate dihydrate (NaxMoQO4, 2H20, M.W.:
241.95 gmol’!, >99.5%) and L-Cysteine (C3H7;NO>S, M.W.: 121.16 gmol™', >98%)
were purchased from Sigma-Aldrich (USA). Mercury (II) chloride (HgCl>, M.W.:
271.5 gmol™). All the required metal salts used in ion sensing application described in
this present study were obtained from Merck Chemical Company (Germany). Aqueous
solutions of all the chemicals were prepared with triple distilled deionized milli-Q water
(resistivity ~18.2 MQ cm, pH ~7 at temperature of 25 °C, collected from Synergy
integrated with an Elix Advantage setup; make: Millipore SAS, France). All the
glasswares were cleaned by rinsing with Milli-Q water and then autoclaved at 60 °C for

24 hrs before use in the experiments.

8.2.2. Synthesis of ﬂuorescent MoS, nancyc[akes

MoS: nanoflakes sample was prepared by a facile hydrothermal approach
[31,32] using C3H7NO:S as the rich sulfur (S) precursor. The procedure of synthesis is
schematically shown in Figure 8.1. In brief, 0.25 g of Na2MoOs, 2H>0 was dissolved
in 25 mL of milli-Q. After continuous ultrasonication for 30 min at room temperature,
the solution pH was adjusted to ~6.5 using 0.1 M HCI. Then 0.5 g of C3H7NO-S and

50 mL of milli-Q were added to the solution followed by continuous ultrasonication for
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Figure 8.1. Schematic representation of synthesis of highly

fluorescent MoS; nanoflakes.

an additional 60 min. The mixture was then transferred into a 100 mL Teflon-lined
stainless-steel autoclave and heated at 180 °C for 36 hrs. To complete the reaction, the
solution cooled naturally to room temperature and the supernatant containing MoS»
nanoflakes was collected followed by centrifugation for 30 min at 12000 rpm. The

collected MoS> sample were washed, dried and stored in dark place for further studies.

8.2.3. Characterizations

High-resolution transmission electron microscopy (HRTEM) measurement and
selected area electron diffraction (SAED) study of the as-synthesized MoS; samples
were obtained by using a transmission electron microscope (model: JEM-2100 Plus
TEM, JEOL Ltd., Japan) operated at an accelerating voltage of 200 kV. For the HRTEM
study, the sample solutions were ultrasonicated and incubated for 20 min and then a
small drop from each solution was spread onto the carbon-coated copper microgrid
(make: PELCO 300 Mesh Grids, Ted Pella Inc.) and subsequently dried at room
temperature (25 °C). Field emission scanning electron microscopy (FESEM) (model:
F50, INSPECT, Netherlands) operated at a bias voltage of 5-20 kV was also employed
to visualize the morphological features of MoS» sample. The surface morphology and
roughness measurement of the samples were performed on smooth mica sheets using a
commercially available atomic force microscope (AFM) (model: Di Innova AFM,
Bruker, USA) in tapping mode in a humidity-controlled environment. For FESEM and
AFM measurements, the freshly prepared MoS: aqueous dispersion were deposited
onto smooth Si substrates. The effective surface Zeta ({) potential of the as-synthesized

MoS: nanoflakes was obtained by a Malvern Zetasizer (model: NanoZS90, Malvern
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Instruments Limited, Worcestsershire, UK) via dynamic light scattering (DLS) method
at an ambient condition.

The synthesized MoS> sample was further characterized by using a X-ray
powder diffractometer (model: DS, Bruker AXS, WI, USA) for 20 values ranging from
~10° to ~70°. The X-ray tube was operated at 35 kV and filament current of ~35 mA.
CuK, target was used to emit characteristic X-rays of wavelength of 1.5418A. The scan
speed for recording the X-rays diffraction data was 2 s per step. The UV—vis absorption
spectra of the samples were obtained in the wavelength range of 200—800 nm by a
double-beam UV-vis absorption spectrophotometer (model: UV-1800, Shimadzu,
Japan) after proper baseline correction for the solvent background. The steady-state
fluorescence excitation and emission spectra of the sample solutions were recorded
using a spectrofluorometer (model: Fluoromax—4C, Horiba Instruments Incorporated,
USA) keeping slit width of 2 nm for both excitation and emission monochromator. The
sample solutions were excited at wavelength of 400 nm and the corresponding
fluorescence emission spectra were recorded in the wavelength range of 410-700 nm
at room temperature (25 °C). Fluorescence-grade quartz cuvettes of path length 1.0 cm
(make: Kozima, Japan) were used in all of the absorption and fluorescence emission
measurements. To estimate the fluorescence lifetime of MoS> sample time-resolved
fluorescence lifetime measurements were carried via Time correlated single photon
counting (TCSPC) technique using a modular time-resolved spectroflurometer (model:
FluoroCube, make: Horiba Jobin Yvon, Horiba Scientific Incorporated, USA) having
an instrument response time of ~1 ns. Sample solutions were excited at 370 nm using a
nanosecond pulsed diode laser (model: nanoLED-07, IBH, UK) and TBX-04 as the
detector. The fluorescence decay data were collected over 2000 micro channel plate
photomultiplier tube (PMT) (model: R928P, make: Hamamatsu, Japan) by monitoring
at the maximum steady-state fluorescence emission wavelength (i.e., ~465 nm). IBH
DAS-6 fluorescence decay analysis software was used to deconvolute the decay data.
The goodness of fit was judged by the reduced y> values and residual plot. The
fluorescent decay curve was fitted with bi-exponential decay profile as described by
equation (eqn.) (8.1), [33,34]

It) = are™™ + ae™"2 i e (8.1)
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where 11 and T2 are the decay times and a1 and az are their normalized relative
amplitudes respectively. The average fluorescence lifetime (7,4,,) was analysed using
the eqn. (8.2), [34]

Tar = (1T + @T2) /(A1 + @) et v e ee e (8.2)

Raman spectroscopic study of MoS: nanoflakes were performed using a Raman
spectrometer (model: Xplora Plus micro-Raman, Horiba, USA) with a 532 nm laser
excitation source. Fourier transform infrared (FTIR) spectra of the samples were
recorded using a FTIR spectrometer (model: IRAffinity-1S, Shimadzu, Japan) in
attenuated total reflection (ATR) mode at ambient temperature. Cyclic Voltammetry
(CV) study of as-prepared MoS> and Hg-adsorbed MoS: aqueous solution were
performed by wusing a computer controlled potentiostat/galvanostat (model:
AUTOLAB, PGSTAT101, Metrohm, Switzerland) using a conventional three electrode
system and 50 mL electrochemical cell. The glassy carbon electrode, platinum (Pt)
electrode and Ag/AgCl in satd. NH4PFs electrode were used as the working, counter
and reference electrodes respectively. The solutions in the electrochemical cell were
de-aerated using argon (Ar) gas prior to run each CV experiment for a minimum period
of 30 min. The CV data was collected and analysed with the help of NOVA 1.10.1.9
programme. The pH of all the sample’s aqueous solutions were measured by using a

digital pH meter (model: FiveEasy Plus, Mettler Toledo, Germany).

8.2.4. Sample preparation for fluorometric detection of Hg™ ion

In a typical titration experiment, MoS» nanoflakes /Hg?* mixed solution was
prepared by adding 100 uL freshly prepared Hg?* aqueous solution of concentration of
2 uM into 3 mL of freshly prepared aqueous dispersion of MoS: nanoflakes
(concentration 1 mg/mL) and incubated for 3 min at room temperature (25 °C). The
whole titration experiment was performed in total 10 steps at an ambient condition and
in each step 100 uL of Hg?* aqueous solution of concentration of 2 uM was sequentially
micro-pipetted with the previous MoS»/Hg?* mixed solution. The resultant solution was
mixed thoroughly and incubated for 3 min. Thus, the final concentrations of the Hg?*
in the mixed solution were viz. nM: ~64.5, ~127, ~187.6, ~246.4, ~303.5, ~359, ~413.1,
~465.7, ~416.3 and ~566.3. The pH of the MoS» aqueous dispersion was ~7.0 and
remained approximately constant through the whole analysis. After the incubation
period of 3 min, colorimetric images, UV—vis absorption and steady—state fluorescence

emission spectra of the MoS»/Hg?* mixed solution were recorded immediately. Also,
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the mixed solutions (concentration of ~566.3 uM in the mixed solution) of other
relevant metal ions (described later) with the aqueous dispersion of MoS> sample
(concentration of 1 mg/mL) were prepared in the same ambient condition prior to the

spectrofluorometric measurements.

8.2.5. Method for the determination of quantum yield of MoS, nanoflakes

The relative fluorescence quantum yield (QY) of as-synthesized nanostructured
MoS; sample was obtained by using a widely used method as reported in the literatures
[35,36]. As a principle, aqueous solution of quinine sulfate (QY ~0.546 (54.6 %) for an
excitation of 340 nm) in 0.1 M H2SO4 was considered as the reference. The aqueous
solutions of quinine sulfate and MoS, were always diluted such that the absorption
intensity were under 0.1 respectively to avoid the reabsorption effects. The QY of MoS>

was determined using the following eqn. (8.3), given bellow.

Qs = Qg (g_];‘:) (Q—D (E) e (83)

where, S and R are the sample (i.e., MoS>) and reference (i.e., quinine sulfate)
respectively. OD, A, and n are optical density at the excitation wavelength, area under
the fluorescence emission curve and refractive index of the solvent (water ~1.33) for

sample and reference respectively.

8.2.6. Cell line and culture conditions

The cancer cells (A549 cell lines, human lung fibroblast) and normal cells
(HO9c2 cell line, rat heart myocardium) were cultured in an enriched cell culture medium
of DMEM supplemented with 10 % fatal bovine serum (FBS), 100 units/mL of
antibiotic penicillin G sodium and 100 pg/mL of streptomycin sulfate at temperature of
37 °C in the prevalence of 5 % carbon dioxide (CO>) and 95 % relative humidity (RH).
Following trypsinization, the cells were seeded at required density according to the
respective experiments to allow them to re-equilibrate a day before the start of the

experiment.

8.2.7. Cytotoxicity assay

The toxicity of the aqueous dispersion of as-prepared MoS; sample in presence
of Hg?* ions towards A549 and H9c2 cells were determined by using 3-[4,5-
dimethylthiazol-2-yl1]-2,5 diphenyl tetrazolium bromide (MTT) assay method [21].
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A549 and HO9c¢?2 cells were seeded at a density of 1 x 10 cells per well. Then, different
concentrations (viz. pg/mL 0, 8.69, 12.5, 19.23 etc. in the cellular medium) of MoS:
aqueous solution were added to the cell medium and incubated for 2 hrs. After 2 hrs of
incubation, aqueous solution of HgCl> was added to the culture medium (the final
concentration of HgCl in the cellular medium was ~47.62 nM) and incubated for 1 hr.
The MTT stock solution of concentration 5 mg/mL was diluted in a ratio of 1 : 10in 1
x PBS (phosphate buffer saline) buffer. After total 3 hrs of incubation, the culture
medium was replaced with 40 pL of the diluted MTT solution. The cells were then
incubated for another 3 hrs in 95 % RH and 5 % CO; at 37 °C. After 3 hrs, the MTT
solution was discarded from each well and 50 pL of extraction buffer (80 %
isopropanol, 20 % Triton X-100 and 12 (N) HCl) was added to each well. Finally, the
formation of formazol crystal colour was monitored by measuring the absorbance at

570 nm by using a microplate reader (BioTek, USA).

8.2.8. Protocol qf normal and cancer cell imaging

For cellular imaging via fluorescence microscopy method, H9c2 and A549 cells
were seeded at a density of 1 x 10° cells in the 35 mm dish with a clean cover slip and
incubated for 24 hrs in 37 °C, 5 % CO; and 95 % RH. After reaching 60-70 %
confluency, the cells were treated with aqueous dispersion of MoS; sample and
incubated for 2 hrs. After incubation, the cells were treated with HgCl» aqueous solution
and incubated for an additional 1 hr. Following the incubations, the cells were washed
with PBS and fixed with 4 % paraformaldehyde (PFA) for 10 min. After fixation, the
cells were washed again with PBS and the cover slips were mounted with mounting
media. Fluorescence microscopy studies were carried out with a Leica DM2000
(Germany) fluorescence microscope across different fields (using excitation and
emission wavelengths of ~405 nm and ~455 nm respectively) under 40X magnification.

Quantification analysis were performed using the ImagelJ software.

8.2.9. Computational details

The geometry optimizations and related theoretical calculations were executed
using ab-initio first principal DFT study by QE package [37]. Computationally
convenient projector augmented wave (PAW) type pseudopotentials were used in the
calculations. In this approach of computational iteration, the valence electrons include

the [Kr]4d35S! of Mo atom and [Ne]3S?3P* of S atom. Also, for more accuracy of the
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exchange—correlation energy, generalized gradient approximation (GGA) shaped by
Perdew—Burke—Ernzerhof (PBE) have been used in the calculation [38]. Plane wave
basis set with kinetic energy cut off for wave functions is 50 Ry and charge density
potential cut off is 450 Ry. The atomic positions and cell parameters were fully relaxed
by self-consistent loop with an energy convergence of 10°°eV. 16 x 16 x 1 Monkhorst—
Pack k-mesh values were used for the self-consistent calculations and more dense 48 x
48 x 1 k-mesh values were used for non-self-consistent calculations of band structures
and density of states of monolayer MoS». Further, 50 x 50 x 50 x 50 k-points mesh
along the path M-I'-K-M in the irreducible Brillouin zone were taken to obtain the band
structure with a fine mesh points. The real and imaginary part of dielectric constants of
the optimized structures are analysed to study the optical properties. In case of
monolayer and bilayer MoS2, a vacuum space of 15 A and 25 A respectively along Z-
axis were used to isolate the neighbouring layers by preventing from any interaction
among them. The geometry of the pristine structure as well as all the Hg adsorbed

structures of MoS: are fully optimized.

8.3. Results and discussions

8.31. Characterizations of as-synthesized MoS2 nanoflakes
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Figure 8.2. (a) X-ray diffractogram and (b) FESEM image of as-synthesized MoS,.
Elemental mappings of (c) Mo-La and (d) S-Ka. (e) Lognormal width distribution
of MoS; nanoflakes as obtained from (b). (f) EDX spectrum of as-synthesized MoS>
nanoflakes. Inset of (a) shows vial containing aqueous dispersion of MoS:

nanoflakes.
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The structural, morphological and optical characterizations of as-synthesized
MoS; sample have been performed by XRD, FESEM, AFM, HRTEM, UV-vis
absorption, fluorescence emission and Raman spectroscopic techniques respectively.
The XRD spectrum of MoS: sample is shown in Figure 8.2a which confirms the
formation of hexagonal crystal structure of MoS2 prepared from the sodium salt of Mo
and L-Cys (which acts as a rich source of S). Inset of Figure 8.2a shows a typical image
of vial containing aqueous dispersion of as-synthesized MoS; sample under ambient
light. The XRD data of the nanostructured MoS, has been analysed using rietveld
refinement package and shows three distinct diffraction peaks with Bragg angles of 20
~14.0°, ~33.4°, and ~58.9° which were indexed to the (002), (100), and (110) crystal
planes respectively. This XRD pattern is also consistent with the database of JCPDS
(card #37-1492) and thereby confirms the presence of hexagonal phase of
nanostructured MoS» having lattice parameters of a, b ~3.12 (1) 10\, and ¢ ~12.34 (4) A
[39,40]. As no other diffraction peaks were observed, the XRD results therefore confirm
the purity and hexagonal phase of MoS:2 nanostructures. The strong intensity of the peak
at 20 ~14.0° reveals the high concentration of NSs which were mostly stacked with each
other [39].

Figure 8.2b represents the FESEM
micrographs of MoSz sample at ambient 2 r

133.99 nm

condition. From these figures we observe that
as-prepared MoS: samples were basically

composed of large number of flower-shaped

nanoflakes due to staking of individual NSs.

T 0 v1 2
o ‘ L Distance (pm)
Similar type of flower-shaped nanoflake T e 4 e 2

X (um)

0 nm

structure of MoS> have been explored by

other researchers [41]. The FESEM method Figure 8.3. Topographic AFM image

was also used to capture the elemental and roughness profile of MoS:

mapping which was completely coupled with nanoflakes along the green line.

the energy dispersive X-ray (EDX)

spectroscopy setup and is shown in Figure 8.2c,d,f in order understand the quality of
the growth of these nanostructures. The elemental mapping and EDX spectrum reveal
the uniform distribution of Mo and S atoms and the purity of the synthesized

nanostructured compound [42]. The average width of the MoS; was estimated from the
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lognormal width distribution as shown in Figure 8.2e-and is found to be ~16.4 nm with
a standard deviation (SD) of ~3.85 nm. The topographical micrograph (in tapping
mode) as acquired by AFM is shown in Figure 8.3. The AFM image shows the
aggregated structure of MoS2 sample with the average r.m.s. roughness of ~46.4 nm

which may involve ~3 single layer of NSs.

To have a deeper insight
about the microstructure of as-
synthesized MoS» sample, TEM
studies were also performed and
is shown in Figure 8.4. The TEM
micrographs of MoS; sample
(Figure 8.4a, b) reveal the
wrinkled morphology created by
NSs which were seem to be
stacked through weakly van der

Wall interactions with one

another to form nanoflakes like

structure  [41]. We have also Figure 8.4. (a)-(b) TEM micrographs, (c) SAED
obtained the selected area

electron diffraction (SAED)

pattern and (d) HRTEM micrograph of as-

synthesized MoS; sample.

pattern of MoS: sample via TEM
technique as shown in Figure 8.4c. The SAED image shows hazy and broad diffraction
rings which reveal low crystallization order of the as-synthesized MoS; nanoflakes
sample [43]. This result is consistent with the broad (002) peak observed in XRD
spectrum of MoS: nanostructured sample as shown in Figure 8.2a. The inter-layer
spacing or d-spacing corresponding to (002) plane of MoS; lattice was found to be
~0.63 nm as estimated and averaged over 10 lattice fringes obtained by HRTEM (Figure
8.4d) and is the representation of the formation of MoS> NSs.

The optical absorption properties of as-synthesized MoS> nanoflakes aqueous
colloidal solution (concentration of 1 mg/mL) were characterized by using UV-vis
absorption spectroscopy as shown in Figure 8.5a. The well-defined absorption bands
observed at ~306 nm and ~358 nm are attributed to the interband transitions between

the occupied d,?> orbital and unoccupied dxy, dyz, dz, and di*y> orbitals in
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hydrothermally synthesized nanostructured MoS: sample [44,45]. Moreover, the band
gap energy (E;) of MoS; sample was determined by using Tauc plot (inset of Figure
8.5a) near the band edge of allowed transition in the UV-vis absorption spectrum. As
we did not observe any higher wavelength absorption peak, we may anticipate the
presence of MoSz bilayers, trilayers or any higher number of layer stacking of MoS: to
constitute the observed nanoflake like structure in the studied aqueous medium. Also,

the stability of the aqueous dispersion of MoS: sample was examined by measuring the
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Figure 8.5. (a) UV-vis absorption, (b) steady state fluorescence excitation (curve
1) and emission (curve 2), (c) CIE 1931 color space coordinate and (d) Raman
spectrum of synthesized MoS> nanoflakes aqueous dispersion. Inset of (a) shows

the Tauc plot for indirect optical bandgap of MoS> nanoflakes sample.

{ potential which was found to be -1.04 mV (Figure 8.6). Because, the stability of the
MoS: nanoflakes in the aqueous medium is generally governed by strong electrostatic
repulsion between NSs [46].

Therefore, the observed low value of { potential in our experiment corresponds
to the staking of several MoS2 NSs to eventually form nanoflakes like structures and

their aggregations in aqueous medium. The flake like structures are already evidenced
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from the FESEM image as shown in Figure 8.2b. The synthesized MoS: nanoflakes
might have possessed indirect optical Eg [47]. In general, for the indirect band gap
materials, the value of Ej is estimated using the eqn. (8.4) [45]

(@hv)V2 = A(hv = Ey) v e e e .. (8.4)
where a, h, and v are the coefficient of absorbance, Plank’s constant and frequency of
incident light respectively. A is a proportionality constant. The value of E; was obtained

from the intercept between X-axis and the extrapolation of tangent to the linear part of

(ahv)'? vs energy (hv) plot (inset Zeta Potential Distribution
' S «» 60000
of Figure 8.5a). The intrinsic | €
3 40000
indirect band gap of MoS2 g ——
nanoflakes was calculated as | © 0

-100 0 100 200
~2.716 eV. This result indicates )
Apparent Zeta Potential (mV)
that the formation of electron (e
o Figure 8.6. Zeta potential spectrum of aqueous
) and hole (h*) pairs in MoS> was
. dispersion of as-synthesized MoS: nanoflakes at
possible. Some researcher also
an ambient condition.

reported this type of indirect
band gap of MoS: nanoflakes [29].

Different light emitting properties of synthesized MoS, nanoflakes were
investigated by the steady state fluorescence emission spectroscopic study. Figure 8.5b
shows the normalized steady state fluorescence excitation (curve 1) and emission (curve
2) spectra of MoS: nanoflakes aqueous dispersion respectively. The strong emission
peak observed at ~465 nm when excited at 400 nm suggesting the successful synthesis
of fluorescent MoS> nanostructured sample. This observed strong fluorescence
emission property of the synthesized MoS: nanoflakes is basically due to the direct
allowed excitonic transitions after photoexcitation [48]. The obtained full width at half
maximum (FWHM) (~115 nm, from curve 2) are comparable with that of organic
fluorophore but the single emission peak in the excitation spectrum (curve 1) confirms
the purity of the as-synthesized MoS: nanoflakes [49]. Also the stacking of few layers
of MoS: (which in turn increased the indirect E,) facilitates the enhancement of
fluorescence emission due to much higher rate of inter-band relaxation [48]. It is
important to mention that this unique optical behavior of few-layer MoS: is basically
originated from the unusual electronic structure of d-orbital of Mo atoms, which

construct the valance and conduction bands. The d- orbitals, which are strongly
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localized at the site of Mo-atoms, construct the conduction band at the K-point of the
Brillouin zone [50]. But, due to the middle position of Mo-atoms in the unit cell of S-
Mo-S, these d-orbitals had very low interlayer coupling. However, the indirect bandgap
(E¢) near the I'-point is created by the linear combination of the atomic orbitals (LCAO)
of Mo-atoms (d-orbitals) and S-atoms (antibonding p-orbitals) [50] Also, this E, is
very sensitive to the layer thickness. The fascinated fluorescence peak of MoS> located
at ~465 nm (~2.67 eV) in the fluorescence spectrum is originated from the excitonic
recombination of the electron (hole) trapped by the uncompensated -ve (or +ve) charge
at the dangling bond [18]. The strong fluorescence emission of MoS> nanoflakes sample
is further correlated with the QY. The UV-vis absorption and fluorescence emission
spectra of MoS» nanoflakes aqueous solutions and quinine sulfate (C20H26N20sS) (as a
reference fluorophore) as shown in Figure 8.7 were used to estimate the QY of MoSz
by using eqn. (8.3) and was found to be ~0.0891. We have also calculated the values of
colour coordinates of MoS: sample in aqueous medium using 1931 Commission

Internationale d’Eclairage (CIE) diagram [51] as shown in Figure 8.5¢ from the
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Figure 8.7. UV-vis absorption spectra of (a) Quinine sulfate and (b) MoS:
nanoflakes. Fluorescence emission spectra of (c¢) Quinine sulfate and (d) MoS»
nanoflakes. The excitation wavelengths were 340 nm and 400 nm for quinine

sulfate aqueous solution and MoS: nanoflakes aqueous dispersion respectively.
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observed steady state fluorescence emission and are found to be (x = 0.18766, y =
0.23144) respectively. The values of these parameters have an implication for designing
any real life device applications of MoS: using their unique fluorescence
characteristics. These parameters reveal the distinct identification of the bright blue
fluorescence emission of MoSz in the colour space enabling their suitability for
different sensing and imaging applications.

The layer-type of stacked MoS, was investigated by Raman spectroscopic
measurements. In this measurement, an excitation laser source of wavelength of 532
nm was used to excite the layered MoS» sample and the corresponding Raman spectrum
was recorded as presented in Figure 8.5d. The two characteristic peaks of MoS;
nanoflakes appeared at ~376.48 cm™! and ~401.26 cm™! are attributed to the in-plane
vibration of Mo—S bonds (Ez,¢') mode and out-of-plane vibration of S-atoms (A¢) mode
respectively [52] (Figure 8.5d). These obtained modes of vibration are different from
that of the bulk MoS> (Ez,' ~382 cm™! and A, ~408 cm™! respectively) as reported by
various researchers [48,52]. According to the literatures, the peak positions of both Ez,!
mode and Aig mode vary sensitively with the layers of MoS2 [52]. Especially, with
decrease in layer number, the out-of-plane vibrations shifts to higher wavenumber due
to weaker van der Waals forces which mostly affect the Aiz mode, while in-plane
vibration (Ez;' mode) shifts towards lower wavenumber because of the decrease in
dielectric screening of the long-range electrostatic interactions [53]. The difference in
wavenumber between Ez,! mode and Aj; mode (4 ~24.78 cm™') confirms that the
synthesized MoS: nanoflakes were formed by staking of few layers (possibly >3) of
MoS; lamellae [18].

8.3.2. Fluorometric sensing of Hg" ion by as-synthesized MoS, nanoflakes in

aqueous medium.

8.3.21. Mechanism of Hg™" sensing

MoS; nanoflakes can bind with various metal ions via weak van der Wall and
electrostatic attraction or covalent bonding interactions in the basal planes of the NSs
in aqueous medium [17,18,54]. The optical and electronic properties of such 2D layered
materials were drastically changed after interaction with metal ions [54]. In the present

work, the initial UV-vis absorption and steady fluorescence spectroscopic results of

Chapter 8: Hydrothermal Synthesis of Bio-Inspired MoS2 Nanoflakes... 173 |Page



Ph.D. Thesis: Pradip Maiti

— B00.0k
MoSz nanoflakes/Hg®' {(a) g.’_ {b) /1™, —MoSz nanoflakes
. k) — 2+
sl . (ahv)2 = MoS:z nanoflakes/Hg
= = 20+ Qo f
= o @ 400.0k+
g 06{| & - g i ii
- = Ey ~ 2.477 eV = K (i (i)
2 4] \EB 8 g
& S 2000k
= 0 T T T T T o
< 021 v 1 2 3 4 5 @ b
Energy (eV) o
3 =
0.0 . - T L rc o=
200 300 400 500 600 700 800 450 500 5RO GO0 B5O 700
Wavelength (nm) Wavelength (nm)
1000
!ﬂ —Prompt (c) 1
| ---Decay (MoSz nanoflakes)
[
Fit (MoSz nanoflakes) gé‘ =]
o 1004 Decay (MoS:z nanoflakes/Hg?") ‘;
= % . —Fit (MoS2 nanoflakes/Hg?") £
§ % S
2 b= 2
5 £ mm /_
3 104 g P\."I [
3 - AN ——MoS:2 nanoflakes
dog ety 5
\ ;- B2 3 ° ®—MoS2 nanoflakes/Hg?*
10 20 30 40 50 B0 70 500 1000 1500 2000 2500 3000 3500 4000
Time (ns) Wavenumber {cm)

Figure 8.8. (a) UV-vis absorption spectrum of MoS> nanoflakes/Hg?>* mixed
aqueous solution. (b) Fluorescence emission spectra of (1) MoS> nanoflakes
aqueous dispersion and (2) MoS» nanoflakes/Hg** mixed aqueous solution. (c)
TCSPC spectra of MoS; nanoflakes aqueous dispersion in absence and presence
of Hg?* ion. (d) ATR-FTIR spectra of (1) MoS; nanoflakes and (2) mixture of
MoS; nanoflakes/Hg?*. Insets of (a) and (b) show the Tauc plot for MoS»/Hg?*
mixed solution and the coulometric change of fluorescent MoS, nanoflakes

aqueous dispersion before (i) and after (ii) addition of Hg?*.

MoS: and MoS»/Hg?* give an indication about the specific interactions of as-

synthesized MoS, nanoflakes with Hg?* ions in aqueous medium and its possible

application of Hg?* ion sensing both in aqueous solution and biological cells through

the unique fluorescence emission properties of MoS, nanoflakes. Other analytical

techniques such as ATR-FTIR spectroscopy, time-resolved fluorescence emission

spectroscopy, CV etc. also provide the qualitative insights about the interactions of Hg?*

ion with the as-prepared MoS, sample.

The UV-vis absorption spectrum of MoS>/Hg?* mixed aqueous solution is

shown in Figure 8.8a. It is observed that, the absorption bands of pure MoS: sample at
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~306 nm and ~358 nm (as shown in Figure 8.5a) are now disappeared for the mixed
solution. The strong affinity between S atom and Hg?* ions in the mixed solution via
covalent bonding interactions is most probably responsible for this observed changes
of absorption properties of MoS: [54]. Also, the value of the optical Eg of MoS: after
interaction with Hg?* ions in aqueous solution is changed to ~2.477 eV as calculated
from the UV-vis absorption spectroscopic data (inset of Figure 8.8a) and eqn. (8.4).
More precisely, the adsorption of Hg?* ions onto 2D MoS; via chemical interaction
should involve strong forces due to sharing or exchange of valance electrons between
S atoms Hg ions [55]. However, there should not be any significant interactions between
the sorbed ions [56] in the basal plane of the NSs. On the other hand, the steady state
fluorescence emission spectroscopic study of MoS» in absence and presence of Hg?
ions show interesting results as shown in Figure 8.8b to elucidate the interaction of Hg?*
ion with MoS» nanoflakes in aqueous solution. From this figure it is observed that the
fluorescence intensity of MoS» aqueous dispersion (concentration of 1 mg/mL) is
significantly quenched after addition of HgClx (concentration of ~566.3 nM) into MoS»
aqueous solution when compared to that of pure MoSz aqueous dispersion. According
to S. Mouri et al. [S7] and Y. Y. Li et al. [58], fluorescent 2D MoS:2 behaves as an n-
type semiconductor and the quenching or enhancement of fluorescence emission was
mainly occurred due to the rearrangement of electron density between the NSs and the
guest atom or molecule. In general, the fluorescence quenching is occurred when total
electron density of host (NSs) is increased. In this work, Hg—S type of bonding was
probably formed via covalent interactions between Hg?* and S atom of MoS; [54]. Due
to this reason, electron concentration of the host might have increased which is
manifested in the fluorescence spectrum of MoS»>/HgCl» mixed aqueous solution. Also,
most interestingly, the colour of MoS; aqueous dispersion (concentration of 1 mg/mL)
was changed from bluish-green (inset of Figure 8.8b) to flaxen or pale yellowish-gray
after addition of Hg?* ions (concentration of ~566.3 nM) at ambient condition. This
change in colour of the mixed solution is a direct visual evidence of some specific
interaction of MoS, with Hg?* ions in the aqueous medium.

In order to have further insights about the fluorescence quenching of MoS> by
Hg?* ions and their possible interactions, the fluorescence lifetime values of MoS»
nanoflakes in absence and presence of Hg?* ion in aqueous solution were estimated by

time-resolved fluorescence emission spectroscopy based on the TCSPC method and is
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shown in Figure 8.8c. The fluorescence decay data were fitted with two exponentials
(eqn. (1) and eqn. (2)) and the estimated 7, values and the corresponding normalised
pre-exponential coefficients (a1 and az) are summarized in Table 1. The as-synthesized
MoS: nanoflakes in aqueous dispersion shows a long fluorescence lifetime of ~2.970
ns which is consistent with the data available in the literature, where the typical
lifetimes are observed in the range from ~1.5 ns to ~5.9 ns [59]. The highest amplitude
(~79.6 %) component of fluorescence lifetime (i.e., ~1.996 ns) is possibly attributed to
the band edge fluorescence whereas the smallest amplitude (~20.4 %) corresponding to

the higher fluorescence lifetime component (i.e., ~6.759 ns) may be assigned to the

Table 8.1. Time-resolved fluorescence decay parameters as obtained from the fitted
data of MoS:z nanoflakes and MoS2 nanoflakes/Hg?* mixed solutions. Corresponding

fluorescence emission was monitored at 465 nm.

Sample name Number of 4., T4 (2] Ty a, Taw X2
exponential (nm (ns) (ns) (ns)
S )
MoS: 2 370 199 0.79 6.75 020 297 1.08
nanoflakes 6 6 9 4 0 5
MoS: 2 370 152 077 641 022 253 1.05
nanoflakes/Hg? 1 3 9 7 2 7
+

Aex = excitation wavelength, y? = fitting parameter, close to 1 means a good fit.

defect states of 2D MoS, nanostructures [59,60]. Moreover, after addition of Hg** ion
(~566.3 nM) to the MoS: aqueous dispersion, the value of 7, decreased to ~2.532 ns.
This decrease in the T4, of MoS: in presence of Hg?* gives a clear indication of the
possibility of viable interactions between Hg?* ions and MoS; resulting the decrease in
both the band edge and defect state fluorescence emission of nanostructured MoS». It
is therefore evident that the intrinsic fluorescence property of the as-synthesized MoS»
is also highly sensitive to Hg?* ion in aqueous medium and this observation elucidate
the possibility of their application towards Hg?* ions sensing in different medium.
FTIR spectroscopy is another excellent approach to probe the interactions
between atoms in different microenvironment through the change in characteristics of
molecular bond vibration. Figure 8.8d shows the FTIR spectra (in ATR mode) of MoS;

nanoflakes in absence and presence of Hg?* ions. The IR spectrum of as-prepared pure
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MoS: nanoflakes sample (curve 1) shows transmittance peaks at around 480 cm’!, 578
cm!, 754 cm!, 860 cm™!, 943 cm!, 1028 cm’!, 1157 cm’!, 1420 cm!, 1630 cm™!, 3068
cm’!, and 3211 cm™!. The IR bands observed at ~480 cm™ and 578 cm™! correspond to
the Mo-S vibration of MoS: [61]. The bands observed at ~754 cm!, ~943 cm™! are due
to the stretching vibrations of Mo-O indicating the presence of molybdenum oxide
(Mo00>) on the MoS; sample [62,63]. Additional bands observed at ~1028 cm!, 1157
cm'and 1420 cm! were originated due to sulfureted function groups S—O, O=S=0 and
O-S-0 respectively and these results reveals that some S containing functional groups
or structures might have present on the surface of MoS; NSs.3® The IR peaks centred at
around 1638 cm™!, 3068 cm™ and ~3211 cm! are attributed to the stretching vibrations
of O—H moiety [64] of the adsorbed water molecule in the interlayer region of MoS»
[65]. The presence of hydrophilic group (-OH) also facilitate good dispersibility of the
as-synthesized MoS> nanoflakes in aqueous medium. Most interestingly, after
interaction with Hg>* (Figure 8.8d, curve 2) in aqueous solution, the vibrational bands
at ~578 cm™ and ~860 cm™! of MoS; are shifted to ~592 cm™ and ~841 cm™! respectively
with much reduced intensity. Additionally, the new IR bands with peaks centered at
~553 cm’!, ~564 cm!, ~667 cm™! and ~902 cm! are also emerged for MoS»/Hg?* mixed
sample. Therefore, the observed changes in FTIR results give an indication of the

covalent interaction of Hg?* ions with MoS: nanoflakes.

To have a  further 30'
understanding of the interaction of 15'_
MoS: nanoflakes with Hg?* ion in 2 °1
the aqueous medium, CV study %:‘15'
was performed in the inert argon 5 -304
gas environment. Figure 8.9 shows 45-: Mos, nanofiakes
CV  curves of MoS; and -60+ MoS, nanoflakes/Hg™
MoS>/HgCl,  mixed  solution ‘ 10 05 00 05 10

recorded at the scan rate of 100 Potential (V)

mVs in the potential range from - Figure 8.9. Cyclic voltammograms of MoS:

1 2+
I to +1 V using glassy carbon, nanoflakes in absence (a) and presence (b) Hg

platinum (Pt) and Ag/AeCl as the ion in 0.1 M ammonium hexafluorophosphate

) (NH4PFs) aqueous solution at a scan rate of 100
working electrode, counter

mVs.

electrode and reference electrode
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respectively. From this figure it is observed that, when the potential was scanned
positively (anodically), MoS2 sample shows an appreciable anodic peak current of
+13.4 pA at potential of +0.167 V. In fact, in the electrolytic medium MoS> had net
negative charge due to the presence of S?- group in MoS; and with increasing potential
S* can donate two electrons to the solution medium and become S° thereby causing
electrochemical oxidation of MoS; at potential at +0.167 V. When the potential was
swiped from +1 V and scanned negatively (catholically), two strong reduction peaks
were observed at +0.30 V and -0.63 V respectively. During this scan the oxidized S°
atom in MoS; started to accept two electrons from the medium resulting the reduction
of MoS; by creating S** anion. The electrochemically induced oxidation and reduction
are also controlled by the diffusion kinetics of MoS: species around the electrodes [66]
during the charge transfer process in the aqueous medium. On the other hand,
MoS,/Hg?* mixed sample shows somewhat different voltammogram having changes in
oxidation and reduction potentials compared to that of pure MoS». The corresponding
oxidation peak is observed at +0.41 V and two reduction peaks are at +0.16 V and -0.86
V respectively. It is important to note that when we add Hg?* ions into solution of MoS,
strong electrostatic interaction between Hg?* and S?> group of MoS, was occurred
resulting the attachment of Hg ions in the basal plane of MoS> NSs. But as S* is a
natural reducer, it can share two electrons to the adsorbed Hg?* ions in MoS2 NSs to
create Hg" (neutral). Therefore, it is presumed that the Hg and S atoms might not be
separated from each other, rather S and Hg atoms are coordinated via covalent bonds.
When the potential was applied both anodically and cathodically between the electrodes
in the mixed solution, the oxidation and reduction potentials shifted to higher and lower
values respectively compared to that of pure MoS,. Additionally, the area under the
curve for pure MoS» voltammogram is larger compared to that of for MoS»/Hg?* mixed
solution. This observation implies that, the effective interaction between the electrolyte
ion and the electrode was greatly reduced due to the association of Hg?* ions with MoS,
species in the solution. Therefore, the results obtained by CV study gives a clear

indication of interaction of Hg?* ion with MoS, nanoflakes in the aqueous solution.

) ege o 2+ . .
8.3.2.2. Selectivity and sensitivity of the Hg ion sensing
Steady state fluorescence emission spectroscopic measurements were further

performed to investigate the sensitivity and selectivity of the interaction between as-
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synthesized 2D MoS. nanoflakes and Hg?* among various other interfering metal ions

in aqueous medium. Figure 8.10a represents the fluorescence emission spectra of MoS2
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Figure 8.10. (a) Fluorescence emission spectra of MoS» nanoflakes for
different concentrations of Hg?* ion. (b) Plot of fluorescence emission
intensity from MoS: vs. concentration of Hg?*. (¢) Stern-Volmer (SV) plot
of MoS:. (d) Plot of Log {(Fo-F)/F} vs. Log [Conc of Hg?*]. Inset of (c)

shows the linear region of SV plot.

after successive titration with HgCl2 aqueous solution in the concentration range from

~64.5 nM to ~566.3 nM in the

mixed solution. The mixed
solution was excited with

at wavelength of 400 nm in the
fluorescence emission
measurement. The fluorescence
intensity of the peak at wavelength

of ~465 nm (~2.67 eV) was
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Figure 8.11. Schematic presentation of the
interaction of fluorescent MoS: nanoflakes with

Hg?* in aqueous solution.

gradually quenched with the
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increase in concentration of Hg>* in MoS; solution. The successive quenching of the
fluorescence intensity observed at ~465 nm was found to be linear with increase in
Hg?*concentrations and a corresponding linear calibration eqn. can be written as
F=607752-570 [Hg?>* (nM)] by linear fit of the emission data with a correlation
coefficient of R? =0.997 as shown in Figure 8.10b. The mechanism of the fluorescence
quenching is shown schematically in Figure 8.11.

The fluorescence quenching efficiency (E) was calculated by using eqn. (8.5) [67]

F=1- 1% 8.5
= 1= g (85)

where F and Fy are the fluorescence emission intensities of MoS> aqueous solution in
presence and absence of Hg?* respectively. The value of E was estimated as ~0.52 by
considering the fluorescence spectrum of pure MoS: (1 mg/mL) and MoS»/Hg?* mixed
solution with Hg?* concentration of ~566.3 nM. The value of the association constant
or apparent binding constant (Kp) to a binding site and the number of binding sites (n)
in the MoS»/Hg?* mixed aqueous solution have been determined from the quenched
fluorescence emission intensities of MoS: nanoflakes in presence of Hg?* by using eqn.
(8.6) [68]

F
Log{ OF } = LogKy + nLog[M] ... ........(8.6)

where [M] is the concentration of quencher (Hg?*). The values of K, and n were
calculated from the intercept and slope of the plot as shown in Figure 8.10d and were
found to be 15.41 x 103 M~! and 1.514 respectively with a correlation coefficient of R?
= 0.988. The change in Gibbs free energy (AG) for the interaction between MoS, and
Hg?* at room temperature (25°C) was obtained using the Gibbs—Helmholtz relation [68]
AG = —-RTInK,, where R is the universal gas constant and T is the temperature in K. The
calculated value of AG was —23.895 kJmol~!. The high negative value of AG indicates
that the interaction between 2D MoS, and Hg?* in the aqueous medium was
spontaneous. Also, the quenching of fluorescence emission of MoS, by Hg?* can be

described by the well-known Stern—Volmer (SV) eqn. (8.7) [68]

%: 14 Kgy[M] oo e oo eee e e e e e (8.7)

where Ksv is the SV quenching constant. Figure 8.10c shows the SV plot for the
MoS>/Hg?* mixed system. The deviation from linearity of the SV plot might be due to

the mixture of static and dynamic quenching [68]. Considering the slope of the straight-

Chapter 8: Hydrothermal Synthesis of Bio-Inspired MoS2 Nanoflakes... 180 |Page



Ph.D. Thesis: Pradip Maiti

line region of the Fo/F vs [M] plot (i.e., at higher concentrations of Hg?*) as shown in
the inset of Figure 8.10c with correlation coefficient of R? = 0.997, the value of Ksy is
calculated as 3.0 x 10° M~!. The fluorescence quenching rate constant (K,) and Ksy are
also related by the relation [68] K, = Ksv/z, where 1 is the fluorescence lifetime of pure
MoS: nanoflakes (i.e., ~2.970 ns). The value of K, has been calculated as 1.01 x 10°
M-!s ~! from this fluorometric titration. The high values of both Ksy and K, confirm the
efficient quenching of fluorescence of MoS, by Hg?* in the aqueous medium. All the

above calculated photophysical parameters are summarized in Table 8.2.

Table 8.2. Binding constant (Kb), binding sites (n), Gibbs free energy (AG),
Stern—Volmer constant (Ksv), and quenching rate constant (Kq) for the MoS:2
nanoflakes/Hg?* mixed system in the aqueous medium. R? is the corresponding

correlation coefficient.

Ky (in M) n R2 AG (inkJmolt)  Ksy (inM1) K, (in M-1s- R2
D)
1541 x 103 1.514 0.988 -23.895 3.0x 109¢ 1.01 x 106 0.997

To compare the sensitivity of the interaction of MoS» nanoflakes towards Hg?* in
aqueous medium, the limit of detection (LoD) and limit of quantitation (LoQ) of the
sensing probe for Hg?* ions have been determined from the linear SV plot (inset of

Figure 8.7C) on the basis of 36 method [69] using the eqn. (8.8) and eqn. (8.9)

respectively.
3.30
LoD = — . it e e e (8.8)
Ksy
100
LoQ = — oot (8.9)
Ksy

where o is the residual standard deviation (error) of a regression line. The value of ¢
was calculated as 8.72308 x 10. The values of LoD and LoQ were estimated as ~0.09
nM and ~0.3 nM respectively. The calculated LoD value indicates that the as-
synthesized MoS» nanoflakes was highly sensitive towards Hg?* as reflected in the
spectrofluorometric measurement. The linear range of detection and LoD for Hg?* ion
sensing using MoS»-based system via ratiometric approach of fluorescence emission as
obtained in this present study are compared to the previously reported data available in

the literature and are summarized in Table 8.3.
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Table 8.3. Comparisons of linear range and limit of detection (LoD) of the analytic

methods for the sensing of Hg?* using 2D MoS»-based system.

Probe Detection principle Linear range LoD Ref.
MoS,/AlGaN/GaN “HEMT (0.1 -100) ppb  0.011 ppb [6]
®MoS> Fluorometric assay (0-10)nM 1.02 nM [12]
NSs/DNA/CD
MoS; Fluorometric assay ~ (0—1000)nM  0.86nM  [13]
NSs/DNA/silicon
‘MoS»/GCE ISWASV 0.1nM-0.2 0.001 nM [14]

°N-MoS: NSs Fluorometric assay (0.4 — 10) uM 28.0 nM [17]

fB-MoS:2 QDs Fluorometric assay (0.005 - 41) 1.8 nmol/L  [22]
g€ssDNA-MoS»/ITO Square wave 10 fM - 10 nM 10 fM [23]

voltammetry
Superstructure "SPR I1pM-1uM 1.0 pM [51]
MoS-> NSg
MoS: nanoflakes Fluorometric (0.06-0.5 uM  0.09 nM This
titration work

SHEMT: High electron mobility transition; °®MoS, NSs/DNA/CD: MoS>
NSs/DNA/carbon dots; “M0S»/GCE: MoS»/Glassy carbon electrode; SSWASV: Square
wave anodic stripping voltammetry; °N-MoS> NSs: N-doped MoS: NSs; 'B-MoS: QDs:
Boronic acid functionalized MoS2 QDs; 8ssDNA-MoS»/ITO: MoS: NSs functionalized
with single-stranded deoxyribonucleic acid (ssDNA) on ITO electrode; "SPR: Surface

plasmon resonance

(a) —=—Blank——Pb”
Hng MgZI

—— AP

Fluorescence emission (cps)

450 500 550 60O

Wavelength (nm)

Figure 8.12. (a) Fluorescence emission spectra as obtained from aqueous
dispersion of MoS> nanoflakes in presence of different metal ions. (b)

Selectivity study of the sensor towards various metal ions.
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To confirm the selectivity of the interaction of as-synthesized MoS: nanoflakes
towards Hg?* ion, the spectrofluorometric titration was also performed for other
common and interfering metal ions such as Al**, Cd?*, Ca**, Ce?*, Cr**, Co**, Cu?*,
Fe?*, Pb**, Mg?*, Mn?*, Ni**, Ag*, Sn?*, Zn?*, Na*, K* etc. with the same fixed
concentration (i.e., ~566.3 nM) as was considered for Hg?* ion. The steady state
fluorescence emission spectra of MoS» nanoflakes in presence of individual metal ions
are shown in Figure 8.12a. Figure 8.12b shows 3D plot of the ratio-metric fluorescence
response (£/Fy) of MoS, towards various metal ions including Hg?* along with their
mixed solution of Hg?* and different metal ions taking separately. The quenching of
fluorescence intensity of MoS; solution due to Hg?* was much pronounced when
compared to the other interfering metal ions as is clearly distinguished in from Figure
8.12b. Also this significant quenching of fluorescence due to Hg?* ions was
accompanied with a distinct colour change of MoS; solution from bluish-green to pale
yellowish-gray after addition of Hg?* ion (inset of Figure 8.8b). From these
observations, it is confirmed that other relevant metal ions could not elicit remarkable
reduction of fluorescence emission intensity of MoS: solution and no appreciable
change in solution colour in the studied concentration range of those metal ions when
compared to that for Hg?* suggesting an excellent selectivity of the probe towards Hg?*

ion among a wide range of interfering metal ions in aqueous medium.

8.3.3. DFT study

The change in the spectroscopic properties due to the interaction of MoS; with
Hg atom has been correlated with the theoretical results of band structure and DOS of
MoS: monolayer and bilayer obtained via DFT approach using QE software package.
2D structure of MoS; has a layer of Mo atoms in between the two layers of S atoms.
According to the experimental and theoretical studies of various researchers, this type
of 2D material has an excellent efficiency for Hg adsorption [70,71]. Here, all the
calculations have been performed on MoS; and Hg-adsorbed MoS: using the unit cell
configurations as shown in Figure 8.13a, e, i and m. The band structure of pristine
MoS:2 monolayer as shown in Figure 8.13b is direct in nature [71,72]. The minima of
the conduction band (CB) and the maxima of the valence band (VB) lie at the same
point in between the K and M points of the Brillouin zone. The corresponding bandgap
was found to be ~1.64 eV as calculated from the DOS spectrum (Figure 8.13c) and is

more or less consistent with the available theoretical and experimental results reported
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elsewhere [72]. However, from Figure 8.13j it is observed that, after adsorption of Hg
atom in the NSs, there was a drastic reduction of the band gap. Also the electron
densities at CB and VB of MoS> monolayer are increased due to interaction Hg atom
as shown in Figure 8.13k. As mentioned earlier that the increase in electron density
may correspond to the quenching of fluorescence, [57,58] theoretically predicted
change in electron density therefore suggests the experimentally observed fluorescence
quenching of MoS; sample due to their interaction with Hg?* species in the basal plane
of MoSo.

On the other hand, in case of bilayer MoS», the maxima of the VB lie in the region
between the I and K points in Brilluion zone (Figure 8.13f). This clearly reveals a
transition from the direct bandgap material to indirect bandgap material due to staking
of MoS: layers [71]. For bilayer MoS,, the bandgap is obtained from the band structure
(Figure 8.13f) and the electronic DOS spectrum (Figure 8.13g) and was found to be
~1.62 eV which is less compared to that of pristine monolayer MoS: (Figure 8.13b).
However, similar to Hg-adsorbed monolayer MoS: (Figure 8.13j), the band gap of
bilayer MoS> (Figure 8.13n) was also drastically reduced due to interaction with Hg
atom resulting an increase in total electron density as predicted from Figure 8.130. This
reduction of band gap of MoS> due to Hg adsorption and also contributed with
experimental results. As in our experiment, MoS2 nanoflakes were composed of several
stacked layer of NSs, so, from the results obtained by DFT analysis it is anticipated that
the increase in the concentration of electron density of MoS> nanostructured sample
after interaction with Hg?* ions was responsible for the observed fluorescence
quenching of MoS,. We have also calculated the absorption coefficients of MoS: (both
mono and bilayer) (Figure 8.13d,h) and Hg-adsorbed MoS, (Figure 8.131,p) along the
horizontal and vertical direction of the unit cells. It is clearly observed that in presence
of Hg, both parallel and perpendicular components of absorption coefficients have been
shifted to the lower energy side which is clearly correlated with the reduced band gap

of MoS> due to their interaction with Hg ion or atom.

8.3.4. Detection of Hg"™" ion in biological cell

Elemental metals and metal ions are essential compounds for biological system
to maintain their biofunctionality such as blood osmotic pressure, catalytic activity of
many enzymes, blood brain barrier etc. [73]. However, various heavy metals such as

Cd, Pb, Hg, Co, As, etc. can cause adverse health effect even with very minimal exposer
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[74]. Most of these heavy metals are naturally found in the environment, cosmetics and
food products, wastage of batteries etc. [75]. Among the various heavy metals, animal
exposer to Hg is a major concern of global scientific community due to its high toxicity
as considered by WHO [1]. Noticeably, the higher emission from various sources such
as vehicle emissions, industrial pollutants etc. causes the increase in the amount of Hg

in the environment. Although, the Hg® from the inhaled Hg vapour shows significant
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Figure 8.14. Fluorescence microscopic images of (a) normal myocardium cells
(H9c2 cell line) and (b) cancerous lung fibroblast cell (A549 cell line) after treated
with MoS» nanoflakes (top images) and MoS: nanoflakes/Hg>* mixed solution
(bottom images). (c) Relative fluorescence intensity profiles obtained from images
as shown in (a) and (b) along the line (red colour). (d) Cell viability study for 3 hrs

of incubation as obtained by MTT assay method.

bioavailability, they can be easily oxidised to Hg>* ion that can be accumulated in the
intracellular medium. It is also important to mention that the divalent mercury cations
(i.e., Hg?>*) may induce genetic alternation that lead to cancer in human body [76]. J.
Tong et al. [77] reported that exposer of both the organic (MeHgCl) and inorganic
(HgCl>) form of Hg with human neural cells (SK-N-SH cell line) causes 50% cell death
for concentrations of 1.2 + 0.22 umolL"! and 6.4 + 0.36 umolL"! respectively.
Therefore, the detection of Hg in the intracellular medium is of utmost important for

both fundamental and biomedical interest.
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In this present work we have also used as-synthesized highly fluorescent 2D
MoS; nanoflakes to detect Hg>* ion in both normal (H9¢2 cell line) and cancer (A549
cell line) cells. Figure 8.14a,b (top images) show the fluorescence microscopic images
of heart myocardium cell (H9¢c2) and lung fibroblast cancer cell (A549) after treated
with MoS: aqueous dispersion (200 pL) using an optical excitation source of
wavelength of 405 nm whereas, the bottom images represent the same cells after treated
with MoS, and Hg?* ion. It is observed from the figures that, the fluorescent MoS,
nanoflakes samples successfully entered into both the normal and cancer cells as strong
localized blue emission is observed from their intracellular regions. It is clearly seen
that the MoS; are distributed throughout the cytoplasmic region including the nucleus
of both the cells. The relative fluorescence intensity profile (Figure 8.14c) as obtained
from both the microscopic images along the indicated line sections (red colour) are very
similar. However, the most interesting observation is that the fluorescence images of
both the cells after treated with MoS; solution (200 pL) and subsequently HgCl> (100
puL) (bottom images of Figure 8.14a,b) show significant reduction of brightness and
contrast due to quenching of fluorescence of MoS; in the treated cells. The change in
intensity profile along a particular line section (red line) of the microscopic images of
cells before and after exposer with MoS2 and MoS2/Hg?* samples are shown in Figure
8.14c. From these observations, it is evident that MoS: nanoflakes had strong
interaction with Hg?* ions within the cells, which is manifested as the reduced intensity
of blue fluorescence spots in the microscopic cellular images. Therefore, this study
confirms that, as-prepared MoS» nanoflakes sample successfully recognise the presence
of Hg?* ions in biological cells. It is worthy to mention that, in-vitro, the cellular uptake
of MoS; nanoflakes should primarily depend on the altered diffusion and sedimentation
velocities of individual nanoflakes in the culture medium [78]. However, the overall
process of internalization of MoS; nanoflakes within the cell involves a complex
mechanism. As the plasma membrane of mammalian contains negatively charged
domains, they are generally impermeable to most of the negatively charged inorganic
nanomaterials. So, the sub-cellular localization or translocation of the as-synthesized
MoS; nanoflakes might have occurred through some endocytic pathways which are
energy dependent [79-81]. Additionally, the uptake and intracellular trafficking of such
nanomaterials may depend upon the compatible surface chemistry, shape and size of

the nanomaterials as already reported in the literature [81].
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The proper biocompatibility of the as-synthesized highly fluorescent MoS:
nanoflakes is an important factor on the cell viability during the fluorescence-based
cellular microscopic imaging as presented in this work. More precisely, it is of prime
importance to assess the nanotoxicity of MoSz sample while their interaction with the
biological cells. So, in this study to know the cell viability due to the interaction with
MoS; in presence of Hg?* ion, different concentrations (viz. ug/mL: 0, ~8.69, ~12.5,
~19.23 etc. in the cellular medium) of MoS> aqueous dispersion were added to the
culture medium of both normal (H9c2 cell line) and cancer (A549 cell line) cells
separately and were incubated for 2 hrs. The concentration of HgCl, solution in the
cellular medium was ~47.62 nM. After the incubation period, the cellular viability was
examined by using MTT assay method which is already described in the experimental
section. Figure 8.14d shows the cell viability results (in percentage) for different
concentrations of MoS> solutions as used in both H9¢2 and A549 cell lines studies.
From this figure, it is clearly observed that, normal myocardium cell shows no
significant toxicity in the studied concentration range of MoS>. Whereas, the human
lung fibroblast cancer cells exhibited some extent of toxicity (cell viability ~70.9 %)
only at the higher concentration of MoS: (i.e., ~19.23 ug/mL in the cellular medium).
But, most interestingly, the concentration of MoS2 (~8.69 pg/mL in the cellular
medium) used for the detection of Hg?* ions in cells via fluorescence imaging method
did not show any significant drop of cell viability. Present study therefore reveals that
the as-prepared MoS> nanoflakes are very safe at an optimal concentration (i.e., ~8.69
pug/mL in the cellular medium) to detect the presence of Hg?* ion in both the normal
and cancer cells with negligible cytotoxicity after an incubation period of 1 hr thereby

assuring their acceptability for future biomedical applications.

8.4. Conclusions

In conclusion, the present work envisages the application of bio-inspired
hydrothermally synthesized MoS» nanoflakes for detection of heavy metal ion namely,
Hg?* in aqueous solution as well as in normal and cancer cells (H9¢2 and A549 cell
lines) via fluorometric approach. XRD analysis confirms that as-synthesized MoS;
sample was pure and had hexagonal lattice structure. The strong XRD peak observed
at ~14° corresponds the presence high concentration of NSs which were mostly stacked

with one another. The stacking between large number of MoS; layers facilitates the
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formation of flower shaped nanoflakes in the aqueous medium as evidenced from
FESEM and TEM images. The average width of a nanoflake was found to be ~16.4 nm
as estimated from the lognormal distribution using FESEM image of MoS> sample. The
aggregation of MoS:2 NSs is also confirmed by AFM study and shows r.m.s surface
roughness of ~46.4 nm. The SAED pattern of MoS: nanoflakes exhibits low
crystallization order which is consistent with the broad XRD peaks. The low negative
zeta potential of MoS> aqueous solution definitely corresponds to the stacking of
several NSs to form nanflakes like structure. Raman spectroscopic results further
supports the stacking of few layers of MoS; lamellae. The most interesting observation
of this present work is the drastic fluorescence quenching of MoS» in aqueous medium
after addition of Hg?* ions, which is possibly due to the covalent interaction between
Hg?* and S atom of MoS; in the aqueous medium. This interaction might have increased
the total electron density of MoS» nanostructured sample and is also correlated the
theoretical results obtained DFT study. The reduction in fluorescence lifetime of MoS»
as obtained by time-resolved fluorescence studies is consistent with the observed
fluorescence quenching. SV plot analysis reveals both static and dynamic quenching of
MoS: in presence of Hg?* in in aqueous medium. FTIR and Cyclic voltammetry studies
further support the interaction of Hg?* ion with MoS> nanoflakes. The interaction of
MoS: with Hg?* ions is highly selective compared with all other interfering metal ions
present in the same aqueous medium. Also the selective fluorescence quenching of
MoS; is highly sensitive to the concentration of Hg?* ions in the mixed aqueous
solution. The LoD and LoQ are found to be ~0.09 nM and ~0.3 nM respectively as
estimated from the linear plot of ratiomatric fluorescence response of MoS; due to Hg?*
ions. The ratiometric approach of analysing fluorescence quenching for the detection
of such metal ions using MoS; is definitely advantageous as this method automatically
discarded the perturbation of any external influences during the fluorometric
measurement. The unique fluorescence quenching of MoS; has been utilized to
successfully recognize the presence of Hg?* ions in intracellur medium of both normal
and cancer cells as studied by fluorescence imaging microscopic study. As-synthesized
MoS: nanoflakes did not show any significant cellular toxicity in the studied
concentration of MoS: for cellular investigation as confirmed by MTT assay method.

Therefore, this present study reveals an efficient and facile approach of detecting toxic
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metal ion namely Hg in biological cells through the unique change of fluorescence

properties of such nanostructured MoSo.
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Overall conclusion and future plan of
research

Throughout this thesis work, I have mainly studied the photophysical properties
of biologically relevant cationic organic dyes namely Rhodamine B, acridine orange
etc. and their interaction with noble metal nanoparticles such as, gold nanoparticles (Au
NPs), silver nanoparticles (Ag NPs) in the aqueous environment. Efforts are also given
to study the interaction of MoS; nanostructured material for ion sensing applications.
The change in the spectroscopic results of dye/Au NPs mixed system in presence of
bioanalyte namely L-Cysteine and D-Cysteine have been systematically studied. Our
observations reveal that Au NPs drastically quenches the fluorescence of Rhodamine B
dye in aqueous solution, but after addition of L-Cysteine to the dye/Au NPs assembly
in the solution eventually restores the fluorescence signal and the recovery of this signal
was very selective to L-Cysteine among all other relevant amino acids. Also, the
selective fluorescence is accompanied with distinct colour change of the final solution
only for L-Cysteine. The selective interaction of dye/Au NPs system is also tested with
real human urine sample in presence of L-Cys thereby confirming this fluorescence
based assay method is a viable approach for L-Cysteine detection and this study may
contribute valuable database both for fundamental as wells as biomedical interest.
Additionally, the ratio metric analysis of the fluorescence recovery ensures precise and
accurate detection of target analytes due to automatic cancellation of external
perturbation on the fluorometric assay experiments. Most interestingly the studied
method is very simple and cost effective for selective and sensitive detection of L-Cys.

It is further observed that the interaction of thiol containing amino acid D-Cys
with dye/Au NPs system is highly selective as confirmed by high fluorescence recovery
of quenched fluorescence of RhB dye accompanied with a distinct colour change when

compared to that due to L-Cys or any other relevant amino acids in aqueous solution as
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well as in real bio-sample (urine). D-Cysteine is known to be as an important regulator
of neurotransmitters and the overall neural cell dynamics in our physiological system.
Under appropriate optimum condition, the proposed dye/nanoparticle mixed system
may be considered as an efficient biosensing platform for the detection of D-Cysteine
via spectrofluorometric method. Overall, these studies open up a new possibility for the
development of sensing platform using novel metal NPs and organic dyes for various
other bioanalyes or ionic species in aqueous solution as well as in real bio sample via
proposed ratiometric fluorescence based technique.

Two dimensional layered nanostructured material namely molybdenum
disulfide (MoS2) nanoflakes has gained significant attention of the global scientific
community due to their unique layer structure and efficient surface properties as well
as tuneable optical properties and easy exfoliation in aqueous medium. In this thesis
work, we synthesize MoS: nanoflakes using L-Cysteine by hydrothermal method and
systematically investigated their application for detection of heavy metal ion namely
Hg?* in aqueous solution. The drastic fluorescence quenching of MoS2 occurred due to
their interaction with Hg2+ in aqueous solution compared to all other relevant metal
ions. The reduction of fluorescence intensity of MoS2 is found to highly sensitive to
the concentration of Hg?* ion in the solution thereby confirming the proposed
fluorometric method as an efficient approach for Hg?* ion detection in aqueous
environment. Fluorescence imaging microscopic study also reveals the similar
fluorescence quenching in real human cell containing Hg?* ion. Also MTT assay
confirm the cell viability our MoS; nanoflake sample for cellular study thereby assuring
the biocompatibility of MoS> nanoflakes and is an effective for Hg?* ion sensing for
biomedical interest as well.

In another work I have studied the interaction of silver nanoparticles (Ag NPs)
with cationic dye acridine orange (AO) in presence of biological macromolecule DNA
by means of electronic spectroscopic technique. It was observed that Ag NPs
significantly quench the fluorescence properties of dye molecules. Also presence of
DNA in the mixed solution further quenches the emission. UV-vis absorption results
reveal the binding of Ag NPs with DNA. However, addition of DNA dye did not
significantly alter the fluorescence emission properties of AO dye.

Therefore, the study of the interaction and photophysical properties of various

noble metal and metal-based nanostructures with organic, inorganic and biological
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compounds in the aqueous medium becomes an emerging area of material science
research due to their promising applications in the fields of sensing, nanobiotchnology
especially for biomedical and environmental aspects.

In near future I want to extend my research to study the interaction behaviour
between other noble metal and metal-based nanostructures such as copper
nanoparticles, platinum nanoparticles, molybdenum disulfide quantum dots with some
biologically relevant organic fluorescent dyes namely, cumarin, cyanine, etc. in
presence of important biomolecules including hemoglobin, human serum albumin and
some other proteins via spectrofluorometric method. It will be very interesting for me
to determine the nature of binding and nature of protein deformation if any (change of
the orientation of amino acids) in presence of noble metal and metal-based
nanostructures. Special emphasis may be given to the fabrication of hybrid
nanostructures for biomedical applications. Additionally, I have also planned to focus
on some quantum-chemical calculations and theoretical simulations of organic dyes and
noble metal nanoparticles, respectively. I am looking forward to carry out those

interesting research in near future.
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ARTICLE INFO ABSTRACT

Keywords: An assay method based on fluorometric and colorimetric change was developed for selective sensing of important
Gold nanoparticle thiol containing amino acid L-Cysteine (L-Cys) by using gold nanoparticles (Au NPs) and Rhodamine B (RhB) in

Rhodamine B

Amino acids
Colorimetric/fluorometric
L-cysteine
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aqueous environment. This fluorometric assay is basically relies on the competitive binding between RhB and Au
NPs via electrostatic interaction as well as strong thiol(-SH)-Au NPs bonding via chemisorption. Citrate stabilized
Au NPs (diameter ~27 nm) was synthesized by soft chemical method and characterized by UV-Vis absorption
spectroscopy and Transmission electron microscopic (TEM) techniques. The change in non-radiative energy
transfer between RhB and Au NPs are responsible for the observed drastic fluorescence quenching of RhB via
FRET process. The recovery of fluorescence from the assay solution of RhB/Au NPs after addition of L-Cys was
found linear over the concentration range 0.01 pM-1000 pM with experimental limit of detection (LOD) of
0.01 pM. The selective interaction of L-Cys with the mixed solution of RhB/Au NPs was reflected by the color
change from wine to bluish-black of the final solution. The proposed fluorometric assay method accompanied
with the observed colorimetric change could successfully differentiate other interfering amino acids including
thiol (-SH) containing compounds namely L-Methionine, L-Homocysteine and antioxidant glutathione with the
high degree of accuracy. Also the LOD is comparable to the concentration of L-Cys present in the blood plasma.
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The proposed sensing mechanism is also confirmed with pure human urine sample to detect the response of L-Cys
in the urine. Therefore, this fluorometric assay technique for detection of L-Cys has great potential with the
diagnostic impact for biomedical interest.

1. Introduction

The thiol containing amino acid L-Cys generally found in human
plasma is well known as the building block of proteins and is involved in
verity of important biological processes [1]. Normally a small amount of
L-Cys is present in human body in the form of N-acetyl-L-cysteine (NAC)
commonly known as L-Cys and is naturally derived from the amino acids
serine and methionine [2]. It is widely used in pharmaceutical industry
as medicine to treat different type of physiological complications [3-6].
The body prepares the important antioxidant from NAC by converting it
firstly into L-Cys and then into glutathione [7]. Antioxidants such as or
ascorbic acid (vitamin C) fight against the free radicals in our body and
reduce oxidative stress before damage of the vital molecules. For healthy
adults about 4.1 mg/kg/day of L-Cys is required as recommend by Joint
FAO/WHO/UNO expert consultation [8]. Although L-Cys has a number
of health benefits, the elevated amounts of such amino acid may cause
neurotoxicity [9], promotes urinary stone formation [10] etc. and it can
also be regarded as the biological marker for various diseases [11-13].
Therefore, it is of utmost importance to detect the concentration of L-Cys
by a highly sensitive, selective and convenient method with high degree
of accuracy in order to prevent its adverse effects in our health.

Various analytical methods such as immunoassay, electrochemistry,
chromatography etc. are recently being explored for the detection of L-
Cys and are performed in conjugation with liquid chromatography,
fluorimetry, colorimetry, differential pulse voltammetry and spectro-
fluorimetry etc. [14-19]. But immunoassay and chromatography
required expensive biological reagents and complicated in-
strumentations. Also the electrochemical methods show relatively low
selectivity to L-Cys. Some methods utilize the fluorometric detection
after direct labeling of suitable fluorescent probe with target bio-analyst.
However direct labeling sometimes causes structural alternation of the
biological species resulting erroneous information. Also these detection
methods directly utilizing the absolute fluorescence intensity sometimes
may include unwanted noise due to environmental perturbation in the
measurement. In recent times the colorimetric methods are attracted
great attention but are still limited because of their lack of effectiveness
at very low concentration. Therefore, it is of crucial importance to
design the appropriate sensing platform for the detection of L-Cys both
selectively and quantitatively with high degree of accuracy in the
physiological range. In this direction, the method based on the fluoro-
metric assay may offer great advantages for the detection of L-Cys as
they enable a direct and level free detection in an aqueous environment
even at very low concentration. Also the ratio-metric fluorescence re-
covery from the fully quenched state of any suitable fluorescent probe in
presence of the analyst biomolecule ensures the elimination of any
external perturbation involved in the measurements.

Metal nanoparticles are attracted considerable attention for their
excellent ability to modulate the spectroscopic properties of various
interesting cationic organic dyes in the aqueous environment [20,21].
The ground and excited state electronic properties of such dye molecules
adsorbed onto the surface of gold or silver nanoparticles show signifi-
cant physical and physicochemical behavior which sometimes enable
their use in many biomolecular recognition processes [22]. The reduc-
tion of excited state fluorescence life time down to several hundreds of
picoseconds has been attributed to energy or electron transfer processes
[23,24] from excited dye molecules to these nanoparticles. The resonant
coupling between the oscillatory electric dipole of plasmonic electrons
and the dipole of excited dye molecules may be a possible reason for
ultra-fast energy transfer [25]. These interesting photophysical pro-
cesses of small organic dyes assembled on to the novel nanoparticle’s
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surfaces are sometimes very sensitive to the specific guest-host geometry
in a particular environment, which allows their possible application in
the field of biosensors [26]. On the other hand, these nanoparticles may
aggregate in solution while interacting with many biological molecules
namely protein, enzyme, amino acids etc. [27] resulting substantial ef-
fect on the surface plasmonic band under optical irradiation.

In this present report we address a highly sensitive and selective
method for detection of L-Cys via fluorescence turn-off and turn-on
mechanism based on the interaction of RhB and Au NPs in aqueous
media. The cationic dye RhB belongs to xanthene family of organic dyes
and has high fluorescence quantum yield (0.71) in water with good
photo-stability [28,29]. The fluorescence emission of RhB was turned on
from its initial quenched state and was recovered (approximately 68
fold) after addition of L-Cys to RhB/Au NPs mixed solution at a con-
centration range between 0.01 pM and 1000 pM. Most interestingly this
fluorometric method was accompanied with a significant and noticeable
color changes of the final solution and is therefore a direct visual evi-
dence for selective determination of L-Cys over all other associated
amino acids in the aqueous medium.

2. Experimental
2.1. Materials

The amino acid of our interest i.e., L-Cys (C3HyNO,, M.W: 121.15
gmol 1) along with all other essential and non-essential amino acids used
in this present work, RhB (CogH31CIN2O3, M.W: 479.02 gmol'l), chlor-
auric acid (HAuCly, 3H,0, M.W: 339.79 gmol'l), glutathione (M.W:
307.32 gmol'l), ascorbic acid (C¢HgOg, M.W: 176.12 gmol’l), uric acid
(CsH4N403, M.W:168.11 gmol'l) were purchased from Sigma Aldrich
chemical company, USA and used without further purification. The
purity of RhB was checked via spectroscopic method prior to use in the
experiment. Trisodium citrate (Na3CgHs07, M.W: 258.06 gmol‘l), SO-
dium chloride (NaCl, M.W: 58.44 gmol’l), potassium chloride (KCl, M.
W: 74.5513 gmol!) were purchased from Merck Chemical Company,
Germany. All the glasswares were cleaned with freshly prepared aqua-
regia solution (3:1 mixture of hydrochloric acid (HCl) and nitric acid
HNO3) followed by subsequent rinsing with triple distilled deionized
Milli-Q water (resistivity 18.2 MQ cm, pH~7, collected from Synergy
integrated with an Elix®-Advantage set-up, Millipore SAS, France) and
then were autoclaved for 24 h before use. Aqueous solutions of the
chemicals were also prepared with the same triple distilled Milli-Q
water.

2.2. Synthesis of Au NPs

Au NPs were synthesized by citrate reduction method as described
elsewhere [30]. In a typical procedure, 50 ml aqueous solution of
HAuCly, 3H20 (concentration of 0.25M) was heated to boiling and
1.2 ml of NagCgHs07 (1%) was added into the solution under vigorous
stirring for preparing gold nanocolloidal solution. Within a time of 70s,
the boiling solution turned faintly to blue color and after 120 s the blue
color changed to deep red. The solution was then set aside to cool down
at room temperature. The final concentration of the gold nanocolloidal
solution became 0.1 mM at pH ~7.

2.3. Characterizations techniques

The UV-Vis absorption spectra of the samples were recorded in the
wavelength range of 200-800 nm by a double beam UV-Vis absorption
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spectrophotometer (UV-1800, Shimadzu, Japan) after proper baseline
correction for the solvent background. Steady state fluorescence spectra
of the samples were recorded in the range of wavelength 545-700 nm by
using a Horiba Spectrofluorometer (Fluoromax-4C, Horiba Scientific
Incorporated, USA). An excitation light source of wavelength 530 nm
emerged through a slit having width of 2 nm was used for all the steady
state fluorescence emission measurements. Both the absorption and
emission spectra were collected from the sample solution in quartz cell
(Kozima, Japan) of 1.0 cm path length at room temperature (25 °C). The
hydrodynamic nanoparticle size distribution and the effective surface
Zeta potential () of the as-synthesized Au NPs were obtained by a
Zetasizer (Zetasizer Nano ZS, Malvern Instruments Ltd, UK) via dynamic
light scattering method (DLS) at an ambient condition. High resolution
TEM study of the Au NPs was carried out on a Transmission Electron
Microscope (TEM) operated at 200kV (JEM-2010 TEM, JEOL Ltd.,
Japan). For TEM study, the sample solutions were incubated for 15 min
and then a small drop was spread onto the carbon coated copper
microgrid (PELCO® 300 Mesh Grids, Ted Pella Inc. USA) and subse-
quently dried at room temperature. Time resolved fluorescence emission
measurements were acquired by using time-correlated single photon
counting (TCSPC) method (Fluorolog, Horiba Jobin Yvon, USA) to
obtain the excited state fluorescence lifetime of the samples. In this
method, the sample solutions were excited at 510 nm by using a pico-
seconds pulsed diode laser. The fluorescence decay data were collected
over 200 channels which were calibrated on a non-linear time scale with
increasing time according to an arithmetic progression with a Hama-
matsu photomultiplier tube (R928P). The raw decay data as obtained
were analyzed using IBH DAS6 software.
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2.4. Method of fluorometric assay experiments

A 2mL of 0.1 mM Au NPs solution was incubated at room tempera-
ture (25 °C) for 5min with the 2mL of 0.1 pyM RhB (probe molecules)
solution so that the assay could be formed. Freshly prepared L-Cys so-
lution of different concentration (1 mM - 0.01 pM) was added (200 pL)
separately with the assay and kept for 3min and subsequently the
fluorescence spectra were recorded. For the colorimetric study, freshly
prepared different amino acids, glutathione, uric acid, ascorbic acid and
different neurotransmitters (K™ and Na™) stock solutions of concentra-
tion 0.1 mM were added with the assay and the color change was
observed instantly. For confirmation of selectivity of the assay, mixture
of freshly prepared mixed individual solutions of L-Cys and different
amino acids, glutathione, uric acid, ascorbic acid and neurotransmitters
(in 1:1 vol ratio, concentration of 0.1 mM each) were added to the RhB/
Au NPs solution and fluorescence emission was measured after 3 min for
each mixed solutions.

3. Results and discussion
3.1. Characterization of synthesized Au NPs

Fig. 1A shows the UV-Vis absorption spectrum of the citrate-
stabilized Au NPs in aqueous colloidal solution and shows distinct ab-
sorption band with its maximum at around 528 nm along with two weak
humps at 251 nm and 356 nm. The former is due to the strong charac-
teristic surface plasmon resonance (SPR) while the other two are due to
the intra-band electronic transitions of gold and can be related with the
traces of such bands as similarly reported for silver nanoparticles by
some researchers [31,32]. The well resolved and sharp SPR maximum
band is basically due to both longitudinal and transverse SPR

(®) ¥y

S 1/nm

Fig. 1. (A) UV-Vis absorption spectrum of Au NPs in aqueous colloidal solution (concentration of 0.1 mM). (B) TEM micrograph of as-synthesized mono-dispersed Au
NPs desiccated at room temperature, (C) Lognormal fitting of the particle size distribution, (D) SAED pattern with the Miller-indices of Au NPs. Inset of (D) shows the

HR TEM micrograph with crystal spacing.
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equivalently, which reveals a sign of the formation of spherical Au NPs.
The molar extinction coefficient of Au NPs (with maximum SPR
observed at 528 nm) was calculated as 540 x 10’ M 'em ™! [33].

The DLS study (Fig. S1, supplementary information) revels that the
average hydrodynamic size of Au NPs was about 53.78 nm. To have
further knowledge about the homogeneity of NPs distributions the sur-
face zeta potential ({) was measured (Fig. S2) and was found to be
—30.1 mV at room temperature and solution pH ~7. These results sug-
gest that Au NPs could overcome the van der Waals attraction through
the strong electrostatic repulsion between the negatively-charged citrate
coronas around the NPs surface in aqueous medium and therefore Au
NPs remained effectively stabilized prior to their use in the experiment
[341.

However, to have a more precise and clear understanding of the size
and morphology of Au NPs, TEM study was performed. Fig. 1B shows
that Au NPs were mono-dispersed with nearly spherical in shape and the
average particle diameter was ~27.5nm as calculated from the size
distribution curve (Fig. 1C). The selected area electron diffraction
(SAED) (Fig. 1D) reveals the good crystalline nature of Au NPs. The rings
as seen in SAED pattern were indexed and corresponds to the electron
diffractions originated from (311), (222), (400) etc. planes of FCC gold
crystal. The interplaner spacing as calculated (Fig. 1D) was about
0.11 nm corresponding to the lattice plane (222). The High resolution-
TEM micrograph was also shown in the inset of Fig. 1D. The energy
dispersive X-ray spectrum (EDS) curve (Fig. S3) shows the nucleation of
Au NPs without any impurities and the presence of large number of Au
NPs in its colloidal solution used for the experiment.

3.2. UV-Vis absorption spectroscopic study

The cationic dye RhB is a well-known laser dye from the xanthene
family of organic dyes and its molecular structure is shown as the inset of
Fig. 2A. The UV-Vis absorption spectrum of pure RhB solution (con-
centration of 6 pM) as shown in Fig. 2A (curve 3) exhibits a strong ab-
sorption band at around 554 nm which is attributed to the characteristic
n-n* transition of dye monomer units and a very weak band observed at
around 520 nm is assigned to the dimeric states of RhB molecules due to
the n-n* transition [29]. In aqueous solution at low concentration (i.e.
6 pM) RhB dimmers are in equilibrium with the monomers and their
mean numbers should remain constant at a particular concentration
[29]. However, in our work, the concentration of RhB solution was
about 0.1 pM for the detection of L-Cys. So it was presumed that most of
the RhB molecules might exist as monomer units in the studied aqueous
solution because of their very low concentration. RhB/Au NPs mixed
solution (1:1 vol ratio) (Fig. 2A, curve 2) showed that the main char-
acteristic absorption band position (554 nm) of RhB was almost unal-
tered but with decreased intensity along with an increase in absorbance
of dimeric band (520 nm) compared to that of pure RhB. This change in
the absorption spectrum of RhB in presence of Au NPs was possibly due
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to their adsorption on to the nanoparticles surface. More precisely this
aggregation effects were manifested as the close packing of RhB dye
molecules around the Au NPs surface and this eventually induced
enhanced dye-dye intermolecular interaction. Some authors [20-22]
also reported this type of aggregations of other xanthene family dyes on
the Au NPs surface via strong electrostatic interaction. In fact, addition
of Au NPs to the aqueous solution of RhB certainly changed the micro-
environment around the electronic states of the dye molecules and this
might have altered their electric transition dipole-moment. The inter-
action of molecular dipoles of RhB with the plasmonic field produced by
Au NPs eventually affected the excitation energies of the individual dye
molecules resulting decrease in absorbance of dye monomeric band at
554 nm.

The closer association of dye molecules on the Au NPs surface
additionally induced the aggregations of NPs in the mixed sample which
was also observed from TEM analysis (Fig. 2B). It is clearly observed that
different size of dye/Au composite systems were formed in the mixed
ensembles which have been correlated with the observed UV-Vis results.
The DLS measurement shows that the hydrodynamic diameter of the
NPs increases after addition of RhB and the negative charges on the
surface of citrate stabilized Au NPs were reduced as evidenced from
Fig. S4 and Fig. S5 respectively.

3.3. Sensing of L-Cys based on fluorometric assay

In this work we systematically design a highly sensitive sensing
platform for the quantitative as well as selective recognition of L-Cys
using fluorometric assay of RhB/Au NPs in the aqueous medium. The
sensing of L-Cys via fluorometric assay mechanism is schematically
shown in Fig. 3. The fluorescence emission spectra of RhB/Au NPs mixed
aqueous solution (1:1 vol ratio) in absence (curve a) and presence (curve
b) of L-Cys (concentration of 100 pM) was shown in Fig. 4A. It is
observed that RhB/Au NPs mixed aqueous solution had negligibly small
value of emission intensity because of efficient fluorescence resonance
energy transfer (FRET) from excited dye molecules to the Au NPs surface
as well as also the decrease in radiative rate constant of individual RhB
molecules adsorbed on NPs surface. The energy transfer from donor RhB
to acceptor Au NPs is mainly due to FRET process which is clearly

Fluoroscence

Fluoroscence “Turn-on”
“Turn-off” AR ¢
hv %, (No radiation) hv%j ® N's“:ﬁ@y'
4 00 T a4, 19 e
724 0200 e MO dE
() (J (L-Cys)
0o®
Au NP RhB Au NP + RhB Au NP + L-Cys

Fig. 3. Mechanism of detection of L-Cys using fluorometric assay.

Fig. 2. (A) UV-Vis absorption spectra of (1)
aqueous colloidal dispersion of Au NPs (0.1 mM),
(2) mixed aqueous solution of RhB (6 uM) and Au
nanocolloidal solution (0.1 mM), (3) aqueous
solution of pure RhB (6 pM). Inset shows the
molecular structure of RhB dye. (B) TEM micro-
graph of RhB mixed Au NPs showing the aggre-
gation of Au NPs. Inset shows the corresponding
SAED pattern which suggests that the crystal-
linity of the Au NPs was not lost due to the
adsorption RhB molecules onto their surface.
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Fig. 4. (A) Fluorescence emission spectrum from
the assay of RhB/Au NPs in absence (curve a) and
presence (curve b) of L-Cys, (B) Overlapping
between normalized emission spectrum of RhB
(curve 2) and absorption spectrum of Au NPs
(curve 1), (C) UV-Vis absorption spectra of RhB/
Au NPs mixed solution (0.1 mM & 0.1pM in
1:1 vol ratio) in absence (curve a) and presence
(curve b) of L-Cys. Inset shows the UV-Vis ab-
sorption spectrum of RhB (0.1 pM) in presence of
L-Cys (0.1 mM), (D) TEM micrograph of RhB/Au
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perceived from the large overlap between the emission of RhB and
absorbance of Au NPs as shown in Fig. 4B. However, most interestingly
after addition of L-Cys solution to the RhB/Au NPs mixed solution the
fluorescence emission at around 574 nm was found to emerge with much
increased intensity from its quenched state as shown in Fig. 4A (curve b).
This observation clearly suggests that the emission of RhB molecules
which were adsorbed onto the Au NPs surface before addition of L-Cys
was recovered to a great extent and was possibly due to a strong inter-
action between L-Cys and Au NPs through the thiol moiety (-SH) [35].
Due to this strong affinity of thiol to Au NPs, the L-Cys molecules were
strongly bound to NPs resulting the escape of RhB molecules away from
NPs surface. Because the attachment of RhB molecules with Au NPs were
due to electrostatic interaction whereas L-Cys tend to attach with Au NPs
by Au-S bond via chemisorptions which is relatively much stronger. As a
result, the electrostatic charge distribution around the NPs surface was
disrupted causing the release of RhB molecules from Au NPs surface
resulting the decrease of fluorescence quenching via nonradiative en-
ergy transfer. Thus addition of L-Cys eventually restored the fluores-
cence band intensity of RhB at around 574 nm. However, the control
experiment (Fig. S6) (i.e. fluorescence emission of RhB/L-Cys mixed
aqueous solution without Au NPs) reveals a negligible effect of L-Cys on
the emission profile of RhB molecules in the studied aqueous medium as
the unaltered emission band position and no such significant rise and fall
of emission intensity with increase or decrease of L-Cys concentration.
But the slight decrease in emission intensity of RhB after addition of
L-Cys solution of different concentrations might only be due to the
dilution of the RhB concentration in the mixed solution and not due to
any interaction in their ground or excited electronic states.

The aggregation of Au NPs was further evidenced from UV-Vis ab-
sorption spectroscopy as shown in Fig. 4C. It was observed that an
additional SPR band appeared at around 670 nm after addition of L-Cys
[35] and intensity of the main SPR band at around 528 nm was suffi-
ciently reduced compared to that in case of RhB/Au NPs mixed aqueous
solution (Fig. 2A, Curve 2). So the emergence of the new SPR band of
RhB/Au NPs mixture in presence of L-Cys corresponded possible ag-
gregation of Au NPs and have already been reported by A. Mocanu et al.
[36].

In order to support the above results as obtained from fluorometric
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NPs/L-Cys mixed sample. Inset shows the corre-
sponding SAED pattern.

800

assay method, TEM study (Fig. 4D) was also performed for the RhB/Au
NPs/L-Cys mixed solution at the same ambient condition. We already
observed that the dye molecules were adsorbed on the Au NPs surface
resulting some aggregation of Au NPs and the distribution became
inhomogeneous (Fig. 2B). However, from Fig. 4D it is clearly observed
that after addition of L-Cys in RhB/Au NPs mixed aqueous solution, the
distribution of NPs became more homogeneous but the average size of
the particle increased to about 40 nm. This increased size distribution of
Au NPs was basically due to some aggregation of individual NPs in the
relatively higher viscous medium after addition of L-Cys. However, the
crystallinity of Au NPs after addition of L-Cys possibly was not altered as
distinct diffraction rings was observed from SAED images (Inset of
Fig. 4D). DLS study as shown in Fig. S7 further reveals the increase in the
hydrodynamic particle size distribution (~67.84nm) of Au NPs in
presence of RhB and L-Cys compared to pure Au NPs (~53.78 nm). Also
the Zeta potential (ZP) ({) as measured for RhB/Au NPs/L-Cys mixed
solution was found to be —13.0 mV (Fig. S8) which is much lower than
that of pure Au NPs (—30.1 mV) as well as RhB/Au NPs mixture
(—20mV). The reduced ZP of Au NPs in RhB/Au NPs/L-Cys mixture
eventually favored further aggregation of NPs. More precisely the
addition of L-Cys to the RhB/Au NPs mixed aqueous solution might have
displaced the negatively charged citrate around NPs surfaces resulting
the decrease in negative ZP of Au NPs. This in turn also favored the
aggregation of Au NPs in aqueous medium [35].

3.3.1. Sensitivity of the proposed method

In the present work, we have also studied the quantitative detection
of L-Cys via fluorometric assay of RhB/Au NPs assembly in the same
aqueous environment. Fig. 5 demonstrates the fluorescence spectra of
RhB/Au NPs mixed aqueous solution in presence of various L-Cys con-
centrations viz. 0.01 pM, 0.1 pM, 1.0 pM, 10 upM, 100 pM and 1000 pM.
From Fig. 5, we immediately see that the fluorescence emission band of
RhB at 574 nm was recovered and their intensity increased systemically
with increase in L-Cys concentration. Also the increase in fluorescence
recovery efficiency with the concentration of L-Cys was almost linear
(Inset of Fig. 5). The systematic recovery of fluorescence from RhB/Au
NPs mixed solution in presence of L-Cys was highly sensitive with the
change in the concentration of L-Cys. Therefore, this fluorometric assay
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Fig. 5. Fluorescence recovery from assay of RhB/Au NPs in presence of L-Cys of
various concentration viz. 0.01 yM (2), 0.1 pM (3), 1.0pM (4), 10pM (5),
100 pM (6) and 1000 pM (7). The spectrum (1) represents fluorescence emission
of RhB/Au NPs mixed solution. Inset shows the plot of Log[fluorescence re-
covery efficiency] versus Log [L-Cys concentration].

in aqueous medium may be a suitable and efficient sensing platform for
quantitative detection of amino acid L-Cys. The increased number of L-
Cys molecules with increase in their concentration in RhB/Au NPs mixed
solution definitely segregates more number of dye molecules from the
surface of Au NPs and this has been manifested as the systematic linear
increase in the fluorescence emission intensity. In fact, the initial
quenched fluorescence emission of RhB due to Au NPs via FRET process
was gradually decreased as the concentration of L-Cys was increased. A
very good linear relationship between the fluorescence recovery effi-
ciency (at 574 nm) and the concentration of L-Cys can be used to cali-
brate the proposed method of L-Cys detection in the concentration range
of 0.01 yM-0.1 mM as obtained from the inset of Fig. 5. The calibration
equation (eqn. (1)) for this approach can be written as

Log|(F —Fy)/Fy] =Log [C] + constant @
where C is the concentration of L-Cys which was added into RhB/Au NPs
mixed solution during the fluorometric assay experiments.

The linear fitted plot as shown in inset of Fig. 5 is almost passed
through the initial point of the calibration curve and hence the limit of
detection (LOD) may be approximately considered as 0.01 pM. The
sensibility or the LOD of the proposed L-Cys detection method can be
comparable with the results reported in the literature as cited in Table 1.
Furthermore, the present technique utilizes the ratiometric fluorescence

Table 1
Comparison with other reported methods for detection of L-Cys.
Probe Detection principle Range (in LOD References
pM) (uM)
TCEP & CMQT? HPLC-UV 20-300 0.5 [14]
Fluorescein-modified Fluorescence 0.8-4.1 0.1 [15]
gold nanoparticles
Ficin Colorimetry 0.05-14 0.02 [16]
Poly(p-coumaric acid)/  Differential pulse 7.5-1000 1.1 [17]
MWNT/GCE" voltammetry
Cu®" -caclein Fluorimetry 0.3-12 0.04 [18]
TI(ID® Spectrofluorimetry 0.1-5.5 0.1 [19]
Rhodamine B Coated Fluorometric assay 0.01-100 0.01 This work

Au NPs

@ TCEP - tris(2-carboxyethyl)phosphine hydrochloride, CMQT - 2-Chloro-1-
thylquinolinium tetrafluoroborate.

> MWNT/GCE - multi-walled carbon nanotubes modified glassy carbon
electrode.

¢ TI(I1I) - Thallium(IID).
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response of the fluorescent probe (RhB). Hence the effect of any impu-
rity or external perturbation on the fluorescence was automatically
discarded during the calibration of the proposed assay. Also the range of
detection in the present method is comparable to the concentration of L-
Cys present in the blood plasma [37] (near about micromolar), which
suggests that our detection technique will have great potential with the
diagnostic impact for biomedical interest.

3.3.2. Selectivity of the proposed method

In the practical purposes a good biosensor should selectively re-
sponds to a particular biological analyte which is to be sensed at a given
time otherwise the sensing process will be failed to give the desired
output. To evaluate the selectivity of the proposed method towards L-
Cys, the interference of various other twenty amino acids such as L-
Aspartate (L-Asp), L-Histidine (L-His), L-Methionine (L-Met), L-Serine
(L-Ser), L-Tryptofan (L-Try), L-Alanine (L-Ala), L-Arginine (L-Arg), L-
Glycine (L-Gly), L-Isolevcine (L-Iso), L-Proline (L-Pro), L-Threonine (L-
Thr), L-Valine (L-Val), L-Asparagine (L-Aspa), L-Glutamic Acid (L-Glu),
L-Glutamine (L-Glut), L-Phenylalanine (L-Phe), L-Leucine (L-Leu), L-
Tyrosine (L-Tyr) L-Lysine (L-Lys) and L-Homocysteine (L-HomoCys) and
antioxidant glutathione (GSH) were tested via the same fluorometric
assay method in aqueous medium. Apart from these amino acids, the
interactions of other relevant biosamples such as uric acid and ascorbic
acid and some neurotransmitters (K" and Na™) are also examined with
the proposed assay method.

3.3.3. Colorimetric response of the assay

The most interesting observation was that just after addition of equal
amounts of various amino acids including L-Cys separately to the RhB/
Au NPs mixed aqueous solution the color of the final solution became
nearly bluish-black (as shown in Fig. 6) only in case of L-Cys and could
be clearly visualized with the naked eye. The concentrations of aqueous
solutions of all the amino acids, other biosamples and neurotransmitters
were same (0.1 mM) for these colorimetric observations. This was the
initial visual evidence that L-Cys could selectively bind to Au NPs
thereby changing the color of the final solution. It is already evident
from Fig. 4C (Curve b) that the addition of L-Cys to RhB/Au NPs mixed
aqueous solution causes the emergence of the new absorption band of
Au NPs at around 670 nm which implies a very fast and strong inter-
action between L-Cys and Au NPs in presence of probe RhB in the ground
electronic states resulting the change of color of RhB/Au NPs mixed
solution from wine to bluish-black.

Fig. 7 shows the change in fluorescence recovery efficiency as a
function of various amino acids including L-Cys as well as glutathione,
uric acid, ascorbic acid and some neurotransmitters like Na™, K™ etc. and

Fig. 6. Digital photographs of RhB/Au NPs mixed solution before (Control) and
after adding of all twenty amino acids, glutathione, uric acid, ascorbic acid and
neurotransmitters. Images reveal a direct visual evidence for the color change
(from wine to bluish black) only for L-Cys solution in the mixed ensemble. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. Relative fluorescence recovery efficiency of the assay of RhB/Au NPs at
574 nm upon addition of L-Cys and other amino acids, glutathione, uric acid,
ascorbic acid and neurotransmitters.

the corresponding emission spectra are shown in Fig. S9. From this plot
it is clearly observed that the fluorescence recovery efficiency of RhB/Au
NPs system in presence of L-Cys was significantly maximum compared
to the rest of the amino acids although the concentration of all the amino
acids remained same. The all other amino acids showed almost negli-
gible effect on the quenched state of RhB adsorbed onto Au NPs surface
resulting no noticeable change in fluorescence intensity of the dye
molecules. Additionally, there was no significant enhancement of fluo-
rescence recovery efficiency while using the other amino acids of con-
centration of at least 100 times higher than that of pure L-Cys (Figure not
shown). However, only other three essential amino acids namely L-
Histidine, L-Methionine and L-Homocysteine showed slightly greater
fluorescence recovery efficiency but still very less compared to the L-
Cys. The slight difference of the fluorescence recovery efficiency in
presence of L-Histidine and L-Methionine as shown in Fig. 7 might be
due to the electrostatic interaction of —NHJ with the negatively charged
Au NPs and very minimal interaction through the less accessible intra-
bond S-atom resulting a slight decrease in overall fluorescence
quenching via FRET between excited RhB molecules and Au NPs during
photo excitation [38]. It is also relevant to mention here that it was
unlikely for Au NPs to self-assemble with these two amino acids via
covalent combination through S-Au bonds in the same aqueous envi-
ronment as compared to L-Cys [39]. However, for L-Cys, the thiol moiety
(-SH) is the head group and more exposed to aqueous environment
causing greater extent of interaction with Au NPs. Although L-Homo-
cysteine is a homologue of the amino acid L-Cys but differing with
additional methylene bridge, it still shows almost 1/3 less fluorescence
recovery efficiency compared to L-Cys while considering same molar
concentrations for both the amino acids during the assay experiments.
Additionally, the concentration of L-Homocysteine used was 0.1 mM
which is much higher compared to its presence in real blood plasma. So
it is excepted that in real biosample it would leave negligible effect in the
detection of L-Cys by the proposed method.

In this work it is therefore highly important to study the relative
fluorescence recovery efficiency of RhB/Au NPs system when exposed to
L-Cys in presence of other interfering essential and non-essential amino
acids. This is because of the fact that the physiological plasma medium
contains other amino acids as well along with L-Cys. So, the fluorescence
recovery efficiency study of RhB/Au NPs mixed aqueous solution was
carried out in presence of L-Cys mixed with other amino acids (0.1 mM)
and is shown in Fig. 8. The corresponding emission spectra are also
shown in Fig. S10. Interestingly it has been observed that the fluores-
cence recovery efficiency from RhB/Au NPs mixed solution in presence
of L-Cys mixed with various other amino acids was nearly equal or close
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Fig. 8. The plot of relative fluorescence recovery efficiency (at 574 nm) from
the assay of RhB/Au NPs when exposed to the aqueous solution of L-Cys
(0.1 mM) mixed with other amino acids (0.1 mM), glutathione (0.1 mM), uric
acid (0.1 mM), ascorbic acid (0.1 mM) and neurotransmitters (0.1 mM).
Figure also represents the relative fluorescence recovery efficiency of the assay
when added separately with other amino acids (0.1 mM), glutathione (0.1 mM),
uric acid (0.1 mM), ascorbic acid (0.1 mM) and neurotransmitters (0.1 mM).

to that obtained with pure L-Cys only. These results suggest that in the
presence of L-Cys, approximately 20-fold enhancement of the fluores-
cence recovery efficiency was obtained when compared to that in
presence of other amino acids without L-Cys in the mixture. From this
study it can also be concluded that the presence of more freely assessable
-S atoms in L-Cys compared to that in case of all other amino acids, L-Cys
binds to Au NPs surface via S—~Au bonding competitively and selectively
in faster way resulting the displacement of RhB molecules from Au NPs
surface. Consequently, the fluorescence quenching due to FRET between
RhB and Au NPs was reduced. This is why fluorescence intensity became
much higher when L-Cys was present with other amino acids in aqueous
medium. Therefore, the proposed technique may be an efficient sensing
platform for highly selective determination of amino acid L-Cys in
aqueous medium.

3.3.4. Real bio-sample analysis by using the fluorometric assay

The proposed fluorescence based sensing mechanism for detection of
L-Cys is also tested with real biosample in the present work. The L-Cys
may present in both human blood plasma and urine. In our experiments
we have used normal urine sample which was provided by our labora-
tory volunteer research student (male) having no renal complications.
These experiments were performed with extra precaution to avoid any
type of contamination or direct human contact with the urine sample. It
is already known that [40] the excess amount of free L-Cys in urine
causes the disease Cystinuria which leads to the formation of L-Cys
stones in the renal system. The same assay condition was maintained
while doing the real sample analysis. The fluorescence recovery effi-
ciencies were measured from the RhB/Au NPs system in presence of pure
human urine, L-Cys and other amino acid mixed urine and are shown in
Fig. 9. The corresponding fluorescence emission spectra are shown in
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Fig. S11. From Fig. 9 it is observed that, the assay experiment with just
pure urine sample shows nearly 35% fluorescence recovery whereas
addition of L-Cys (0.1 mM, 200 pL) to the urine shows enhancement of
fluorescence recovery efficiency up to 62%. The normal level of L-Cys in
human urine is about 0.13 mmol/day [41] and any excess amount of
L-Cys in the urine is therefore manifested as several health issues.
Therefore, the initial fluorescence recovery with pure urine sample is
basically due to usual presence of L-Cys in the urine. However, the in-
crease of fluorescence recovery efficiency after addition L-Cys in the
urine is a confirmation of selective detection of L-Cys because presence
of all other amino acid did not show any significant rise in fluorescence
recovery efficiency as observed from Fig. 9. Thus the present mechanism
may be a suitable method for the determination of L-Cys in the human
urine sample in order to diagnose the disease Cystinuria.

3.4. Time resolved fluorescence emission spectroscopic study

The time resolved fluorescence emission spectroscopy is a useful and
powerful method to know the excited state life time of fluorophore and
the nature of quenching whether it is dynamic or static. In this study, the
time resolved fluorescence emission of RhB aqueous solution (0.1 pM)
was measured by using Time correlated single photon counting (TCSPC)
method in absence and presence of Au NPs and L-Cys respectively using
an excitation laser source of wavelength of 510 nm and the corre-
sponding fluorescence emission was monitored at 574 nm. The fluores-
cence decay plots as obtained were fitted by two exponential functions
according to eqn. (2) and are shown in Fig. 10. The average lifetimes of
the samples were calculated according to eqn. (3) [23] and are sum-
marized in Table 2.

1) =oe 7 4 ape Ve @
T2
T = %Z: ©)

where oy, oy are the normalized pre-exponential factors of the molecules
with lifetime t; and 75 respectively. T,y is the average fluorescence life
time. The average fluorescence life time of pure RhB was calculated as
1.384 ns [29] but it was decreased to 1.225 ns after the addition of Au
NPs (0.1 mM). This decrease in fluorescence lifetime might be related to
the reduced excited state energy of RhB molecules due to their adsorp-
tion onto Au NPs surface in solution as well as the non-radiative energy
transfer from RhB to Au NPs and some extent of dye aggregation. The
relationship between the intensity of fluorescence emission and the life
time of fluorophore may be given as in eqn. (4) [36].
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Fig. 9. Real biosample analysis by using the fluorometric assay with pure
human urine and amino acids.
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That is the observed lifetime Tops is the inverse of the observed decay
rates, radiative decay rate K, non-radiative decay rate K, and the rate of
energy transfer Ke.. For a particular organic dye in specific environment,
both the radiative and non-radiative decay rates are normally consid-
ered as constant. From the steady state measurement, it was already
observed that the decrease in radiative rate of RhB upon adsorption on
to Au NPs was only 20% to the overall fluorescence quenching. Thus the
rate of energy transfer K¢ is the major contributor to the decreased
fluorescence lifetime of the fluorophore in presence of Au NPs which
played the dominant role in fluorescence quenching. However, the most
interesting observation was that when L-Cys solution was added to the
RhB/Au NPs mixed solution the average fluorescence lifetime of RhB
molecules was again enhanced significantly to 1.342 ns which is almost
close to that of pure dye molecules. More precisely the reversal of the
fluorescence lifetime of RhB after addition of L-Cys is basically attrib-
uted to the availability of free RhB molecules in the surrounding
aqueous medium of Au NPs/L-Cys conjugated systems. Therefore, this
result also supports the fluorescence recovery of RhB molecules from
their quenched state in the surface of Au NPs when exposed to L-Cys
solution. The very small difference in the average lifetime in this case as
compared to that of pure RhB may be due to the different microenvi-
ronment of the surrounding medium of dye molecules after addition of
L-Cys because the dielectric properties of the medium might have
changed [42]. This may slightly affect the decay path of the excited RhB
molecules.

4. Conclusion

We have successfully developed a sensing platform for selective and
quantitative detection of important bio-thiol namely L-Cys via fluoro-
metric assay of RhB and Au NPs in aqueous medium as well as in real
biosample (human urine). The LOD for L-Cys was found to be 0.01 pM in
our experimental range of concentration. The initial fluorescence
quenching of RhB in presence of Au NPs without L-Cys in the mixture
was possibly dominated by FRET mechanism which depends upon the
relative distance between dye and nanoparticles. As the decrease in the
radiative rate of RhB/Au NPs complex systems contributed only 20% of
the overall fluorescence quenching, which also suggests that the excited
state energy transfer was dominant factor for the drastic fluorescence
quenching. The selective fluorescence response of RhB/Au NPs complex
molecular assemblies in presence of L-Cys in the mixture was also
accompanied with a color change from wine to bluish-black which was
not observed for all other amino acids including other thiol containing
compounds, namely L-Methionine, L-Homocysteine, glutathione in the
same aqueous environment. Additionally, the other relevant biosamples
such as uric acid, ascorbic acid, neurotransmitters have shown negli-
gible interference over the selective determination of L-Cys. However,
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Table 2

Materials Chemistry and Physics 234 (2019) 158-167

Fluorescence life time parameters as obtained from the fitted data of pure RhB and RhB/Au NPs mixed solution in absence and presence of L-Cys. Corresponding

fluorescence emission was monitored at 574 nm.

Sample name Number of Exponential Aex(nm) 71(ns) a; 72(ns) ay Tav(DS) x?

RhB 2 510 0.066 0.375 1.522 0.156 1.384 1.276
RhB/Au NPs 2 510 0.037 1.311 1.517 0.129 1.225 1.156
RhB/Au NPs/L-Cys 2 510 0.048 0.788 1.577 0.132 1.342 1.279

Aex = Excitation wavelength.

the assay with real biosample shows about 35% fluorescence recovery
occurred from the mixture. This is basically due to the usual presence of
L-Cys in normal urine. In aqueous solution the thiol moiety in L-Cys
formed strong bonding with the citrate caped Au NPs and might have
displaced RhB molecules from the surface of Au resulting the aggrega-
tion of individual NPs as confirmed by UV-Vis absorption spectroscopy.
The TEM study confirmed that our synthesized Au NPs was nearly
spherical with average diameter of 27.5nm. DLS and Zeta potential
studies revealed the homogeneity of Au NPs distribution in aqueous
solution and did not aggregate prior to their use in the experiments.
Fluorescence lifetime of RhB adsorbed onto Au NPs surface was reduced
compared to that of pure RhB in aqueous solution as confirmed by
TCSPC study. Addition of L-Cys in the mixture restored the fluorescence
lifetime of pure RhB resulting the decrease of fluorescence quenching
via FRET. Therefore, the present study may be proposed as an efficient
sensing platform for selective and highly sensitive detection of L-Cys via
fluorometric assay mechanism using Au NPs and RhB.
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The higher fluorescence recovery for the interaction of p-Cys with

the Au NPs/RhB mixed system is accompanied by a distinct color change (red-wine to bluish-black) of the assay medium after the
reaction compared to that of all other interfering compounds considered in this work. The sensitivity of this fluorometric response
lies in a broad linear range of concentrations of p-Cys and the limit of detection (LOD) is found to be 4.2 nM, which is low
compared to many other methods available in the literature. The different degrees of interaction of p-Cys and L-Cys with the Au
NPs/RhB mixed sample have been further explored by circular dichroism (CD) spectroscopy and Fourier transform infrared (FTIR)
spectroscopy. The selective interaction of p-Cys with the proposed Au NPs/RhB mixed system is also found to be correlated with
interparticle cross-linking and aggregations of nanoparticles by the analysis of { potential and dynamic light scattering (DLS) study,
transmission electron microscopy (TEM), atomic force microscopy (AFM), UV—vis absorption spectroscopy etc. The proposed
interaction mechanism is further studied with a normal human urine sample to elucidate that the optimized combination of Au NPs
and RhB may be realized as an efficient platform for detection of the amino acid p-Cys in a real biosample via a simple fluorometric

approach.

1. INTRODUCTION

The fundamental part of antibodies, signaling molecules,
enzymes, hormones, receptors, and protein structures present
in all living organisms is amino acids. They also act as
biochemical rulers in the neurotransmission.”” All of the
amino acids present in the nature exist mainly in two forms:
dextrorotatory (p) and levorotatory (L) enantiomers. On the
basis of the protein-creating efficiency, there are in total 20
amino acids that have been reported. Previously, it was
presumed that only L-amino acids were necessary in mammals,
including humans, in the formation of components for proteins
and peptides. However, various sensitive and selective
analytical approaches developed for detecting chiral amino
acids™ suggested that diverse p-amino acids are also present in
mammalian tissues. Different studies have been performed to
explore the physiological functions of p-amino acids. The
physiological and the biochemical activities of different D-

© 2022 The Authors. Published by
American Chemical Society
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amino acids such as p-cysteine (p-Cys), D-aspartate (D-Asp), D-
alanine (p-Alan), p-serine (D-Ser) etc. in our nerve cells, skin,
arterial walls, bones, other tissues, and body fluids, including
amniotic fluid, urine, blood plasma, cerebrospinal fluid (CSF),
saliva etc., have been systematically studied by various
researchers in the last several years.”®

The semi-essential, proteinogenic amino acid cysteine
(C3H,NO,S) (abbreviated as Cys) contains thiol (—SH),

amine (—NH,), and carboxylic (—COOH) functional groups.
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The —SH moiety mainly takes part in the nucleophilic
enzymatic reactions.” Also, the —SH group plays an important
structural role in the formation of many proteins by creating
the disulfide derivative of Cys.® p-Cys creates hydrogen sulfide
(H,S) and decreases the disulfide bonds present in the
receptors.” This may act synergistically and increase the
responsiveness of neurotransmitters specifically to a particular
activity. The deviant activity of receptors causes diseases in the
central nervous system (CNS) such as amyotrophic lateral
sclerosis, Alzheimer’s disease, schizophrenia etc.”' In the
endocrine gland, H,S prevents discharge of insulin due to
glucose generation by the pernicious 8 cells.'" Tong et al.
showed that the biofilm formation of Streptococcus mutans and
Streptococcus sanguinis on the surface of teeth could be
controlled by free p-Cys."

In recent times, the study of the interactions of various
proteins and amino acids with nanoparticles (NPs) has
attracted great attention in the field of nano-biotechnology."
Among the various amino acids, b-Cys is also responsible for
the growth of various diseases and disorders in the human
body. Thus, the selective and quantitative recognition of p-Cys
is very important for the diagnosis and treatments of various
diseases. D-Cys can interact and be functionalized with several
interesting metal nanoparticles (NPs)'”'* because NPs possess
significant adsorption capabilities due to their large surface area
to volume ratio."” Sometimes this type of biomolecules can
bind with such NPs via selective covalent interactions.'®
Among the various metal-based NPs,'"”'® noble metal NPs
such as gold nanoparticles (Au NPs) show significant
prospects regarding their potential in various fields of
biomedical applications such as drug delivery,'” biomolecular
sensing”’~*” etc. The high extinction coefficient of Au NPs in
the visible region renders them as an efficient platform for
signalin§ molecular recognition processes through their color
change.” The small sizes of these metal NPs with a large
surface curvature facilitate their binding with various organic
dyes, proteins'®' etc. The degree of structural perturbation of
the protein molecules due to their interaction with NPs varies
for different protein species.”® As the amino acids are the basic
structural units of protein molecules, the study of the
interaction of amino acids with Au NPs via a simple
spectrofluorometric technique is of particular importance.
The —SH-containing amino acid p-Cys is recognized as an
important regulator of neurotransmitters and the overall neural
cell dynamics in our physiological system. Therefore, a
comparative study of the interaction of various forms of Cys
and their chiral discrimination while interacting with Au NPs is
important for both fundamental and biomedical interests.

In the present study, we have addressed the interaction or
reactivities of D-Cys and L-Cys as well as all other relevant
amino acids, neurotransmitters etc. with citrate caped Au NPs
in the presence of a fluorescent probe, namely rhodamine B
(RhB), in aqueous medium. RhB is a cationic organic dye with
a high fluorescence quantum yield and has been used as an
interesting signaling agent for various biomolecular recognition
events.”"*> The fluorescence emission of the RhB dye is almost
fully quenched by the colloidal solution of Au NPs and the
mechanism of the quenching has been described in detail in
this work. The fully quenched fluorescence emission of this dye
due to Au NPs in the aqueous solution is recovered via
selective interaction with the amino acid p-Cys through SH—
Au bond formation and aggregation of Au NPs. This
interaction is also reflected as a distinct color change of the

assay medium from red-wine to bluish-black, which is different
from the interaction with L-Cys or any other interfering
compounds studied in this work. The ratio-metric determi-
nation of the fluorescence recovery efficiency”®”’ in the
presence of various analytes in the assay medium automatically
eliminates the perturbation from any external influences during
the assay. However, there are few recent reports on the
detection of D-Cys based on various methods such as SRM-
chromatography, colorimetric, ultra-high-performance liquid
chromatography (UHPLC)-URMS-chromatography, electro-
kinetic chromatography etc.”* "> However, the proposed
fluorometric method, which is free from any direct leveling,
offers great advantages for the detection of p-Cys, especially up
to the nanomolar level. The aggregations of the Au NPs/RhB
system in the presence of both the —SH-containing amino
acids, p- and L-Cys, have been visualized by transmission
electron microscopy (TEM) and atomic force microscopic
(AFM) studies and are correlated with the observed Fourier
transform infrared (FTIR), UV—vis absorption, and steady-
state fluorescence spectroscopic results. The different extents
of interaction of p-Cys and L-Cys with the proposed Au NPs/
RhB mixed system in aqueous medium are also distinguished
by the chiral properties using the circular dichroism (CD)
spectroscopic technique. Au NPs and the RhB-based
fluorescence turn-on sensing platform are also tested with
normal human (male) urine as a real biosample to realize the
same selective response of the D-Cys present in urine.

2. EXPERIMENTAL SECTION

2.1. Materials. All of the chemicals used in this work were
of analytical grade and were used as obtained without further
purification. Gold(III) chloride acid trihydrate (HAuCl,:
3H,0, MW: 393.83 g mol™), RhB (C,H;,CIN,0;, MW:
479.02 g mol™"), p-Cys (C;H,NO,S, MW: 121.15 g mol™"),
and other p- and L-amino acids, ascorbic acid (AA) (C¢HgO,
MW: 176.12 g mol™), uric acid (UA) (CsH,N,O;, MW:
168.11 g mol ™), glutathione (GSH) (C;oH;;N;0.S, MW:
307.33 g mol "), and homocysteine (C,H,NO,S, MW: 138.18
g mol™) (Hcys), were purchased from Sigma-Aldrich
Chemical Company. Trisodium citrate (Na;CcH;O, MW:
258.06 g mol™'), sodium chloride (NaCl, MW: 58.44 g mol™"),
and potassium chloride (KCl, MW: 74.5513 g mol™') were
purchased from Merck Chemical Company, Germany. All of
the glasswares were cleaned with freshly prepared aqua regia
(mixture of HCl and HNO; in 3:1 ratio) followed by
subsequent rinsing with triple distilled deionized Milli-Q
water (resistivity 18.2 MQ cm, pH ~ 7 at 25 °C, collected
from Synergy integrated with an Elix Advantage setup; make:
Millipore SAS, France) and then were autoclaved for 24 h
before use. Aqueous solutions of the samples were also
prepared with the same triple distilled deionized Milli-Q water.

2.2. Synthesis of Au NPs. The well-documented Frens’
soft chemical reduction method has been used to obtain
monodispersed gold nanocolloids with the desired particle size
distribution.”"*> In brief, an aliquot of a 50 mL aqueous
solution of HAuCl,-3H,0 (0.25 M) was heated to boil and 1.2
mL of Na;CeH;O, (1%) was added into the solution under
vigorous stirring for the formation of gold nanocolloids. In
about 100 s, the boiling solution turned faintly blue. After 120
s, the blue color changed to deep red, which indicates the
formation of the spherical Au NPs. The synthesized nano-
colloidal solution was set aside to cool down to room
temperature and stored at 4 °C for future use. The final
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Figure 1. (a) UV—vis absorption spectrum of Au NPs’ colloidal dispersion (0.1 mM) and (b) TEM micrograph of the as-synthesized Au NPs. The
insets of (a) and (b) show the digital micrographs of the vial containing as-synthesized Au NPs’ dispersion and lognormal fitting of the NPs’ size

distribution curve, respectively.

concentration of the aqueous gold nanocolloidal solution was
0.1 mM at pH ~ 7 in ambient temperature.

2.3. Characterization Techniques. High-resolution
transmission electron microscopy (HRTEM) measurements,
energy-dispersive spectroscopy (EDS) images, and selected
area electron diffraction (SAED) patterns of the Au NPs were
collected using a field emission transmission electron micro-
scope (JEM-2010 TEM, JEOL Ltd, Japan) operated at an
accelerating voltage of 200 kV. For the HRTEM study, the
sample solutions were incubated for 15 min and then a small
drop from each solution was spread onto the carbon-coated
copper microgrid (PELCO 300 Mesh Grids, Ted Pella Inc.)
and subsequently dried at room temperature (25 °C). The
hydrodynamic nanoparticle size and the effective surface ¢
potential of the as-synthesized Au NPs were obtained by a
Zetasizer (Zetasizer Nano ZS, Malvern Instruments Ltd., U.K.)
via the dynamic light scattering (DLS) method at ambient
condition. The UV—vis absorption spectra of the samples were
obtained in the wavelength range of 200—800 nm by a double-
beam UV-—vis absorption spectrophotometer (UV-1800,
Shimadzu, Japan) after proper baseline correction for the
solvent background. The steady-state fluorescence emission
spectra of the sample solutions were recorded using a
spectrofluorometer (Fluoromax-4C, Horiba Instruments In-
corporated, USA) under the following conditions: excitation
and emission monochromator slit widths of 2 nm each,
excitation wavelength of 530 nm, emission wavelength range of
540—700 nm, and experimental temperature of 25 °C.
Fluorescence-grade quartz cuvettes (path length 1.0 cm,
Kozima, Japan) were used in all of the absorption and
fluorescence emission measurements. CD spectroscopic
measurements were carried out using a JASCO J-815 CD
spectrometer (JASCO International Co., Ltd., Japan). The
surface morphology and roughness measurement of the
samples were performed using a commercially available atomic
force microscope (AFM) (NaioAFM, Nanosurf, Germany) in
tapping mode in a humidity-controlled environment. For AFM
analysis, the freshly prepared Au NPs aqueous colloidal
dispersion and a mixture of Au NPs/RhB in the presence of
D-Cys and 1-Cys, respectively, were deposited onto smooth
glass substrates. FTIR spectra of the samples were recorded
using a FTIR spectrometer (model: Spectrum Two, make:
Perkin Elmer Inc.) in attenuated total reflection (ATR) mode
at ambient temperature. The pH of the aqueous solutions was
measured using a digital pH meter (FiveEasy Plus, Mettler
Toledo, Germany).

2.4. Sample Preparation for the Spectrofluorometric
Measurements. The Au NPs/RhB mixed solution was
prepared by adding 2 mL of freshly prepared Au NPs of
concentration 0.1 mM into 2 mL of freshly prepared RhB of
concentration 0.1 yM at ambient condition. Thus, the final
concentrations of the Au NPs and RhB in the total 4 mL mixed
solution were 0.0S mM and 0.0S uM, respectively. The pH of
the RhB aqueous solution was 7.0 and remained approximately
constant through the whole analysis. Then, a freshly prepared
200 pL aqueous solution of each concentration of p-Cys
(concentration range from 1000 yM to 1 nM) was added to
the Au NPs/RhB mixed ensemble separately and incubated for
3 min at room temperature (25 °C). Also, the p-Cys aqueous
solution was prepared by using ultrapure triple distilled Milli-Q_
water at pH 7.0. The final concentrations of D-Cys in all of the
Au NPs/RhB/p-Cys mixed solutions were in the range 0.0476
nM to 47.6 puM. After the incubation period of 3 min,
colorimetric images, the UV—vis absorption, and steady-state
fluorescence emission spectra of the Au NPs/RhB/p-Cys
complex were recorded immediately. Also, aqueous solutions
(fixed concentration of 0.1 mM) of other relevant p- and L-
amino acids such as D-arginine (p-Arg), L-arginine (L-Arg), D-
histidine (p-His), L-histidine (L-His), p-methionine (p-Met), L-
methionine (1-Met), p-proline (p-Pro), L-proline (1-Pro), p-
tryptophan (p-Trp), L-tryptophan (1-Trp), p-tyosine (p-Tyr),
L-tyosine (L-Tyr), L-cysteine (L-Cys), and other —SH-
containing compounds like glutathione (GSH) and homo-
cysteine (Hcys) as well as some different biomolecules such as
ascorbic acid (AA), uric acid (UA), and neurotransmitters
(Na* and K*) were prepared in the same ambient condition. A
200 uL aqueous solution of each compound was added
separately to the Au NPs/RhB mixed solution and incubated
for S min at ambient condition prior to the spectrofluorometric
measurements. The 5 min incubation time used for other
analytes except D-Cys was just to confirm whether these other
compounds have any effect on the proposed interaction even
after a longer time of incubation compared to that of p-Cys.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Au NPs. The UV-—vis
absorption spectroscopic data were recorded to explore the
optical absorption properties of the as-synthesized citrate-
stabilized colloidal aqueous dispersion of Au NPs and are
shown in Figure la. The figure shows a distinct absorption
band with its maximum at around 528 nm due to the strong
characteristic surface plasmon resonance (SPR) of the Au NPs.
Also, there are two weak humps observed at 251 and 356 nm,

https://doi.org/10.1021/acsomega.2c02725
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Figure 2. UV—vis absorption spectra of (a) pure RhB aqueous solution (0.1 uM) (curve 1), Au NPs/RhB mixed solution (the concentrations of
Au NPs and RhB are 0.0S mM and 0.05 #M in the mixed solution, respectively) (curve 2) and (b) mixed solution of Au NPs and p-Cys (the
concentrations of Au NPs and p-Cys are 0.09 mM and 6.25 uM in the mixed solution, respectively) recorded at different intervals of time. The
insets of (a) and (b) show the molecular structure of RhB and p-Cys, respectively.
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Figure 3. (a) Ratio of the absorbance at 670—528 nm of Au NPs after addition of p-Cys (curve 1) and pure water (200 uL) (curve 2). (b) TEM
micrograph of as-synthesized Au NPs after incubation with p-Cys for 1S min at room temperature.

which are mainly attributed to the intraband electronic 3.2. UV-Vis Absorption Spectroscopic Study. The
transitions of gold.”* The sharp and well-resolved SPR UV—vis absorption spectroscopic measurements were carried
maximum band is originated basically due to both the out by adding p-Cys and other p- and r-amino acids,
longitudinal and transverse SPR equivalently, which is an neurotransmitters, AA, UA, including other —SH-containing
indication of the formation of spherical Au NPs.* compounds such as Met, HCys, GSH etc,, to the mixed

The average hydrodynamic diameter of the colloidal Au NPs solution of Au NPs and RhB (aqueous mixture of Au NPs (0.1
as obtained from the DLS study was about 48.04 nm (as mM) and RhB (0.1 M) in 1:1 volume ratio). Figure 2a shows
shown in Figure Sla in the Supporting Information). The the UV—vis absorption spectra of pure RhB (0.1 yM) (curve
surface { potential of the Au NPs was found to be —30.1 mV 1) along with the mixture of RhB and Au NPs in aqueous

(as shown in Figure S1b in the Supporting Information). The solution (curve 2). The concentrations of Au NPs and RhB in
high negative { potential reveals the homogeneity and stability the mixed solution were 0.05 mM and 0.05 M, respectively.
of the NPs in the aqueous colloidal dispersion. On the other The inset of Figure 2a shows the molecular structure of the
hand, the TEM micrograph as shown in Figure 1b gives the laser dye RhB. The UV—vis absorption spectrum of pure RhB
visual evidence that Au NPs were monodispersed with nearly exhibits a strong absorption band at around 554 nm, which is
spherical shape and the average particle diameter was ~27.5 attributed to the 7—z* transition of the dye monomer unit,
nm, as is evidenced from the lognormal fitting of the particles’ and a weak hump is observed at around 520 nm, which is
size distribution curve (the inset of Figure 1b obtained from originated from the n—7z* transition due to the presence of
Figure S2a in the Supporting Information). The good dimeric units.”* The UV—vis absorption results of the mixed
crystalline nature of the Au NPs was shown by the SAED solution further reveal that the monomeric absorption peak of
pattern (as shown in Figure S2b in the Supporting RhB remains unaltered but with decreased intensity, whereas
Information). The rings as shown in SAED were indexed as the dimeric band intensity (520 nm) increases. This variation
(311), (222), and (400) and correspond to the electron of the absorption intensity may possibly be due to the closure
diffractions originated from the planes of the face-centered association of the RhB molecules adsorbed onto the NPs’
cubic (FCC) gold crystal.*® The interplanar spacing of the as- surface. As RhB is a cationic dye and citrate caped Au NPs
synthesized FCC Au NPs was 0.11 nm for the (222) plane as have a large negative surface { potential, the strong
calculated from the HRTEM micrograph (as shown in Figure electrostatic interaction between Au NPs and RhB is mainly
S2c in the Supporting Information). The EDS spectrum (as responsible for the adsorption of the dye molecules on the
shown in Figure S2d in the Supporting Information) reveals NPs’ surface, resulting in the change in the absorption behavior
that the nucleation of Au NPs occurred without any impurities of the dye molecules in their aqueous mixed solution. The
and confirms the presence of a large number of NPs in its number of dye molecules (Ny,) linked with each Au NP is
aqueous colloidal dispersion. determined using the relation®” (eq 1)
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N, = "au to mention that the electrostatic interaction between the dye
dye {[Au NPs]/[RhB]} (1) molecules and the negatively charged citrate layer on the Au

where n,, is the number of gold atoms in each NP. The
number of gold atoms per NP (n,,) is calculated by using the
expression’ ® ny, = (7/6)(59 nm~)(d,,)3, where d,, is the
mean diameter of the Au NPs. Thus, in this case, an Au NP of
average diameter 27.5 nm is composed of 642 138 gold atoms.
In the mixed solution of Au NPs (0.1 mM) and RhB (0.1 uM),
642 dye molecules are adsorbed on each Au NP surface.

On the other hand, the UV—vis absorption spectrum of RhB
in the presence of p-Cys as shown in Figure S3a in the
Supporting Information reveals that there is no appreciable
effect of D-Cys on the absorption behavior of RhB in the mixed
solution of RhB and p-Cys. The concentration of RhB was kept
fixed for all of these mixed solutions, which were prepared
using RhB and the Au NPs solution in 1:1 volume ratio. The
UV—vis absorption spectra of the Au NPs (concentration of
0.1 mM) recorded at different intervals of time after addition
of the aqueous solution of p-Cys (concentration of 0.1 mM)
are shown in Figure 2b. The respective concentrations of Au
NPs and p-Cys in the mixed solution were 0.09 mM and 6.25
uM. The inset of Figure 2b shows the molecular structure of -
Cys. The additional band of Au NPs observed at around 670
nm is originated due to the strong interaction of p-Cys with
the citrate caped Au NPs in the mixed aqueous solution. The
absorbance of the main SPR band at around 528 nm gradually
decreases and the new band at 670 nm systematically increases
with the incubation time for the mixed solution. The
absorbance ratio (Ag7/Asys) of the Au NPs colloidal
dispersion, as shown in Figure 3a, increases with the
incubation time in the presence of p-Cys. This is possibly
due to the strong cooperative metal ion-ligand interactions.”’
Because of this interaction, the citrate layer on the nano-
particles’ surface may be displaced and the interparticle
separations of the NPs are possibly reduced due to the
subsequent cross-linking through the amino groups of p-Cys.
As a consequence, the increased dipole—dipole interactions
and the coupling between neighboring plasmons eventually
induced the formation of aggregates or clusters’”*’ of Au NPs.
This aggregation is manifested as the emergence of the
additional band at around 670 nm in the UV—vis absorption
spectra.*"** In order to have direct visual evidence for the
formation of aggregates or clusters of NPs, TEM analysis was
also performed. Figure 3b shows the TEM image of the Au
NPs/RhB/p-Cys mixed sample and clearly shows very dense
and aggregated domains of the NPs when compared to the
TEM image of pure Au NPs as shown in Figure 1b. This
aggregation eventually induces enhanced dye—dye intermo-
lecular interaction in the mixed solution of Au NPs and RhB.
As a result, the RhB molecules might have altered electric
transi&ion dipole moments in the microenvironment of Au
NPs.™

3.3. Interaction of p-Cys with the Au NPs/RhB Mixed
Solution. To understand the interaction of p-Cys with the Au
NPs/RhB mixed ensemble in aqueous medium and the related
photophysical properties, steady-state fluorescence emission
measurements were performed. It is observed from Figure S3c
in the Supporting Information that the steady-state fluo-
rescence emission intensity of the peak at around 574 nm of
RhB in the Au NPs/RhB mixed aqueous solution (1:1 volume
ratio) is almost quenched for an Au NP concentration of 0.05
mM in the mixed solution at ambient condition. It is important

NPs or any formation of H bonds does not change the
electronic transition dipole moment of the xanthene moiety of
the RhB molecules™ as there is no shift of the emission band
(574 nm) of dye molecules after photoexcitation of the Au
NPs/RhB mixed ensemble in the absence or presence of p-
Cys. Therefore, the effect of direct molecule on nanoparticle
interaction may be excluded from the initial fluorescence
quenching of RhB molecules in the presence of Au NPs.
Additionally, the possibility of dynamic collisional quenching
of fluorescence may be less due to the existence of a strong
electrostatic interaction between the RhB molecules and
negatively charged citrate caped Au NPs in the studied
aqueous medium. Interestingly, there is a sufficient spectral
overlap between the absorption spectrum of Au NPs and
fluorescence emission spectrum of RhB as shown in Figure S3b
in the Supporting Information. So, the observed quenching of
fluorescence emission (574 nm band) of RhB in the Au NPs/
RhB mixed solution is mostly due to the efficient nonradiative
energy migration through the resonance energy transfer (RET)
process (as shown in Figure S3b,c in the Supporting
Information) using the dipole—dipole resonance interaction
between the excited RhB dye (donor) molecules and Au NP
surface (acceptor), as well as the decrease in the radiative rate
constant of individual RhB molecules when they are adsorbed
onto the NPs’ surface.””*’ This resonance energy transfer
process is a distance-dependent phenomenon and therefore the
concentration of the Au NPs (acceptor) plays a significant role
in controlling the relative distance between the donor and
acceptor sites in the mixed solution. The RET efficiency (E) is
calculated using the expression”™* (eq 2)

F
E=1-—
K (2)

where F; and F are the fluorescence emission intensity of RhB
in the absence and presence of Au NPs, respectively. The value
of energy transfer efficiency (E) is estimated as 0.9989,
considering the fluorescence spectrum of Au NPs/RhB with
concentrations of RhB and Au NPs as 0.05 yM and 0.05 mM
in the mixed solution, respectively. The value of the binding
constant (Kj,) to a binding site and the number of binding sites
(n) per RhB molecule in the Au NPs/RhB mixed aqueous
solution are determined from the fluorescence quenching data
of RhB in the presence of Au NPs by using the following eq 3*°

Log{—E’ ; F)} = Log K}, + n Log[Q]
(3)

where [Q] is the corresponding quencher (Au NPs)
concentration. The values of K, and n are calculated from
the intercept and slope of the plot as shown in Figure S3¢,d in
the Supporting Information and are found to be 2.202 X 10°
M~ and 0.376, respectively. The change in Gibbs free energy
(AG) for the interaction between RhB and Au NPs at room
temperature (25 °C) is obtained using the Gibbs—Helmholtz
relation’ AG = —RTInK,, where R is the universal gas
constant and T is the temperature. The calculated value of AG
is —19.07 kJ mol™". The negative AG value indicates that the
interaction between RhB and Au NPs is spontaneous. Also, the
quenching of the fluorescence emission of RhB by Au NPs is
further described by the well-known Stern—Volmer equation

(eq 4)47
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Table 1. Binding Constant (K,), Binding Sites (), Gibbs Free Energy (AG), Stern—Volmer Constant (Kgy), and Quenching
Rate Constant (Kq) for the Au NPs/RhB Mixed Aqueous Solution”

——D-Cys (4.76 yM)
—— D-Cys (47.6 yM)

K, (M) n R? AG (kJ mol™") Kgy (M7Y) R? K, (M™'s™h)
2202 x 10° 0.376 0.9924 —19.07 8.174 x 10° 0.9924 5.906 x 10"
“R? is the corresponding correlation coefficient.
120.0k 24
5 = () (b)
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Figure 4. (a) Recovery of fluorescence emission from the Au NPs/RhB mixed solution when added with p-Cys of various concentrations (0.0476
nM to 46.7 uM in the mixed solution). The concentrations of Au NPs and RhB in their mixed solution used here are 0.05 mM and 0.05 uM,
respectively. (b) Linear dynamic plot of the fluorescence recovery efficiency of the Au NPs/RhB mixed solution for various concentrations of -
Cys. The inset of (a) shows the digital micrographs of the vial containing the Au NPs/RhB mixed solution before (control) and after incubation for

3 min with p-Cys. The excitation wavelength was 530 nm.

fo _ 1+ K
R )

where Ky is the Stern—Volmer quenching constant. The
deviation from linearity of the Stern—Volmer plot at higher
quencher concentration implies that the fluorescence quench-
ing of the RhB dye is a mixture of static and dynamic
(diffusion) quenching."® Considering the slope of the straight-
line region of the Fy/F vs [Q] plot (i.e., at lower
concentrations of Au NPs) as shown in Figure S3c,e in the
Supporting Information, the value of Ky is calculated as 8.174
x 10° M. The bimolecular fluorescence quenching rate
constant (K;) and Kgy are related by the relation®’ Ky = Kgy/
7, where 7, is the fluorescence emission lifetime of pure RhB
(1.384 ns).”* The value of K is calculated as 5.906 X 108 M
s~! for this fluorometric titration experiment. The high values
of both Ky and K| substantiate the efficient quenching of RhB
(donor) fluorescence by gold nanoparticles in the aqueous
medium. All of the above calculated photophysical parameters
are summarized in Table 1.

However, interestingly, after addition of p-Cys to the mixed
solution of Au NPs and RhB, the original fluorescence
emission (574 nm) of dye molecules is recovered from their
quenched state as shown in Figure 4a. The concentrations of
RhB and Au NPs for the assay experiments were optimized in
such a way that there is an almost complete quenching of the
fluorescence emission of RhB in the Au NPs/RhB mixed
system before addition of the p-Cys solution when excited with
light of wavelength 530 nm and recovery of fluorescence signal
in the presence of D-Cys at ambient condition. This “turn-oft”
and “turn-on” mechanism of fluorescence emission due to the
presence of D-Cys in the assay medium is schematically shown
in Figure 5. For the assay experiments, the concentrations of
RhB and Au NPs in their aqueous mixture were fixed at 0.05
uM and 0.05 mM, respectively. These selected concentrations
of RhB and Au NPs in their aqueous solution at ambient
condition may be considered as an optimized condition for the
fluorescence recovery from the mixed ensemble when exposed
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Figure S. Schematic presentation of the proposed fluorescence “off—
on” mechanism and chemical coordination between the b-Cys
molecules and citrate caped Au NPs.

to D-Cys in aqueous medium. Here we have studied the
recovery of fluorescence emission from the Au NPs/RhB
mixed solution in the absence (control) and presence of
various concentrations of D-Cys. Also, there is a distinct color
change of the mixed final solution from red-wine (control) to
bluish-black (after addition of p-Cys) as shown in the inset of
Figure 4a. From the fluorescence emission of RhB in the
presence of different concentrations of p-Cys (viz. 0.06 nM to
62.5 yM in the mixed solution) as shown in Figure S3f in the
Supporting Information, it is further confirmed that there is no
significant effect of p-Cys on the fluorescence emission
properties of RhB in aqueous solution as the emission spectra
of the RhB/p-Cys mixed solution for all concentrations of p-
Cys are almost unaltered. Therefore, RhB dye has been
considered as a good and efficient fluorescent probe for
recognition of the amino acid p-Cys in aqueous medium via a
simple spectrofluorometric method in the present work.

It is known that at neutral or under near-physiological pH,
citrate caped Au NPs possess three carboxylated (—COO™)
groups,”” whereas the p-Cys molecule has —SH, —COO~
groups, and the amino group (NH;*) in the same aqueous
environment. The citrate layer surrounding the Au NPs in
aqueous dispersion gives an overall strong negative surface
potential as is already confirmed by the { potential study (as
shown in Figure S1b in the Supporting Information). It is
already reported elsewhere that at neutral pH (7.0) cysteine is
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Table 2. Comparisons of the Analytic Methods for the Determination of p-Cysteine

probe/systems detection principle

4-fluoro-7-nitrobenzofurazan SRM-chromatogram
Ag NPs-embedded nanopaper colorimetric
NCS-OTPP”

polar ionic elution” chiral UHPLC-MS
L-carnitine methyl ester bis electrokinetic chromatography

Au NPs/RhB mixed system

UHPLC-HRMS-chromatograms

colorimetric and fluorometric assay

range (in yM) LOD (in nM) ref
0—-300 28
4880 29
0.098—1000 19.20 30
0.413—4.13 165.08 31
10—-150 1100 32
0.001—-100 42 this work
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Figure 6. (a) Recovery of fluorescence emission from the Au NPs/RhB mixed solution (concentrations of Au NPs and RhB in their mixed solution
are 0.05 mM and 0.05 M, respectively) in the presence of all of the relevant analytes used in this work. The concentrations of all of the analytes are
47.6 M in the Au NPs/RhB mixed solution. (b) Relative fluorescence recovery efficiency (at 574 nm) of the Au NPs/RhB mixed solution due to
each analyte as calculated from the corresponding emission intensities. Excitation wavelength was 530 nm.

neutral,®' due to which there will be very less possibility of
citrate caped Au NPs having direct interaction with p-Cys
through its —NH, group via electrostatic attraction.*”
However, due to the strong affinity of the —SH moiety of p-
Cys towards the Au NPs’ surface, they try to encapsulate*’ Au
NPs by thiolate—Au bond formation via chemisorption,*
which eventually displaces the original citrate layer of Au NPs.
As a consequence, the RhB molecules that were adsorbed onto
the citrate caped nanoparticles’ surface by electrostatic
interaction”” now become free in the surrounding environ-
ment. This is why the intrinsic fluorescence emission of RhB
with peak centered at 574 nm is retrieved after photoexcitation.
However, the displacement of the citrate layer of Au NPs
should depend upon various factors like the concentration of
D-Cys molecules in the assay medium, overall charge
distribution, surface potential around the nanoparticle surface,
temperature etc. Immediately after the reaction of p-Cys with
Au NPs/RhB systems, the presence of amino acid molecules in
the encapsulating shell of nanoparticles starts to induce cross-
linking (as shown schematically in Figure S between the
neighboring encapsulated Au NPs) in the mixed solution,
resulting in the formation of Au NP aggregates or clusters,
which causes a color change of the mixed solution from red-
wine to bluish-black®>* after the reaction. The aggregation of
Au NPs in the presence of p-Cys is already evidenced by the
UV—vis absorption (Figure 2b) and TEM study (Figure 3b) as
discussed earlier. From the above discussion, it is clear that the
fluorescence emission band intensity at 574 nm of the mixed
solution of Au NPs and RhB is recovered after addition of p-
Cys and this fluorescence recovery is most probably due to the
availability of free RhB molecules in the mixed ensemble.
Overall, due to the interaction of p-Cys with the Au NPs/RhB
system in solution, the relative distance between the dye
molecules and Au NPs might have increased, resulting in the
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decrease of fluorescence quenching via nonradiative energy
transfer pathways.

3.4. Sensitivity of the Interaction of the Au NPs/RhB
Mixed Ensemble towards bp-Cys. In this work, it is
important to understand the sensitivity of the interaction of
pD-Cys with Au NPs/RhB mixed aqueous solution. It is
observed that under the optimized experimental condition, the
fluorescence emission intensity obtained from the Au NPs/
RhB/p-Cys mixed solution increases almost linearly with the
increase in concentrations of p-Cys. The relative fluorescence
recovery efficiency is defined by [(F — F,)/F,] and is given by
the following linear equation (eq 5)**

Logt E—B), _
og[————] = Log[C] + A

F, (s)
where C is the concentration of pD-Cys and A is an arbitrary
constant. The relative fluorescence recovery efficiency and the
concentration of D-Cys follow the linear equation y = 3.09746
+ 0.17779[C] with a correlation coefficient (R*) of 0.99402 as
shown in Figure 4b, and the concentration range of 0.004 nM
to 47.6 uM in the Au NPs/RhB mixed ensemble. Thus, this
method of recovery of fluorescence emission shows very high
sensitivity to a broad linear range of concentrations of p-Cys.
To compare the sensitivity of Au NPs/RhB towards p-Cys, the
limit of detection (LOD) has been determined by the 3o
method®” using the expression LOD = (k X SD)/S, where S is
the slope of the recovered fluorescence emission from the Au
NPs/RhB vs concentration of p-Cys (in M) plot (see the
Supporting Information for the detailed calculations). The
LOD value of p-Cys (as shown in Figure S7ab,c in the
Supporting Information) is found to be 4.2 nM. This LOD
value indicates that the proposed Au NPs/RhB mixed
ensemble is highly sensitive towards p-Cys for spectrofluoro-
metric measurement. The linear range and LOD of p-Cys
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Figure 7. (a) CD spectra of the aqueous solution of pure p-Cys (curve 1, 1 mM), pure L-Cys (curve 2, 1 mM), mixed solution of Au NPs/RhB/p-
Cys (curve 3), Au NPs/RhB/1-Cys (curve 4), and Au NPs/RhB (curve S). (b) Column plot of the hydrodynamic diameter and surface ¢ potential
of the NPs as obtained from Au NPs/RhB/p-Cys and Au NPs/RhB/L-Cys mixed solutions (c—h). AFM topographic micrographs and surface
roughness plot of (c, d) as-synthesized Au NPs, (e, f) Au NPs/RhB/p-Cys mixed system, and (g, h) Au NPs/RhB/L-Cys (g, h) mixed systems
deposited on a smooth glass substrate. The RMS surface roughness has been measured along the chosen lines as shown in the figures.

determination as previously reported in the different studies
have been compared with the present work and summarized in
Table 2.

3.5. Selectivity Study of the Proposed Bio-Nano
Interactions. The selectivity of the interaction of the Au
NPs/RhB mixed solution towards p-Cys in the presence of
other relevant interfering analytes such as AA, UA, neuro-
transmitters, other p- and L-amino acids including p-Arg, L-Arg,
p-His, 1L-His, p-Met, L-Met, p-Pro, L-Pro, p-Trp, L-Trp, p-Tyr,
L-Tyr, L-Cys, —SH-containing compounds like GSH and Hcys
etc. is tested under the same optimized experimental
conditions of the Au NPs/RhB mixed solution and the
corresponding fluorescence emission spectra are illustrated in
Figure 6a. The chemical structures of all of the interfering
compounds are shown in Figure S4 in the Supporting
Information. From Figure 6a it is observed that the
fluorescence emission intensities of the Au NPs/RhB mixed
solution in the presence of p-Cys and L-Cys are significantly
high compared to those for other interfering compounds,
although the concentrations of all of the analytes were the
same in these spectrofluorometric measurements. However,
when the Au NPs/RhB mixed solution is added with p-Cys,
the final solution turns red-wine to bluish-black in color, which
is different when mixed with L-Cys solution separately, as
shown in Figure S5 in the Supporting Information. The relative
fluorescence recovery efficiency [(F — F,)/F,] as shown in
Figure 6b becomes remarkably high for p-Cys compared to
that for all other relevant interfering species or elements. From
the above observations it is clear that the interaction of the Au
NPs/RhB mixed ensembles with p-Cys in aqueous medium is
selective due to the high fluorescence recovery as well as
distinct color change of the Au NPs/RhB mixed solution when
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compared to the interactions with L-Cys and all other D- and
L-amino acids, physiologically relevant interfering elements etc.
as studied in this experiment. It is important to mention that
the difference between fluorescence recovery efficiencies for b-
Cys and L-Cys might be attributed to the different chiralities in
the molecular structure of these amino acids, as is evidenced
from the CD spectra shown in Figure 7a. The high selectivity
of the interaction of the Au NPs/RhB mixed solution with b-
Cys may be attributed to the change in structural configuration
of the amino acid p-Cys, which is manifested as the observed
change in the peak position of the CD spectrum. This is
because any change in the configuration of the functional
group (—SH) while interacting with the Au NPs/RhB mixed
ensemble in aqueous medium possibly disrupts the chiral
properties in the structure of D-Cys. As a result, there is a blue
shift of the peak position at 210 nm in the CD spectrum as
shown in Figure 7a. On the other hand, when L-Cys is added to
the Au NPs/RhB mixed solution, the peak position observed at
216 nm in the CD spectrum is not altered except for a slight
reduction of intensity. These observations clearly indicate that
the chiral properties of L-Cys were possibly less affected while
interacting with the Au NPs/RhB mixed ensemble compared
to those of p-Cys. From the DLS study, as shown in Figures
7b, S8a, and S9a, it is observed that the particle size of Au NPs
increases in the presence of both p- and -Cys. However, for b-
Cys, the increase in hydrodynamic particle diameter is higher
(91.67 nm) compared to that of L-Cys (67.84 nm). This
observation implies the possibility of a high degree of
aggregation of Au NPs while interacting with p-Cys when
compared to that due to L-Cys. As mentioned earlier, amino
acids basically displace the citrate layer of the Au NPs during
interaction and induce interparticle cross-linking, which favors
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Cys] to determine the binding constants of the Au NPs/RhB system with p-Cys and L-Cys, respectively.

rapid aggregation of Au NPs. However, the rate or extent of
interparticle cross-linking is possibly higher for p-Cys than for
L-Cys. Additionally, the less negative { potential (Figures 7b,
S8b, and S9b) of the Au NPs/RhB mixed solution containing
p-Cys (—14.03 mV) compared to that with .-Cys (—18.04
mV) confirms the higher aggregation of NPs in the case of D-
Cys.”® To have a better understanding and direct visual
evidence of the formation of aggregates or clusters, AFM
topographical imaging is performed in a tapping mode. Figure
7c—h shows the AFM topographical image and surface
roughness plot of the drop-casted film deposited onto smooth
glass substrates from the Au NPs/RhB mixed solution in the
presence of D-Cys and L-Cys, respectively. For all of these
measurements, Au NPs/RhB mixed solutions were prepared in
1:1 volume ratio and their concentrations in the mixed
solution were 0.05 mM and 0.05 uM, respectively. These
images show that D-Cys facilitates a higher extent of
aggregation or formation of clusters of Au NPs in the mixed
solution. The root-mean-square (RMS) surface roughness of
the Au NPs/RhB film is estimated as 4.4 nm, whereas for L-Cys
and p-Cys it becomes 7.25 and 18.92 nm, respectively. That is,
the surface roughness of the film having p-Cys is much higher
compared to that of L-Cys. Our AFM analysis revels that p-Cys
induces a much greater degree of nanoparticle aggregation.
Also, the hydrogen bond between the neighboring p-Cys
molecules in the aqueous solution is highly affected by the
steric hindrance due to the presence of Au NPs. The high
extent of aggregation of NPs in the aqueous mixture of Au
NPs/RhB facilitated higher fluorescence recovery from the
quenched state due to the release of more number of RhB dye
molecules from the Au surface.

Interestingly, our proposed Au NPs/RhB mixed platform
does not show any significant or appreciable fluorescence
recovery by other aminothiols such as Hcys and GSH in the
same aqueous medium as studied in this work. In case of Hcys
and GSH, we observe a slight recovery of fluorescence
emission from the Au NPs/RhB matrix in aqueous medium.
Although Hcys is a homologue of the amino acid Cys, it differs
with an additional methylene bridge in its molecular structure.
It is also known that’’ nearly at physiological pH, Hcys
contains one amino group (—NH;"), one —COO~ group, and
one —SH group in aqueous medium, whereas citrate caped Au
NPs possess three —COO™ groups in the same aqueous
medium. Therefore, the direct electrostatic binding between
Hcys and Au NPs is minimal. Due to the presence of the —SH
group in Hcys, there will be still some interaction via thiolate—
Au bond formation, but the rate of displacing the citrate layer
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on which the cationic RhB molecules are bound might be
limited due to the difference in the orientation of the amino
acid groups or in the interfacial free energies when compared
to p-Cys or 1-Cys in the studied aqueous environment.*" As a
consequence, the fluorescence emission recovery from the Au
NPs/RhB mixed ensemble is less compared to p-Cys and L-
Cys. On the other hand, GSH has two —COOH groups
associated with glutamic acid and glycine residues and three
amino groups (—NH,") in three amino acids, and one sulfur
atom present in the Cys residue. It is expected that at
intermediate or higher pH the disassociation of —COOH
groups may hinder”® the binding of GSH with Au nanocolloids
via the o amine group. This results in a very little cross-linking
between the —SH group and Au colloids. As we have studied
the binding interactions at neutral pH (7.0), less interaction
between Au and GSH results in lower fluorescence recovery in
the Au NPs/RhB aqueous medium. Additionally, the GSH
molecule is relatively bulky in size compared to cysteine or
Hcys, and therefore, the interfacial reactivity may be less
probable due to energetic consideration. However, literature
revels that the amino acid Trp can selectively bind with Au
NPs.* In the present work, we did not find any significant
fluorescence recovery from the Au NPs/RhB mixed solution in
the presence of p- and L-Trp. This is possibly due to the
formation of the nonfluorescent Trp—RhB complex.”’

The binding constant, sometimes referred to as the
association constant (K,), of the Au NPs/RhB system with
D-Cys and L-Cys in the aqueous medium has been determined

using the Benesi—Hildebrand equation (eq 6)°"%*
(E - K) (Bpax — B) K IMI(E,.. — E) (6)

where F,, F,, and F,_, are the fluorescence emission intensities
obtained from the mixture of Au NPs/RhB in the absence of p-
Cys (or 1-Cys), with an intermediate concentration of p-Cys
(or 1-Cys) and the concentration of p-Cys (or L-Cys) at
saturation level, and [M] is the concentration of p-Cys (or L-
Cys). The magnitude of the binding constant (K,) gives an
indication about the strength of interaction between the guest
and host for their complexation in a medium and is related to
the change in Gibbs free energy46 (AG = —RTInK,) for the
process. The values of K, have been obtained from the
intercept of the plot of Log{(F, — Fy)/(Fpnax — Fx)} vs Log[M]
as shown in Figure 8 for both D-Cys and L-Cys, and are
summarized in Table 3. These values confirm that both p-Cys
and 1-Cys can bind to the Au NPs/RhB system in aqueous
solution. But, in the case of p-Cys, this interaction is stronger
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Table 3. Binding Constant (K,) and Gibbs Free Energy
(AG) for p-Cys and L-Cys with the Au NPs/RhB Mixed
Systems in Aqueous Solution®

chiral amino acids K, (M™) R? AG (kJ mol™)
p-Cys 708.712 0.9933 —16.261
L-Cys 592.025 0.9798 —15.816

“R? is the corresponding correlation coefficient.

than that for L-Cys. Therefore, due to the strong binding
interaction between D-Cys and citrate caped Au NPs in
aqueous medium, the fluorescence recovery efficiency is much
higher compared to L-Cys. The values of the Gibbs free energy
AG and binding constant K, for Au NPs/RhB/p-Cys and Au
NPs/RhB/L-Cys complexes have been calculated from the
steady-state fluorescence emission spectra and are summarized
in Table 3. The negative AG indicates that the interactions of
both p-Cys and L-Cys with the Au NPs/RhB system are
spontaneous. However, the higher negative value of AG reveals
the faster rate of interaction in the case of b-Cys with the assay
medium compared to that for L-Cys.

For further investigation on the selectivity and interaction
mechanism of Au NPs/RhB with p- and 1-Cys, FTIR
spectroscopic measurements in ATR mode were performed
and are shown in Figure 9. The FTIR spectra of pure p-Cys
and L-Cys (curve 1 in (a) and (b), respectively) are very
similar and show IR bands with peaks centered at 3166, 1582,
and 1390 cm™, which are attributed to the stretching of
—NH;" and the asymmetric and symmetric stretching of the
—COO™ functional groups of Cys molecules, respectively. In
addition, Cys molecules have a weak IR vibrational band near
2550 cm™', which is originated due to the characteristic
stretching vibration of the S—H bond (thiol group). Other
vibrational bands are observed at 2968 cm™" (CH, stretching,
asymmetric), 2078 cm™' (NH; bending, asymmetric), 1522
cm™' (N—H bending), 1340 cm™' (NH, bending, symmetric),
1294 cm™ (CH, wagging), 1195 cm™' (CH, twisting), 1130
cm™ (SO, stretching), 1062 cm™' (NHj; rocking), 941 cm™
(S—H bending), 866 cm™ (N—O stretching), 635 cm™
(COOH bending), 536 cm™" (COOH rocking) etc. These
results are consistent with the FTIR spectra of amino acids
reported elsewhere.®> 76 Interestingly, for the Au NPs/RhB/p-
Cys system, the IR bands corresponding to the stretching of
—NH;" and —COO™ groups of p-Cys are almost absent,
possibly due to their cross-linking with other cysteine
molecules attached to the neighboring Au NPs. However, for
the Au NPs/RhB/L-Cys system, the bands of these stretching
vibrations are also abruptly reduced compared to pure L-Cys

but the peaks are still visible. These observations may reveal
that the interparticle cross-linking is much stronger in the case
of p-Cys in the assay medium, resulting in a rapid and greater
extent of nanoparticle aggregations, which is reflected in the
different color change of the final solution. This may also be
due to the change in their dipole moments when binding with
a high electron density of the metal surface. But the most
significant observation is that the S—H stretching vibration
band (2550 cm™") totally disappears for p-Cys after interacting
with the Au NPs/RhB mixed system in aqueous medium
(Figure 9a curve 3). This indicates that S—H bonds are cleaved
in the presence of the metal NPs, which further indicates the
strong binding interaction of D-Cys with Au NPs. On the other
hand, the S—H stretching vibration band is not totally absent
for L-Cys when interacted with the Au NPs/RhB system but it
appears as a weak band near 2550 cm™" as shown in Figure 9b
(curve 3). Therefore, it is clear that the interaction of p-Cys
with the Au NPs/RhB mixed system is stronger compared to
that of L-Cys in the studied aqueous medium. Additionally, the
FTIR spectra of the Au NPs/RhB mixed system (curve 2 in
Figure 9ab, respectively) confirm that there is no such
significant effect of RhB molecules on the interaction of p-Cys
or L-Cys molecules with Au NPs in the assay medium.

3.6. Real Biosample Analysis. The proposed nano-bio
interaction is also studied in the presence of normal human
urine. The normal urine sample was collected from a healthy
laboratory volunteer (male researcher) having no renal
complications. In this investigation with the normal urine
sample, we maintained the same optimized concentrations of
RhB and Au NPs in their mixed solution as discussed earlier,
and took extra precautions to avoid any direct contact or any
type of contamination with the urine sample. p-Cys may
present in both urine and blood plasma. It is already known
that diseases like cystinuria leading to the formation of kidney
and renal system stone occur due to the free presence of Cys in
the urine.””®” The fluorescence emission spectra of the mixed
solution of Au NPs/RhB (control) in the presence of normal
urine (200 uL), mixture of normal urine (200 yL) and p-Cys
(0.1 mM, 200 L), and mixture of normal urine (200 L) and
all other analytes (0.1 mM) used in the present work except D-
Cys are shown in Figure S10 in the Supporting Information.
The concentrations of D-Cys and all other analytes in the final
assay medium containing urine were 2.38 uM, respectively.
The corresponding fluorescence recovery efficiency is shown in
Figure 10. From this figure it is clear that, the normal urine
shows fluorescence recovery efficiency of 42% but mixture of
normal urine and p-Cys shows fluorescence recovery efficiency
of 73%. Therefore, the usual presence of Cys in the normal
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Figure 9. ATR-FTIR spectra of (a) p-Cys (b) and L-Cys in the absence and presence of Au NPs/RhB, respectively.
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Figure 10. Plot of the fluorescence recovery efficiencies for the Au
NPs/RhB mixed solution in the presence of normal human urine and
all other analytes relevant to the present work. The inset shows the
digital photograph of vials containing the Au NPs/RhB mixed
solution with (A) urine, (B) mixture of urine and p-Cys, and (C)
mixed solution of urine and all other analytes except D-Cys. The
photograph and fluorescence emission spectra are taken after 3 min of
incubation for all of these mixed solutions.

urine gives the initial fluorescence recovery from Au NPs/RhB
system. It is also observed that when all other D and r-amino
acids along with the other relevant interfering compounds as
considered are mixed with the proposed assay matrix, the
fluorescence recovery efliciency is slightly higher than that due
to pure normal urine. This may be due to the presence of L-
Cys as was added with all other interfering compounds.
Additionally, there is also a distinct color change (from red-
wine to bluish-black) of the assay solution after addition of p-
Cys compared to all other analytes including L-Cys as shown in
the inset of Figure 10. This study confirms the proposed nano-
bio interaction is manifested as the selective binding of p-Cys
with Au NPs/RhB in in human urine as well. Therefore, the
proposed Au NPs/RhB system in aqueous medium under the
appropriate and optimized condition may be used as an
efficient platform for rapid detection of p-Cys in human urine
in a ratio-metric approach to diagnose various renal
complications.

4. CONCLUSIONS

In conclusion, we demonstrate a simple fluorometric method
to explore the comparative and selective interaction of the
amino acid p-Cys among various other p- and L-amino acids,
neurotransmitters, relevant biological compounds etc., with
citrate caped gold nanoparticles (27.5 nm) in the presence of
the fluorescent dye RhB. Au NPs are found to almost fully
quench the fluorescence emission of RhB dye in the optimized
concentrations of both Au NPs and RhB via a nonradiative
energy transfer pathway from the excited RhB molecules to Au
NPs in aqueous solution at neutral pH. This quenched
fluorescence is selectively recovered with high efficiency after
addition of p-Cys to the Au NPs/RhB mixed solution and
there was a distinct color change of the assay medium after
reaction with pD-Cys when compared to the effect of other
interfering compounds studied in this work. The degree of
aggregation of Au NPs is greater due to the interaction with p-
Cys compared to L-Cys due to strong thiolate—Au bond
formation via chemisorption and possibly greater interparticle
cross-linking compared to that due to L-Cys and in aqueous
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consistent with the observations by the other analytical
methods used in this present work. The interaction of p-Cys
with the proposed nanoparticle-based platform is highly
sensitive and lies in the broad linear range of concentration
of 1 nM to 100 uM. The LOD for p-Cys is found to be 4.2 nM,
which is lower compared to many available detection methods
cited in the literature. The normal human urine sample when
mixed with the assay matrix (Au NPs/RhB) and p-Cys exhibits
a higher fluorescence recovery and distinct color change (red-
wine to bluish-black) of the assay medium after reaction
compared to that for L-Cys or all other interfering compounds
as studied. Therefore, the proposed bio-nano interaction may
be realized as an efficient approach for the selective recognition
of the amino acid p-Cys in the aqueous environment.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c0272S.

DLS and { potential spectra of Au NPs; TEM
micrograph of Au NPs for lognormal fitting of particle
size distribution plot; SAED pattern for crystalline
nature of Au NPs; HRTEM micrograph to calculate
lattice spacing; EDS spectrum for the identification of
Au peaks; UV—vis spectra of RhB and RhB/p-Cys;
spectral overlap between UV—vis absorption spectrum
of Au NPs and fluorescence emission spectrum of RhB
for RET; fluorescence emission quenching of pure RhB
in presence of different concentration of Au NPs;
Log{(F, — F)/F} vs Log[Conc of Au NPs] plot to
obtained binding constant (K,) and number of binding
sites (n) of Au NPS/RhB mixed ensembles; Stern—
Volmer plot to determine the Stern—Volmer constant
(Kgy) of RhB in Au NPs/RhB complex; fluorescence
emission spectra of RhB and mixture of RhB/p-Cys;
chemical structure of amino acids and biomolecules for
selectivity study; colorimetric response from mixed
solution of Au NPs/RhB, Au NPs/RhB/p-Cys and Au
NPs/RhB/L-Cys; recovery of fluorescence emission
from Au NPs/RhB mixed solution in presence of
different concentrations of L-Cys; determination of
limit of detection (LOD) of Au NPs/RhB towards D-
Cys by 30 method; DLS and { potential spectra Au
NPs/RhB/p-Cys and Au NPs/RhB/1-Cys; real bio-
sample analysis—fluorescence emission spectra of Au
NPs/RhB in presence of normal human urine, mixture
of urine and p-Cys, mixture of urine and all other
relevant analytes except p-Cys (PDF)

https://doi.org/10.1021/acsomega.2c02725
ACS Omega 2022, 7, 29013—-29026


https://pubs.acs.org/doi/10.1021/acsomega.2c02725?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02725/suppl_file/ao2c02725_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02725?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02725?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02725?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02725?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

B AUTHOR INFORMATION

Corresponding Author
Pabitra Kumar Paul — Department of Physics, Jadavpur
University, Kolkata 700032, India; ® orcid.org/0000-0002-
3490-525X; Phone: +91-9477631142;
Email: pabitra_tu@yahoo.co.in, pabitrak.pal@
jadavpuruniversity.in; Fax: 91-33-24138917

Authors

Pradip Maiti — Department of Physics, Jadavpur University,
Kolkata 700032, India; © orcid.org/0000-0001-6879-
591X

Ujjal Saren — Department of Physics, Jadavpur University,
Kolkata 700032, India; © orcid.org/0000-0003-2949-9987

Utsav Chakraborty — Department of Physics, Jadavpur
University, Kolkata 700032, India; ® orcid.org/0000-0003-
1528-0335

Tanmoy Singha — Department of Physics, Jadavpur
University, Kolkata 700032, India; ® orcid.org/0000-0002-
4683-6204

Sharmistha Paul — West Bengal State Council of Science and
Technology, Department of Science and Technology and
Biotechnology, Kolkata 700064, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c02725

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

P.M. wishes to thank Jadavpur University and Rashtriya
Uchchatar Shiksha Abhiyan (RUSA) 2.0 (ref no. R-11/604/
19) for providing excellent infrastructural and financial support
to perform the experimental studies. P.M., S.P., and P.K.P. are
also grateful to the West Bengal State Council of Science and
Technology (WBSCST), Govt. of West Bengal for financial
assistance (ref no. 493/WBSCST/F/0545/15(Pt-1)) to
perform this work. P.K.P. is also thankful to SERB DST,
Govt. of India for finanical assistance through the project (ref
no. SB/EMEQ-142/2014). The authors are grateful to CSS of
the Indian Association for the Cultivation of Science, Kolkata
for providing the HRTEM and CD measurements facility used
in this work. The authors are also grateful to Prof. Partha Roy
of the Department of Chemistry at Jadavpur University for
providing access to the ATR-FTIR measurements in this study.

B REFERENCES

(1) widlak, W. Molecular Biology Not Only for Bioinformaticians;
Springer, 1998.

(2) Kessel, A.; Ben-Tal, N. Introduction to Proteins Structure, Function,
and Motion, 2nd ed.; CRC Press, 2018.

(3) Kimura, R; Tsujimura, H.; Tsuchiya, M,; Soga, S.; Ota, N,;
Tanaka, A,; Kim, H. Development of a cognitive function marker
based on p-amino acid proportions using new chiral tandem LC-MS/
MS systems. Sci. Rep. 2020, 10, No. 804.

(4) Carenzi, G; Sacchi, S; Abbondi, M.; Pollegioni, L. Direct
chromatographic methods for enantioresolution of amino acids:
recent developments. Amino Acids 2020, 52, 849—862.

(5) Liy, J.; Fu, B.; Zhang, Z. Ionic Current Rectification Triggered
PhotoelectrochemicalChiral Sensing Platform for Recognition of
Amino Acid Enantiomers on Self-StandingNanochannel Array. Anal.
Chem. 2020, 92, 8670—8674.

(6) Karakawa, S.; Shimbo, K; Yamada, N.; Mizukoshi, T.; Miyano,
H.; Mita, M,; Lindner, W.; Hamase, K. Simultaneous analysis of d-

alanine, d-aspartic acid, and d-serine using chiral high-performance
liquid chromatography-tandem mass spectrometry and its application
to the rat plasma and tissues. J. Pharm. Biomed. Anal. 20185, 115, 123—
129.

(7) Li, D,; Lv, Y.; Chen, M.; Cheng, D.; Song, Z.; Yuan, L.; Zhang,
X. A long wavelength emission two-photon fluorescent probe for
highly selective detection of cysteine in living cells and an inflamed
mouse model. J. Mater. Chem. B 2019, 7, 3970—3975.

(8) Winther, J. R.; Thorpe, C. Quantification of thiols and disulfides.
Biochim. Biophys. Acta, Gen. Subj. 2014, 1840, 838—846.

(9) Chen, X; Hu, Y,; Cao, Z; Liu, Q,; Cheng, Y. Cerebrospinal
Fluid Inflammatory Cytokine Aberrations in Alzheimer’s Disease,
Parkinson’s Disease and Amyotrophic Lateral Sclerosis: A Systematic
Review and Meta-Analysis. Front. Immunol. 2018, 9, No. 2122.

(10) Kjzldgaard, A.-L.; Pilely, K; Olsen, K. S.; Pedersen, S. W,;
Lauritsen, A. O.; Moller, K.; Garred, P. Amyotrophic lateral sclerosis:
The complement and inflammatory hypothesis. Mol. Immunol. 2018,
102, 14-28S.

(11) Pichette, J.; Gagnon, J. Implications of Hydrogen Sulfide in
Glucose Regulation: How H,S Can Alter Glucose Homeostasis
through Metabolic Hormones. Owid. Med. Cell. Longevity 2016, 2016,
No. 3285074.

(12) Tong, Z.; Ni, L.; Ling, J. Antibacterial peptide nisin: A potential
role in the inhibition of oral pathogenic bacteria. Peptides 2014, 60,
32—40.

(13) Zhang, M; Ye, B. C. Colorimetric Chiral Recognition of
Enantiomers Using the Nucleotide-Capped Silver Nanoparticles.
Anal. Chem. 2011, 83, 1504—1509.

(14) Rodriguez-Zamora, P.; Angeles, B. S.; Buendia, F.; Silis, C. C;
Fabila, J; Diaz, J. B,; Diaz, L. M. F.; Borbdn, L. O. P.; Diaz, G;
Garzoén, I. L. Revisiting the conformational adsorption of L- and p-
cysteine on Au nanoparticles by Raman spectroscopy. ]. Raman
Spectrosc. 2020, S1, 243—25S.

(15) Klein, J. Probing the interactions of proteins and nanoparticles.
Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 2029—2030.

(16) Lei, J.; Ju, H. Signal amplification using functional nanoma-
terials for biosensing. Chem. Soc. Rev. 2012, 41, 2122—2134.

(17) Zhy, J.; Shen, J; Hu, B; Yang, L; Jiang, C. Chromaticity
Evolutionary Detection of Food Contaminant Semicarbazide through
an Upconversion Luminescence-Based Nanosensor. Anal. Chem.
2022, 94, 1126—1134.

(18) Goas, M. L.; Saber, J.; Bolivar, S. G.; Rabanel, J. M.; Awogni, J.
M.; Boffito, D. C.; Banquy, X. (In)stability of ligands at the surface of
inorganic nanoparticles: A forgotten question in nanomedicine? Nano
Today 2022, 45, No. 101516.

(19) Lj, J.; Liu, J.; Chen, C. Remote Control and Modulation of
Cellular Events by Plasmonic Gold Nanoparticles: Implications and
Opportunities for Biomedical Applications. ACS Nano 2017, 11,
2403-2409.

(20) Maduraiveeran, G.; Sasidharan, M.; Ganesan, V. Electro-
chemical sensor and biosensor platforms based on advanced
nanomaterials for biological and biomedical applications. Biosens.
Bioelectron. 2018, 103, 113—129.

(21) Maiti, P.; Singha, T.; Chakraborty, U.; Roy, S. D.; Karmakar, P.;
Dey, B.; Hussain, S. A; Paul, S.; Paul, P. K. Selective and sensitive
detection of L-Cysteine via fluorometric assay using gold nanoparticles
and Rhodamine B in aqueous medium. Mater. Chem. Phys. 2019, 234,
158—-167.

(22) Dizman, H. M.; Kazancioglu, E. O.; Shigemune, T.; Takahara,
S.; Arsu, N. High sensitivity colorimetric determination of L-cysteine
using gold nanoparticles functionalized graphene oxide prepared by
photochemical reduction method. Spectrochim. Acta, Part A 2022,
264, No. 120294.

(23) Shemetov, A. A; Nabiev, I; Sukhanova, A. Molecular
Interaction of Proteins and Peptides with Nanoparticles. ACS Nano
2012, 6, 4585—4602.

(24) Bigdeli, A; Ghasemi, F.; Moayed, S. A.; Shahrajabian, M;
Kashani, N. F.; Jafarinejad, S.; Nejad, M. A. F,; Nezhad, M. R. H.
Ratiometric fluorescent nanoprobes for visual detection: Design

https://doi.org/10.1021/acsomega.2c02725
ACS Omega 2022, 7, 29013—-29026


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pabitra+Kumar+Paul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3490-525X
https://orcid.org/0000-0002-3490-525X
mailto:pabitra_tu@yahoo.co.in
mailto:pabitrak.pal@jadavpuruniversity.in
mailto:pabitrak.pal@jadavpuruniversity.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pradip+Maiti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6879-591X
https://orcid.org/0000-0001-6879-591X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ujjal+Saren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2949-9987
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Utsav+Chakraborty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1528-0335
https://orcid.org/0000-0003-1528-0335
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tanmoy+Singha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4683-6204
https://orcid.org/0000-0002-4683-6204
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sharmistha+Paul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02725?ref=pdf
https://doi.org/10.1038/s41598-020-57878-y
https://doi.org/10.1038/s41598-020-57878-y
https://doi.org/10.1038/s41598-020-57878-y
https://doi.org/10.1007/s00726-020-02873-w
https://doi.org/10.1007/s00726-020-02873-w
https://doi.org/10.1007/s00726-020-02873-w
https://doi.org/10.1021/acs.analchem.0c02341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c02341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c02341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpba.2015.05.024
https://doi.org/10.1016/j.jpba.2015.05.024
https://doi.org/10.1016/j.jpba.2015.05.024
https://doi.org/10.1016/j.jpba.2015.05.024
https://doi.org/10.1039/C9TB00652D
https://doi.org/10.1039/C9TB00652D
https://doi.org/10.1039/C9TB00652D
https://doi.org/10.1016/j.bbagen.2013.03.031
https://doi.org/10.3389/fimmu.2018.02122
https://doi.org/10.3389/fimmu.2018.02122
https://doi.org/10.3389/fimmu.2018.02122
https://doi.org/10.3389/fimmu.2018.02122
https://doi.org/10.1016/j.molimm.2018.06.007
https://doi.org/10.1016/j.molimm.2018.06.007
https://doi.org/10.1155/2016/3285074
https://doi.org/10.1155/2016/3285074
https://doi.org/10.1155/2016/3285074
https://doi.org/10.1016/j.peptides.2014.07.020
https://doi.org/10.1016/j.peptides.2014.07.020
https://doi.org/10.1021/ac102922f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac102922f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jrs.5782
https://doi.org/10.1002/jrs.5782
https://doi.org/10.1073/pnas.0611610104
https://doi.org/10.1039/c1cs15274b
https://doi.org/10.1039/c1cs15274b
https://doi.org/10.1021/acs.analchem.1c04207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c04207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c04207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nantod.2022.101516
https://doi.org/10.1016/j.nantod.2022.101516
https://doi.org/10.1021/acsnano.7b01200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2017.12.031
https://doi.org/10.1016/j.bios.2017.12.031
https://doi.org/10.1016/j.bios.2017.12.031
https://doi.org/10.1016/j.matchemphys.2019.06.001
https://doi.org/10.1016/j.matchemphys.2019.06.001
https://doi.org/10.1016/j.matchemphys.2019.06.001
https://doi.org/10.1016/j.saa.2021.120294
https://doi.org/10.1016/j.saa.2021.120294
https://doi.org/10.1016/j.saa.2021.120294
https://doi.org/10.1021/nn300415x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300415x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.aca.2019.06.035
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

principles and recent advances - A review. Anal. Chim. Acta 2019,
1079, 30—-S8.

(25) Yang, X. F; Guo, X. Q;; Zhao, Y. B. Development of a novel
rhodamine-type fluorescent probe to determine peroxynitrite. Talanta
2002, 57, 883.

(26) Han, S,; Yang, L.; Wen, Z.; Chu, S.; Wang, M.; Wang, Z.; Jiang,
C. A dual-response ratiometric fluorescent sensor by europium-doped
CdTe quantum dots for visual and colorimetric detection of
tetracycline. J. Hazard. Mater. 2020, 398, No. 122894.

(27) Yang, F; Lin, D.; Pan, L,; Zhu, J.; Shen, J.; Yang, L.; Jiang, C.
Portable Smartphone Platform Based on a Single Dual-Emissive
Ratiometric Fluorescent Probe for Visual Detection of Isopropanol in
Exhaled Breath. Anal. Chem. 2021, 93, 14506—14513.

(28) Ferré, S.; Ruiz, V. G.; Zangari, J.; Girel, S.; Martinou, J. C,;
Sardella, R; Rudaz, S. Separation and determination of cysteine
enantiomers in plasma after derivatization with 4-fluoro-7-nitro-
benzofurazan. J. Pharm. Biomed. Anal. 2022, 209, No. 114539.

(29) Zor, E. Silver nanoparticles-embedded nanopaper as a
colorimetric chiral sensing platform. Talanta 2018, 184, 149—155.

(30) Ma, Q; Qi, C.; Li, X. L; Shi, Q; Xu, C. Y,; Jin, T.; Min, J. Z.
Simultaneous Determination of DL-cysteine, pDL-homocysteine, and
glutathione in saliva and urine by UHPLC-Q-Orbitrap HRMS:
Application to studies of oxidative stress. J. Pharm. Biomed. Anal.
2021, 196, No. 113939.

(31) Pucciarini, L.; Gonzalez-Ruiz, V.; Zangari, J.; Martinou, J. C,;
Natalini, B.; Sardella, R.; Rudaz, S. Development and validation of a
chiral UHPLC-MS method for the analysis of cysteine enantiomers in
biological samples. J. Pharm. Biomed. Anal. 2020, 177, No. 112841.

(32) Grefio, M.; Marina, M. L.; Puyana, M. C. Use of single and dual
systems of y- cyclodextrin or y -cyclodextrin/L-Carnitine derived ionic
liquid for the enantiomeric determination of cysteine by electrokinetic
chromatography. A comparative study. Microchem. ]. 2021, 169,
No. 106596.

(33) Frens, G. Controlled Nucleation for the Regulation of the
Particle Size in Monodisperse Gold Suspensions. Nat. Phys. Sci. 1973,
241, 20.

(34) Dutta Roy, S.; Ghosh, M.; Chowdhury, J. Adsorptive
parameters and influence of hot geometries on the SER(R) S spectra
of methylene blue molecules adsorbed on gold nanocolloidal particles.
J. Raman Spectrosc. 2015, 46, 451—461.

(35) Jones, M. R.; Osberg, K. D.; Macfarlane, R. J.; Langille, M. R;;
Mirkin, C. A. Templated Techniques for the Synthesis and Assembly
of Plasmonic Nanostructures. Chem. Rev. 2011, 111, 3736—3827.

(36) Zhang, J; Zhao, B; Meng, L; Wu, H; Wang, X; Li, C.
Controlled synthesis of gold nanospheres and single crystals in
hydrogel. J. Nanopart. Res. 2007, 9, 1167—1171.

(37) Chandrasekharan, N.; Kamat, P. V.; Hu, J,; Jones, G., Il Dye-
Capped Gold Nanoclusters: Photoinduced Morphological Changes in
Gold/Rhodamine 6G Nanoassemblies. J. Phys. Chem. B 2000, 104,
11103—-11109.

(38) Acres, R. G.; Feyer, V.; Tsud, N.; Carlino, E.; Prince, K. C.
Mechanisms of Aggregation of Cysteine Functionalized Gold
Nanoparticles. J. Phys. Chem. C 2014, 118, 10481—10487.

(39) Wang, T; Hu, X; Dong, S. The fragmentation of gold
nanoparticles induced by small biomolecules. Chem. Commun. 2008,
4625—4627.

(40) Wu, H. P.; Huang, C. C.; Cheng, T. L.; Tseng, W. L. Sodium
hydroxide as pretreatment and fluorosurfactant-capped gold nano-
particles as sensor for the highly selective detection of cysteine.
Talanta 2008, 76, 347—352.

(41) Zhang, F. X;; Han, L.; Israel, L. B,; Daras, J. G.; Maye, M. M,;
Ly, N. K; Zhong, C. ]J. Colorimetric detection of thiol-containing
amino acids using gold nanoparticles. Analyst 2002, 127, 462—465.

(42) Li, L; Li, B. Sensitive and selective detection of cysteine using
gold nanoparticles as colorimetric probes. Analyst 2009, 134, 1361—
13685.

(43) Alarcos, N.; Cohen, B.; Ziolek, M.; Douhal, A. Photochemistry
and Photophysics in Silica-Based Materials: Ultrafast and Single

Molecule Spectroscopy Observation. Chem. Rev. 2017, 117, 13639—
13720.

(44) Tira, D. S.; Focsan, M.; Ulinici, S.; Maniu, D.; Astilean, S.
Rhodamine B-Coated Gold Nanoparticles as Effective “Turn-on”
Fluorescent Sensors for Detection of Zinc II Ions in Water. Spectrosc.
Lett. 2014, 47, 153—159.

(45) Chu, S; Wang, H; Ling, X;; Yu, S; Yang, L; Jiang, C. A
Portable Smartphone Platform Using a Ratiometric Fluorescent Paper
Strip for Visual Quantitative Sensing. ACS Appl. Mater. Interfaces
2020, 12, 12962—12971.

(46) Manjubaashini, N.; Kesavan, M. P.; Rajesh, J.; Thangadurai, T.
D. Multispectroscopic and bioimaging approach for the interaction of
rhodamine 6G capped gold nanoparticles with bovine serum albumin.
J. Photochem. Photobiol., B 2018, 183, 374—384.

(47) Chandrakar, V.; Tapadia, K; Gupta, S. K. Greener approach for
gold nanoparticles synthesis from fruit peel extract of Manilkara
zapota: a fluorometric assay for determination of thiourea. Inorg.
Nano-Met. Chem. 2022, 1-9.

(48) Prusti, B.; Chakravarty, M. An electron-rich small AIEgen as a
solid platform for the selective and ultrasensitive on-site visual
detection of TNT in the solid, solution and vapor states. Analyst
2020, 145, 1687—1694.

(49) Prasanth, S.; D Raj, R; Vineeshkumar, T. V.; Thomas, R. K;
Sudarsanakumar, C. Exploring the interaction of L-cysteine capped
CuS nanoparticles with bovine serum albumin (BSA): a spectroscopic
study. RSC Adv. 2016, 6, 58288.

(50) Lim, L-L. S.; Ip, W.; Crew, E.; Njoki, P. N.; Mott, D.; Zhong, C.
J.; Pan, Y.; Zhou, S. Homocysteine-Mediated Reactivity and Assembly
of Gold Nanoparticles. Langmuir 2007, 23, 826—833.

(51) Saroha, B.; Kumar, A.; Maurya, R. R;; Lal, M.; Kumar, S.; Rajor,
H. K.; Bahadur, I; Negi, D. S. Adsorption of cysteine on metal (II)
octacynaomolybdate(IV) at different pH values: Surface complexes
characterization by FT-IR, SEM with EDXA, CHNS and Langmuir
isotherm analysis. . Mol. Lig. 2022, 349, No. 118197.

(52) Hung, S. H; Lee, J. Y,; Hu, C. C; Chiy, T. C. Gold-
nanoparticle-based fluorescent “turn-on” sensor for selective and
sensitive detection of dimethoate. Food Chem. 2018, 260, 61—65.

(53) Link, S.; Sayed, M. A. E. Shape and size dependence of
radiative, non-radiative and photothermal properties of gold nano-
crystals. Int. Rev. Phys. Chem. 2000, 19, 409—453.

(54) Blatchford, C. G.; Campbell, J. R; Creighto, J. A. Plasma
Resonance — Enhanced Raman Scattering by Adsorbates on Gold
colloids: the effects of aggregation. Surf. Sci. 1982, 120, 435—45S.

(55) Wang, H; Yang, L.; Chu, S; Liu, B.; Zhang, Q.; Zou, L.; Yu, S;
Jiang, C. Semiquantitative Visual Detection of Lead Ions with a
Smartphone via a Colorimetric Paper-Based Analytical Device. Anal.
Chem. 2019, 91, 9292—9299.

(56) Jokerst, J. V.; Lobovkina, T.; Zare, R. N.; Gambhir, S. S.
Nanoparticle PEGylation for imaging and therapy. Nanomedicine
2011, 6, 715—728.

(57) Lim, L-L. S;; Mott, D.; Ip, W.; Njoki, P. N.; Pan, Y.; Zhou, S;
Zhong, C. J. Interparticle Interactions in Glutathione Mediated
Assembly of Gold Nanoparticles. Langmuir 2008, 24, 8857—8863.

(58) Basu, S.; Pal, P. Glutathione-Induced Aggregation of Gold
Nanoparticles: Electromagnetic Interactions in a Closely Packed
Assembly. J. Nanosci. Nanotechnol. 2007, 7, 1904—1910.

(59) Zhang, L.; Xu, C; Liu, C.; Li, B. Visual chiral recognition of
tryptophan enantiomers using unmodified gold nanoparticles as
colorimetric probes. Anal. Chim. Acta 2014, 809, 123—127.

(60) Feng, Y.; Liu, W,; Prieto, R. M,; Chen, X. D. Dye-protein
interactions between Rhodamine B and whey proteins that affect the
photoproperties of the dye. J. Photochem. Photobiol, A 2021, 408,
No. 113092.

(61) Yuvaraj, P.; Ajantha, J.; Karuppusamy, M.; Easwaramoorthi, S.;
Rao, J. R. Hydrogen Bond-Assisted Colorimetric Picomolar Level
Detection of Hg** Ions in 100% Aqueous Solution. ACS Sustainable
Chem. Eng. 2021, 9, 10309—10317.

https://doi.org/10.1021/acsomega.2c02725
ACS Omega 2022, 7, 29013—-29026


https://doi.org/10.1016/j.aca.2019.06.035
https://doi.org/10.1016/S0039-9140(02)00120-0
https://doi.org/10.1016/S0039-9140(02)00120-0
https://doi.org/10.1016/j.jhazmat.2020.122894
https://doi.org/10.1016/j.jhazmat.2020.122894
https://doi.org/10.1016/j.jhazmat.2020.122894
https://doi.org/10.1021/acs.analchem.1c03280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c03280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c03280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpba.2021.114539
https://doi.org/10.1016/j.jpba.2021.114539
https://doi.org/10.1016/j.jpba.2021.114539
https://doi.org/10.1016/j.talanta.2018.02.096
https://doi.org/10.1016/j.talanta.2018.02.096
https://doi.org/10.1016/j.jpba.2021.113939
https://doi.org/10.1016/j.jpba.2021.113939
https://doi.org/10.1016/j.jpba.2021.113939
https://doi.org/10.1016/j.jpba.2019.112841
https://doi.org/10.1016/j.jpba.2019.112841
https://doi.org/10.1016/j.jpba.2019.112841
https://doi.org/10.1016/j.microc.2021.106596
https://doi.org/10.1016/j.microc.2021.106596
https://doi.org/10.1016/j.microc.2021.106596
https://doi.org/10.1016/j.microc.2021.106596
https://doi.org/10.1038/physci241020a0
https://doi.org/10.1038/physci241020a0
https://doi.org/10.1002/jrs.4675
https://doi.org/10.1002/jrs.4675
https://doi.org/10.1002/jrs.4675
https://doi.org/10.1021/cr1004452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr1004452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11051-007-9209-7
https://doi.org/10.1007/s11051-007-9209-7
https://doi.org/10.1021/jp002171w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp002171w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp002171w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp502401w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp502401w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b809736d
https://doi.org/10.1039/b809736d
https://doi.org/10.1016/j.talanta.2008.03.004
https://doi.org/10.1016/j.talanta.2008.03.004
https://doi.org/10.1016/j.talanta.2008.03.004
https://doi.org/10.1039/b200007e
https://doi.org/10.1039/b200007e
https://doi.org/10.1039/b819842j
https://doi.org/10.1039/b819842j
https://doi.org/10.1021/acs.chemrev.7b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00387010.2013.782557
https://doi.org/10.1080/00387010.2013.782557
https://doi.org/10.1021/acsami.9b20458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b20458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b20458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jphotobiol.2018.05.005
https://doi.org/10.1016/j.jphotobiol.2018.05.005
https://doi.org/10.1080/24701556.2022.2081203
https://doi.org/10.1080/24701556.2022.2081203
https://doi.org/10.1080/24701556.2022.2081203
https://doi.org/10.1039/C9AN02334H
https://doi.org/10.1039/C9AN02334H
https://doi.org/10.1039/C9AN02334H
https://doi.org/10.1039/C6RA03583C
https://doi.org/10.1039/C6RA03583C
https://doi.org/10.1039/C6RA03583C
https://doi.org/10.1021/la062334t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la062334t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2021.118197
https://doi.org/10.1016/j.molliq.2021.118197
https://doi.org/10.1016/j.molliq.2021.118197
https://doi.org/10.1016/j.molliq.2021.118197
https://doi.org/10.1016/j.foodchem.2018.03.149
https://doi.org/10.1016/j.foodchem.2018.03.149
https://doi.org/10.1016/j.foodchem.2018.03.149
https://doi.org/10.1080/01442350050034180
https://doi.org/10.1080/01442350050034180
https://doi.org/10.1080/01442350050034180
https://doi.org/10.1016/0039-6028(82)90161-3
https://doi.org/10.1016/0039-6028(82)90161-3
https://doi.org/10.1016/0039-6028(82)90161-3
https://doi.org/10.1021/acs.analchem.9b02297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b02297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2217/nnm.11.19
https://doi.org/10.1021/la800970p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la800970p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1166/jnn.2007.739
https://doi.org/10.1166/jnn.2007.739
https://doi.org/10.1166/jnn.2007.739
https://doi.org/10.1016/j.aca.2013.11.043
https://doi.org/10.1016/j.aca.2013.11.043
https://doi.org/10.1016/j.aca.2013.11.043
https://doi.org/10.1016/j.jphotochem.2020.113092
https://doi.org/10.1016/j.jphotochem.2020.113092
https://doi.org/10.1016/j.jphotochem.2020.113092
https://doi.org/10.1021/acssuschemeng.1c03127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c03127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(62) Benesi, H. A; Hildebrand, J. H. A Spectrophotometric
Investigation of the Interaction of Iodine with Aromatic Hydro-
carbons. J. Am. Chem. Soc. 1949, 71, 2703—2707.

(63) Lodhi, M. S.; Khan, M. T.; Aftab, S.; Samra, Z. Q.; Wang, H,;
Wei, D. Q. A novel formulation of theranostic nanomedicine for
targeting drug delivery to gastrointestinal tract cancer. Cancer
Nanotechnol. 2021, 12, No. 26.

(64) Andal, V.; Bhuvaneswari, G. Silver oxide nano-colloid based
selective colorimetric sensor for the recognition of cystine in aqueous
solution. Mater. Res. Innovations 2020, 24, 202—209.

(65) Pawlukojé, A.; Leciejewicz, J.; Ramirez-Cuesta, A. J.; Nowicka-
Scheibe, J. L-Cysteine: Neutron spectroscopy, Raman, IR and ab initio
study. Spectrochim. Acta, Part A 2008, 61, 2474—2481.

(66) Shtukenberg, A. G.; Huy, J.; Sahota, A.; Kahr, B.; Ward, M. D.
Disrupting Crystal Growth through Molecular Recognition: Designer
Therapies for Kidney Stone Prevention. Acc. Chem. Res. 2022, SS,
516—525.

(67) Claes, D. J.; Jackson, E. Cystinuria: mechanisms and
management. Pediatr. Nephrol. 2012, 27, 2031—-2038.

29026

[0 Recommended by ACS

Gold-Silver Bimetallic Nanoclusters Protected by
Glutathione S-Transferase for Colorimetric Sensing of
Oxytetracycline

Lei Cao, Ding-Yi Fu, et al.
JULY 27,2022

ACS APPLIED NANO MATERIALS READ &

Penicillamine-Capped Red-Emitting Gold Nanoclusters for
Therapeutic Application

Dipankar Bain, Amitava Patra, et al.

SEPTEMBER 14, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ &

Flower-like Gold Nanoparticles for In Situ Tailoring
Luminescent Molecules for Synergistic Enhanced
Chemiluminescence

Kexin Zhang, Yi Lv, et al.
JUNE 14, 2022

ANALYTICAL CHEMISTRY READ &

Improved Charge Transport across Bovine Serum
Albumin-Au Nanoclusters’ Hybrid Molecular Junction

Ashwini Nawade, Sabyasachi Chakrabortty, et al.
JUNE 09, 2022

ACS OMEGA READ

Get More Suggestions >

https://doi.org/10.1021/acsomega.2c02725
ACS Omega 2022, 7, 29013—-29026


https://doi.org/10.1021/ja01176a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01176a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01176a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12645-021-00098-4
https://doi.org/10.1186/s12645-021-00098-4
https://doi.org/10.1080/14328917.2019.1629733
https://doi.org/10.1080/14328917.2019.1629733
https://doi.org/10.1080/14328917.2019.1629733
https://doi.org/10.1016/j.saa.2004.09.012
https://doi.org/10.1016/j.saa.2004.09.012
https://doi.org/10.1021/acs.accounts.1c00631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00467-011-2092-6
https://doi.org/10.1007/s00467-011-2092-6
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsanm.2c02320?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsanm.2c02320?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsanm.2c02320?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsanm.2c02320?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsanm.2c02320?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c03605?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c03605?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c03605?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c03605?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acs.analchem.2c00727?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acs.analchem.2c00727?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acs.analchem.2c00727?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acs.analchem.2c00727?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acs.analchem.2c00727?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsomega.2c01563?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsomega.2c01563?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsomega.2c01563?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
http://pubs.acs.org/doi/10.1021/acsomega.2c01563?utm_campaign=RRCC_acsodf&utm_source=RRCC&utm_medium=pdf_stamp&originated=1664588112&referrer_DOI=10.1021%2Facsomega.2c02725
https://preferences.acs.org/ai_alert?follow=1

	01_Front cover page
	02_Certificate_Supervisors
	03_Dedication
	04_Declaration
	05_Acknowledgement
	06_List of Publications_Revised
	07_Paper presented at Conferences
	08_Synopsis_Revised
	09_Contents Page
	10_List of Figures
	11_List of Tables
	12_List of Abbreviations_revised
	13_Coverpage_Chapter-1
	14_Chapter 1_Revised
	15_Coverpage_Chapter-2
	16_Chapter 2_Revised
	17_Coverpage_Chapter-3
	18_Chapter 3_Revised
	19_Coverpage_Chapter-4
	20_Chapter 4_Revised
	21_Coverpage_Chapter-5
	22_Chapter 5_Revised
	23_Coverpage_Chapter-6
	24_Chapter 6_Revised
	25_ Coverpage_Chapter-7
	26_Chapter 7_Revised
	27_ Coverpage_Chapter-8
	28_Chapter 8_Final
	29_Coverpage_Chapter-9
	30_Chapter 9_Revised
	31_Reprints Cover page
	32_Reprints-1
	Selective and sensitive detection of L-Cysteine via fluorometric assay using gold nanoparticles and Rhodamine B in aqueous  ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of Au NPs
	2.3 Characterizations techniques
	2.4 Method of fluorometric assay experiments

	3 Results and discussion
	3.1 Characterization of synthesized Au NPs
	3.2 UV–Vis absorption spectroscopic study
	3.3 Sensing of L-Cys based on fluorometric assay
	3.3.1 Sensitivity of the proposed method
	3.3.2 Selectivity of the proposed method
	3.3.3 Colorimetric response of the assay
	3.3.4 Real bio-sample analysis by using the fluorometric assay

	3.4 Time resolved fluorescence emission spectroscopic study

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


	33_Reprints-2
	01_Front cover page
	02_Certificate_Supervisors
	03_Dedication
	04_Declaration
	05_Acknowledgement
	06_List of Publications_Revised
	07_Paper presented at Conferences
	08_Synopsis_Revised
	09_Contents Page
	10_List of Figures
	11_List of Tables
	12_List of Abbreviations_revised
	13_Coverpage_Chapter-1
	14_Chapter 1_Revised
	15_Coverpage_Chapter-2
	16_Chapter 2_Revised
	17_Coverpage_Chapter-3
	18_Chapter 3_Revised
	19_Coverpage_Chapter-4
	20_Chapter 4_Revised
	21_Coverpage_Chapter-5
	22_Chapter 5_Revised
	23_Coverpage_Chapter-6
	24_Chapter 6_Revised
	25_ Coverpage_Chapter-7
	26_Chapter 7_Revised
	27_ Coverpage_Chapter-8
	28_Chapter 8_Final
	29_Coverpage_Chapter-9
	30_Chapter 9_Revised
	31_Reprints Cover page
	32_Reprints-1
	Selective and sensitive detection of L-Cysteine via fluorometric assay using gold nanoparticles and Rhodamine B in aqueous  ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of Au NPs
	2.3 Characterizations techniques
	2.4 Method of fluorometric assay experiments

	3 Results and discussion
	3.1 Characterization of synthesized Au NPs
	3.2 UV–Vis absorption spectroscopic study
	3.3 Sensing of L-Cys based on fluorometric assay
	3.3.1 Sensitivity of the proposed method
	3.3.2 Selectivity of the proposed method
	3.3.3 Colorimetric response of the assay
	3.3.4 Real bio-sample analysis by using the fluorometric assay

	3.4 Time resolved fluorescence emission spectroscopic study

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


	33_Reprints-2



