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Synopsis

In recent years, research related to nanomaterials has emerged as one of the most cutting-

4 It has been demonstrated that

edge and modish areas of scientific exploration.
nanomaterials, due to their smaller size (nanometre length scale), exhibit very different
physical and chemical properties as compared to their bulk counterpart. These interesting
properties of the nanoscale materials have facilitated the interdisciplinary research involving
these systems.”® Among these nanomaterials, metal nanoclusters (MNCs) have garnered
significant attention from researchers due to their ultra-small size (<2 nm), low toxicity,
advantageous optical properties, and excellent water solubility.’>*® Even though, substantial
research works are directed towards probing the interactions of larger-sized nanomaterials
with various target analytes, studies on the interactions of MNCs with important analytes are
still in their infancy." ***® Moreover, knowledge about their interfacial chemistry is still not
adequate. As a result of these issues, understanding of how MNCs communicate with target
analytes is rather limited. Therefore, to fill this knowledge gap, further investigations on the
said aspects are very much essential. Understanding the behaviour of MNCs, both in the
absence and presence of different analytes, is expected to provide valuable information not
only to comprehend the fundamental mechanisms governing their actions but also to generate
knowledge that can be applied to various MNC-mediated applications such as bio-analysis,
bioimaging, nanomedicine, sensing, optoelectronics, catalysis, energy harvesting etc.*® 1" 18
The primary objective of this thesis is basically to address the aforementioned issues.
Specifically, the fundamentals behind the interaction of luminescent coinage metal
nanoclusters with biologically and environmentally important analytes have been investigated

in the present thesis work. Attempts have also been made to understand the pivotal role of the

surface chemistry of MNCs on the binding events with target analytes as well as on the field
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of catalysis. All the above studies have been carried out by employing several spectroscopic

and microscopic techniques at both ensemble average and single particle levels.
Organization of thesis

The current thesis has been divided into seven chapters. The contents of each chapters of the

present thesis are briefly described below.
Chapter 1: Introduction

Chapter 1 serves as a comprehensive introduction to a wide range of nanomaterials and their
optoelectronic properties. This chapter has initially categorized inorganic nanomaterials on
the basis of particle size, which greatly influences their physical and chemical properties. In
particular, significant attention has been paid to ultra-small sized MNCs by discussing their
optical properties, synthetic procedures, surface chemistry and applications. Moreover, some
important processes, such as MNCs-biomolecule interactions, sensing, excitation energy
transfer, and electron/hole transfer etc., which are relevant to the thesis work has also been
highlighted in this chapter.®® % Chapter 1 concludes by outlining the thesis's objectives with

an emphasis on the need to address current challenges in this field.
Chapter 2: Experimental Techniques and Methods

This chapter provides a concise introduction and basic principles to various experimental
techniques used in the present study, including steady-state absorption and emission
spectroscopy, time-resolved fluorescence spectroscopy, fluorescence correlation spectroscopy
(FCS), field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), fourier-transform infrared spectroscopy (FTIR), dynamic light scattering
(DLS), zeta potential measurements, isothermal titration calorimetry (ITC), cyclic

voltammetry (CV) and circular dichroism (CD). The chapter also delves into the working
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principles of time-correlated single photon counting (TCSPC) and fluorescence correlation
spectroscopic (FCS) techniques by providing detailed explanations and layout diagrams of
the concerned instrumentations. Furthermore, various methodologies employed for data
analysis have been discussed in this chapter. At the end of this chapter, standard error limits
for different experimental measurements are provided, offering essential information about

the precision and reliability of the obtained data.

Chapter 3: Interaction of Bovine Serum Albumin with Copper Nanoclusters:

Realization of Binding Pathway Different from Protein Corona

This chapter has explored the interaction mechanism of bovine serum albumin (BSA) with
three distinct types of copper nanoclusters (CuNCs) possessing chemically different surface
ligands: tannic acid (TA), chitosan, and cysteine (Cys) (Scheme 1). The main focus of this
chapter is to reveal the role of these surface ligands over CuNCs in the overall protein-
CuNC s interaction event and, most importantly to investigate whether CuNCs can interact
with proteins in a unique way, distinct from the formation of a "protein corona” which is
typically observed with larger nanoparticles when exposed to biological fluids. The protein-
NCs interaction has been investigated by monitoring the fluorescence of CuNCs and the
intrinsic fluorescence of BSA. Thermodynamic parameters for the binding process are
determined through steady-state and isothermal titration calorimetric (ITC) experiments. The
analysis of data obtained from fluorescence, {-potential, and ITC measurements has revealed
that BSA, in the presence of CuNCs, does not achieve the binding stoichiometry
(BSA/CuUNCs > 1) necessary for "protein corona” formation. These findings are further
supported by the results obtained from fluorescence correlation spectroscopy (FCS). Further
analysis of data and thermodynamic calculations has highlighted the significant role of
CuNCs' surface ligands in the protein-NCs binding events, affecting both the mode and

thermodynamics of the process. Specifically, it has been observed that the binding of BSA
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with TA-CuNCs and Chitosan-CuNCs follows two distinct binding modes, whereas Cys-
CuNC s exhibit a single binding mode (Figure 1a,b,c). Circular dichroism (CD) measurements
have indicated that the basic structure of BSA remains almost unaltered in the presence of
CuNCs. To gain deeper insights into the binding of protein molecules with various CuNCs at
the single-particle levels, fluorescence correlation spectroscopy (FCS) has been employed
(Figure 1d,e,f). The data analysis yields intriguing insights into the binding pathways of
protein molecules in the presence of various CuNC. The outcome of this study is expected to

be useful in utilizing CuNCs for biological applications.

(a)
@)
Hs—-on
NH,
(d)

Scheme 1. Schematic represenation of (a) “protein-corona” and (b) protein complex;

Chemical Structures of: (c) Chitosan, (d) Cysteine, and (e) Tannic Acid.
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Figure 1. Double-logarithmic plot for the binding of (a) TA-CuNCs, (b) Chitosan-CuNCs,
and (c) Cys-CuNCs with BSA at 298 K; Normalized autocorrelation curves for (d) TA-
CuNCs (e) Chitosan-CuNCs and (f) Cys-CuNCs with increasing concentrations of BSA.

Chapter 4: Copper Nanoclusters as an Effective Enzyme Inhibitor on the Activity

Modulation of a-Chymotrypsin

This chapter basically tells about the potential of CuNCs as an effective enzyme inhibitor on
the activity modulation of a-Chymotrypsin and the associated interaction mechanism. This
chapter has also highlighted the role of surface ligands of CuNCs on the overall enzyme-
CuNCs interaction events. For the investigations, two distinct CuNCs have been synthesized;
each capped with different surface ligands, namely, cysteine (Cys) and tannic acid (TA).
Subsequently, we have investigated the interaction between these CuNCs and a-ChT using
various spectroscopic techniques at both the ensemble average and single-molecule levels.
The results obtained from enzyme kinetics studies (Figure 2a,b) have revealed that both types
of CuNCs effectively act as enzyme inhibitors. Cys-CuNCs has completely suppressed the a-
ChT activity through a competitive inhibition mechanism, while TA-CuNCs has partially
reduced enzyme activity via a noncompetitive inhibition mechanism. This observation
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underscores the crucial role of surface ligands in regulating a-ChT activity. To obtain deeper
insights into the enzyme-inhibitor interaction mechanism, we have employed fluorescence
spectroscopy, isothermal titration calorimetry (ITC), fluorescence correlation spectroscopy
(FCS), agarose gel electrophoresis, and circular dichroism (CD) spectroscopy.
Thermodynamic data obtained from fluorescence titration and ITC experiments have
indicated that Cys-CuNCs follow a one-step binding process, whereas TA-CuNCs undergo a
two-step binding process (Scheme 2). Moreover, FCS studies have provided evidence in
favour of the interaction between CuNCs and o-ChT at the single-molecule level.
Importantly, CD measurements (Figure 2¢,d) demonstrate that the fundamental structure of a-
ChT remains almost unchanged in the presence of CuNCs. Overall, this study has suggested
that CuNCs have the potential to serve as effective nanoscale regulators of enzyme activity

for various biological applications.

Step-1

* AH>0, AS>0
)

Step-2
AH<0, AS<0

» Electrostatic” “A{",
_» H-bonding

Hydrophobic ;. van derWaals

association v ChT-TA-CuNCscomplex
v Noncompetitive inhibition

e —

& AH<0, AS<0 64
( » Electrostatic, —

. » H-bonding
Chymotrypsin Cys-CuNCs . vVanderWaals . ChT-Cys-CuNCscomplex
v Competitive inhibition

o !

Scheme 2. Schematic representation of the binding event between a-ChT and CuNCs.
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Figure 2. Lineweaver—Burk plots of a-ChT in the absence and presence of different
concentrations of (a) Cys-CuNCs and (b) TA-CuNCs using SPNA as a substrate; Far-UV CD
spectra of 2 uM a-ChT in the absence and presence of increasing concentration of (c) Cys-
CuNCs and (d) TA-CuNCs.

Chapter 5: Turn-Off Detection of Reactive Oxidative Species and Turn-On Detection of

Antioxidants Using Fluorescent Copper Nanoclusters

The goal of this chapter is to design and develop a nanoscale fluorescence-based sensory
system which can selectively and sensitively detect highly reactive oxidative species (hROS)
and antioxidants within a single chemical entity (Scheme 3). To achieve this, we have
synthesized water-soluble, economical, non-toxic fluorescent copper nanoclusters (CuNCs)
capped with chitosan and characterized them by conventional analytical methods. The
sensory action of CuNCs for various analytes of interest has been evaluated at both the
ensemble-averaged and single-particle levels by employing a range of spectroscopic and

microscopic techniques. The steady-state fluorescence studies (Figure 3a,b,c) have revealed

XXi



that CuNCs serve as efficient turn-off sensors for hROS (*OH and CIO ) and turn-on sensors
for antioxidants (ascorbic acid and glutathione). Notably, our study has demonstrated the
effectiveness of this sensory system in detecting antioxidants at low concentrations in
commercial fruit juices and human blood samples. Additionally, the ability of CuNCs to
sense hROS at the single-particle level has also been showcased with the help of fluorescence
correlation spectroscopy (FCS). X-ray photoelectron spectroscopy (XPS) data analysis has
indicated that the turn-off sensing mechanism arises from the oxidation of Cu(0)NCs to
Cu(ll) by hROS (Figure 3d,e,f). Conversely, the fluorescence studies have revealed that the
turn-on sensing mechanism is caused due to the presence of antioxidants, which prevents the
oxidation of CuNCs by hROS. Interestingly, the present investigations have also
demonstrated that the optical output signals of the probe—analyte interaction during the
hROS/antioxidant signaling can successfully be exploited to construct NAND and
IMPLICATION logic gates. In summary, the work in this chapter demonstrates that CUNCs-
based nanoscale sensory systems can be developed for applications in electronics and medical

diagnostics.

/ hROS \

Turn-off

CUNCSEntlomdas
hROS \
k Turn-on

Scheme 3. Sensing Strategy for the detection of hROS and Antioxidants by CuNCs
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Chapter 6: Effect of Surface Ligands of Copper Nanoclusters on P-Nitrophenol

Reduction: A Spectroscopic approach

In Chapter 6, we have investigated the influence of surface ligands on copper nanoclusters
(CuNCs) in catalyzing the NaBH4-mediated reduction of 4-nitrophenol to 4-aminophenol.
Two types of CuNCs, one capped with tannic acid (TA-CuNCs) and the other with cysteine
(Cys-CuNCs) have been synthesized and utilized as nano-catalysts. We have compared the
catalytic performance of these ligand-capped CuNCs with that of ligand-free CuNCs in
aqueous medium. To understand the catalytic mechanisms at a molecular level, we have
utilized the absorption signals of reactants and the fluorescence signals of the CuNCs

catalysts. Kinetic data obtained from absorption studies (Figure 4) have revealed that the rate
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constant for the reaction, catalyzed by these nano-catalysts, follows the order: k;4_cuncs >
kcuncs® Kcys—cuncs- Notably, Cys-CuNCs and ligand-free CuNCs have exhibited an
induction time before the reaction commenced, whereas no induction time has been observed
with TA-CuNCs. This observation has suggested that surface modification of CuNCs by
ligands play a crucial role in the catalytic reaction. Furthermore, the removal of dissolved
oxygen from the reaction medium is found to increase the rate constants for all catalysts and
effectively eliminates the induction time. This finding has essentially indicated the influence
of dissolved oxygen in facilitating the reverse oxidation of 4-nitrosophenol (an intermediate)
to 4-nitrophenol.?* In order to find out the potential of the nano-systems in catalyzing the
above reaction, the reduction potentials of these CuNCs are determined through cyclic
voltammetry studies. Moreover, the observation of a decrease in the catalytic activity with
increasing 4-nitrophenol concentration has pointed out that a Langmuir-Hinshelwood
mechanism is responsible for the reaction (Scheme 4). Interestingly, from the fluorescence
studies, it has been observed that when the nano-catalysts are added to the mixture of 4-
nitrophenol and NaBH,, the fluorescence intensities of the catalysts get reduced drastically at
the beginning of the reaction but subsequently get recovered over time, indicating the
progress of the reaction. Quite interestingly, the rate constants estimated from the
fluorescence recovery data is found to follow a similar trend to those obtained from
absorption data. Furthermore, it has been demonstrated that CuNCs-based nano-catalysts are
not only limited to the conversion of 4-nitrophenol to 4-aminophenol but are quite useful in
catalyzing various types of substrates. The outcome of the present work sheds light on the
role of surface ligands in nano-catalysis and presents new opportunities in designing new

nano-catalysts for practical applications.
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Scheme 4. Schematic representation of the catalytic mechanism.
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Figure 4. Absorption spectra of 4-nitrophenol reduced by NaBH, in the presence of (a) TA-
CuNCs (b) Cys-CuNCs and (c) ligand free CuNCs with 2 min time interval; (d) In(Ao/At) vs

time (t) plot for determination of rate constants; (e) Bar diagram of catalytic reaction rate

constant vs various CuNCs.
Chapter 7: Investigation on Energy Transfer from Non-Plasmonic Fluorescent

Bimetallic Nanoparticle to Plasmonic Gold Nanoparticles

This study is aimed at understanding the electronic interaction between non-plasmonic
fluorescence bimetallic silver capped gold (F-AgAu) nanoparticles and plasmonic gold

nanoparticles (AuNPs) by investigating the excitation energy transfer (EET) studies.
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Additionally, attempts have also been made to know how the surface modification of AuNPs
with cetyltrimethylammonium bromide (CTAB) can affect the electronic interaction between
the said units (Scheme 5). For this purpose, F-AgAu and AuNPs are used as donor and
acceptor respectively. These nanomaterials have been synthesised by following reported
protocols and characterised by using conventional methods prior investigating their photo-
physics. Steady-state and time-resolved fluorescence studies (Figure 5) have revealed
substantial quenching of the fluorescence intensity and lifetime of F-AgAu in the presence of
AUNPs. The data obtained from cyclic voltammetry (CV) and polarity-dependent studies
have ruled out the possibility of electron transfer mechanism. The observed increase in non-
radiative decay rate for F-AgAu has provided evidence in favour of the fact that the
photoluminescence quenching is primarily a result of excitation energy transfer from F-AgAu
to AuNPs. Interestingly, our investigations have revealed that the energy transfer efficiency
drops from 87% to 28% in the presence of CTAB modified AuNPs due to the formation of a
CTAB bilayer over AuNPs. Data analysis through various methods such as conventional
EET, nanomaterial surface energy transfer (NSET), and stretched exponential models have
firmly established that the EET process follows a 1/d* distance dependence (NSET), rather
than the conventional 1/d® distance dependence as predicted by the Férster resonance energy
transfer model. Furthermore, single-particle level measurements through fluorescence
lifetime imaging microscopy (FLIM) have elucidated the role of the surfactant (CTAB) in

controlling the EET process from non-plasmonic to plasmonic nanoparticles.
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Scheme 5. Schematic representation of the interaction of F-AgAu with AuNPs and CTAB

modified AuNPs.
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Figure 5. Fluorescence spectra of F-AgAu in the absence and presence of (a) AuNPs and (b)
CTAB modified AuNPs. Time-resolved fluorescence decay curve of F-AgAu in the absence
and presence of (¢) AuNPs and (d) CTAB modified AuNPs (Aex = 375 nm).
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This chapter tries to provide a comprehensive introduction to a wide range of nanomaterials
and their optoelectronic properties. It begins by categorizing the nanomaterials on the basis
of particle size, which greatly influences their physical and chemical properties. In
particular, significant attention has been paid to ultra-small sized metal nanoclusters
(MNCs) by discussing their optical properties, synthetic procedures, surface chemistry and
applications. Moreover, some important processes, such as nanoparticles-biomolecule
interactions, sensing, excitation energy transfer, etc., involving various MNCs have also been
highlighted in this chapter. This chapter concludes by outlining the thesis's objectives with an

emphasis on the need to address current challenges in this field.

1.1. Introduction to Nanomaterials

Nanomaterials are substances with structures at the nanoscale (typically 1-100 nm) regime,
showcasing remarkable physical and chemical properties.’? In the past decades,
nanomaterials have drawn considerable attention from all branches of sciences, as well as
technologies, due to their potential applications in molecular imaging, biosensors,
nanomedicine, nanoscale devices, catalysis, nanoelectronics, data storage, etc. *® Based on
their composition, nanomaterials are broadly categorized into two classes: inorganic
nanoparticles and organic nano / microparticles. Inorganic nanoparticles are further
subdivided into metal nanoparticles and semiconductor nanoparticles or quantum dots (QDs).
On the other hand, organic nano/microparticles form another class, encompassing a diverse
range of carbon-containing compounds and molecules with distinct applications in various
fields. In recent years, the rapid development of noble metal (e.g., Cu, Ag, Au, Pt, etc.)
nanoparticles has been renowned as the most trendy research topic. Interestingly, the
nanomaterials show unusual properties (mechanical, chemical, electrical, optical, magnetic,

etc.) different from their bulk counterpart and the differences are strongly dependent on the
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particle size (Scheme 1.1).% %! It is to be noted that bulk metals possesses continuous energy

bands. The conduction band of a bulk metal is overlapped with the valence band to some
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Scheme 1.1. Effect of size on the electronic structure of metal.
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extent and is partially occupied with movable electrons, which are responsible for the electric
conductivity of metals.?> When the size of metals cuts to develop metal nanoparticles (NPs),
the motion of electrons is restricted to some extent and there occurs collective oscillations of
the conduction electrons upon interaction with incident light, giving rise to the localised
surface plasmon resonance (LSPR) effect.’> Due to this effect, NPs exhibit a strong
absorption band in the near-UV to the visible region, known as surface plasmon resonance
(SPR) absorption.**** This gives rise to vibrant colours in their colloidal solutions that are
highly contingent on the size and shape of the nanoparticles.*? The oscillation frequency of
plasmon electrons, determined by the size and shape of the nanoparticles, also influences
their absorption frequency. When the size of the NPs is further reduced to sub-nanometer
level (< 2nm), it gives a fascinating class of nanomaterials called metal nanoclusters (MNCs).

The energy bands of MNCs are split into discrete energy levels due to quantum confinement
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effect, resulting in surprising properties compared to larger-sized nanoparticles.” ** In the
upcoming discussion, our focus will be exclusively on fluorescent MNCs, a key component

of the present thesis.
1.2. Metal Nanoclusters

Metal nanoclusters (MNCs), usually composed of a few to hundred atoms, are a new class of
fluorescent nanomaterials.” ***" The sizes of MNCs are typically below 2 nm which
approaches the Fermi wavelength of electron. Due to having ultra-small size, the continuous
density of states are split up into discrete energy levels, which leads to unusual optical,
electrical and chemical properties dramatically different from plasmonic nanoparticles.'®**
This special class of nanomaterials make a bridge between metal nanoparticles and metal
atoms. These MNCs are considered as promising candidates for bio-analysis, bio-imaging,
sensing, catalysis, etc. due to having fascinating properties like photoluminescence, good

photostability, large Stokes shift, water solubility, etc.?*?

1.2.1. Optical Properties of MNCs
1.2.1.1. Absorption Properties

Usually, the absorption properties of metal nanoparticles are governed by the surface
plasmon resonance of conduction electrons. However, MNCs reveal molecular-like HOMO-
LUMO electronic features and multiband electronic transitions, which are responsible for the
light-matter interactions of MNCs.? 2° Typically, the absorption spectra of metal nanoclusters
(MNCs) exhibit pronounced absorption in the UV region and an extended absorption tail in
the visible region. It is important to highlight that these absorption characteristics of MNCs
markedly differ from the distinctive surface plasmon resonance (SPR) band observed in

relatively larger



Chapter 1

— hhsorptlnn\

v\

Ab: i "g:
M sorplion

— 10 (a) e Emigsion E 10 {b) = Emission
c 1.0+ Q

@ k=

= £ 0.8
£ 03 o

_ L

o ~ 0.6
-g 0.6 g

S 0.4 804
£ S

g 0.2- E 0.2+
-1 <

< 0.0+

———— 0.0
250 300 350 400 450 500 550 600 650 250 300 350 400 450 500 550 600
\ Wavelength(nm) Wavelength(nm) /

Figure 1.1. Absorption and emission spectra (Aexcitation = 360 nm) of (a) Cysteine capped

CuNCs and (b) Tannic acid capped CuNCs.

nanoparticles.® In the current thesis work, strong absorption in the UV region and an
extended absorption tail in the visible region has been observed in the absorption spectra of
CuNC s, distinctly differing from the characteristic surface plasmon resonance (SPR) band
(ca. 560—600 nm) observed in relatively larger CuNPs (Figure 1.1).%" Assigning the bands in
the UV-vis spectrum of MNCs to specific electronic transitions necessitate the use of density
functional theory (DFT) calculations.? Notably, CuNCs, in contrast to AuNCs, do not exhibit
intricate multi-band UV-vis spectra, particularly in the visible region. The optical spectra of
CuNC s typically feature a gradual exponential rise in absorbance at lower energies. Multiple
bands and transitions at higher energies are predominantly influenced by the absorption of the
protective ligand.*® It is to be mentioned here that Jin and co-workers®® have shown that
glutathione-protected Au,sNCs exhibit characteristic absorption features in the range 400—
1000 nm due to the intraband (sp«—sp) or interband (sp<—d) transitions. In another work,
Tsukuda and co-workers® have demonstrated that with decreasing the core size of AuNCs,
the spacing between the discrete energy levels in each band increases, leading to a blue shift

in the absorption spectra.
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1.2.1.2. Fluorescence Properties

Ultra-small sized MNCs exhibit good fluorescence properties, which make them ideal
candidates for bioimaging, biolabelling and fluorescence analysis, etc. The fluorescence
mechanism may vary with the variation of sizes, surface ligands and different synthetic routs
of MNCs.? 2 343¢ presently, several mechanisms have been suggested to explain the
fluorescence properties of MNCs. Commonly, the metal core with its quantum confinement
effect (QCE) and the surface property of MNCs are considered to be the main sources of the
emission properties of MNCs. In this context, it is relevant to mention here that Murray and
co-workers®’® have proposed that the fluorescence of monolayer-protected MNCs is due to
the interband transitions between the filled d band and the sp conduction band. In another
work, Whetten and co-workers® have ascribed the relaxed radiative recombination across the
HOMO—LUMO gap within the sp conduction band (intraband transition) is responsible for
the infrared fluorescence from glutathione-protected AuNCs. In certain instances, CuNCs
display dual-emission characteristics. The lower-energy emission is linked to intraband
transitions occurring within the sp-band (HOMO-LUMO transitions), while the higher-
energy emission is associated with interband transitions from excited states in the sp-band to
the d-band.***! The electronic transitions within MNCs are pictorially given in the Scheme
1.2.

It is to be noted here that using sophisticated synthetic and characterization methods,
researchers have successfully achieved atomically precise MNCs. Recently, Pradeep and co-
workers** have synthesized Ag;NCs and AggNCs with almost identical particle sizes,
utilizing mercaptosuccinic acid as capping ligands. Notably, they have observed distinct
photoluminescence (PL) emissions at approximately 440 nm and 650 nm for Ag;NCs and

AgsNCs, respectively. The remarkable shift in emission colour from blue to red, despite only
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one-atom difference in cluster structures, challenges a simplistic interpretation based solely
on size-dependent quantum confinement effects (QCE). Moreover, despite the robust size-
dependent photoluminescence (PL) properties exhibited by MNCs, the fluorescence lifetime
and quantum yield (QY) calculated through theoretical models are notably lower than the
experimentally observed values. When solely accounting for the metal's contribution to PL
emission, the theoretically predicted wavelength of PL emissions should fall within the near-
infrared range, contrasting with the experimentally observed visible wavelength emission.*
These disparities between experimental and theoretical data suggest the inadequacy of metal-
centered quantum confinement mechanics. In a recent study, Luo and co-workers* have
synthesized a series of glutathione (GSH)-protected gold nanoclusters with precise atomic
compositions (AuzgSGy7, AuzeSGag, AUzeSGs, AuzeSGss, AugsSGsy). Surprisingly, all these
nanoclusters exhibited identical emission at approximately 610 nm, challenging the
conventional explanation of the classical quantum confinement effect (QCE) mechanism.
Moreover, by finely adjusting the surface ligands' coverage, the emission wavelength could
be readily tuned from 600 nm to 810 nm, highlighting the crucial role of surface-protective

ligands in modulating the photoluminescence (PL) of AuNCs.*
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Additionally, AuNCs with the same number of core atoms but different protecting ligands
displayed distinct PL properties.’® 2 Effect of ligands on the tunability of emission
wavelength of CuNCs has been schematically shown in the Scheme 1.3. These findings
underscore that the metal core alone is not the sole determinant of the photoemission in
MNCs. Other components, including the nature of coordinate ligands, ligand to metal charge
transfer (LMCT), ligand to metal to metal charge transfer (LMMT), valence states of surface
metal atoms, and assembly architectures of nanoclusters, also significantly influence the

emission properties of MNCs.** %

1.2.1.3. Solvatochromic Properties

The solvatochromic effect, commonly observed in larger metal nanoparticles, is primarily
associated with their surface plasmon phenomenon.®® Recent studies have indicated that ultra-
small sized MNCs also exhibit a comparable dependence of their optical behaviour on the
solvent.®*®® It has been observed that both the optical and emission properties of MNCs can

be tuned significantly with the proper choice of solvents. The splitting of energy levels and

8
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electron redistribution on the cluster surface may be affected by the change in the chemical
environment, leading to a variation in the optical properties of the MNCs .** It is expected
that the solvatochromic effect of MNCs may be useful for the sensing of various sensitive

analytes.®
1.2.2. Surface Ligand Chemistry of MNCs

Surface ligands play a crucial role in the synthesis, stability, and properties of metal
nanoclusters. These ligands are generally molecules or ions that bind to the surface of metal
nanoclusters, providing stability and influencing their chemical, physical, and electronic
properties. Here are some key points which highlight the importance of stabilizing ligands for

metal nanoclusters:
(1) Stability and Kinetic Control

Metal nanoclusters are often highly reactive and thermodynamically unstable due to their
high surface-to-volume ratio. Stabilizing ligands passivate the surface of these nanoclusters,
preventing them from aggregating or undergoing uncontrolled growth.® This ensures that the
nanoclusters maintain their desired size and structure over time, allowing for precise control

of their properties.
(if) Tuneable Properties

By selecting different ligands, researchers can fine-tune the physical and chemical properties
of nanoclusters, such as their catalytic activity, optical properties, and electronic structure.

This tunability is crucial for tailoring nanoclusters to specific applications.
(iii) Solubility and Dispersion

Ligands can enhance the solubility of metal nanoclusters in various solvents, enabling their
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use in solution-phase reactions and applications. They also help disperse nanoclusters

uniformly, preventing agglomeration and ensuring even distribution in solution.
(iv) Biological Compatibility

Stabilizing ligands can make metal nanoclusters biocompatible, allowing their use in various
biomedical applications, such as drug delivery, imaging, biomolecular sensing and therapy.®”
% Ligands can be designed to minimize toxicity and enhance the nanoclusters' interaction
with biological systems. Surface ligands of MNCs play crucial role in the interaction
mechanism of MNCs with bio-molecules that has been discussed in the chapter 3 and chapter

4 in details.
(v) Protection from Oxidation and Corrosion

Stabilizing ligands act as a protective shell around metal nanoclusters, shielding them from
environmental factors, such as oxygen and moisture that can lead to oxidation or corrosion of

metal atoms. This ensures the long-term stability of nanoclusters.*®
(vi) Electronic Structure

Ligands can modify the electronic structure of metal nanoclusters, leading to changes in their
electronic properties, such as bandgap and conductivity.®*™ This makes them suitable for

applications in electronics, sensors, and optoelectronics.

In summary, stabilizing ligands are essential for controlling the size, shape, stability,
and properties of metal nanoclusters, making them versatile materials with applications in
catalysis, nanotechnology, materials science, and biomedicine. In recent times, researchers
are actively exploring novel ligand strategies to unleash the complete potential of MNCs for a
diverse range of innovative applications. The impact of surface ligands on various aspects has
been addressed in different sections of this thesis.

10
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1.2.3. Synthesis of MNCs

Obtaining high-quality nanomaterials relies heavily on effective synthesis protocols. The
widespread interest in synthesizing nanomaterials stems from their unique applications in
modern science. To achieve large-scale synthesis of MNCs with precise atomic compositions,
diverse chemical and physical methods have been developed. Various synthetic approaches
have been reported for the formation of MNCs, and these methods can be broadly categorized
into two subclasses: (i) top-down process, where external forces play a pivotal role in
reducing relatively larger-sized nanoparticles (NPs) to smaller-sized MNCs, and (ii) bottom-
up process, which involves the nucleation of the cluster-core from metal atoms obtained
through the reduction of metal ions (Scheme 1.4). These two methods have been discussed

below.
1.2.3.1. Top-down Synthesis Methods

In the top-down synthesis of nanomaterials, macroscopic structures are broken down into
nano-sized fragments and subsequently transformed into thermodynamically stable species.
In this approach, usually, two principal methods, namely dry grinding and wet grinding, are
employed for the synthesis of metal nanoclusters (MNCs).** Dry grinding involves the
application of mechanical forces, such as shearing mill, ball mill, and tumbling mill, to
disintegrate solid materials into smaller particles, characterized by high surface energy.
However, this method often leads to aggregation, resulting in the formation of larger non-
luminescent nanoparticles. In the wet grinding process, the likelihood of forming larger-sized
particles is reduced in comparison to the dry grinding method. Generally, the wet chemical
synthesis of MNCs involves the etching or digestive ripening of larger nanoparticles’ or

nanocrystals® in the presence of excess ligands by controlling the factors such as pH,

11
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temperature, and initial concentrations of reacting materials. Recently, Patra and co-workers’

have successfully synthesized atomically precise CuNCs from non-luminescent plasmonic

/ (A) Top-Down \
Grinding , Etching @

Bulk Metal Metal Nanoclusters

e o Reduction Nucleation @

Metal ions Atomic clusters Metal nanoclusters
(B) Bottom-Up

Scheme 1.4. Schematic representation of the (A) Top-Down approach and (B) Bottom-Up

approach for the synthesis of MNCs

CuNPs through core etching using excess reduced GSH. In another recent study, Chen and
co-workers’? have reported a novel, straightforward, and expeditious top-down etching
method for the synthesis of luminescent CuNCs, utilizing CuNPs as the precursor and NH3 as
the etchant.>* Despite the potential advantages of wet grinding methods, the top-down process

has garnered limited attention due to unsatisfactory product yields.”>"

1.2.3.2. Bottom-up Synthesis Methods

The most preferred bottom-up approach for the synthesis of metal nanoclusters is the
chemical reduction method. This method begins by reducing metal ions to a zero-valent state,
facilitated by ligands or external reducing agents. This reduction is followed by nucleation of

metal atoms and protection by capping ligands. Additional bottom-up methods include

12
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physical vapour deposition (PVD), chemical vapour deposition (CVD), electrochemical
synthesis, microwave-assisted synthesis, micro-emulsion method, and modified Brust-
Schiffrin method. However, many of these techniques necessitate high-cost instruments, and
their productivity is often unsatisfactory. Hence, reducing metal ions and capping with
ligands is the preferred method for synthesizing diverse metal nanoclusters like AuNCs,

AgNCs, CuNCs, etc.
1.1.3.2.1. Ligand-based Synthesis Methods

In the past decades, ligand-based synthetic methods are considered as efficient synthetic
techniques for the preparation of fluorescent MNCs. Throughout this thesis, this method has
been employed for the preparation of MNCs. In general, during the synthesis of MNCs, there
is a high tendency of aggregation of multiple clusters-cores in order to decrease the surface
energy. Therefore, suitable ligands are required to overcome this pitfall for the synthesis of
stable MNCs. The choice of ligand plays a crucial role in determining the size, shape, and
properties of the resulting nanoclusters. The ligands are chosen based on their affinities for
different metals or precursors. In this method a metal precursor (metal salts or organometallic
compounds) is taken according to the desire metal composition of the MNCs. The metal
precursors are dissolved in an appropriate solvent and suitable ligands are added to that
solution, which give rise to metal-ligand intermediate complex. Then the metal ions are
reduced by adding reducing agents, under photo irradiation or heating. Upon reduction of
metal ion, metal-ligand bonds are weakened, and few metal atoms aggregated to form metal
nanoclusters through aurophilic interactions, argentophilic interaction, cuprophilic
interaction, etc.** % ™ In the current thesis, we have used cysteine, tannic acid, chitosan and
glutathione as capping ligand for the synthesis of various MNCs. Some common ligands used
in ligand-based synthesis of metal nanoclusters are discussed below and shown in the Scheme

1.5.

13
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Thiols: Thiol containing small molecules such as glutathione, cysteine, dihydrolipoic acid,

alkyl or aryl mercaptans, etc. is commonly used as stabilizing agents for the synthesis of

MNCs as many transition metals have strong affinity for thiols. They form robust metal-

sulphur bonds and provide excellent stabilization for metal nanoclusters. It is pertinent to
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Scheme 1.5. Pictorial representation of some ligands used in the synthesis of MNCs.
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mention here that there are several reports on the synthesis of glutathione-protected AUNCs
with defined chemical compositions.®®* "® Similar attempts have also been made for the
synthesis of AuNCs, stabilized with various thiols such as phenylethylthiolate’’ tiopronin®’,
3- mercaptopropionic acid’®, thiolate -cyclodextrin’® etc. Recently, Banerjee and co-workers®
have reported the synthesis of fluorescent AgNCs using dihydrolipoic acid (DHLA) as the
stabilizing agent. In another recent work, Chen and co-workers*’ have synthesised green-

emitting and pH-responsive CuNCs by using cysteine as capping agent.

Carboxyl/ Hydroxyl Group Containing Species: Carboxyl group and /or hydroxyl group
containing ligands have been widely used for the polyhydroxyl group has been employed in

14
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the synthesis of CuUNCs.%® Additionally, O-carboxymethyl chitosan has been used as a surface

ligand in the synthesis of another blue-emissive CuNC.*

Phosphines: Phosphine ligands have been extensively used as protecting ligands in the
synthesis of various MNCs.® 8% For examples, Bartlett et al.®® have synthesised AuNCs
with a diameter of approximately 0.8 nm by using amino-substituted triarylphosphine ligands
as capping agents. The choice of the phosphine ligands likely provides strong coordination

with the gold atoms, effectively stabilizing the resulting nanoclusters.
1.2.3.2.2. Template-based Synthesis Methods

Template-based synthesis methods are extensively employed for the fabrication of ultra-small
and well-defined metal nanoclusters (MNCs). Various templates, including dendrimers,
polymers, proteins, polyelectrolytes, and DNA, have been utilized for this purpose. These
template-based techniques offer predetermined environments for cluster formation,
facilitating the production of nanoclusters with precisely controlled size and shape.
Commonly used templates for the synthesis of MNCs are discussed below:

Dendrimers: Dendrimers, with their well-defined structures and the ability to sequester
metal ions from solutions, have been employed as templates for the synthesis of MNCs.
Recently, Dickson and co-workers®’ have synthesised photostable luminescent AGNCs within
PAMAM dendrimers through direct photoreduction. The same group® have further described
the synthesis of AuNCs stabilized by dendrimers, specifically PAMAM dendrimers. By
varying the relative concentrations of PAMAM dendrimers and metal precursors, as well as
the generation of the dendrimers, it is possible to obtain MNCs with emission colours ranging
from ultraviolet (UV) to near-infrared (NIR) regions.> In another work, Lin and co-workers®
have proposed a simple strategy for synthesizing dendrimer-encapsulated AuNCs, primarily

Aug, by incorporating a specific counter ion (AuX;, X = chloride or bromide) into a
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dendritic microcavity with pH-dependent polarity. Upon microwave irradiation, they have
achieved dendrimer-encapsulated AuNCs with high quantum yields ranging from 20% to
62%.

Polymers: Polymers, containing abundant carboxylic acid groups have shown promise as
templates for the synthesis of highly fluorescent MNCs. An earlier report™ has described the
synthesis of fluorescent AgNCs using polymer microgels composed of poly (N-
isopropylacrylamide-acrylic acid-2-hydroxyethyl acrylate) by UV irradiation. In this study,®
a mixture of the polymer microgel and Ag" ions was exposed to UV irradiation. The
carboxylic acid groups present in the polymer microgel likely served as coordinating sites for
the Ag® ions, facilitating their reduction and subsequent formation of fluorescent Ag NCs
within the polymer matrix. In another work, Frey and co-workers™ utilized a molecular
hydrogel composed of multi-arm star polyglycerol-block-poly (acrylic acid) copolymers as a
template for synthesizing fluorescent AgNCs via photoreduction. Numerous recent studies
have detailed the synthesis of AUNCs stabilized by various polymers. In one instance, AUNCs
capped with polyethylenimine (PEI), a multivalent polymer, have been prepared by etching
preformed dodecylamine-capped gold nanoparticles.

Proteins: Proteins have emerged as effective scaffolds for the synthesis of various MNCs.*®
929 proteins possess chelating and functional groups, such as amines, carboxyls, and thiols,
which exhibit specific affinities towards noble metal atoms, thereby stabilizing the
synthesized MNCs. Yiang and co-workers'® have demonstrated that BSA, under basic
conditions (pH > 12.0), not only stabilizes Au ions but also facilitates their reduction through
a redox reaction involving the tyrosine residue in BSA. Similar templates (i.e., BSA) have
been used by Pradeep and co-workers® for the synthesis of AgNCs with a QY of
approximately 11%. Other serum proteins, such as Human Serum Albumin (HSA), have

been utilized for the synthesis of AgNCs and CuNCs by Mukherjee and co-workers®
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Various other proteins, including egg white protein, bovine pancreatic ribonuclease A

(RNase-A), and lysozyme, have also been widely used to synthesize various MNCs.*%

DNA: DNA has emerged as a promising template for the synthesis of MNCs due to its non-
toxicity, biocompatibility, and functional properties. The interactions between metal cations
and DNA have facilitated the design and fabrication of various DNA-templated metal
nanostructures.'® Silver ions, in particular, exhibit a high affinity for cytosine bases on
single-stranded DNA, making DNA oligonucleotides effective stabilizers for the synthesis of
small Ag NCs. In a pioneering study, Dickson and coworkers'®* have synthesised Ag NCs by
using single-stranded DNA (ssDNA) templates containing the 12-base sequence 5'-
AGGTCGCCGCCC-3 in a phosphate buffer. In another study, Richards and co-workers'®
have used five different DNA sequences as scaffolds for Ag NCs. They obtained five distinct
AgNCs with tunable fluorescence emission throughout the visible and near-infrared regions.
Unlike AgNCs, there have been limited reports on the synthesis of AuUNCs using DNA
oligonucleotides as a scaffold. This is likely due to the weak association between the
negatively charged DNA and the commonly used gold precursor, AuCl4™*® It is to be noted

here that DNA is found to be an effective template for the preparation of CuNCs.3*
1.2.4. Nano-Bio Interfacial Chemistry

Exploring the interplay between biomolecules and various nanomaterials, such as metal
nanoparticles, metal nanoclusters, semiconductor chalcogenides, graphene quantum dots and
carbon-based nanoparticles, constitutes a captivating interdisciplinary field at the intersection
of physics, chemistry, and biology." 1™ The capability of these nanomaterials to interact
with a variety of biomolecules has rendered them highly attractive for diverse biological
applications such as bioimaging, nanomedicines, catalysts, nano-bio sensors etc. Among

these nanomaterials, NPs have been extensively studied in the field of biomedicine and nano-
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bio technologies due to their remarkable attributes. However, it is also known that the
behaviour of nanoparticles in biological media is highly complex, and the resulting
interaction between nanoparticles and biomolecules is not straightforward. Consequently,
comprehending the intricacies of the nanoparticles—biomolecules interaction mechanism
poses a formidable challenge. Without addressing these issues, the conceptualization and

development of an effective nano-probe for a target-specific application may cause

Nanoparticles
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Nanoclusters QLS G R A
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Scheme 1.6. Formation of “protein-corona” and “protein-complex”. (Biomolecules have been

taken from Protein Data Bank, PDB Code 4F5S)

further challenges for these systems to be used in real-time applications. It has been well
documented that upon dispersion in a biological medium, NPs undergo a dynamic process
wherein their surfaces are covered by an intricate layer of biomolecules, forming “protein-
corona”.**>***> Consequently, biomolecules interact with nanomaterials coated with proteins
rather than bare NPs. The “protein-corona” serves as a protective shield for the inherent
surface properties of NPs. It not only modifies the size and composition of the NPs but also
imparts a new biological identity to them. This entity significantly influences various

physiological processes, including signalling, cellular uptake, circulation lifetime,
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biodistribution, therapeutic effects, toxicity effect etc. The establishment of the new
biological identity of the NP occurs through the creation of a new interface between the NPs
and the biological medium, commonly referred to as the "nano-bio interface".***** The
responses of biomolecules to NPs are significantly influenced by the primary forces acting at
the bio-nano interface, including electrostatic interaction, hydrogen bonding, van der Waals
force of attraction, hydrophobic interaction, etc. In addition, the intrinsic characteristics of
NPs, such as size, shape, charge, crystallinity, electronic states, surface modifications with
ligands, hydrophobicity, etc., play a crucial role in modelling the formation of the “protein-
corona” and in controlling the associated interaction mechanism.®® In the realm of NP
characteristics, the morphology, specifically the size and shape, has been proposed as a
significant factor in governing nano-bio interactions. Even though several studies have been
reported on protein-NPs interaction where the diameter of the NPs was above that of most
abundant serum proteins (6—12 nm), studies on the MNCs having sizes smaller than proteins
have not been adequately addressed. Consequently, the understanding of how MNCs
communicate with biomolecules is rather limited. It's worth noting that ultra-small (<2 nm)
fluorescence MNCs are anticipated to be more effective nanoprobes compared to larger
candidates due to their larger specific surface area and curvature. They exhibit lower
susceptibility to opsonisation and possess significantly longer lifetimes in the bloodstream.
Additionally, they demonstrate faster biodegradation (e.g., dissolution) and excretion profiles,
mitigating unwanted bioaccumulation. Moreover, these MNCs possess favourable
fluorescence properties, and their environment-sensitive fluorescence behaviour can provide
valuable insights into nano-bio interaction events.*" *** Furthermore, knowledge about the
influence of surface functionalities on MNCs in shaping protein—MNC interactions remains
unclear. A few recent researches have proposed that when MNCs interact with protein

molecules, they form “protein complex™ rather than "protein corona,” indicating the
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adsorption of one or more MNCs on a single protein due to their ultra-small sizes and weak
noncovalent interactions between MNCs and proteins.®" *#22* |n contrast, another recent
research has shown that despite the ultra-small size of GSH capped CuNCs, the interaction
with proteins is mediated through a “protein-corona”-like structure rather than a "protein-
complex™.?® Despite the availability of various methodologies for designing and developing
MNCs with suitable functionalization, the understanding of MNC behaviour in complex
biological fluids remains unclear. A visual representation of the aforementioned pathways is
depicted in Scheme 1.6. In chapter 3 of this thesis, we have explored the interaction
mechanism of BSA with three distinct types of CuNCs possessing chemically different
surface ligands: tannic acid (TA), chitosan, and cysteine (Cys). In chapter 4, we have
discussed about the potential of CuNCs as an effective enzyme inhibitor on the activity

modulation of a Chymotrypsin and the associated interaction mechanism.
1.2.5. Applications

The distinctive physicochemical properties of metal nanoclusters (MNCs) make them
compelling for applications in diverse fields including, sensing, catalysis, optoelectronics,
bio-imaging, etc. '* *?**3! This section provides an overview of recent progress in utilizing

metal nanoclusters as novel fluorescent probes, in the realms of various applications.
1.2.5.1. Sensing
(1) Inorganic lon Sensing

The precise detection of inorganic ionic species holds paramount importance in forensic,
biomedical, and environmental sciences.’***3* Over time, metal nanoclusters (MNCs) have
played a pivotal role in developing sensory systems for the detection of inorganic ions by

utilizing diverse strategies such as enzyme mimetic activity, electrochemical signalling and
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optical responses. Among these approaches, the detection methods based on fluorescence
emission properties have been particularly prevalent. Fluorescence sensing of a wide range of
chemical and biochemical analytes is a prominent and active research area in the modern
era. * The fluorescence quenching technique, in particular, holds significant advantages,
including high sensitivity, operability at low concentration limits, and the capability for
remote sensing. Leveraging its exceptional sensitivity, fluorescence surpasses many other
techniques in sensing measurements. This strategy includes the turn-on/turn-off mechanism,
fluorescent quenching through the inner filter effect (IFE), Forster resonance energy transfer
(FRET), electron transfer, oxidation of metal atoms etc. Numerous studies have recently
demonstrated the potential of MNCs as fluorescent sensors. The efficiency of MNCs in
sensing can be quantified by calculating the limit of detection (LOD), where a lower LOD
signifies higher sensing efficiency. While instrumental techniques like AAS, AFS, ICP-OES,
ICP-MS, and X-ray-based methods can be employed for elemental detection, they often
involve complex instrumentation, extended analysis times, high costs, and limitations in in
vivo analysis.®**™*" Luminescent MNCs address these challenges by serving as selective and
sensitive sensors. Their biocompatibility, water solubility, photo-stability, and non-toxic
nature make them valuable nano-sensor for both in vivo and in vitro investigations, even at
single-molecular resolution. Numerous recent studies have explored the potential applications
of MNCs as fluorescent sensors for detecting various important inorganic ions including

Hg?*, Co®*, Zn**, Fe**, Pb**, Cd*, AI**, Na*, K*, NO,, CN, S* ions, etc, 8 92 94131, 134,138-

148

(i) Biomolecule Sensing

In the progress of biomedical research, achieving sensitive and selective detection of trace-
level biomolecules holds significant importance for identifying various diseases and

facilitating early disease diagnosis. In this context, it is pertinent to mention that wang and
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co-workers**® have observed that GSH-capped AuNCs initiates an interaction with lysine and
cysteine through GSH's thiol groups, which eventually leads to the quenching of fluorescence
intensity. This technique achieved notably low LOD for lysine and cysteine at 2.0 and 50 nM,
respectively. In another work, Feng and co-workers™® have introduced a method for the
detection of cysteine using fibrinogen-assisted AuNCs with an LOD of 0.79 uM. Recently,

Tseng and co-workers™!

synthesized AugNCs with lysozyme type IV as a ligand and
demonstrated its utility as a sensor for GSH detection. The method demonstrated an LOD of
20 nM for GSH and an impressive quantum yield of 56% for lysozyme—AuNCs. Moreover,
significant efforts were given in constructing MNCs-base sensory system for the selective
detection of protein molecules.™®>**” The development of fluorescent protein sensors based
on MNCs has involved the conjugation of selective receptor molecules, such as antibodies
and aptamers, to the surface of these MNCs. The inaugural use of fluorescent metal
nanoclusters for protein detection was reported in 2006 by Leblanc and co-workers.'*®
Proteases, a prominent class of enzymes catalyzing peptide bond hydrolysis in the process of
proteolysis, play a crucial role in breaking down proteins into smaller fragments.*® Xia and
co-workers™* introduced a novel nanoscale platform utilizing protein-protected AuNCs for
highly sensitive and selective fluorescence detection of proteases. Platelet-derived growth
factor B-chain homodimer (PDGF-BB), a protein growth factor, is implicated in regulating
cell proliferation or differentiation, including fibroblasts, smooth muscle cells, and glial cells.
Its overexpression is noted in certain human tumors, making it a potential protein marker for
cancer diagnosis. Detecting PDGF-BB with high sensitivity and speed is crucial for early
cancer diagnosis, treatment, and prognosis. Yang and colleagues™ innovatively reported a
turn-on and homogeneous aptasensor for PDGF-BB detection, relying on the target-induced

formation of AgNCs. Thrombin, present in the bloodstream, serves as a coagulation protein.

It plays a vital role in converting soluble fibrin into insoluble fibrin strands, and it catalyzes
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various other coagulation-related reactions. Several MNCs-based sensory systems have been
developed for the selective detection of thrombin.®%*% % Accurate detection and
measurement of DNA are essential for real-time monitoring of cellular activities in living
organisms, as well as for biosensing applications and clinical diagnostics in laboratory
settings.'®'®® Exploiting the highly sequence-dependent generation of fluorescent AgNCs
within hybridized DNA duplex scaffolds, Wang and colleagues™® innovatively developed a
novel AgNCs-based fluorescent assay with the capability to specifically identify single
nucleotide modifications. In another report, Pramanik and co-workers'®* have demonstrated
the discrimination ability of GSH stabilized CuNCs towards well-matched DNA and single
mismatched DNA. These CuNCs exhibited a stronger affinity to bind with DNA having

cytosine-thymine mismatch.
(iii) Sensing of Reactive Oxidative Species And Antioxidants

Recently, there has been significant interest in developing fluorescent probes for detecting
reactive oxygen species (ROS) like superoxide (O, ), hydrogen peroxide (H,O,), hydroxyl
radical (*OH), hypochlorite (CIO"), peroxynitrite (ONOO), etc. It is known that an
appropriate level of ROS in human body plays crucial roles in physiological events such as
ageing, cancer, inflammation, regulatory functions, and signalling. A complex antioxidant
defence system, including enzymes like superoxide dismutase (SOD), catalase, and
glutathione peroxidase, balances the burden of ROS production in our body. However, highly
reactive oxidative species like *OH, CIO , and ONOO possess strong oxidant properties.
Excessive intracellular accumulation of these ROS can lead to severe damage in living cells.
Factors like stress, alcohol intake, smoking, radiation, and toxins contribute to increased ROS
levels in the human body. Therefore, detecting these ROS is crucial for well-being. It is to be
noted that antioxidants such as ascorbic acid (AA) and glutathione (GSH) counteract

oxidative stress, maintaining physiological homeostasis. Detecting antioxidants in various
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samples, including pharmaceuticals, food and cell biology samples, is essential for
understanding their presence and impact. It is also noted that consuming antioxidants through

fruits and vegetables aids in maintaining sufficient antioxidant levels in the human body.

Scheme 1.7. Sensing of hROS and antioxidants by using CuNCs.

Therefore, detecting the presence of antioxidants is crucial in various sample types, including
pharmaceuticals, food, and cell biology samples and so forth, and their detection is also
important for the diagnosis of some diseases and their therapy in clinical chemistry. Detecting
reactive oxygen species (ROS) along with antioxidants is a valuable objective. Various
methods, including fluorescence spectroscopy, chemiluminescence-derived techniques,
chromatography, electrochemical biosensors, and electron spin resonance, have been
developed for this purpose. Among these, fluorescence-based techniques offer advantages
like simplicity, high sensitivity, and nondestructive nature. Molecular-based organic
fluorescent probes are commonly designed for ROS and antioxidant detection. However,
these probes have limitations, including low solubility in aqueous media, susceptibility to
photobleaching, spontaneous autoxidation, complex chemical synthesis, and biotoxicity. To

overcome these challenges, several MNCs-based fluorescence nanosensor have been
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developed for the detection of ROS and antioxidants.'®**®" In the present thesis work, we
have designed and developed a material-based nanoscale fluorescence sensory system for the
selective and sensitive detection of both highly reactive oxidative species (hROS) and
antioxidants in a single chemical entity by exploiting two optically distinguishable useful

signals (Scheme 1.7).
1.2.5.2. Catalysis

Catalysts are chemical heroes that shape our world in numerous ways. They're the
accelerators in industries, making processes more efficient, and they play a pivotal role in
environmental protection by converting pollutants into less harmful forms. From powering
clean energy production to influencing everyday products and facilitating biochemical
reactions, catalysts are silent contributors to progress and sustainability. In recent years, the
catalytic potential of nanomaterials has garnered significant attention within the scientific
community, particularly in the nanoscale domain.**® Surprisingly, fluorescent metal
nanoclusters (MNCs) have received less scrutiny as nano-catalysts compared to their larger
nanoparticle counterparts. Nonetheless, MNCs offer distinct advantages, featuring a unique
metal core that sets them apart from conventional nanoparticles and bulk materials. Metal
NCs are regarded as a class of classical catalysts because of their high surface-to-volume
ratio, low-coordinated sites, monodispersity, versatile crystal packing, and sharp electronic
variations at the atomic level. This inherent flexibility of nanoclusters opens avenues for the
exploration of innovative catalytic processes.'®®*" It has been reported that MNCs-based

nanocatalysts demonstrate versatility across a broad range of chemical reactions, including

171-174 175-177 178-179 180-181

electrocatalysis, photocatalysis, oxidation, reduction, coupling

reactions, 82718

and more. A pictorial representation of various catalytic reactions using
MNCs-based nano-catalyst has been given in the Scheme 1.8. Despite numerous reports on

catalytic reactions mediated by MNCs in recent years, a clear understanding of the intricate
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catalytic pathways remains elusive. It is crucial to note that the surface ligands of
nanomaterials play a pivotal role in modulating the electronic energy states of the MNCs,

thereby influencing various catalytic properties. While ligands are

Scheme 1.8. Schematic representation of MNCs-mediated various catalytic reactions.

essential for designing and preserving nanostructured catalysts, their impact on catalytic
turnover in different reactions can be obscured by competing factors. At the interface of
nanomaterials, it is plausible that ligands could impede catalytic activity by obstructing
accessibility to potential active sites on the catalyst surface.’®*" As anticipated, several
studies have documented a reduction in catalytic rates primarily attributable to this
phenomenon.'®® 18 However, disparate observations exist, with certain studies indicating no
adverse effects from capping ligands, and in some instances, an enhancement in selectivity
towards specific reaction products has been reported.'®**** These observations underscore the

intricate nature of ligand interactions and their consequential role in catalytic processes.
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Hence, a precise kinetic analysis is expected to be highly valuable to figure out the exact
mechanistic pathway of a catalytic reaction. In the chapter 6 of this thesis, the influence of
surface ligands on CuNCs in catalyzing the reduction of 4-nitrophenol to 4-aminophenol has

been discussed in details.
1.2.5.3. Bio-medical Applications
(i) Bio-imaging

Fluorescent probes used in biological imaging often face challenges like low photostability
(e.g, organic dyes) and potential toxicity (semiconductor quantum dots). Luminescent noble
MNC:s, especially protein- and peptide-protected MNCs, have emerged as optical probes for
both in vitro (cell imaging) and in vivo (tumour imaging) applications due to having
extraordinary chemical stability, good photo-stability, inherent biocompatibility, water
solubility and tuneable physicochemical properties.’***® Recent studies have reported
successful applications of MNCs in bio-imaging, showcasing their potential in providing
precise and biocompatible platforms for various applications.*** 1% Eor example, Wu and
co-workers*® pioneered out the use of red-emitting BSA-protected AuNCs for tumour
imaging. In another instance, Yu and co-workers.?® have synthesised luminescent AgNCs
using an intracellular protocol and utilized them for live cell bio-imaging. In a recent work,
Wang and co-workers®®* have introduced an efficient strategy for preparing luminescent Au
NCs, demonstrating their in vivo imaging application. In this work, it has been demonstrated
the spontaneously biosynthesized luminescent AuNCs, concentrated around the nuclei of
cancer cells (HepG2, human hepatocarcinoma cell line; K562, leukaemia cell line), facilitated
clear and precise bioimaging within cancerous cells whereas with non-cancerous cells
exhibiting no synthesis of luminescent AuNCs. Additionally, Zheng and co-workers'®®

utilized fluorescence imaging to demonstrate the efficient renal clearance of NIR-emitting
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GSH-protected Au NPs in mice, with a hydrodynamic diameter of 3.0 £ 0.4 nm and an

emission peak at 810 nm.
(ii) Antibacterial Activity
Since the Greco-Roman period, the utilization of silver plates or spoons has been recognized

for its hygienic benefits. Dating back to ancient times, metallic silver had been widely
utilized to combat infections and control spoilage. This historical application persists into
modern times, where there are extensive investigations into the antibacterial activity of
AgNPs.29%203 Notably, the inability of bacteria to develop resistance to Ag-based materials
has fuelled ongoing research in this area. However, direct use of silver ions or their
complexes as antimicrobial agents is discouraged due to potential adverse cytotoxic effects.
The delicate design of functional bio-nanoclusters (Bio-NCs) has emerged as a significant
focus for antibacterial applications.?**?% Functionalization of MNCs with biomolecules, such
as peptides and proteins, further enhances the potential of MNCs while reducing inherent
cytotoxicity. The antimicrobial activity of protein and peptide-protected Au/Ag NCs can be
attributed to the ligand shell, metal core, or a combination of both. For instance, lysozymes,
known for damaging bacterial cell walls, has been employed by chen and co-workers®® in
synthesizing lysozyme-protected AuNCs with retained bioactivity. These MNCs inhibit the
growth of antibiotic-resistant bacteria, showcasing their efficacy against challenging strains.
In another work, Yuan et al.?*” have synthesised luminescent glutathione-protected AgNCs
which exhibit superior bactericidal properties against Pseudomonas aeruginosa. The potential
of these ultrafine luminescent AgNCs as highly efficient antimicrobial agents is promising,
although additional studies on their toxicity are essential for the development of more

biocompatible options.

(iii) Radiotherapy
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Cancer remains a prevalent and serious global health challenge, necessitating innovative
approaches to diagnosis and treatment. Functionalized nanomaterials hold transformative
potential in addressing various diseases, particularly cancer, a leading cause of human
mortality. The development of therapeutic nanocomposite agents offers promise in
understanding drug resistance mechanisms and enhancing treatment outcomes. A variety of
nanomaterials, including iron oxide NPs, quantum dots, carbon nanotubes, AuNPs, and silica
NPs, have been investigated for creating theranostic agents.?®*% Notably, efforts have been
directed towards leveraging functionalized MNCs for constructing therapeutic platforms. >
211212 |n cancer treatment, improvements in radiotherapy, which uses high-energy rays, have
occurred by incorporating nanotechnology. For instance, AuNPs, known for their strong
absorption and efficient secondary radiation generation, serve as radiosensitizers.?****®> The
use of bio-AuNCs, such as BSA- and GSH-protected Au,sNCs, have demonstrated a
synergistic effect in enhancing radiotherapy, combining the potent effects of the Au core with
the biocompatibility provided by the protecting ligands.?*® Recent exploration of peptide-
protected AUNCs and utilizing the enhanced permeability and retention (EPR) effect have

shown their potential for tumour uptake and targeting specificity.?*’

1.3. Excitaton Energy Transfer (EET)

Apart from the above mentioned utilities of MNCs, these systems are sometimes used as the
nano-scale light harvesting systems.?#%%° Excitation energy transfer is a vital process where
energy absorbed by one fluorophore or molecule is efficiently transferred to another nearby
fluorophore or molecule. Energy transfer in the form of D* + A — D + A* is termed
heterotransfer and occurs when an excited molecule (donor) transfers energy to a chemically
distinct molecule (acceptor). This transfer is feasible when the emission spectrum of the
donor partially overlaps with the absorption spectrum of the acceptor. On the other hand, if

the donor and acceptor are identical, it results in homotransfer, represented as D* +D — D +
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D*. When this energy transfer process repeats itself, allowing excitation to migrate across
several molecules, it is referred to as excitation transport or energy migration. This
phenomenon is crucial in various fields, including photosynthesis, where it enables the
efficient transfer of energy in light-harvesting systems. It has far-reaching applications, from
elucidating protein interactions to developing energy-efficient technologies, making it a
cornerstone in scientific research and technology development. It is pertinent to mention here
that EET process can happen either through radiative or non-radiative pathways, which have

been discussed below.
1.3.1. Radiative Energy Transfer

Radiative energy transfer involves the emission and subsequent reabsorption of photons and
is primarily a result of inner filter effects. This process is influenced by various non-
molecular optical properties of the sample, including the size of the sample container, the
path length of light, the optical densities of the sample at both the excitation and emission
wavelengths, and the geometric arrangement of the excitation and emission light paths.
Radiative transfer comprises two distinct steps: first, a photon is emitted by a donor molecule
(D), represented as D* — D + hv, and then this emitted photon is absorbed by an acceptor
molecule, which can be chemically different (A) or identical (D), resulting in A* or D*. The
process is often termed “trivial transfer" due to its straightforward nature.???> However,
describing this phenomenon quantitatively is complex as it depends on factors such as sample
size and its configuration concerning the excitation and observation paths. These factors can
significantly affect the efficiency and characteristics of radiative energy transfer in a given

system.

1.3.2. Non-radioactive Energy Transfer
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The non-radiative transfer of excitation energy necessitates interaction between a donor
molecule and an acceptor molecule. This process becomes feasible when the emission
spectrum of the donor overlaps with the absorption spectrum of the acceptor, resulting in
multiple vibronic transitions in the donor that closely match the corresponding transitions in
the acceptor. Non-radiative energy transfer occurs without the appearance of a photon and is
the result of different interaction mechanisms, which may be due to columbic interaction
and/or due to intermolecular orbital overlap. It is known that most of the non-radiative energy
transfer processes are mediated either through long-range dipole-dipole interactions
(Forster’s mechanism) or intermolecular orbital overlap, which includes electron exchange

(Dexter’s mechanism). Forster’s resonance energy transfer (FRET) is a non-radiative energy
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Singlet-singlet Forster energy transfer

»
LUMO i e e ————

HOMO \ K S i
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Singlet-singlet Dexter energy transfer

Scheme 1.9. The diagrammatic representation of Dexter and Forster type of energy transfer.

transfer mechanism that occurs when a photoexcited donor molecule transfers its energy to an
acceptor molecule through dipole-dipole interactions. FRET is a distance-dependent
phenomenon, typically occurring over distances less than 10 nm. Some crucial factors
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influencing FRET efficiency encompass the overlap integral between donor emission and
acceptor absorption, donor-acceptor distance, orientation factor (dipole alignment), medium's
refractive index, and donor quantum vyield. These elements collectively dictate the

effectiveness of energy transfer in FRET.
(i) Overlap Integral, J (A)

The degree of spectral overlap between donor emission and acceptor absorbance has been

expressed by the overlap integral, which is given by the following equation
J) = [ Fp(Dea()A*dA (1.1)

where Fj(A) is the area-normalized emission spectrum of the donor, and €4(1) denotes the

molar absorption coefficient of the acceptor.
(ii) Forster Distance (Ro)

The distance at which efficiency of RET between donor and acceptor is 50% is called Forster

distance which has been expressed by the following equation:
Ry = 0.211 [k2 *$pJ(A)] 76 (InA) (1.2)

where «? (= 2/3) is the orientation factor of the transition dipoles of the donor and the
acceptor, 1 is the refractive index of the medium, ¢p is the quantum yield of the donor, and
J(A) is the spectral overlap integral between the donor emission and the acceptor

absorption.?#2%

(iif) Quantum Yield, ¢p

The relative quantum yield of the fluorophore is usually given as

= As 05 0D
¢bs = 2. <2 X op, % Qr (1.3)
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Here, As and Ar are the area under emission spectrum for the sample and reference, ns and
nr are the refractive index of the sample and reference, ODs and OD- is the optical density of

the sample and reference, and ¢r is the quantum yield of the reference.??%%

1.1.6.3. Nanoparticle Surface Energy Transfer (NSET)

Recently, resonance energy transfer studies employing metallic nanoparticles have gained
paramount importance in modern technology, significantly broadening their applications in
investigating specific biological and chemical processes. In the context of metallic
nanoparticles, energy transfer between donor-acceptor pairs is often referred to as
nanoparticle surface energy transfer (NSET) due to its unique dipole-surface energy
characteristics. Notably, NSET typically exhibits higher efficiency compared to traditional
FRET. In recent years, Nanoparticle (mediated) surface energy transfer (NSET),
conceptualized by Persson and Lang, has gained significant attention for its applicability in
determining donor-acceptor systems at distances beyond the limits of FRET. NSET, similar
to FRET, involves non-radiative dipole-dipole energy transfer but is distinctive in that it
occurs through the interaction of the donor dipole's electromagnetic field with the free
conduction electrons of the metal nanoparticle (acceptor). This differs from FRET, where
both donor and acceptor are treated as point dipoles. Extensive experimental and theoretical
research has confirmed that the efficiency of energy transfer in NSET is dependent on the
separation distance between the donor and acceptor, following a 1/d* relationship. For the

NSET model, the donor-acceptor separation distance (do) at which the efficiency of energy

transfer becomes 50 % is estimated by using equation 4.72%%%
1
__ (0.225¢pC3 /4
dO - ( O)%O)ka ) (1.4)
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where ¢p is the quantum yield of the donor, c is the velocity of light, wp is the angular
frequency of the donor electronic transition, wg is the Fermi frequency, and kj is the Fermi
wave vector of the metal. The distance (d) between donor and acceptor is estimated by using
the following equation*

d = dNSET (TD_A)l/“ (1.5)

Tp—TDA

Where 7, and 74 are the fluorescence lifetime of the donor in the absence and presence of
acceptor respectively. According to the NSET mechanism, the rate of energy transfer can be

expressed by the following equation

1 [do\*
knser = o (70) (1.6)
1.1.7. Objective of the Thesis

In the preceding section, we have discussed about the various aspects of ultra-small sized
MNCs, emphasizing their optical properties, synthetic methodologies, surface chemistry, and
applications. These discussions have revealed that although numerous studies have been
conducted on the above- mentioned systems in the past decade, certain challenges still need

to be addressed. Some of the specific challenges are:

% Although extensive research has been conducted to explore the interactions of larger-
sized nanomaterials with various biologically and environmentally significant
analytes, investigations on the interactions of ultra-small sized MNCs with important
analytes are still at an early stage.

% The behaviours of MNCs are not exactly like molecular dyes. The interaction

mechanism between MNCs and analytes may not follow the conventional pathways
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that are usually observed in molecule-analyte interactions. Hence, a thorough

understanding of the MNCs-analytes interaction pathways is very much essential.

% The impact of surface chemistry on elucidating the binding mechanisms of MNCs
with important target analytes still remains unclear. Essentially, interfacial chemistry
relating to MNCs is not properly understood.

¢+ Proper knowledge of the photophysical processes like energy and electron transfer in
various MNCs mediated nano-hybrid systems is currently lacking.
+ Notably, within the realm of MNCs, the exploration of gold and silver nanoclusters
has been prevalent, however, investigations into copper nanoclusters are considerably
limited. Despite copper's biological significance, cost-effectiveness, biocompatibility,
water solubility, and widespread availability, there is a considerable research gap in this
area. These facts highlight the need for more comprehensive studies on copper
nanoclusters.

Therefore, the core objective of this thesis is basically to address the aforementioned
issues. In particular, the fundamentals behind the interaction of luminescent coinage
metal nanoclusters with biologically and environmentally important analytes have been
investigated in the present thesis work. To achieve the thesis objective, numerous MNCs
having different surface ligands have been synthesised and their photophysical behaviour
has been investigated both in the absence and presence of relevant analytes, utilizing an
array of spectroscopic and microscopic techniques. In particular, several fluorescent
CuNCs, capped with various ligands have been synthesised and characterised. Efforts
have also been exerted to comprehend the crucial influence of the surface chemistry of
MNCs on the various events that are exploited during investigations. Additionally, we

have made an attempt to understand the fundamentals behind the photophysical response
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of MNCs in the vicinity of plasmonic nanoparticles to make a suitable nano-hybrid

system for energy-related applications.

1.1.8. Chapter Wise Organization of the Thesis

The current thesis has been divided into seven chapters. Chapter 1 provides a comprehensive
introduction to nanomaterials and their optoelectronic properties. Special focus has been
given to ultra-small sized MNCs, covering their optical properties, synthesis, surface
chemistry, and applications. The chapter also highlights key processes relevant to the thesis
work, such as MNCs-biomolecule interactions, sensing, excitation energy transfer, etc. This
chapter concludes by outlining the thesis's objectives with an emphasis on the need to address

current challenges in this field.

Chapter 2 delineates various methods and instrumental techniques employed in
experimental investigations during thesis work, encompassing steady-state absorption and
fluorescence techniques, as well as time-resolved fluorescence spectroscopy methods such as
time-correlated single photon counting (TCSPC) and single-molecule fluorescence
techniques. This chapter extensively details the synthesis and characterization of various
nanomaterials crucial to the thesis work. Finally, this chapter incorporates the error limits for

the various measurements employed in the experimental procedures.

Chapter 3 focuses the interaction between bovine serum albumin (BSA) and three distinct
CuNCs with different surface ligands: tannic acid (TA), chitosan, and cysteine (Cys). The
primary focus of this chapter is to understand the role of these surface ligands in governing
the protein-CuNC interaction and, to find if CuUNCs exhibit a unique interaction pathway with
proteins which is distinct from the usually observed "protein corona”. Through fluorescence,
C-potential and isothermal titration calorimetric (ITC) studies, it has been revealed that BSA

and CuNCs do not reach the binding stoichiometry (BSA/CuNCs > 1) required for "protein-
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corona” formation. It has also been observed that surface ligands significantly influence the
binding events, affecting both binding mode and thermodynamics of the interaction. Circular
dichroism (CD) measurements have indicated minimal changes in BSA's native structure in
the presence of CuNCs. Fluorescence correlation spectroscopic (FCS) studies at the single-
particle level have also provided further insights into protein-CuNC binding pathways.
Essentially, this study has suggested that the binding of CuNCs with BSA happens through

“protein-complex” like structure formation rather than “protein-corona” formation.

Chapter 4 explores the potential of CuNCs as nanoscale enzyme inhibitors with regard to
modulation of the activity of a-Chymotrypsin (a-ChT). The study also elucidates the
interaction mechanisms associated with the said event. For this purpose, two distinct CuNCs,
capped with different surface ligands (cysteine and tannic acid), have been synthesized and
their interaction with o-ChT have been investigated using various spectroscopic and
microscopic techniques at both ensemble average and single-molecule levels. Results
obtained from enzyme kinetics studies have revealed that both CuNCs can act as effective
enzyme inhibitors. It has been observed that while Cys-CuNCs inhibit the enzyme activity
through competitive inhibition, TA-CuNCs partially reduce enzyme activity via
noncompetitive inhibition. Interestingly, it has been found that surface ligands play a crucial
role in regulating a-ChT activity. Thermodynamic data from fluorescence titration and ITC
experiments have indicated one-step and two-step binding processes for Cys-CuNCs and TA-
CuNCs, respectively. Additionally, FCS studies have provided evidence of the interaction at
the single-molecule level. CD measurements have demonstrated minimal changes in a-ChT's
fundamental structure in the presence of CuNCs. Overall, outcome of this study has
suggested that CuNCs have the potential to be used as effective nano-regulator for enzyme

activity in diverse biological applications.
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Chapter 5 illustrates the development of a material-based nanoscale fluorescence sensory
system (chitosan capped CuNCs) for the selective and sensitive detection of highly reactive
oxidative species (hROS) and antioxidants within a single chemical entity.
In this regard, various spectroscopic and microscopic techniques have demonstrated the
efficacy of CuNCs in serving as efficient turn-off sensors for highly reactive oxidative
species (hROS) and turn-on sensors for antioxidants. Quite interestingly, it has been observed
that the system effectively detects antioxidants at low concentrations in commercial fruit
juices and human blood samples. Additionally, FCS studies have further shown that CuNCs
possess the capability to detect hROS at the single-particle level. During the investigations, it
has been found that the turn-off sensing mechanism involves the oxidation of Cu(0)NCs to
Cu(Il) by hROS, whereas the turn-on mechanism happens due to the prevention of oxidation
of CuNCs by antioxidants. Interestingly, studies have also demonstrated optical output
signals of the probe—analyte interaction during the hROS/antioxidant signalling can be
harnessed for constructing NAND and IMPLICATION logic gates, emphasizing the potential

of CuNCs in electronics and medical diagnostics.

In Chapter 6, we have investigated the impact of surface ligands of CuNCs in catalyzing
the NaBH;-mediated reduction of 4-nitrophenol to 4-aminophenol, thereby we have tried to
understand some issues related to the reaction mechanism. For this purpose, tannic acid (TA-
CuNCs) and cysteine-capped (Cys-CuNCs) CuNCs have been synthesized as nano-catalysts,
and their catalytic performance has been compared with ligand-free CuNCs. Kinetic data
obtained from absorption studies, have revealed that the rate constant for the reaction,
catalyzed by these nano-catalysts, follows the order: kr4_cuncs > kcuncs™ kcys—cuncs: CYSs-
CuNCs and ligand-free CuNCs exhibit an induction time in catalytic reactions, unlike TA-
CuNC s, indicating the crucial role of ligand-mediated surface modification. Furthermore, it

has been found that elimination of dissolved oxygen from the reaction medium increases rate
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constants and eliminates induction time, suggesting its role in facilitating reverse oxidation. It
has also been observed that the catalytic activity decreases with rising 4-NP concentration,
suggesting a Langmuir-Hinshelwood mechanism for the event. Moreover, the fluorescence
property of the nano-catalysts has also been employed to extract various important
information regarding the catalytic reaction at both ensemble average and single particle
level. Furthermore, it has been demonstrated that CuNCs-based nano-catalysts are not only
limited to the conversion of 4-nitrophenol to 4-aminophenol but are quite useful in the

conversion of various types of organic substrates.

Chapter 7 has provided various interesting aspects of the electronic interaction between
non-plasmonic fluorescence bimetallic silver-capped gold (F-AgAu) nanoparticles and
plasmonic gold nanoparticles (AuNPs). Specifically, the excitation energy transfer (EET)
from fluorescence bimetallic silver-capped gold (F-AgAu) to gold nanoparticles (AuNPs) and
the modulation of this process by cetyltrimethylammonium bromide (CTAB) has been
investigated at both ensemble average and single-particle levels. Steady-state and time-
resolved fluorescence studies have revealed significant quenching of both fluorescence
intensity and lifetime of F-AgAu in the presence of AuNPs. Both cyclic voltammetry and
polarity-dependent studies have pointed that electron transfer mechanism is not responsible
for the observed fluorescence quenching behaviour of CuNCs in presence of AuNPs. In fact
the studies have indicated that the fluorescence quenching of F-AgAu is due to the EET from
F-AgAu to AuNPs. Interestingly, it has also been observed that CTAB can reduce the energy
transfer efficiency from 87% to 28% by forming a bilayer over AuNPs. Careful analysis of
data has suggested 1/d* distance dependence (nanoparticle surface energy transfer, NSET)
rather than the conventional 1/d® distance dependence of the Forster resonance energy

transfer model. Furthermore, fluorescence lifetime imaging microscopy (FLIM) studies have
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also indicated the role of CTAB in controlling EET from non-plasmonic to plasmonic

nanoparticles.
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This chapter outlines the synthetic procedure, experimental techniques, and methodologies
employed in the current thesis. It covers various aspects, including chemical sources,
preparation of nanomaterials, and sample preparation methods for both spectroscopic and
microscopic studies. The working principles of instruments such as a spectrophotometer,
spectroflurimeter, time-correlated single photon counting (TCSPC) setup, and time-resolved
confocal fluorescence microscope (FCS) setup have been discussed. Additionally, brief
explanations of field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), dynamic light scattering
(DLS), and zeta potential measurements are provided. The chapter also delves into different
theories and methodologies employed for data analysis, concluding with the presentation of

standard error limits corresponding to various experimental measurements.

2.1. Materials

For this thesis work, a variety of chemicals were procured from various suppliers and utilized
for synthesis and studies without undergoing subsequent purification. The details of these

chemicals are provided below.

2.1.1. Metal Salts

Copper sulphate pentahydrate (CuSO,4-5H,0), copper nitrate (Cu (NOs3),), Silver nitrate
(AgNO3), chloroauric acid trihydrate (HAuCl4,3H,0) were purchased from HiMedia.
Calcium chloride (CaCl,), zinc chloride (ZnCl,), ferric chloride (FeCls) and ferrous sulphate

(FeSO,) were purchased from Sigma-Aldrich.

2.1.2. Protein and Amino Acids

Bovine serum albumin (BSA), a-chymotrypsin from bovine pancreas, L-glutathione (GSH),
cysteine (Cys), glutamine (Glu), arginine (Arg), aspartic acid (Asp), phenylalanine (Phe),
threonine (Thr), histidine (His), glycine (Gly) and alanine (Ala) were bought from Sigma-

Aldrich.
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2.1.2. Other Chemicals and Solvents

Sodium hydroxide (NaOH), tannic acid (TA), 4-nitrophenol, P-Nitrotoluene and Trion X100
were purchased from HiMedia. Low-molecular-weight chitosan, ascorbic acid,
monochloroacetic acid, N-succinyl-L-phenylalanine-p-nitroanilide (SPNA), sodium dodecyl
sulphate (SDS), hydrogen peroxide (H,0-), sodium hypochlorite (NaOCI), potassium dioxide
(KO3), N, N-diethyl-p-phenylenediamine (DPD), 2,6-dichloroindophenol sodium salt hydrate
(DCPIP), Potassium Ferricyanide Kj3[Fe(CN)g], Ethyl-4-nitro benzoate, 4, 4-Sulfonylbis
(nitrobenzene), Rhodamine 6G, Methyl orange Phosphate buffer of pH 7.4 were bought from
Sigma-Aldrich. Tertiary butyl hydroperoxide (TBHP) was purchased from Alfa Aesar. Tri-
sodium citrate dehydrate (CgHsNazO,2H20), cetyl trimethyl ammonium bromide (CTAB)
and N, N-dimethylformamide were bought from Spectrochem. Commercial fruit juices

(apple, mango, and pomegranate) were purchased from the local market of Janati, Odisha,
2.2. Synthesis Procedure and Characterization of the Systems Investigated
2.2.1. Synthesis of Tannic Acid Capped Copper Nanoclusters (TA-CuNCs)

Tannic acid-stabilized CuNCs (TA-CuNCs) have been synthesized by following a previously
reported method." Briefly, a solution of CuSO,4 (0.2 mL, 0.1 M) and tannic acid (0.1 mL, 1
mM) was added to 20 mL of water and stirred for 5 min. After that, ascorbic acid (0.2 mL, 1
M) was added to the mixture and the resulting pale blue mixture solution was stirred for eight
hr at 50 °C to obtain yellowish CuNCs. The resulting CuNCs was dialyzed using a dialysis
membrane (MWCO: 3500 Da; pore size: ca. 0.35 nm) to separate the CuNCs from unreacted

species. The synthesized TA-stabilized CuNCs were stored at 4 °C until use.
2.2.2. Synthesis of Chitosan Capped Copper Nanoclusters (Cht-CuNCs)
In the preparation of Chitosan-capped CuNCs, O-carboxymethyl chitosan (0.05 mL, 1 mM)

53



Chapter 2

was employed in lieu of tannic acid, using the same procedure applied for the synthesis of
TA-CuNCs. O-carboxymethyl chitosan was synthesized from chitosan of low molecular

weight by following a known procedure to make the system water-soluble.’
2.2.3. Synthesis of Cysteine Capped Copper Nanoclusters (Cys-CuNCs)

Cysteine capped CuNCs (Cys-CuNCs) have been synthesized by following a reported
protocol.? In brief, 2.0 mL of 10 mM Cys and 0.1 mL of 100 mM Cu(NOs); were added into
7.5 mL of water under stirring conditions and kept stirring for 5 min. After that, 0.25 mL of 1
M NaOH was added dropwise into the aqueous solution under vigorous stirring, and it was

continued for 2.5 h at room temperature.
2.2.4. Synthesis of Fluorescent Silver—-Gold Nanoparticles (F-AgAu)

Fluorescent silver—gold nanoparticles were synthesized by following a reported protocol with
little modification.* Briefly, in a 15 mL vial, 4 mL of Milli-Q water, 2 mL of aqueous GSH
solution (5 mM), 200 mL of HAuCI4 (10 mM), and 340 mL of AgNO3 (10 mM) were mixed.
A white turbid solution appeared immediately. The solution was then kept under ultraviolet
light (350 nm) for 17 h under vigorous stirring conditions. A faint yellow solution was

obtained, which was stored at 4 1C for further use.
2.2.5. Synthesis of Gold Nanoparticles (AuNPs)

Gold nanoparticles were synthesized by following a previously reported method. In brief, 20
mL of 1.0 mM HAuCI4 was taken in a 50 mL round bottom flux and kept on a stirring hot
plate (105 1C). Then, it was heated up to its boiling point. After that, 5 mL of 1% tri-sodium
citrate solution was added to the rapidly stirred boiling solution. Then, the solution was
removed from the hot plate when a deep red colour appeared. The synthesized gold

nanoparticles were kept at 4 °C for further use.
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2.2.6. Synthesis of Ligand-Free Copper Nanoclusters

Ligand-free copper nanoclusters (CuNCs) were synthesized following a previously reported
protocol.® In a two-necked round-bottom flask, 15 ml of DMF was heated to 140 °C for 20
minutes with vigorous stirring. Following this, 150 uL. of a 0.1 M aqueous solution of
Cu(NO3), was introduced to the preheated DMF solution, and the mixture was refluxed over
an oil bath, maintaining a temperature of approximately 140 °C. The initially colourless
solution transformed into a yellow hue and gradually transitioned to brown within a minute,
indicative of CuNCs formation. Optimal fluorescence was achieved through continuous
refluxing for 9 hours, as shown in the supplementary information (see ESI, figure S1). After
cooling to room temperature, the reaction mixture underwent three rounds of centrifugation
(22000 rpm, 30 minutes each) to eliminate larger nanoparticles. Subsequently, a clear, light

yellow solution of CuNCs was obtained.
2.3. Instrumentation

During the thesis work, various spectroscopic and microscopic techniques were utilized to
characterize the synthesized nanomaterials and conduct various photophysical studies. The
working principle and utilisation of the majorly used instruments has been discussed in this

section.
2.3.1. Instrumental Techniques for Steady-State Measurements
2.3.1.1. Ultraviolet-Visible Spectroscopy

UV-visible absorption spectroscopy is commonly used to analyze the ground electronic state
of chromophoric entities. This technique reveals information about electronic energy levels

by measuring absorption bands at specific wavelengths and the molar extinction coefficient.
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It facilitates the identification of chromophoric groups and their surrounding environments.

The absorption profile is influenced by factors such as solvent polarity, polarizability, and
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Scheme 2.1. Schematic representation of a UV-Vis spectrophotometer.

hydrogen bonding interactions in the ground state, providing insights into interactions within

the microenvironment.’

UV-Visible absorption spectroscopy operates on the principle of Lambert-Beer's law,
stating that the absorbance (A) of an absorbing species at a specific wavelength (A) in a
solution is directly proportional to the molar concentration (C) of that species in the solution
and its molar extinction coefficient (g) at that particular wavelength. This relationship is

mathematically expressed by the following equation:
A= log (’%) = ¢Cl .1)

where lo is the intensity of the incident light and I is the intensity of the transmitted light after

absorption by the sample solution and | is the path length (1 cm) of the sample solution.
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In the present thesis work, UV-Vis spectroscopy experiments were conducted using a Cary
100 Bio UV-VIS spectrophotometer with a wavelength resolution of 0.15 nm. This
instrument measures absorbance in both the UV and Visible regions, employing a D20 lamp

for UV excitation and a xenon lamp for excitation in the visible region. A layout of a typical
UV-Vis Spectrophotometer has been provided in the scheme 2.1.
2.3.1.2. Steady-State Fluorescence Spectroscopy

Fluorescence spectroscopy is a highly sensitive optical technique employed to investigate
various photophysical and photochemical processes in the excited state of a fluorophore
molecule. Even a subtle alteration in the energetics or interactions among fluorophore
molecules in their excited state can lead to changes in the shape, intensity, and emission
maximum of the corresponding species' emission spectra.”® As a result, this method provides
a means to gain a deeper understanding of the microenvironment surrounding the emitting

species. In this thesis, fluorescence spectroscopy has been extensively employed to probe the
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Figure 2.2. Schematic representation of a typical fluorimeter.
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photophysical properties of all the systems. Additionally, the interparticle interaction between
MNCs and various crucial analytes has been thoroughly examined using fluorescence

spectroscopy.

2.3.2. Instrumental Techniques for Time-Resolved Studies

2.3.2.1. Fluorescence Lifetime Measurements

Time-resolved fluorescence spectroscopy measurements are valuable for elucidating the
dynamics and kinetics of various photophysical and photochemical processes. This method is
preferable over steady-state fluorescence as it focuses more on the dynamic aspects of
systems rather than their equilibrium state. In this technique, a very short laser pulse excites
the fluorophore to the excited state, establishing an initial population (no) in the excited state.
Subsequently, the excited state population decays over time through both radiative and non-
radiative pathways. The rate of population decay of the excited state is described by

following equation” 10*?

— 20 = (ky + k) (8) (22)

where n(t) is the number of excited molecules at time t following the excitation of
fluorophore molecules with a very short pulse light. The k; and k,, denotes the radiative and
nonradiative rate constant respectively.” As emission is regarded as a random event, the
probability of fluorophore emission remains consistent over a given period of time. The

decay of the excited state population follows an exponential pattern using the following using
— -t/
n(t) = nyexp 7 (2.3)

where 7 is the lifetime of the excited fluorophore. The number of excited state molecules

present in the solution at time t is directly proportional to the fluorescence intensity of the
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sample at that time. Hence, by replacing n(t) with time-dependent fluorescence intensity I(t),

the above equation 2.3 can be rewritten as equation 2.4, which is shown below:

1(t) =1, exp_t/Tf (2.4)

where |y is the intensity at zero time and 1 is the fluorescence lifetime of the fluorophore.
The relationship between 7, and the radiative (k;) and non-radiative (knr) decay rate constants

is expressed by equation 2.5

_ 1
U= Totknr)

(2.5)

The fluorescence lifetime of a fluorophore molecule is determined using the Time-Correlated
Single Photon Counting (TCSPC) technique. It's important to note in this context that the
time spent by different molecules in a given sample in the excited state varies. Consequently,
some molecules may take longer to emit, while others may emit on a very short timescale in
their excited state. Therefore, the lifetime obtained using the TCSPC setup represents the

statistical average of the times the fluorophore molecules spend in their excited state.

In this thesis, time-resolved fluorescence measurements were conducted using Edinburgh
0OB-920 and Edinburgh Life Spec Il TCSPC spectrometers. Picosecond diode lasers, emitting
laser pulses at 280 nm and 375 nm have been used as per the experimental requirement. A
Micro channel Plate (MCP) photomultiplier (Hamamatsu R3809U-50) with a response time
of 40 ps was employed as the detector. A dilute ludox solution in water, acting as a scatterer,
is employed instead of the actual sample to assess the lamp profile. The decay curves are
subjected to analysis through a nonlinear least squares (NLLS) iteration procedure using
F900 decay analysis software. The fittings were judged by considering the value of chi-

square (%) and the visual observation of residuals.
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2.3.2.2. Working Principle of TCSPC Instrument

The Time-Correlated Single Photon Counting (TCSPC) technique operates on the
fundamental principle of detecting a single photon following the pulsed excitation of a
fluorophore.® 34 TCSPC typically measures the time gap between the short excitation pulse
and the first detected photon, representing the time-dependent probability distribution of a
single photon emission from an excited fluorophore. The fluctuations in fluorescence
intensity over time, upon fluorophore excitation, correspond to the time-dependent
probability distribution of molecules in excited states. TCSPC, being a statistical approach,
necessitates a high repetition rate of the excitation source to detect a significant number of
photons quickly, ensuring accuracy in statistical data. The resulting data is stored in the form

of a histogram, essentially representing the fluorescence decay profile of the fluorophore.

/ Ex. Polarizer Em. Polarizer
[/
e fj-a——
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CFD WD

Counts

o

Scheme 2.3. A schematic diagram for the working principle of TCSPC setup.

The TCSPC setup functions akin to a stopwatch, operating in either the "forward mode,"

started by a photon from the excitation source, or the "reverse mode," started by the emission
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of the sample. A schematic representation illustrating the working principle of the TCSPC
setup in reverse mode is depicted in Scheme 2.3. In the reverse mode, the excitation pulse is
divided into two parts: one part is directed towards sample excitation, while the other part is
directed towards the electronics. The optical signal, generated by the emitted photon,
traverses through a Photomultiplier Tube (PMT), producing an electrical signal that
corresponds to the START pulse. The START pulse travels through the Constant Fraction
Discriminator (CFD), accurately measuring the actual arrival time of the pulse. Subsequently,
the signal enters the Time to Amplitude Converter (TAC), creating a voltage ramp that rises
linearly over time. Simultaneously, the second channel, composed of excited photons, travels
through a variable delay line and the CFD before reaching the same TAC unit. These signals
represent the STOP pulses and are utilized as the STOP input for the TAC unit. The TAC unit
halts the voltage ramp upon detecting the first STOP pulse, resulting in a voltage proportional
to the time interval (At) between the emission (START) and excitation (STOP) pulses. The
TAC output signals pass through a Pulsed Gain Amplifier (PGA) to an Analog-to-Digital
Converter (ADC). The ADC produces a numerical value proportionate to the height of the
TAC output pulse signal, and the data is stored in the multichannel analyzer (MCA). This
cyclic procedure is repeated, generating a collection of histograms in the MCA channels. In
today's use, most Time-Correlated Single Photon Counting (TCSPC) measurements prefer
the "reverse mode" due to advanced high repetition rate pulsed-light sources. Before each
measurement, the Time to Amplitude Converter (TAC) needs a quick reset and set to zero. If
start signals come in too fast, TAC stays in reset mode to prevent data loss. TCSPC settings
are adjusted so that less than one photon is detected per hundred laser pulses. So, the
emission pulses kickstart the voltage ramp in TAC, and the following laser pulse stops the

TAC. The current electronics in TCSPC setups can only detect the first arriving photon. The
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analysis procedure for estimating fluorescence lifetime from measured decay curves is also

discussed in a later section of this chapter.

2.3.3. Experimental Technique for Single-Particles Studies

2.3.3.1. Time-Resolved Confocal Fluorescence Microscopy

Optical microscopes play a crucial role in magnifying small objects, but achieving clear
observation of micro-objects depends significantly on the microscope's overall resolution.
The resolution is influenced by the excitation wavelength and the numerical aperture of the
objective lens. Adjusting the microscope's resolution is possible by changing the excitation
source and configuration. Confocal Fluorescence Microscopy (CFM) stands out with its
higher temporal resolution, reaching up to a few nanoseconds. It utilizes multiple pinholes in
the detection path, allowing only focused light and enabling measurements within a confocal
region. Scheme 2.4 depicts a schematic diagram of the time-resolved confocal microscope In
this thesis, all measurements have been conducted using the PicoQuant MicroTime 200. In
this setup, a pulsed picosecond diode laser, operating at an excitation wavelength of 403 nm
and featuring a tuneable repetition rate (ranging from 1 to 80 MHz), has been utilized as the
excitation source. The laser output is connected to the primary optical unit through a
polarization-maintaining single-mode optical fiber. This fiber is guided through a dichroic
mirror, directing the collimated laser beam into the entrance port of an inverted microscope
(Olympus IX71). The inverted microscope setup incorporates a water immersion objective,
UPlansApo NA 1.2, 60X. The sample is positioned on a coverslip using a sample holder, and
its location is precisely controlled by a piezo scanning stage mounted within the microscope
body. For manual adjustments, micro-meter screws are employed in conjunction with the

software-controlled piezo-scanner, facilitating precise and repeatable XY scanning as well as

Z-position adjustments. Monitoring the focal point's position on the sample is achieved with a
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charged coupled device (CCD) detector. The fluorescence emitted by the sample, gathered by

the same objective, passes through a dichroic mirror. The fluorescence signal is then directed

to focus into a 50 um diameter pinhole, effectively eliminating out-of-focus signals.

Subsequently, it is re-collimated and directed towards single-photon avalanche photodiodes

(SPADSs). Depending on the experimental design, various types of single or multiple SPAD

detectors can be employed. Data analysis is carried out using SymPhoTime software-

controlled PicoHarp 300 Time-Correlated Single Photon Counting (TCSPC) module in a

time-tagged time-resolved (TTTR) mode. The time-resolved confocal
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measurements involve techniques such as fluorescence correlation spectroscopy (FCS) and

fluorescence lifetime imaging (FLIM), which will be discussed in the next section.
2.3.3.2. Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy (FCS) is a non-invasive technique based on
fluorescence intensity fluctuations, providing insights into dynamic processes responsible for
the observed fluctuations. This technique is applicable in a confocal fluorescence microscope
setup. In solution-based measurements, fluorophores freely diffuse through the confocal
volume, generating signals attributed to fluctuations in fluorescence intensity. These
fluctuations can arise from processes such as binding interactions, translational or rotational
diffusion, or other excited state phenomena. To effectively monitor sharp fluctuations, it is
crucial to have a small number of fluorophore species. Consequently, a nanomolar
concentration range is used to achieve single-molecule sensitivity, depending on the size of
the confocal volume. The obtained signals are then correlated to derive correlation curves.
FCS, being a diffusion-based technique rooted in random events, follows Poisson statistics in

determining the presence of fluorescent species within the confocal volume.
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Scheme 2.5 Schematic representation of diffusion of a fluorophore through the ellipsoidal

confocal volume.

64



Chapter 2

Cross-correlation of the autocorrelation curves detected from both detectors serves to
improve temporal resolution and enhance the signal-to-noise ratio in the fluorescence

correlation spectroscopy (FCS) analysis.

The autocorrelation function G(z) is defined as the product of fluorescence fluctuation
intensities oF(t) and) oF(t+7) at times t and t+z, respectively. This product is then averaged

over a large number of measurements, as shown in Equation 2.6.

G(r) = =TT (2.6)

Here, 8F(t) and 0F(t+1) are defined in equation 2.7 and 2.8
OF(t) = F(t)—< F(t) >, (2.7)
SF(t+1)=F(t+1)—<F(t+71)> (2.8)

Autocorrelation function for pure diffusion in three dimensions can be written as in equation
2.9

1

G(z) = %(1+%)_1(1+ =) (2.9)

K21p

In the given equations, N represents the average number of fluorophores in the confocal
volume, 7p is the diffusion time, « is the structure parameter of the confocal volume, equal to

wzwxy2. The diffusion coefficient (D) of the fluorophore can be derived from Equation 2.18:

2
p = L (2.10)

4Tp

The hydrodynamic radius (Rp) of the fluorophore species is related to the diffusion coefficient

(D) as provided in Equation 2.19:

Ry = - (2.11)

_-6nnD
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2.3.3.3. Fluorescence Lifetime Imaging (FLIM)

In the TTTR mode of the time-resolved confocal setup, fluorescence lifetime imaging can be
conducted using the same arrangement. By manipulating the sample stage via a piezo
scanner, 2D images of the fluorophore can be acquired. The spatial distribution of photons is
recorded alongside the Time-Correlated Single Photon Counting (TCSPC) data. The obtained
lifetime from the detected photons at each pixel can be employed to construct a fluorescence
lifetime image. This image provides insights into the spatial variation of the lifetime of
different fluorophores in a system. It establishes a direct correlation between
structure/morphology, fluorescence intensity, and the lifetime of the fluorophore, offering

valuable information, especially in the context of nanomaterial systems.

2.3.4. Transmission Electron Microscopy (TEM)

The microscopic examination of nanomaterials involves the application of transmission
electron microscopy (TEM). In this thesis work, JEOL microscope (JEM-2100 model) has
been utilized, functioning with an acceleration power of 200 kV. To capture a transmission
electron microscopy (TEM) micrograph of nanomaterials, the following steps for sample
preparation are undertaken: The sample is appropriately diluted as needed, followed by
sonication for a specified duration. Subsequently, the solution is drop-casted onto a 300-mesh
size copper/gold grid. The grid is then placed under a bulb for 10-15 minutes and subjected
to vacuum conditions for 4-5 hours. This preparation process ensures the creation of a

suitable specimen for TEM analysis.
2.3.5. Cyclic Voltammetry (CV) Measurements
Cyclic voltammetry (CV) was employed to determine the oxidation and reduction potential of

the systems. All the measurements during the current thesis work were conducted in a three-
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electrode electrochemical cell controlled by Corr test, Electrochemical workstation. Glassy
carbon (GC), bare platinum wire and aqueous Ag/AgCl acted as working electrode, counter
electrode and reference electrode, respectively. The GC electrode was well polished with
alumina slurry (1, 0.3, and 0.05 mL of alumina in deionized water) prior to each

measurement and washed in a bath sonicator. Na,SO4 was used as a supporting electrolyte.
2.3.6. Isothermal Titration Calorimetry (ITC)

The Isothermal Titration Calorimetry (ITC) technique is employed for determining the
thermodynamic parameters associated with interactions in solutions, particularly focusing on
the binding events between small molecules or ligands and macromolecules. The
fundamental principle of this method revolves around measuring the heat changes occurring
between two cells contained within an adiabatic jacket. The nature of the interaction dictates
whether heat is released or absorbed, providing valuable insights into the thermodynamics of
the binding process. In the course of this thesis, the Malvern MicroCal iTC200 calorimeter
was employed to investigate the binding interactions between MNCs and protein molecules
(BSA, o-ChT). For investigating the interaction between BSA and CuNCs, a total of 20
aliquots of CuNCs (each aliquot contains 2 pulL) were injected from a rotating syringe (500
rpm) to the ITC cell containing BSA (5 um).™ The corresponding titration data were fitted
using the “sequential binding model” for the case of TA-CuNCs and Chitosan-CuNCs and
the “one set of sites” binding model for the case of Cys-CuNCs system with the help of
ORIGIN software (MicroCal ITC200, Northampton). Further, to investigate the interaction of
a-ChT with CuNCs, a total of 20 aliquots of CuNCs (each aliquot contains 2 pL) were
injected from a rotating syringe (600 rpm) into the ITC cell containing a-ChT (2 um).16 The
data obtained from the interaction of a-ChT with TA-CuNCs were fitted by the “sequential
binding model” whereas that of Cys-CuNCs was fitted with a “one set of sites” binding

model with the help of ORIGIN software (MicroCal ITC200, Northampton). The heat of
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ligand dilution into the buffer was subtracted from the reaction heat data before analyzing the

data.

2.3.7. Circular Dichroism Spectroscopy

Circular Dichroism (CD), a type of absorption spectroscopy, employs circularly polarized
light to explore the structural characteristics of optically active chiral media. Its primary
application lies in the examination of biological molecules, allowing for a detailed analysis of
their structure and interactions with metals and other molecules. This technique is particularly
valuable in uncovering information about the secondary and tertiary structures of
biomolecules, providing insights into conformational changes and molecular interactions.*”™**
In the current thesis, CD experiments of protein molecules in the absence and presence of
analytes were performed with a JASCO J-1000 spectrometer at 298 K. A quartz cuvette of 2
mm optical path length was used for recording the spectrum in a nitrogen atmosphere. A

Baseline was performed with an appropriate buffer solution and subtracted from sample

spectra, and each spectrum was the average of three scans.

2.3.8. Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a technique used to analyze the size distribution and zeta
potential of nanomaterials. This method provides valuable insights into the behaviour of these
materials in colloidal systems, aiding in the optimization of applications like drug delivery,
nanomedicine, and material synthesis. DLS is crucial for characterizing the dynamic features
of nanoparticles and understanding their interactions with analytes, enabling informed design
and development of nanomaterial-based technologies. In the current thesis work, Malvern
Zetasizer instrument has been used for determining the zeta potential of nanomaterials in the

absence and presence of analytes of interest.
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2.4. Methods
2.4.1. Analysis of the Fluorescence Decay Curves
2.4.1.1. Data Analysis

In Time-Correlated Single Photon Counting (TCSPC), observing the true intensity decay
becomes challenging as the fluorescence decay curve obtained from time-resolved
measurements is a convolution or mixture of the laser pulse and the actual fluorescence from
the sample. This complication arises because the estimated fluorescence decay time of any
fluorophore tends to be higher than the pulse-width of the excitation source. Consequently,
experimental data can be influenced by the response time of the photomultiplier tube (PMT),
finite decay time of the source pulse, and related electronics.® The overall Instrument
Response Function (IRF) is thus dependent on the decay time of the laser pulse and the
response time of the detector, along with other associated electronics. To extract the actual
fluorescence lifetime of a sample, deconvolution of the IRF from the fluorescence decay
curves is necessary. Consequently, the fluorescence decay profiles were analyzed using the
iterative reconvolution least squares method, expressed mathematically as the following

equation.® 204

Im(t) = [z (t-t)R(t)dt’ (2.12)

where I (t) = fluorescence intensity at time t, Ir(t-t") = response function of the experimental
system, R(t") = intensity of the exciting pulse at time t'. The IRF was determined by utilizing
a dilute ludox solution, and the deconvolution algorithm was applied through the iterative

reconvolution method.

The analysis of fluorescence decay curves involves the application of a Nonlinear

Least Squares (NLLS) data processing technique, where the curves are fitted with an assumed
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functional form. The least squares approach is effective under specific criteria, such as having
a sufficient number of independent data points, experimental data points exhibiting a
Gaussian distribution of uncertainty, and the absence of systematic errors. Both Im(t) and
R(t") are experimentally obtained from the Time-Correlated Single Photon Counting
(TCSPC) setup. In the analysis process, a decay function specific to the sample, denoted as
(t), is initially assumed. This function is then deconvoluted with the observed R(t') following
Equation 2.6, resulting in a calculated curve Y(t). The Y (t) curve is subsequently compared
with the experimentally observed decay curve I, (t). The variables in the function G(t) are
iteratively adjusted until a satisfactory fit between Y(t) and Im(t) is achieved. The function

G(t) is typically assumed to be a sum of exponentials, as shown in equation 2.13.
G(t) = Y;B; exp (;—t) (2.13)

where Bi is the pre-exponential factor for the i component and 7; is the fluorescence lifetime
of the corresponding i™ component. The average lifetime (< 7 >) of the fluorophore is

estimated using equation 2.14
<T>= Zi bi T; (214)

where bi are the normalized amplitude weighted components and i is its corresponding
lifetime component. Achieving a good fit to the observed decay curves relies on two key

factors: reduced chi-square values and the distribution of weighted residuals.
2.4.1.2. Reduced Chi-Square (y %) Values
The reduced y 2 is defined as equation 2.15

Wi (YVi—1:)2
X2 — Xiw; (V-1 (215)
n—pP
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where Yi is the count of i channel of the calculated curve, I; is count at the i channel of the
curve measured experimentally. Wi [Wi=I/1i] is the weighting factor of the counts in the i"
channel, n is the number of channels used for the decay to be analyzed and p is the number of
degrees of freedom in the decay function considered for the analysis which is equal to the
number of variables in the function G(t). To achieve a good fit, »* values should be close to
unity. In general, values of ¥ ranging between 1.0 and 1.2 are considered indicative of a good

fit to the data points.
2.4.1.3. Distribution of Weighted Residuals

The weighted residual represents the difference between the measured decay function and the
fitted function. It is a crucial parameter for analyzing Time-Correlated Single Photon

Counting (TCSPC) data and is defined by the following equation (2.16):

= W, (Y, — ) (2.16)

A good fit is typically indicated by a random distribution of the weighted residuals around the

zero line across the entire data range.
2.5. Calculation of Quantum Yield

The fluorescence quantum yields of the systems were estimated using a standard reference

Rhodamine 6G (R6G) dissolved in water, by using the following equation
QYs = ;—S X % X QYg (2.17)
R nr

where QY5 and QYy are the quantum vyields of the sample and reference (for R6G in water,
QYr = 95%), respectively. Is and I are the integrated fluorescence emission of the sample
and the reference, respectively, determined by integrating the emission spectra over the whole

spectral range. I]s and I]r are the refractive index of water (1.33).
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2.6. Calculation of the Number of Cu Atoms in the CuNCs

We employed the Jellium model, a well-accepted theoretical approach based on the Drude
theory and the concept of free electrons, to decipher the probable composition of the cluster
core. This model governs the fluorescence properties of the MNCs in relation to their
composition. In accordance with this model, the correlation between Fermi energy (Erermi),
emission energy (Eem), corresponding to the maximum of the emission wavelength), and the

number of metal atoms constituting the cluster core (N) is expressed as follows:
Eem = EFermi/nO'33 (2.18)

where Egermi IS the fermi energy of the metal atom. The number of Cu atoms in the metal core
(Cup) of the nanoclusters has been estimated with the help of the Jellium model by utilizing

emission energy, which is mathematically defined by equation (2.18)

In our thesis works, Erermi Of Cu is 7ev, and the emission maximum of TA-CuNCs, Chit-
CuNCs and Cys-CuNCs are 430 nm (2.88ev), 432 nm (2.87ev) and 490 nm (2.53ev) and

number of atoms(n) in the metal core were ~15, ~15 and ~21 respectively.
2.7. Calculation of Limit of Detection (LOD)

We have determined the LOD for highly reactive oxidative species (hROS) sensing

investigations using the widely employed 3o rule?, as expressed by the following equation.

3Xo

LOD = (2.19)

Slope

where o is the standard deviation (SD) and slope is the ratio of relative fluorescence intensity

versus quencher concentration. The SD is expressed by the following relation.?®

(SD) = SE x\n (2.20)
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Where n is the number of data points.
2.8. Calculation of Spectral Overlap Integral

The calculation of the overlap integral involves several steps. Initially, the molar absorption
coefficient (¢ (4)) is determined by dividing the absorbance by the concentration of the
acceptor and the path length. Subsequently, the emission spectrum of the donor is normalized
to obtain the value of () for each wavelength. The wavelengths are then arranged in
ascending order, and values for .7* are computed. Following this, all three columns are
multiplied to create a new column. The area of this spectrum corresponding to the new
column is denoted as A;. Simultaneously, the area of the normalized emission spectrum of
the donor is calculated as A,. Finally, the overlap integral is computed by dividing the area

A; by Ay, as expressed in equation 1.1 (from Chapter 1).
2.9. Standard Error Limits

Standard error limits involved in the experimental results are

Experimental Parameters Error
Amax (abs./flu.) +1-2 nm
7t (> 1ns) +5%
QY +2

The energy transfer rate +5%
Diffusion coefficient (through FCS) +5-10%
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CHAPTER 3

Probing the Interaction of Bovine Serum Albumin with
Copper Nanoclusters: Realization of Binding Pathway

Different from Protein-Corona
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With an aim to understand the interaction mechanism of bovine serum albumin (BSA) with
copper nanoclusters (CuNCs), three different types CuNCs having chemically different surface
ligands, namely, tannic acid (TA), chitosan, and cysteine (Cys), have been fabricated, and
investigations are carried out in the absence and presence of protein (BSA) at ensemble-
averaged and single-molecule levels. The CuNCs, capped with different surface ligands, are
consciously chosen so that the role of surface ligands in the overall protein— NCs interactions is
clearly understood, but, more importantly, to find whether these CuNCs can interact with protein
in a new pathway without forming the “protein corona”, which otherwise has been observed in
relatively larger nanoparticles when they are exposed to biological fluids. Analysis of the data
obtained from fluorescence, (-potential, and ITC measurements has clearly indicated that the
BSA protein in the presence of CuNCs does not attain the binding stoichiometry (BSA/CuNCs >
1) that is required for the formation of “protein corona”. This conclusion is further
substantiated by the outcome of the fluorescence correlation spectroscopy (FCS) study. Further
analysis of data and thermodynamic calculations have revealed that the surface ligands of the
CuNCs play an important role in the protein—NCs binding events, and they can alter the mode
and thermodynamics of the process. Specifically, the data have demonstrated that the binding of
BSA with TACuUNCs and Chitosan-CuNCs follows two types of binding modes; however, the
same with Cys-CuNCs goes through only one type of binding mode. Circular dichroism (CD)
measurements have indicated that the basic structure of BSA remains almost unaltered in the
presence of CUNCs. The outcome of the present study is expected to encourage and enable better

application of NCs in biological applications.

3.1. Introduction

In recent times, fluorescent nanomaterials by virtue of their size, useful optical properties and
low toxicity behavior have been considered as promising candidates for bioanalysis, sensing,
labelling and bio-imaging applications.”” This has driven the scientific community to investigate
how these nanomaterials interact with biomolecules and thus the study of interaction of
nanomaterials with biomolecules has evolved as an emerging field of research in physics,
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chemistry and biology in recent times. In this context, the fluorescent metal nanoclusters (NCs)
are thought to be more attractive candidates for biological studies than quantum dot (QDs)
nanoparticles primarily due to the good water solubility and relatively less toxic nature of the
former.®® As compared to nanoparticles (NPs; size > 3nm) the NCs are usually smaller sized (2-3
nm) particles having molecule-like optical properties. It has been shown that the nanoparticles
(NPs) (> 3nm) upon immediate exposure to biomolecules form “protein corona”.***® As a result,
subsequently, biomolecules interact with protein coated nanomaterials instead of bare NPs.
Therefore, this “protein-corona” acts as an extremely significant entity in governing the NP-
biomolecule interaction in general. More importantly, this observation also shows that the
surface ligand chemistry of the nanoparticles would be a crucial factor in influencing the
formation of “protein-corona” and subsequent protein-ligand interaction. Even though several
studies have been reported on protein-NP interactions, little is known about how the NCs interact
with biomolecules both at ensemble-averaged and at single molecule level. Additionally, it has
also been shown that in case of NCs the protein-NCs interaction need not be mediated through
corona formation.*”? Very recently Jiang and coworkers'’ have shown a new interaction model
beyond the “protein-corona” while they investigated the interaction of gold nanoclusters with
different proteins. They have shown the possibility of the formation of a “protein-complex” by
adsorption of one or more NCs on a single protein owing to their ultra-small sizes and by virtue
of weak non-covalent interactions. In another work, Dawson and coworkers™ have reported that
ultra-small NPs have distinct properties than the larger size particles in their biological
interaction which is governed by both particle size and particle surface and it is also noted that
larger NPs form more conventional protein corona while smaller NPs do not. It may be noted

here that among the NCs mostly gold and silver nanoclusters have been mostly exploited but
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such studies on copper NCs are rather limited. In particular, the knowledge about the role of
surface functionalities on the copper NCs in influencing the protein-CuNCs interaction is rare.
Therefore, it is essential to obtain a comprehensive understanding on the protein-CuNCs

interaction and its implications on biological studies.

In this perspective, it is relevant to mention that there are several studies reported

21-27

on the interaction between proteins and nanomaterials such as quantum dots, metal

16,28-31 32-36,

nanoparticles, metal nanoclusters, graphene quantum dots®” and carbon-based
nanoparticles.®**° In these works it has been demonstrated that protein-NP interaction mainly
mediated either through the formation of protein-NPs complex or “protein
corona”. 203132353638 The ghservation of the above studies are interpreted by analyzing binding
constants, number of binding sites, protein conformational change, hydrodynamic size alteration
etc.?°323* nterestingly, some studies have also shown that the size of nanoparticle and surface
ligands can have a profound influence on the protein-NPs interaction event. In this context,
Nyokong and coworkers®’ while working on the interaction between different CdTe QDs, capped
with various thiol ligands with protein have found that the binding affinity of those QDs with
protein can vary significantly with a change in the nature of thiol ligands, signifying the
important role of surface chemistry in these interactions. In another work, Monteiro-Riviere and
coworkers®! have investigated the kinetics of adsorption and formation of “protein-corona” with
citrate and lipoic acid coated both Au and Ag nanoparticles where they have observed that
surface ligand influences the size of “protein- corona” formed during the same time interval. We
note that most of the studies are focused on the interaction of larger-sized nanoparticles with

protein but the interaction of smaller size NCs with protein is relatively unexplored. In a very

recent work, Dawson and coworkers®® have reported that the surface chemistry of ultra-small
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AuUNPs plays a crucial role in cellular uptake mechanism and in determining the transient
interaction with protein molecules and they have also observed the opposite trend for ultra-small
AuNPs in cellular uptake to that of larger NPs. In another recent work Jiang and coworkers®
while investigating the interaction of AUNCs with chymotrypsin (Cht) have observed that surface
ligands around the nanomaterials play an important role in regulating the activity of Cht and it is
also observed that the AuNCs-protein interaction is mediated through protein complex formation
with a stoichiometry of ~1:1 (AuNCs/ChT) rather than protein-corona” formation and two-step
interaction model is proposed for the interaction between dihydrolipoic acid (DHLA)-coated
AUNCs (DHLA-AUNCs) and Cht. Recently, Liu and coworkers®* have investigated the
mechanism and thermodynamics of interaction between AuNCs and different plasmatic proteins
and compared the results to that of NPs having relatively larger sized. During the study they have
found that the binding constant values gradually increased on increasing the size of the particle.
Nienhaus and co-workers®** and Mukherjee and coworkers®, in separate works, have noted an
increase in the fluorescence intensity of dihydrolipoic acid functionalized AgNCs and
Glutathione (GSH) capped CuNCs respectively, due to adsorption of HSA protein on the surface
of NCs. The above discussion shows that even though the several studies are done on the
protein-NPs interaction, such studies on protein-NCs are rather limited, and in particular
knowledge about CuNCs-biological system is even lesser. Since it has also been shown in a few
recent works that in case of NCs, protein-NCs interaction may not necessarily proceed through

. . 17,18
“protein-corona” formation,

and hence, understanding the protein-NCs (Cu) interaction on
this aspect is expected to be crucial. We would like to note here that it has been shown that some
specific ligands such as polymers, surfactants, etc. can alter protein-ligand binding mode in

particular and mechanism of binding events in general. “>** Therefore, it will be interesting to
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look at the outcomes of the protein-NCs binding event if the interaction of protein is done with

NCs modified with such type of ligands.

Keeping in mind the above facts, in the present work, the interaction of BSA with
highly fluorescent water-soluble CuNCs capped with three different ligands, namely tannic acid,
chitosan and cysteine has been investigated by exploring various spectroscopic technigues.
Basically, the aim of this work is focused on how various CuNCs modified with chemically
different surface ligands can influence the protein-NCs binding modes during the interaction
event. Copper has been chosen as a material of interest because of its biological importance and
its favorable properties like high water solubility, good biocompatibility, low cost, and ready
availability.***" Various CuNCs are synthesized by employing environment-friendly synthetic
protocol. BSA has been chosen as a model protein in this work as it is the most abundant protein
in blood plasma and it is also useful in various biological functions such as storage and transport
for a variety of compounds like fatty acids, amino acids, metals, hormones, drugs, etc.”*>" In this
study, protein-NC interaction has been investigated by monitoring both the fluorescence of the
CuNCs and the intrinsic fluorescence of protein. Important thermodynamic parameters for the
binding process have been determined by steady-state and isothermal titration calorimetric
experiments (ITC) experiments. The conformation of the protein structure in absence and
presence of various CuNCs has been investigated through synchronous fluorescence and far-Uv
circular dichroism (CD) measurements. Single molecule technique, FCS has also been used to
obtain further insight into the protein-NCs binding at single molecular level. In the present study
the analysis of data has demonstrated new interesting insights in terms of binding pathways of
protein molecules in presence of various CuNCs. Additionally, Outcome of the overall work is

expected to give a molecular level understanding on the role of surface ligand of CuNCs in
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interaction with BSA protein which would encourage and enable better application of NCs in
biological studies. The structure of BSA in folded form and the chemical structure of all the

ligands used for synthesizing those CuNCs that are used in the present study are given in scheme

3.1.
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Scheme 3.1. (a) Three-Dimensional Structure of BSA in Folded Form (Data from Protein Data

Bank, PDB Code 4F5S), Chemical Structures of All Three ligands used in This Study: (b)

chitosan (c) cysteine and (d) tannic acid.
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3.2. Characterization of CuNCs

The synthesized CuNCs were characterized by optical absorption and emission measurement,
transmission electron microscopy (TEM), energy dispersive X-ray analysis (EDAX) and Fourier
transform infrared spectroscopy (FTIR). The absorption and emission spectra of the synthesized
CuNCs are shown in Figure APX3.3. The size and shape of the corresponding NCs were
determined from TEM measurements, the images of which are shown in Figure APX3.1a,b and
c. The sizes of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs were estimated to be 2.2 = 0.5 nm,
2.3 £ 0.5 nm and 2.3 + 0.5 nm respectively and all the CuNCs were observed to be spherical in
shape (Figure APX3.1a,b and c). EDAX spectra (Figure APX3.1d,e and f) confirms the presence
of desire elements corresponding to the CuNCs and the compositional analysis has been shown
in the individual figure. FTIR study has been performed to confirm the successful introduction of
the ligand onto the surface of CuNCs. Figure APX3.1g, shows the FT-IR spectra of the TA and
the TA-CuNCs. The vibrational frequency of some specific major bands of TA are 3300 cm™ (O-
H, stretching), 1716 cm™ (C=0, stretching), 1205 cm™ (C-0), 1055 cm™ (O-H, bending). The
FTIR spectrum of TA-CuNCs reveals that the C—-OH (1205 cm™) and O-H (1055 cm™, bending)
vibration from tannic acid are disrupted after capping on the surface of CuNCs, confirming the
attachment of TA onto the surface of CuNCs. Figure APX3.1h shows the FTIR spectra of o-
carboxymethyl chitosan and O-carboxymethyl chitosan capped CuNCs (Chitosan-CuNCs). The
vibrational frequencies of the specific functional groups of O-carboxymethyl chitosan are 3405
cm™ (O-H, N-H, stretching), 2918 cm™ (C-H, stretching), 1740 cm™ (C=0, stretching), 1630 cm™
(N-H, bend), 1403 cm™ (C-H, bend) and 1092 cm™ (O-H, bend). By comparing the peak
position of Chitosan-CuNCs with the peak position of modified chitosan it is confirmed that

there occurs successful introduction of modified chitosan onto the surface of CuNCs . Figure

83



Chapter 3

APX3.1.i shows the FTIR spectra of Cysteine and Cys-CuNCs. From the figure it is observed
that the characteristic peak of -COOH group (asymmetric and symmetric stretching at 1590 cm™
and 1400 cm-! respectively) and —NH, (30003800 cm™, stretching) group remains unaltered
and the S-H stretching band is disappeared in the FTIR spectrum of Cys-CuNCs which confirms
that cysteine ligands are attached onto the surface of CuNCs by the thiol moieties. Surface
charges of those CuNCs were determined by zeta potential measurements which have been
shown in Figure APX3.2. For determining the number of Cu atoms in the metal core (Cu,) of
those nanoclusters, a model called the jellium model has been used which is shown in supporting

information.>>®

3.3. Result and Discussion
3.3.1 Steady-state Absorption and Emission Profile of the CuNCs

Prior to the protein-NCs interaction study, the photophysical properties of various CuNCs that
are used in this study have been investigated. The absorption and emission spectra of the
synthesized and well-characterized CuNCs are shown in Figure APX3.3. As can be seen from
Figure APX3.3, the absorption spectra of all three CuNCs (tannic acid, chitosan and cysteine-
capped) show strong absorption in the UV region and long absorption tail in the visible region.
Please note that, these absorption profiles of the CuNCs are very different from the characteristic
Surface Plasmon Resonance (SPR) band (~560-600 nm) of relatively larger CuNPs .>" The
absorption profiles of the present CuUNCs can be attributed to the discrete electronic energy band
structure of CuNCs but not due to SPR of CuNPs.>** Figure APX3.3 also shows the excitation
and emission spectra of the three Cu NCs in an aqueous medium at room temperature. As shown
in Figure APX3.3. TA-CuNCs, Chitosan-CuNCs, and Cys-CuNCs exhibit fluorescence maxima

at 430 nm, 432 nm, and 490 nm respectively when the samples are excited at 360 nm. The
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fluorescence of metal nanoclusters is thought to have originated due to the electronic excitation
between occupied d bands and states above the fermi level.®®>° However, recently, it has also
been suggested that the fluorescence of MNCs may arise due to the interaction of the metal core

and surface ligands.®%%?

3.3.2 Protein-metal Nanoclusters Interaction through Steady State and Time Resolve

Fluorescence Measurements

Initially, the steady state absorption and fluorescence measurements have been carried out to
investigate the effect of NC’s surface upon protein adsorption. Specifically, fluorescence
behaviour of three CuNCs has been monitored separately in absence and presence of BSA.
Figure 3.1a,b and ¢ demonstrates the change in fluorescence behaviour of various CuNCs upon
gradual addition of BSA. As it can be seen from Figure 3.1a,b and c, the fluorescence intensity of
all three CuNCs have increased in presence of BSA. Again, when we have monitored the
fluorescence decay profiles of all the three CuNCs in presence of BSA, we have also observed
that the average fluorescence lifetime of the CuNCs have increased upon addition of BSA (Table
APX3.1). The decay profiles of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs in absance and
presence of BSA are shown in Figure APX3.4 and the relevant decay parameters are also
collected in Table APX3.1. The enhancement of fluorescence intensity as well as average
fluorescence lifetime of these CuNCs indicate the adsorption of protein on the surface of CuNCs
and this behaviour is consistent with literature reports.®*® Large number of amine and
carboxylic groups of BSA are expected to interact with CUNCs which can gives stability of those
systems and led in increase in the fluorescence intensity. ®:®* It is expected that protein

molecules surround the CuNCs surface and prevent the contact of water molecules from CuNCs
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Figure 3.1. (a,b,c) Emission spectra of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs
respectively with gradual addition of BSA. (Conc. of CUNCs-12uM, A&=390 nm). (d,e,f) Benesi-
Hildebrand double reciprocal plot of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs with BSA

respectively.

surface and cause the reduction in the nonradiative relaxation process which otherwise would
have occurred due to the presence of water molecules.®>®® However, upon careful look, one can
also see from Figure 3.1a,b and c that the fluorescence enhancement for all three CUNCs are not
same. For example fluorescence intensity for TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs in
presence of BSA get enhanced by 4.0 times, 5.6 times and 1.9 times respectively. The different
extent of fluorescence increment for various CuNCs in the present study indicate different
surface chemical properties of these CuNCs. It is pertinent to mention here that the increase in

the NPs fluorescence in presence of protein has been attributed to the “protein-corona’

formation. 2%’ However, in case of MNCs the fluorescence enhancement alone cannot
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conclusively state that interaction of NCs with protein has led to the formation of “protein-
corona” like structure.'” Pioneering work by Dawson and co-workers® and later on Puntes and
co-workers'™ have shown that to form stable “protein corona” via adsorption of at least a few to
tens (sometimes hundred) of protein onto the surface of one nanoparticle are needed. Essentially,
according to the earlier experiments, for effective ‘“protein-corona” formation the
protein/nanoparticle ratio is predicted to be always >1. Hence, the conclusion of “protein-
corona” formation just by looking at the fluorescence enhancement for NCs would be premature
and thus this issue warrants further careful investigation. So, in the present study we have
thought to determine the stoichiometry of the binding events of CuNCs with BSA. For this
purpose, the fluorescence data has been analyzed based on modified Benesi-Hildebrand (B-H)
double reciprocal plot by using equation (3.5) for 1:1 (BSA: NCs) complexation and equation

(3.6) for 2:1 (BSA: NCs) complexation, *>®*"* independently

1 1 1
F-Fy Fpm-Fy  (Fm— Fo)K[BSA] (3.5)
11 1 (3.6)

F-Fy Fpm-Fg  (Fm— Fo)K[BSA]?

where, F and Fp, are the fluorescence intensities of CuNCs with successive addition of BSA and
maximum BSA concentrations respectively, Fq is the fluorescence intensity in absence of BSA

and K is the equilibrium constant related to CuNCs and BSA association.

From the B-H plot, the stoichiometric information for binding can be conveniently
obtained which eventually can help one to get idea about whether any layer of protein is formed
or not over concerned NCs surface. The B-H plots for TA-CuNCs, Chitosan-CuNCs and cys-
CuNCs for 1:1 complexation with BSA are shown in Figure 3.1d,e and f. From the plots it is

evident that in the case of TA-CuNCs and chitosan-CuNCs systems, a good linear correlation is
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obtained when 1/(F-Fg) is plotted against 1/[BSA], which indicates a 1:1 (BSA:NCs)
stoichiometry for the said protein-NCs binding events. However, in case of Cys-CuNCs, as can
be seen from Figure 3.1f, when 1/(F-Fo) is plotted against 1/[BSA], fit of the data points deviate
from linearity. Again, when these data points are fitted with the equation (3.6), it can be seen that
the data points do not produce linear fit (Figure APX3.5). The present observation for Cys-
CuNCs indicates that the BSA/CuNCs is neither 1:1 nor 2:1, rather it indicates multiple Cys-
CuNCs bind to BSA.%® Further, the binding stoichiometries corresponding to CuNCs to BSA
binding events are also estimated by exploiting zeta potential measurements. From these
measurements it has been observed that the increase in the mean zeta potential value of BSA
solution is observed when TA-CuNCs and Chitosan-CuNCs are added up to 3 equivalents (in
each case) independently to BSA solution. After addition of 3 equivalents of TA-CuNCs and
Chitosan-CuNCs to BSA in separate experiments, the change in mean zeta potential of BSA
becomes insignificant upon further addition of CuNCs (Figure APX3.6a and b). However, for
Cys-CuNCs the maximum change in mean zeta potential of BSA is observed when 4 equivalents
of Cys-CuNCs is added to BSA and after that binding gets saturated (Figure APX3.6c).
Therefore, one can simply say from zeta potential measurements that the binding stoichiometry
ratio of CuNCs to BSA is greater than one in the present cases. Again, from ITC studies, the
trend in the binding stoichiometries for protein-NCs interaction events are observed to be similar
i.e; protein/NCs ratio is found to be less than one (vide infra). The deviation in binding
stoichiometry for specific binding events is not unusual due to different measuring principles and
sensitivity of different instruments that are employed to obtain the data. The outcomes of the
above study essentially indicate that “protein-corona” like structure has not been formed in the

present interaction events. To gain deeper insight into this issue we have carried out FCS studies

88



Chapter 3

We would like to mention that FCS study at single molecule level can give valuable information
about “protein-corona” formation.”>”® This technique is widely used as highly precise single
molecular technique for the study of molecular diffusion, kinetics, binding affinities of protein to
nanomaterials in single molecular level.**"*"™ Here FCS study has been done to figure out the
adsorption behavior of BSA on the surface of these three CuNCs by monitoring translational
diffusion time (zp) and calculating hydrodynamic radius (Ry) of these CuNCs in absence and
presence of BSA. Figure 3.2 shows the normalized autocorrelation curves of CuNCs with
increasing concentration of BSA. It has been observed from the figure that with increasing
concentration of BSA, diffusion time (tp) increases which indicates the adsorption of protein
molecules onto the surface of MNCs. The shift of the autocorrelation curves towards right in
Figure 3.2 indicates the increasing hydrodynamic radius of CuNCs in presence of BSA.
Relevant parameters, obtained from FCS study are tabulated in Table APX3.2. The
hydrodynamic radius of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs are estimated to be 0.61
nm, 0.66 nm and 0.63 nm respectively but in presence of BSA the hydrodynamic radii of these
systems are found to increase to 1.26 nm, 1.24 nm and 1.18 nm respectively. Therefore,
increment of hydrodynamic radius of the CuNCs in presence of BSA is observed to be much less
than the thickness of a single BSA protein (~3.3 nm).”” This observation clearly suggests that
even though protein is adsorbed on the CuNCs surface but criterion for the “protein-corona” is
not fulfilled.”® Therefore the present data conclusively suggest that the CuNCs-BSA interaction
does not proceeds through “protein-corona” formation. The observation is quite interesting in a
sense that previously in case of CuNCs with different surface ligand (glutathione), protein-NCs

interaction is observed to be mediated through “protein-corona” like structure.** The observation
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of different features for the CuNCs that are used in this study also indicates the role of surface

ligands in protein-NCs interaction.

0.24 0.2
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Figure 3.2. Normalized autocorrelation curves for (a) TA-CuNCs (b) Chitosan-CuNCs and (c)

Cys-CuNCs with increasing concentrations of BSA. (Concentration of CuNCs are 30 nM and
concentration of BSA is from 0 to 150 nM).

Hence, from the above studies it can be said that one BSA could bind with 1~3 TA-
CuNCs and Chit-CuNCs separately and one BSA could bind with 2~4 Cys-CuNCs. This
observation demonstrates that either CuNCs could target specific epitopes on the surface of BSA
in a 1:1 ratio or multiple CuNCs can bind to one protein. Therefore, the present observation is
very different from the conventional model of “protein-corona” and is also suggestive of the fact
that the protein-CuNCs interaction goes through different route. Infect, the observation suggests
that binding happens through “protein-complex” like structure formation. In the “protein
complex” few to even more ultra-small NCs are adsorbed onto the surface of a single protein
molecule which is in contrast to the larger size NPs where a few to tens (sometimes hundreds) of
protein molecules are adsorbed onto a single NPs forming “protein corona”, which has been
shown schematically (scheme 3.2). We would also like to note that a recent study on gold NCs

has shown that the protein-ligand interaction may not necessarily be mediated through the
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formation of “protein-corona” like structure.!” In this context, the current findings for the CuNCs
are new and interesting. The present result highlights the importance of understanding the
interaction of protein-NCs because biological outcomes can be affected by the changes in the
interaction event. However, present observation also demands further investigations which can
provide more information on binding pathways, thermodynamics of binding and conformation of

protein structure in presence of CuNCs.

Scheme 3.2. Structures of (a) “protein-corona” and (b) protein complex. (This does not represent

the real pictures)

Further investigations on the interaction of BSA with CuNCs have been carried out
by monitoring the intrinsic fluorescence of BSA in absence and presence of the concerned
CuNCs. It is to be noted here that the intrinsic fluorescence of BSA protein arises from the
presence of three fluorescent amino acids namely tryptophan (Trp), tyrosine (Tyr) and
phenylalanine (Phe) in the polypeptide chain. The fluorescence of Phe is negligible when
compared to that of Tyr and Trp when excited at 280 nm. Therefore, the contribution of Phe to

the fluorescence of BSA can be neglected in this studies.”® Here, in the steady state experiment
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we have studied the fluorescence response of BSA upon gradual addition of the three CuNCs

separately.
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Figure 3.3. (a,b,c) Fluorescence emission spectra of BSA protein upon gradual addition of TA-
CuNC s, chitosan-CuNCs and Cys-CuNCs CuNCs (Aex= 280nm). (d,e,f) Stern-Volmer plots of
the quenching of BSA protein by TA-CuNCs, Chitosan-CuNCs and Cys capped CuNCs at pH

7.4 respectively.

The emission spectra of BSA at 298K in the presence of increasing concentration of TA-
CuNCs, Chitosan-CuNCs and Cys-CuNCs are shown in Figure 3.3a,b and c. The data
corresponding to fluorescence behavior of BSA in presence of CuNCs at various temperatures
are also provided in Figure APX3.8a,b and c. The absorption spectra of BSA in absence and
presence of the CuNCs are also shown in Figure APX3.7 separately. Except slight change in the
optical density, no significant change in the absorption spectral profiles of BSA in presence of

CuNCs has been observed. Interestingly, it can be seen from the Figure 3.3a,b and c that the
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fluorescence of BSA is significantly quenched upon gradual addition of the CuNCs indicating
the strong interaction between CuNCs and BSA protein molecules. However, upon a careful look
at Figure 3.3a,b and c, one can also find out that the extent of fluorescence quenching of BSA is
different for different CuNCs. For example, the percentage of fluorescence quenching of BSA
with TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs are estimated to be 56%, 60% and 65%
respectively. This different extent of fluorescence quenching of BSA in the presence of CUNCs
having various surface ligands is caused due to the difference in the surface chemical properties
of various CuNCs employed in the study. No significant shift of the emission peaks position of
the BSA upon addition of the CuNCs in all cases indicates that the polarity of the surrounding
environments of amino acid residues of the BSA protein has not been affected by CuNCs in this
measurements. Please note that, in the present study, prior to data analysis, all fluorescence

intensities are corrected from inner filter effect”® by using equation (3.7)

_ . ODgx+0ODem
Fcorr — Lobs antllog(

) 3.7)

where For is the corrected fluorescence intensity, Fqys is the observed fluorescence intensity,
OD¢ and OD¢, are the optical density at excitation and emission wavelength respectively. We
note that the fluorescence quenching in emission spectrum can be caused due to various
phenomenon such as formation of ground state complex with the quencher (static quenching),
collision between the excited fluorophore and quencher molecule (dynamic quenching), excited
state reaction and energy transfer phenomena, etc.”*® We have resorted to Stern Volmer
analysis in the present study to understand the mechanism of fluorescence quenching of BSA by

CuNCs. The Stern VVolmer relation is given by equation (3.8),

2 =1+ Key[0Q] (38)
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where F, and F are the fluorescence intensities of BSA in the absence and presence of CuNCs,
respectively, and K, is the Stern-Volmer constant. The plot of F,/F vs quencher concentration
([Q]) for several CuNCs at 298K are shown in Figure 3.3d,e and f. Similar plots of Fy/F vs
quencher (CuNCs) concentrations for other experimental temperatures are also provided in the
Figure APX3.93, b and c. As can be seen, from Figure 3.3d and e, in the case of TA-CuNCs and
Chitosan-CuNCs, two distinct regions (region-1 and region-Il) in the SV plots have been
observed. Region-I has been observed at relatively lower quencher concentration (upto 1.33 uM)
and region-II has been observed at relatively higher quencher concentration (beyond 1.33 pm).
Moreover, in both region-I and region-Il of the said plots, Fo/F is found to vary linearly with
increase in the concentration of CuNCs, however, having different slopes for region-I and
region-I1. Interestingly, Figure 3.3f reveals that in case of Cys-CuNCs the plot of Fo/F vs [Cys-
CuNCs] provides a linear plot with only one region. The observed overall bimolecular quenching
constants (kq) estimated from the fluorescence quenching data are 3.1 x 10" M™s™, 4.13 x 10%*
M?s? and 5.7 x 10" M?s™ for TA-CuNCs, Chitosan-CuNCs, and Cys-CuNCs respectively.
The Kkq values in all these cases suggest that the overall quenching mechanism is predominantly
static in nature.2#%® Interestingly, when SV analysis is also done by using equation (3.9) in terms
of change in the lifetimes of BSA and concentrations of various CuNCs, pattern of the SV plots
(Figure APX3.11) of BSA against [CUNCs] has been observed to be similar to that has been
observed for steady state fluorescence data (Figure 3.3d,e and f). The decay profiles of BSA in
absence and presence of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs are shown in Figure
APX3.10 and the relevant decay parameters are also collected in Table APX3.3. The decrease in
the lifetime of BSA in presence of CuNCs in all cases also highlight the involvement of dynamic

quenching process. The equation (9) can be represented by the following relation
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To/T =1+ Kp[Q] (3.9)

where 19 IS the fluorescence lifetime in the absence of quencher and t is the same in the presence
of quencher. Therefore, upon careful look at the nature of the SV plots which are obtained from
both steady state and time resolved fluorescence data one can clearly see that from the very
beginning of titration, slope (~10° M™) of SV plots (Figure 3.3f/S11C) for Cys-CuNCs is found
to be very similar (~10°> M™) to that of region-Il in the SV plots for TA-CuNCs (Figure 3d/S11a)
and Chitosan-CuNCs (Figure 3.3e/S11b). It essentially means that for Cys-CuNCs, the protein
fluorescence quenching has begun to follow a certain pattern at relatively lower quencher (Cys-
CuNCs) concentration which is otherwise observed at relatively higher concentration for TA-
CuNCs and Chitosan-CuNCs. All the above discussions, not only point out that binding of TA-
CuNCs and Chitosan-CuNCs with BSA follow two types of binding modes and binding of Cys-
CuNCs with BSA goes through one type of binding mode but more importantly the data also
indicates that the binding of Cys-CuNCs with BSA is relatively stronger than that of other two

CuNCs.

The current result is very interesting in a sense that this type of binding mode of CuNCs
with BSA has not been observed before. The behavior of NCs towards protein can be very
different as compared to the binding of relatively larger NPs. The present observation of various
binding mode of various CuNCs stabilized by various ligands also indicates that the surface
ligands play important role in protein-ligand binding interaction. Observation of similar profiles
of SV plots in both steady state and time resolved fluorescence experiment in case of TA-CuNCs
and Chitosan-CuNCs arises due to the fact that both of the CuNCs contain polyhydroxy groups,
whereas, different profile of SV plot in case of Cys-CuNCs could arise due to presence of

different functional group (thiol group) in the surface ligand.
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3.3.3. Binding Nature and Thermodynamic Parameters of Interaction between CuNCs and

BSA Protein

It is important to understand the thermodynamics of the binding event between NCs and protein
as it provides valuable information on the feasibility of the process, nature of interaction, forces
of binding etc.?®% Several types of interactions such as electrostatic interaction, hydrogen
bonding, Van der Waals force of attraction, hydrophobic interaction, etc. are responsible for the
binding interaction between protein and quencher molecules.?*®® These types of interactions can
be realized by analyzing the thermodynamic parameters such as enthalpy (AH) and entropy (AS)
with proper sign.® Initially, fluorescence data that are obtained during the quenching of BSA
against various CuNCs are analyzed further by constructing double logarithmic plot with the

help of equation (3.10)%%

log[(Fy — F)/F] = logK,+ nlog[Q] (3.10)

where Fq is the fluorescence intensity in the absence of quencher and F is the same in the
presence of quencher, [Q] is the quencher concentration, K, is the equilibrium binding constant
and n is the number of binding sites in the protein. Double logarithm curves for the binding
events corresponding to BSA with TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs are shown in
Figure 3.4a, b and c respectively. From the Figure 3.4a and b, it can be observed that the binding
of TA-CuNCs and Chitosan-CuNCs with BSA take place in two stages (indicated by blue and
red colored fitted lines) whereas, from the Figure 3.4c, it can be seen that the binding of Cys-
CuNCs with BSA takes place in only one region. In this context we would like to mention that
Mukherjee and co-workers® have previously shown that double logarithmic plot is quite

effective in determining the sequential binding of a protein-surfactant assembly. They have
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shown that the binding of sodium dodecyl sulfate (SDS) to human serum albumin (HSA) take
place in four distinct stages depending upon the concentration. Similarly, in a separate work
Panda and co-workers™ have demonstrated the stepwise addition and sequential unfolding of
HSA in presence of guanidium hydrochloride (GdnHCI). In the present study, the binding
constants obtained from double logarithm plot for the blue regions are 1.4x 10° M™ (Figure
3.4a), 2.2x10* M (Figure 3.4b) and the same for red regions are 7.9 x 10° M (Figure 3.4a),
1.5 x 10* M™ (Figure 3.4b) for TA-CuNCs and Chitosan- CuNCs respectively. In the case of
Cys-CuNCs, the estimated binding constant obtained from only one region of the double
logarithm plot (Figure 3.4c) is 6.34 x 10° M™. The double logarithmic plots for Cys-CuNCs at
other temperatures are shown in Figure APX3.12. Therefore, the current data also substantiate

the two modes of binding for TA-CuNCs and Chitosan-CuNCs and one mode of binding for

Cys-CuNCs.
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Figure 3.4. Double logarithm plot for the binding of (a) [TA-CuNCs], (b) [Chitosan-CuNCs] and
(c) [Cys-CuNCs] with BSA at 298K temperature. The solid lines represent the simulated fitted

line.

To get further insight into overall binding event and to get overall binding constants for

the interaction of BSA with TA-CuNCs and Chitosan-CuNCs the quenching data of BSA are
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analyzed by using hill equation (equation 3.11), from which the intrinsic dissociation constant
(Kq) and by inversing it overall association constant (K,) for the binding event has been

calculated,*%

AF _ (AFmax/Fo)lQI" (3.11)
B Katlon '

where Ky is the dissociative binding constant, K, is the associative
binding constant, [Q] is the quencher concentration and n is the hill coefficient. The hill plots for
the quenching of BSA with TA-CuNCs and Chitosan-CuNCs at various temperatures have been
given in Figure APX3.13a and b. From the hill plots the obtained hill coefficients (n >1) indicate
the cooperativity in the binding events for both the CuNCs while interacting with BSA. After
getting the associated binding constants of BSA with TA-CuNCs and Chitosan-CuNCs systems
from the hill plots and the same with Cys-CuNCs from the double logarithm plots, the enthalpy
change (4H) and entropy change (4S) are estimated basically to understand the type of forces
that are involved in binding of BSA with above mentioned CuNCs. For calculating these
thermodynamic parameters Van’t Hoff equation®*® has been used assuming that the AH and A4S

are remain constant with variation of temperature which is given by equation (3.12)

AH| 1

AS
ana = _(?)¥+F (312)

The Van’t Hoff plot of those three systems is given in Figure APX3.14 and from slope and
intercept of the fitted lines, 4H and 4S of those systems has been calculated. The free energy
change (4G) is determined with the help of equation (3.13) by using the calculated associated

binding constants of those systems at various temperatures.

AG = —RTIn K, (3.13)
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The estimated parameters i.e. binding constants (K,), enthalpy change (4H), entropy change

(4S), and free energy change (4G) are all organized in Table 3.1.

Table 3.1. Associative binding constant (K;), and other relevant thermodynamic parameters for

the interaction of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs with BSA protein.

Systems Temp K, AH 48

(KImol™) (I K'mol™)

(K)  (10°L mol™)

3.11+0.05

-31.34 +0.22

303 3.22+0.07 -31.95+0.25
TA-CuNCs - BSA 308 3.32+0.06 4.10+0.29 118.89+0.36 -32.55+0.19
313 3.39+0.07 -33.14+0.16
318 3.45+0.09 -33.71+0.21
298 3.24+0.07 -31.44+0.16
303 3.29+0.09 -32.00£0.20
Chitosan-CuNCs- 308 3.35+0.08 2.86+0.65 115.06+0.54 -32.58+0.23
BSA
313 3.42+0.06 -33.16+0.18
318 3.48+0.07 -33.74+0.21
298 6.32+0.05 -33.09+0.11
303 4.36+0.05 -32.17+0.19
Cys-CuNCs-BSA 308 3.62+0.06 -51.74+0.23  -62.44+0.87 -31.71+0.16
313 2.45+0.07 -30.75+0.16
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; 318  1.62+0.08 -29.73+0.21

From the Table 3.1, it can be observed that the free energy changes (4G) for all the
systems are negative which indicates that the binding of BSA with various CuNCs is a
spontaneous process. It is known from the study of protein-ligand interaction, by Ross and
Subramanian, ® that both positive values for 4H and 45 are often indicative of the hydrophobic
interaction whereas negative values for 4H and A4S are often indicative of both hydrogen binding
and van der Waals interactions. “Ross theory” has been developed based on the interaction
between small molecules and protein. Though CuNCs are involved in the interaction with BSA
but interactions are mainly governed by the surface ligands of CuNCs, so “Ross theory” might be
applicable to our systems. Keeping the sign convention in mind and the data that are obtained
during the current investigations one can conclude that the interaction of BSA with TA-CuNCs
and Chitosan-CuNCs might be mediated through hydrophobic interaction whereas the same with
Cys-CuNCs might be mediated through hydrogen binding and van der Waals interactions. The
conclusion is not surprising considering the chemical nature (TA and Chitosan have long carbon
back bone which may responsible for creating hydrophobic atmosphere but Cysteine does not)
(TA-CuNCs contains polyhydroxy group, Chitosan-CuNCs contains polyhydroxy and amine
groups and Cys-CuNCs contains amine, carboxyl and thiol group) of surface ligands over
CuNC s that are employed in the study. Therefore, this observation is clearly an indicative of the
fact the surface ligands over nanoclusters play an important role in determining the
intermolecular force of attraction between nanocluster and protein. The observation also
highlights that one should also be careful in choosing the surface ligands while fabricating the
nanocluster and subsequent studies on the interaction of protein with them. Additionally it is also

known that, ITC is used as an effective tool to characterize the binding of small molecules, drugs
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etc. to macromolecules thermodynamically.®*®® To shed light into the interaction mechanism of
CuNCs with BSA, ITC experiment has also been performed at 298K. The ITC thermographs
presented in Figure 3.5 indicate that the titration of both TA-CuNCs and Chitosan-CuNCs
individually to BSA has caused positive heat deflection which signifies that both the CuNCs
interact to the protein in an endothermic manner but for the case of Cys-CuNCs negative heat
deflection has been observed which indicates the exothermic process of binding event. The
thermodynamic parameters (4H, 4S, 4G, Ka) obtained from ITC experiments are tabulated in
Table APX3.4. The data obtained from ITC experiment for TA-CuNCs-BSA and Chitosan-
CuNCs-BSA systems are fitted by two step “sequential binding model” which gives two values
for each thermodynamic parameters (4H, 48, AG, Ka) which again confirms the two step binding
process but the data obtained fron Cys-CuNCs-BSA system gives the best fit when the
corresponding data are fitted by “one set of sites” binding model which gives only one value for
each thermodynamic parameters. In this context, it is relevant to mention that though currently
we do not know about the exact type of binding mode, however keeping in mind the outcomes of
the work by Jiang and coworkers,*® perhaps similar type of binding process taking place for TA-
CuNCs-BSA and Chitosan-CuNCs-BSA systems. ITC experiment also support the conclusion

that has been obtained from steady state fluorescence quenching of BSA by CuNCs.
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Figure 3.5. ITC titration profile of (a) TA-CuNCs (b) Chitosan-CuNCs and (c) Cys-CuNCs into
BSA at 298 K in phosphate buffer of pH 7.4. Upper panels represent the raw data obtained from

the titrations and bottom panels represent the integrated heats of each peak (green dots) with a
corresponding nonlinear regression plot (pink line).

3.3.4. Conformational Studies
3.3.4.1. Synchronous Fluorescence

In order to investigate whether there is any conformational change or not in protein molecule
during the interacting with CuNCs, synchronous fluorescence study has been performed.
Synchronous fluorescence spectroscopy is a widely used tool to study the microenvironment of
fluorophore component of protein molecules by monitoring the shifting of emission wavelength
due to change of polarity in the vicinity of fluorophore moiety.””® When offset wavelength (AL)
are stabilized at 15 and 60 nm, the synchronous fluorescence spectra give the characteristic
information about tyr and trp residue of protein molecule respectively.**®The synchronous
fluorescence spectra of BSA protein upon gradual addition of TA-CuNCs, Chitosan-CuNCs and

Cys-CuNCs are shown in Figure 3.6. From the Figure 3.6 it can be observed that the
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synchronous fluorescence of BSA is getting quenched with increasing the concentration of the
above said nanoclusters at both the offset wavelengths i,e. at AA= 15 and 60 nm, indicating the
interaction of BSA with CuNCs occurs through both trp and tyr residues. Almost, no change in
the emission maxima of BSA (Figure 3.6) with increasing concentration for various CuNCs

suggest that the microenvironment of tryptophan and tyrosine residues of BSA protein remain

A) = 60\

almost unperturbed in presence of CuNCs.
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Figure 3.6. Synchronous fluorescence spectra of BSA with increasing concentration of (a) TA-
CUuNCs (b) Chitosan-CuNCs and (c) Cys-CuNCs at 298 K. The top panel shows the spectra with
offset wavelength 60 nm, and the bottom panel shows the same with offset wavelength of 15 nm.

(Concentration of BSA is 5 uM and concentration range of CUNCSs is from 0 to 6uM).

3.3.4.2. Circular Dichroism (CD)

CD spectroscopy has been employed to reveal the possible influence of CuNCs capped
with various ligand on the secondary structure of BSA. CD spectra of native BSA protein in

presence of different CUNCs concentrations are shown in Figure 3.7. It can be observed from

103



Chapter 3

Figure 3.7 that native BSA shows two negative peaks at 208 nm and 222 nm corresponding to
the characteristic peaks of a-helical structure of BSA for m - n* and n - o* transition

respectively, 3100101

The percentage of a-helical contents of BSA in absence and presence of
various concentration of CuNCs has been estimated quantitatively by using equation (3.14) and

equation (3.15)

Bobs (mdeg)
10ncl

MRE = (3.14)

where MRE is the mean residue ellipticity, Oqs IS the observed ellipticity in mill degrees, n is the
number of amino acid residues (583 for BSA), | is the path length of the cell (0.2 cm),

and C is the concentration of protein in mol dm?,

(~MRE;g—4000)

a — helix(%) = (33000—4000)

x 100 (3.15)

where MRE3gs is the calculated MRE value at 208 nm, 4000 is the MRE value of the B-form and
random coil conformation, and 33 000 is the MRE value of a pure a-helix. The relevant data for
this study are summarized in Table APX3.5. Analysis of data that are present in Table APX3.5
reveals that BSA in native form exhibits 56.5% a-helical structure, which is very close to the
literature-reported value for a-helical structure of BSA.%%1% Additionally it has been observed
that percentage of a-helical form increases upon gradual addition of CuNCs for various CuNCs
but with different extents (Figure 3.7). In particular, the change of a-helical form of BSA has
been occurred to a greater extent in presence of TA-CuNCs and chitosan-CuNCs than in
presence of Cys-CuNCs. However, the changes in the percentage of a-helical form of protein in
presence of NCs are found to be very small. But, more importantly, comparison of the shapes
and the peak positions corresponding to CD spectra (Figure 3.7) of BSA in absence and presence

of CuNCs clearly indicate that the basic structure of the protein remains almost unaltered even
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after binding with CuNCs."® This is an interesting result in a sense that though fluorescence of
BSA is quenched by CuNCs but the native structure of BSA remains almost unchanged. This
data indicates that the present CuNCs are bio compatible and can safely be used in various

biological application.
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Figure 3.7. Far-UV CD spectra of 2 uM BSA (in 10 mM phosphate buffer of pH 7.4) in the
absence and presence of increasing concentration of (a)TA-CuNCs (b) Chitosan-CuNCs and (c)
Cys-CuNCs.

3.4. Conclusion

In this work, we report the study of interaction of BSA with CuNCs, modified with
various surface ligands (tannic acid, chitosan and cysteine), with an aim to understand the
mechanism of interaction between them. In particular, the current investigation is focused on to
find out whether the protein-CuNC interaction goes through in a new pathway without forming
the “protein-corona” which is otherwise observed in relatively larger sized nanoparticles when
they are exposed to biological fluids. The current study also aims to unravel the role of surface
ligand in controlling the protein-CuNC interaction mechanism. The investigations are carried out

at both ensemble average and single molecule level. From the current investigations, several
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interesting aspects in relation to protein-NCs interaction have emerged. The investigations have
revealed that observation of fluorescence enhancement of nanoclusters in presence of protein
may not necessarily indicate the “protein-corona” like structures during the event. In fact,
analysis of data obtained from steady and time resolved fluorescence, ITC and zeta potential
measurements have indicated that BSA protein in presence of CuNCs does not attain the required
stoichiometry (BSA/CuNCs >1) to form “protein-corona” during the overall interaction event.
Moreover, FCS studies have further shown that the thickness of BSA that is adsorbed onto
CuNC is estimated to be less than the thickness of a single layer of protein. Essentially, our
current investigations based on both ensemble average measurements and single molecule
fluorescence measurements (FCS study) have clearly indicated that the interaction of various
CuNC s that are employed in the present study with the BSA does not go through the formation
of a “protein-corona” like structure. Further analysis of fluorescence data based on double
logarithmic equations and estimation of the relevant thermodynamic parameters from both
fluorescence and ITC measurements have revealed that the surface ligands of the CuNCs play
important role in the protein-NCs binding events, and they can alter the mode and
thermodynamics of the process. In particular, the analysis of the current data obtained from both
steady state and time resolve fluorescence study of BSA in absence and presence of CuNCs have
demonstrated that binding of BSA with TA-CuNCs and Chitosan-CuNCs follow two types of
binding modes but the same with Cys-CuNCs goes through only one type of binding mode.
Temperature-dependent fluorescence titration experiments and ITC experiments have indicated
that the spontaneous interaction of BSA with TA-CuNCs and Chitosan-CuNCs is driven by
hydrophobic forces, whereas the same with Cys-CuNCs is driven by hydrogen binding and van

der Waals forces. The synchronous fluorescence and CD spectroscopic study have revealed that
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CuNCs have insignificant effect on the native structure of BSA indicating the overall 3D
structure of protein remains almost unaltered in presence of. CD spectroscopic study has
revealed that TA-CuNCs, Chitosan-CuNCs have noticeable effect on the secondary structure of
BSA but Cys-CuNCs has insignificant effect on it. The observation of new interaction pathway,
different to that of “protein-corona”, during the interaction of relatively cheaper and
biocompatible CuNCs and BSA is an interesting finding of the current study in a sense that the
outcome of the study is expected to encourage better design and application of NCs in various

biological studies.
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Table APX3.1. Fluorescence decay parameters of CUNCs in phosphate buffer of PH = 7.4 with

gradual addition of BSA.? (The excitation wavelength is 375 nm)

6

9 9.19
62 0.89 37 3.41 6 11.46 2.44
55 0.83 35 3.01 9 9.96 2.49
57 0.9 34 3.2 8 11.18 2.53
53 0.98 38 3.45 9 11.57 2.83

®concentration of CuNCs are in pM, a are expressed in % scale and t values (£5 %) are in ns unit
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Table APX3.2. The associated diffusion parameters® of (CUNCs+BSA) systems with increasing

concentration of BSA as obtained from FCS study.?
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Figure APX3.7. UV-vis absorption spectra of BSA upon gradual addition of (a) TA-CuNCs (b)
Chitosan-CuNCs and (c) Cys-CuNCs.
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Figure APX3.8b. Fluorescence emission spectra of BSA (5 uM) with gradual addition of
chitosan-CuNCs (0 — 6 uM) (Aex = 280 nm). Temperature has been mentioned in each cases.
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Figure APX3.9c. Stern-Volmer plots for quenching of BSA fluorescence by Cystein-CuNCs at
different temperature marked at each figure.
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Figure APX3.12. Double logarithm plot for the binding of Cys-CuNCs with BSA at various
temperature marked at each figure.
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temperature marked at each figure.
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Figure APX3.13b. Hill plot for the fluorescence quenching of BSA with Chitosan- CuNCs at
various temperature marked at each figure.
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Figure APX3.14. van’t Hoff plots of Cu NCs-BSA system: (a) TA-CuNCs BSA system (b)
Chitosan-CuNCs BSA system and (c) Cys-CuNCs BSA system.

Table APX3.3. Fluorescence decay parameters of BSA in phosphate buffer of PH = 7.4 with
gradual addition of (a) TA-CuNCs (b) Chitosan-CuNCs and (c) Cys-cuNCs to the solution (The

excitation wavelength is 280 nm) ?
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57 3.40 43 7.43 5.48
62 3.79 38 7.41 5.18
58 3.36 42 7.02 491
61 3.05 39 6.79 4.49
70 3.25 30 7.08 4.40
71 3.07 29 6.93 4.17
73 2.93 27 6.81 3.97
o T1 (07 T2 <t>
39 3.90 61 7.02 5.80
21 2.27 79 6.22 5.39
30 2.14 70 5.95 4.81
35 1.99 65 5.71 441
35 1.85 65 5.54 4.25
38 1.65 62 5.29 3.90
41 1.61 59 5.15 3.70
45 1.43 55 4.91 3.33
48 1.36 52 4.79 3.15
52 1.44 48 4.77 3.03
54 1.32 46 4.63 2.84

# concentration of CuNCs are in pM, o are expressed in % scale and t values (£5 %) are in ns

unit

Table APX3.4. Binding Constant (K;) and Thermodynamic Parameters and no. of binding sites
(N) for the Binding of TA-CuNCs, Chitosan-CuNCs and Cys-CuNCs with BSA at 298 K
Obtained by ITC Experiment. ®

4G = -38.85

K1=5.89 +0.46 48,=520.80

AH;=116.34+3.40

Ko=147+0.16 4H,=90.72£258  45,=42420 4G =-35.69

K1=190+0.35 AH;=92.61+1.09 4S5,=43260 4G=-36.30 2

K2=9.20+0.48 AH,=65.94+3.65 45,=362.88 4G =-42.19

9.16 £2.71 -102.06 + 1.32 -211.60 4G=-39.15 4

+5%
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Table APX3.5. Variation in the Secondary Structure (a-Helical) of BSA with increasing
Amount of CuNCs.
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The present work is undertaken with an objective to find out the suitability of CuNCs on the
activity modulation of a model enzyme, a chymotrypsin (a-ChT). This work also aims to
highlight the role of surface chemistry corresponding to CuNCs in modulating the activity of
a-ChT. For this purpose, two different types of CuNCs having chemically different surface
ligands, namely, cysteine (Cys) and tannic acid (TA), have been synthesized. Subsequently,
the interaction of these CuNCs with a-ChT has been investigated by employing various
spectroscopic techniques at both ensemble average and single molecule level. Results
obtained from enzyme kinetics studies have revealed that both the CuNCs act as good enzyme
inhibitors. While Cys-CuNCs almost completely diminish the activity of a-ChT through a
competitive inhibition mechanism, TACuUNCs partially reduce the enzyme activity through a
noncompetetive inhibition mechanism indicating the vital role of surface ligand in the
regulation of o-ChT activity. To gain a molecular level understanding of the
enzyme—inhibitor interaction event, fluorescence spectroscopy, ITC measurements,
fluorescence correlation spectroscopy (FCS), agarose gel electrophoresis, and circular
dichroism (CD) spectroscopy are conducted. Thermodynamics results obtained from
fluorescence titration experiment and ITC measurements have indicated that Cys-CuNCs
follow a one-step binding process, whereas TA-CuNCs follow a two-step binding process.
Moreover, FCS studies have provided evidence for the interaction of CuNCs with a-ChT at
the single molecule level. Importantly, circular dichroism (CD) measurements have
demonstrated that the basic structure of a-ChT remains almost unaltered in the presence of
CuNCs. The outcome of the present study is expected to open up a possibility of using CuNCs

as an effective nanoscale enzyme regulator for various biological applications.

4.1. Introduction

Life depends on a well-coordinated series of chemical reactions that are controlled by an
important class of biomolecules, called enzymes. The activity of enzyme to an appropriate
level offers an effective worth over several important physiological processes such as DNA
replication, signal transduction, metabolism etc.’? On the other hand, unusual activities of
some enzymes can lead to a series of disorders.*® So, it becomes extremely important to
regulate the enzyme activity in therapeutics and pharmaceutics. This has encouraged the
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scientific community to develop suitable regulators for the modulation of enzyme activity and
to investigate the proper mechanism of inhibition. The regulation of enzyme activity can be
done either by covalent modification or regulator binding which may be irreversible or
reversible.® Irreversible regulators bind to the enzyme permanently through covalent bond
whereas reversible regulators bind enzyme through hydrophobic interactions, electrostatic
forces, hydrogen bonds, or van der Waals forces. Mainly the regulation type is classified as
competitive inhibition, where binding of the inhibitor prevents binding of the substrate, non-
competitive inhibition, where the inhibitor does not affect the binding of the substrate to the
enzyme and uncompetitive inhibition, where inhibitor binding increases the affinity of the
enzyme for the substrate.>® The activity of enzymes can be tuned by controlling various
factors such as sizes, shapes, and surface charges of both enzymes and regulators, as well as
pH, temperature, and ionic strength of the environment.®™* It has been observed that there are
several reports where synthetic small organic molecules have been used to inhibit the enzyme
activity'®™®. But these types of organic inhibitors face some limitations because of their
complexity in synthesis, unstable nature and degradation in presence of some enzymes.***’ In
recent time, researchers have made attempted to design and develop nano-regulators which
offer a new pathway for regulating enzyme activity.'® ** These nano-regulators shows
several advantages over small molecule ligands in terms of increasing photostability, a larger
surface-to-volume ratio, presence of multivalent functionalities which can be attached on the
materials to meet the structural complexity of proteins and so on. It is to be noted here that
among these nano-regulators, carbon nanomaterials and metal nanoparticles are widely used
as inhibitor for the regulation of enzyme activity. However, ultra-small (< 2nm) fluorescence
metal nanoclusters (MNCs) has been less studied as nano-regulator although they have

34
l.

potential advantages over bigger size nanomaterial.” Due to having larger specific surface

area and larger curvature the ultra-small MNCs are expected to be more effective nano-
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regulator as compared to the aforementioned candidates. Moreover, these MNCs offer good
fluorescence property and by exploiting their environment sensitive fluorescence behaviour
one would be able to extract several useful information regarding MNC-enzyme interaction

events. 3%

In this context it is relevant to mention here that recently, Jiang and co-workers 3*
have demonstrated the allosteric inhibition of a-chymotrypsin (a-ChT) by gold nanoclusters
(AuNCs). Recently, Zhou and co-workers®® have demonstrated that 2-D Cu-MOF nanosheets
can act as an effective enzyme inhibitor through competitive irreversible binding of the active
site of a-ChT. In another work, Zhou and co-workers?’ have shown the effect of surface
functional group density of carbon nanotube (CNTs) on the a-Chymotrypsin structure and
activity alterations. De and co-workers?® have investigated the efficiency of grapheme oxide
in the modulation of activity of a-Chymotrypsin. In another work, Rotello and co-workers®
have demonstrated that AuNPs tailored with various surface functionalities exhibit different
inhibition ability on a-ChT activity. It is evident from the above discussion that most of the
studies are done based on larger size metal nanoparticles and carbon nanoparticles but studies
on ultra-small (< 2nm) fluorescence metal nanoclusters (MNCs) are limited. Therefore,
investigating the potential of inexpensive, water soluble, biocompatible copper nanoclusters
(CuNCs) as effective nano-regulator would be quite interesting. Since surface ligand is
known to play vital role in modulating enzyme activity, the role of surface ligand over
CuNCs for the same would be a worthwhile objective to pursue. To the best of our
knowledge such studies on CuNCs are elusive. Again, it is known that the behaviour of
nanoparticles in biological media is quiet complex and the ensuing interaction between
nanoparticles and biomolecules does not happen in a straight forward manner. Therefore, it
becomes a formidable challenge to understand the nitty-gritty of the nanoparticles-

biomolecules interaction mechanism. Unless otherwise these issues are addressed, the
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development of an effective nano-regulator for a target specific job will be difficult to

conceptualise for the real time application.

Keeping in mind the above facts, we have synthesised two different CuNCs capped
with two chemically different surface ligands i.e., Cys and TA and investigated the
interaction of these CUNCs with of bovine a-chymotrypsin (a-ChT) at both ensemble average
and single molecule level. a-ChT is an important digestive enzyme which is widely used as
model enzyme for studying the activation inhibition of enzyme by nanomaterials due to
having clear structure and catalytic mechanism*®*. Initially, results obtained from activity
assays and inhibition kinetics studies have revealed that both the CuNCs can act as good
enzyme inhibitor. As the information regarding the mechanistic aspect of CuNCs-enzyme
interaction event is very less, we have focused our attention to comprehend this issue. So, to
gain molecular level understanding of the enzyme-CuNCs interaction event, various
techniques such as fluorescence spectroscopy, ITC measurements, fluorescence correlation
spectroscopy (FCS), agarose gel electrophoresis and circular dichroism (CD) spectroscopy
have been employed. Several interesting results have been emerged from the above studies
which are expected to open up a new direction for the design and development of nano-
inhibitor for the better application in biological systems. The structure of o-ChT in folded
form, the chemical structure of the ligands used for synthesizing those CuNCs and the
synthesis protocol of Cys-CuNCs and TA-CuNCS that are used in the present study are given

in Scheme 4.1.
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Scheme 4.1. Schematic representation of o-ChT in folded form (Taken from Protein Data
Bank), chemical structures of the ligands (Tannic acid and Cysteine), substrate for enzymatic

reaction (SPNA) and the synthesis protocol for Cys-CuNCs and TA-CuNCs.
4.2. Characterization of CuUNCs

These synthesised CuNCs have been characterized by employing transmission electron
microscopy (TEM), energy-dispersive X-ray analysis (EDAX), Fourier transform infrared
(FTIR) spectroscopy, and steady-state absorption and emission spectroscopy. The sizes of the
CuNCs were determined from TEM images (Figure 4.1a,b) and it was estimated to be 2.3 +
0.5 and 2.2 £ 0.5 for Cys-CuNCs and TA-CuNCs respectively. The TEM images also reveal

that the synthesized CuNCs were spherical in shape. Moreover, the high resolution TEM
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Figure 4.1. (a,b) TEM images (inset shows particle size distribution plot), (c,d) EDAX

spectra and (e,f) FTIR spectra of Cys-CuNCs and TA-CuNCs respectively.

(HRTEM) images of these systems are provided in the Figure APX4.1. For elemental
analysis of those systems EDAX measurement had been done (Figure 4.1a,b). As carbon
coated gold grid had been used, a saturation peak corresponding to carbon had been observed
in the EDAX spectra. FTIR study has been done to confirm the successful introduction of the

ligand onto the surface of CuNCs. Figure 4.1e shows the FTIR spectra of Cys-CuNCs and

131




Chapter 4

cysteine. It has been observed from the figure that the characteristic S—H stretching band
(2578 cm %) is disappeared but the characteristic peaks of the ~COOH group (asymmetric
and symmetric stretching at 1589 and 1401 cm %, respectively) and ~NH, (3000-3800 cm *,
stretching) group remain unaltered in the FTIR spectrum of Cys-CuNCs, which confirms that
cysteine ligands are attached onto the surface of CuNCs by the thiol moieties. The FTIR
spectra of the TA and TA-CuNCs have been shown in the Figure 4.1f. Some specific major
bands of TA are at 3300 cm* (O-H, stretching), 1715 cm™* (C=0, stretching), 1203 cm™
(C—O0, stretching), and 1052 cm ' (O-H, bending). It can be seen from the FTIR spectrum of
TA-CuNCs that the O—H bending and C—OH stretching vibration of tannic acid are disrupted
due to the attachment of TA on the surface of CuNCs as evidenced from the reduced intensity
and shifting of the bands. The absorption and emission spectra of the synthesized CuNCs are
provided in Figure APX4.2 Powder X-ray diffraction (PXRD) data for those CuNCs have
been shown in the Figure APX4.3 and we have matched these data with the existing data file
(JCPDS file) of CuO. Any major peak corresponding to CuO has not been found for those
CuNCs suggesting the absence of CuO in the synthesised CuNCs. The zeta potential graphs
of the CuNCs are provided in the Figure APX4.4 which has revealed the negative surface
charges of those systems. For determining the number of Cu atoms in the metal core (Cup) of
those nanoclusters have been determined by using Jellium model, which is discussed in the

Supporting Information.**

4.3. Activity Assays

N-succinyl-L-phenylalanine p-nitroanilide (SPNA) has been taken as substrate. To determine
the activity of o-ChT, the enzymatic hydrolytic product (p-nitro aniline) formation is
evaluated by monitoring the absorption peak at 410 nm every 5 min interval. All the
experiments were performed in 5 mM phosphate buffer of pH 7.4. For the inhibition Kkinetic

study, the a-ChT (2.5 uM) was first incubated with CuNCs of different concentration for 2
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hr. and then different concentration of SPNA was added from a stock solution of 3 mM in
ethanol. To determine the amount of product formation, molar extinction coefficient (¢) of
8750 M cm™ at =410 nm for p-nitro aniline has been used. To check the reversibility, NaCl

(0 to 1M) was added to the mixture of a-ChT and CuNCs before and after the incubation.
4.4. Preparation of Gel Electrophoresis

Gel electrophoresis was performed with a horizontal electrophoresis system (BIO-RAD,
PowerPac Basic). For this study, 1% agarose gel was prepared in 5 mM sodium phosphate
buffer. Suitably sized wells of 30 puL were created by placing a comb in the gel. Samples of
different a-ChT:CuNCs ratios were prepared by keeping the concentration of a-ChT (30 puM)
fixed and varying the concentration of CuNCs and incubated for 2 hr. Then 5 pL of 50%
glycerol was added to 30 pL aliquot of the incubated solution to ensure the proper well
loading and a constant voltage (100 V) was applied for 50 min for Cys-CuNCs and 120 min
for TA-CuNCs for sufficient separation. After the experiment, the gels was placed in staining
solution (0.5% Coomassie blue, 40% methanol, 10% acetic acid aqueous solution) for 2 h,
followed by extensive destaining (40% methanol, 10% acetic acid aqueous solution) until

protein bands were clear.
4.5. Result and Discussion
4.5.1. a-ChT Activity Assays and it’s Inhibition by CuNCs

The extent of enzyme activity is determined by calculating the rate of the catalytic reaction.®
Here, the enzymatic activity of a-ChT has been monitored by estimating the p-nitroaniline
production from the hydrolysis of SPNA with the help of UV-Vis spectroscopic technique.
Specifically, to investigate the influence of CuNCs on the enzyme activity of a-ChT, the a-

ChT catalyzed reaction is first monitored in the presence of various concentrations of CuNCs

133



Chapter 4

g
@ | * “ (b) \
s o:n: . . | —_— I_

=y
(=)
L
-
o

bt
)
f
5
(-]

=
o
)
=)
E

e
a
L

Normalized v,
(=]
B

Normalized v,

2
N
=]
[

1 2 3 45 6 7 8 9 10 11 0 3 6 9 12 15 18 21 24 27 30
[Cys-CuNCs] (uM) [TA-CuNCs] (uM)
60
701 » Control = Control
60{ a 0.5 uM (c) 501 . 2.5uM (d)
50/ « 1.5puM a0l « 5uM
404 " 2.5 l,lM ] » 10 l.lM

1/Vg (min/umol)
8 8

1/Vg (min/fumol)
s

N

5 10 15 20 25 30
1/[S] (x10 2 uM ™)

5 10 15 20 25 30
1/[S] { x10 7 pM ")

I
=N
o

L

Figure 4.2. Normalized rates (vy,) of o-ChT catalyzed reactions under different
concentrations of (a) Cys-CuNCs and (b) TA-CuNCs using SPNA as a substrate.
Lineweaver—Burk plots of a-ChT in the absence and presence of different concentrations of
(c) Cys-CuNCs and (d) TA-CuNCs.

capped with two different types of surface ligands e.g., cysteine (Cys) and tannic acid (TA).
The activity of a-ChT in the absence of CuNCs is considered as unity (100%), thereby the
activities of a-ChT in the presence of CuNCs are normalized to that of free a-ChT. The
outcome of the investigation is illustrated in the bar diagrams (Fig 1a,b). From these figures,
it can be seen that the enzyme activity of a-ChT is decreased with increasing concentration of
both Cys-CuNCs (Fig 1a) and TA-CuNCs (Fig 1b). In case of Cys-CuNCs, the enzyme
activity of a-ChT is decreased almost completely (99%), but in case of TA-CuNCs, the
enzyme activity of a-ChT is reduced to maximum 81%. The effect of the two free ligands,
(Cys and TA) on the enzyme activity has also been checked (Figure APX4.5). No change in

the enzyme activity of a-ChT indicates that bare ligands can’t affect the enzyme activity.
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Interestingly, Cys-CuNCs are found to reduce the activity of a-ChT almost completely at
very low concentrations of Cys-CuNCs. This observation is the signature of competitive
inhibitor as these type of inhibitors binds to the active site of enzymes and blocks the
pathway for the substrate.3* On the contrary, TA-CuNCs is found to reduce the activity of o-
ChT partially (to an upper limit of 81%) at a relatively higher concentration (than Cys-
CuNCs), indicating the noncompetitive nature of the interaction event.® 2 ¥ Therefore, these
results have suggested that surface ligands of CuNCs may play a crucial role in modulating

the activity of a-ChT.
45.2. CuNCs— a-ChT Inhibition Kinetics

To understand the binding sites of a-ChT for CuNCs, it is imperative to investigate the mode
of inhibition by employing kinetics studies.*> % 2" For this purpose, Michaelis—-Menten and
mixed model inhibition Kinetics are invoked. To calculate the relevant Kinetics parameters
such as maximum reaction rate (Vmax), and Michaelis—Menten constant (Kn), the double
reciprocal form of the Michaelis—Menten equation called Lineweaver—Burk (LB) equation34

(eq 4.2) is used, which is given by

app
1 K 1 1

= —app X = + ~app (4.2)
VYo Vmax [s] max

where v, PF is the apparent maximum rate and K,,*" is the apparent Michaelis constant, v,
represents the initial reaction rate and [S] represents the concentration of substrate. The
reciprocal of the substrate (S) concentration against the reciprocal of the initial reaction rates
(vo) in the absence and presence of different fixed concentrations of Cys-CuNCs and TA-
CuNC s are plotted, and the plots are provided in Figure 4.2c and Figure 4.2d, respectively.

The kinetics parameters extracted from these plots are listed in Table 4.1. It is to be noted that
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LB plot and the associated kinetics parameters are the most widely used straightforward

method for diagnosing inhibitor modality.

Table 4.1. The Apparent Michaelis Constant and Apparent Maximum Rate under Different

Concentrations of Cys-CuNCs and TA-CuNCs

[Cys-CuNCs] (uM)

KPP (uM) 831.76 1322.49

PP (uM/min) : 0.53 : 0.52

max

[TA-CuNCs] (uM)
Ky (M)

Vinax(BM/min)

From these plots, (var?. and KPP) are extracted.® It is known that, in competitive inhibition,
there is competition between the inhibitor and substrate for the active site of the free enzyme.
Because of this competition, more substrate is required to reach the half-maximum value
v2PP and this type of inhibition can be overcome at high substrate concentrations.** Hence, in
case of competitive inhibition, the enzyme sample has the kinetic effect in raising the K,;'?
for its substrate without affecting the value of v*?.. In noncompetitive inhibition, inhibitors
bind to the enzyme distinct from the active site and reduce the enzyme activity without
affecting the binding of the substrate to the enzyme. Therefore, increasing substrate
concentration can’t overcome this type of inhibition. So, the effect of noncompetitive
inhibitors is the decrease of v5 Without affecting K,,"* for the substrate. For uncompetitive
inhibition, inhibitors bind exclusively to the enzyme-substrate complex and thereby affect

product formation. Therefore, the kinetics effect of uncompetitive inhibitors is the decrease of
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v, b with the decrease in activated ES complex and the decrease of K" due to the increase

in the affinity of the enzyme for its substrate. From the Figure 4.2c, it can be observed that
for the different fixed concentrations of Cys-CuNCs, the extended fitted lines intersect at the
same point on the y-axis as an uninhibited enzyme. The data that are collected in Table 4.1
indicates that v,/7%. is almost unaffected with increasing the value of K,"?, suggesting that
Cys-CuNCs inhibit ChT activity with a competitive mechanism. Interestingly, in case of TA-
CuNC:s, it has been found that the extended fitted lines (Figure 4.2d) meet at the same point
on the X-axis. The data in table 4.1 shows that vybh is decreased while K,’? remained

almost constant with the increase of TA-CuNCs concentration. This observation clearly

demonstrates the noncompetitive inhibition mode of a-ChT activity caused by TA-CuNCs.

Again to get more insight into the inhibition mechanism, inhibition constants (K; and o)

are determined by using mix model inhibition equation which is given as

1 _ 1+[1]/(eKy) + Km (1+[11/K}) (4.3)

v Vmax Vmax[S]

In eq 4.3, the factor a reflects the effect of the inhibitor on the affinity of the enzyme for the
substrate, and likewise the substrate effect on the affinity of the enzyme for the inhibitor. It is
an important parameter which is used to describe the type of inhibition® . When a = 1, it
indicates the noncompetitive inhibition. When a >> 1, it means the competitive inhibition and
a < 1 tells uncompetitive inhibition. In the present study, from the slope and intercept of the
L-B plot, we have determined Ky = 680 uM and Vmax = 0.54 uM/min for a-ChT in the
absence of inhibitor. From the mixed model inhibition equation, we have obtained o = 18.64
for 2.5 uM Cys-CuNCs indicating a competitive mode of inhibition and oo = 1.02 (~ 1) for 10
MM TA-CuNCs indicating a non-competitive mode of inhibition. The findings of two types
of inhibition modes for the two different CuNCs can be rationalised by considering the

following facts. It has been demonstrated that if there is a structural similarity between the
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inhibitor and the substrate or the enzymatic reaction takes place via a similar transition state,
then the inhibition mechanism goes through via competitive mode.® In the present study, in
case of cys-CuNCs, the surface of Cys-CuNCs show some structural similarity with the
substrate (SPNA) as they have same functional group on their surface and thus this could be
one of the possible reason for the exhibition of competitive binding mode of cys-CuNCs.
Additionally, the enzymatic reaction may follow the same transition state, which allows the
Cys-CuNCs to proceed via a competitive mode of inhibition. On the other hand, due to the
presence of bulky tannic acid and polyhydroxy moieties, it becomes difficult for TA-CuNCs
to make closer approach towards the active centre of a-ChT, thereby facilitating it’s binding

to the allosteric sites.

4.5.3. Effect of Ionic Strength on the Activity Inhibition of o-ChT

It is imperative to monitor the enzymatic activity by altering the ionic strength of the medium
because ionic strength in biological systems can vary from 5 mM (bile) to 250 mM (red blood
cells).**” Previously, it has been reported by many researchers that the interaction between
a-ChT and inhibitors can be diminished by increasing the ionic strength of the medium and
subsequently reversing the activity, which indicates the electrostatic interaction of the binding
event.”” *® So, to investigate the extent of reversibility of the interaction between a-ChT and
CuNCs, the enzyme activity tests have been performed with the variation of ionic strength of
the solution in two different approaches. First, a-ChT and CuNCs are incubated for two
hours, and then various concentrations of NaCl (0 to 1M) has been added to the incubated
system, and in the second experiment, the varied concentration of NaCl has been added to the
solution of a-ChT and CuNCs before incubation. The activity of a-ChT in the presence of
various concentrations of NaCl added after and before incubation to those CuNCs are
normalized by the a-ChT activity without inhibitor at the same salt concentration, and the

representative bar plots are provided in Figure 4.3a,b and Figure 4.3c,d respectively.
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Figure 4.3. Normalized activities of a-ChT in the presence various concentrations of NaCl
added after incubation with (a) 2.5 uM of Cys-CuNCs and (b) 10 uM of TA-CuNCs and
before incubation with (c) 2.5 uM of Cys-CuNCs and (d) 10 uM of TA-CuNCs.

From bar plots, it can be seen that for both cases, the a-ChT activity can be restored with
increasing salt concentrations, but the extent of recovery is different for those two systems.
From the first experiment (Figure3a,b), it is observed that in the case of Cys-CuNCs, 80% of
the activity is recovered at 1M salt concentration, but in the case of TA-CuNCs, the a-ChT
activity is recovered to only ~18 %. This partial restoration of enzyme activity indicates that
the added NaCl could not completely release the CuNCs from a-ChT binding and restore
their activities at 100%. This observation can be rationalised by considering the following: (1)
during incubation of a-ChT and CuNCs, a few amounts of a-ChT may irreversibly bound to
the CuNCs (ii) it is also possible that two steps binding processes are happening during the
binding events and among these two steps, one may be irreversible, and another one may be
reversible and (ii1)) may be due to the partial denaturation of a-ChT and consequent loss of
20,27

activity.
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From the second experiment (Figure 4.3c,d), it is observed that in case of Cys-
CuNCs the restoration of enzyme activity is ~100%, whereas in case of TA-CuNCs, it is
~30%. This result demonstrates that the electrostatic attraction between the o-ChT and
Cys-CuNCs can be weakened in the presence of competitive ions. The high ionic strength in
the solution might have blocked the a-ChT from binding with Cys-CuNCs and thus
facilitating full protection of its enzymatic activity. Therefore, the outcomes of this study also
demonstrate that electrostatic force is the dominant interaction mode for the binding between
a-ChT Cys-CuNCs, and upon ionic strength mediation this interaction is largely reversible in
nature. On the other hand, observations of 30% activity recovery in case of TA-CuNCs can
be rationalized by considering the fact that other intermolecular interactions (hydrophobic
interaction, H-bonding, Van der Waals force of attraction etc.) between «a-ChT and TA-
CuNCs might be playing predominant role (over electrostatic interaction).
4.5.4. CuNCs Induced Quenching of the Intrinsic Fluorescence of Chymotrypsin and

Enzyme—CuNCs Bioconjugate Analysis

Along with the activity measurement study it is also very important to study, the nature of
interactions and thermodynamics associated with the interaction between CuNCs and a-ChT.
For this purpose, we have performed fluorescence titration study by monitoring the intrinsic
fluorescence of a-ChT with the gradual addition of Cys-CuNCs and TA-CuNCs separately at
various temperatures. We note here that among the three amino acids, namely, tryptophan
(Trp), tyrosine (Tyr), and phenylalanine (Phe), the Phe residues have the lowest absorptivity
and fluorescence quantum yield and the fluorescence of Tyr is almost complete quenched due
to interaction with peptide chain or an efficient energy transfer to the Trp moiety.>* *** For
this reason the contribution of Phe and Tyr to the fluorescence of a-ChT has been neglected

in this study when excited at 280 nm. In the present study, as the possibility of inner filter

effect®® cannot be neglected, the emission spectra are corrected first prior to data analysis.
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Figure 4.4. Fluorescence emission spectra of a-ChT protein upon gradual addition of (a)
Cys-CuNCs, and (b) TA-CuNCs CuNCs (Aex = 280 nm), respectively.3D fluorescence
spectra of (c) a-ChT and a-ChT incubated with (d) Cys-CuNCs and (e) TA-CuNCs.

The correction of the emission spectra obtained from the fluorescence titration experiment are

done by using the following eq 4.4

) ODoy+0Dom
Feorr = Fops antilog (T) (4.4)

where F,,,, represents the corrected fluorescence intensity, F,,s represents the observed
fluorescence intensity, and 0OD,, and OD,,, are the optical densities at excitation and
emission wavelengths, respectively. The absorption spectra of a-ChT in the absence and
presence of CuNCs are shown in the Figure APX4.9a,b. The corrected emission spectra of a-
ChT at 298 K in the absence and presence of an increasing concentration of Cys-CuNCs and

TA-CuNCs are given in the Figure 4.4a,b. It can be seen from the Figure 4.4a,b that there is a
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significant quenching of a-ChT in the presence of both CuNCs, which indicates the strong
interaction between CuNCs and a-ChT molecules. The data corresponding to the
fluorescence behaviour of o-ChT in the presence of Cys-CuNCs and TA-CuNCs at various
temperatures are also provided in Figure APX4.7 and Figure APX4.8, respectively. It is to be
noted here that at higher concentration of Cys-CuNCs (> 5uM) the emission maximum (
Amax=330 nm) of a-ChT gets red-shifted up to a maximum of 350 nm which is the
characteristic peak of denatured ChT.? The corresponding fluorescence data of a-ChT at
higher concentrations of Cys-CuNCs are shown in the supporting information (Figure
APX4.10). From the normalised fluorescence spectra (inset of the Figure APX4.10) one can
observed the red shifting of emission maxima due to denaturation at higher concentration. As
the denaturation process of a-ChT has been found to start beyond SuM concentration of Cys-
CuNCs, the fluorescence data up to SuM concentration have been taken for further analysis.
Moreover, Three-dimensional fluorescence spectra (Figure 4.4c,d,e) of a-ChT in the absence
and presence of those CuNCs have also been captured to verify the interaction of a-ChT with
CuNCs. Figure 4.4c,d,e, have demonstrated that the Rayleigh scattering peak of a-ChT is
increased with the addition of CuNCs, indicating that a-ChT is bound to CuNCs to form a
complex.®* ° Please note here that there are several reasons for a fluorophore to be quenched
such as the collision between the excited fluorophore and quencher molecule (dynamic
guenching), formation of a ground-state complex with the quencher (static quenching),
excited-state reaction and energy transfer phenomena, etc®® 2% Therefore, it becomes
essential to understand the mechanism of fluorescence quenching of a-ChT by CuNCs with

the help of Stern—Volmer (SV) equation (eq 4.5)
Fo
- = 1+ Kgy [Q] ®)
Where F,, and F are the fluorescence intensities of a-ChT in the absence and presence of
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Figure 4.5. Stern—Volmer plots of the quenching of a-ChT protein by (a) Cys-CuNCs and (b)

TA-CuNCs.

CuNCs, respectively, and Kgy, is the Stern—Volmer constant. The corresponding SV plots at
298 K are shown in Figure 4.5a,b and that of other temperatures are provided in Figure
APX4.11 and Figure APX4.12. Interestingly, from the Figure 4.5a, it can be seen that in the
case of Cys-CuNCs, the SV plot provides a linear plot with only one region, but in the cases
of TA-CuNCs, Figure 4.5b reveals two distinct regions (region-1 and region-I1) of different
slope in the SV plots and both of the regions vary linearly with increasing the concentration
of TA-CuNCs. While the Region-1 for TA-CuNCs has been observed at a relatively lower
quencher concentration (up to 1.6 uM), region-11 has been observed at a relatively higher
quencher concentration (beyond 1.6 pm). From the SV plots, it can be opined that Cys-
CuNCs may follow one step of binding and TA-CuNCs may follow two steps of binding with
a-ChT. These outcomes suggest that surface ligands of CuNCs can alter the nature of binding
modes when interacting with a-ChT. The quenching constant (kg) value for Cys-CuNCs is
estimated to be 1.14 x 10** M™s™, and the same for TA-CuNCs is estimated to be 9.69 x 10"
M?st and 4.19 x 10*° M™s? for Region-1 and Region-Il, respectively. The estimated kq
values in all of these cases are greater than the largest possible values of bimolecular
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quenching constant (2 x 10" M s™) in the aqueous medium, suggesting that the quenching
mechanism is predominantly static in nature®* ™. Further, time-resolved fluorescence study
has been performed to investigate whether the dynamic component in the quenching event is
present or not. The decay profile of a-ChT (Figure APX4.13a,b) in the absence and presence
of CuNCs and the corresponding time constants (Table APX4.1) demonstrate that the lifetime
of a-ChT is decreased with increasing the concentration of both Cys-CuNCS and TA-CuNCs
separately, confirming the involvement of the dynamic quenching process also during the
interaction event. Further, we have also deeply investigated whether energy transfer is
responsible or not for the quenching of a-ChT in the presence of CuNCs. For this purpose,
the individual systems as well as the composite systems are excited at 280 nm and the
emission of acceptors (CuNCs) has been monitored to investigate whether any characteristic
peak of CUNCs (~488 nm for Cys-CuNCs and ~430 nm for TA-CuNCs nm) are appeared or
not in longer wavelength due to energy transfer (Figure APX4.14). When the composite
system (a-ChT-CuNCs) is excited at 280 nm, no emission peak is observed for a-ChT-Cys-
CuNCs systems which rule out the energy transfer from a-ChT to Cys-CuNCs. Whereas, for
the a-ChT-TA-CuNCs systems, a very less intense shoulder peak is observed at ~435 nm

(Figure APX4.14b) but this peak is basically due to TA-CuNCs, not due to energy transfer.
4.5.5. Effect of a-ChT on the Photoluminescent Property of CuUNCs

Binding behaviour of a-ChT with CuNCs can also be monitored by investigating the effect of
a-ChT on the photoluminescent property of CuNCs. For this purpose, steady-state (Figure
APX4.153,b) and time resolve fluorescence measurements (Figure APX4.16a,b) have been
carried out by monitoring the fluorescence intensity of those CuNCs in the absence and
presence of a-ChT. The excitation wavelength for steady state measurement was 390 nm and
for time resolve measurement the excitation laser source was 375 nm. From these

measurements, it can be seen that both the fluorescence intensity and lifetime of CuNCs are
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enhanced with increasing the concentration of o-ChT but in different extent due to different
surface chemical nature of those CuNCs. The enhancement of fluorescence intensity and
lifetime of CuNCs is attributed due to the adsorption of a-ChT over the surface of CuNCs.>®
> The increment of the fluorescence intensity of both CUNCs in presence of a-ChT can be
rationalised by the fact that a large number of amine and carboxylic groups of a-ChT may
interact with CuNCs, which can give stability of those systems.*® *® It is also expected that
the a-ChT molecules surrounding the CuNCs surface prevent the contact of water molecules
from CuNCs surface and cause the reduction in the nonradiative relaxation process, which
may also responsible for the enhancement of both fluorescence intensity as well as
lifetime.>” > Again, it is well reported that when protein molecules are adsorbed on the
surface of nanomaterials, it can form either “protein-corona’ or protein-complex”.®®!
Stoichiometry ratios for the binding of protein to CuNCs is important parameters to define a
stable “protein corona”. Many researchers have shown that for an effective protein corona
formation, the protein/nanoparticle ratio is predicted to be always >1.%* ® Herein, to know
the adsorption nature of a-ChT over CuNCs surface, the binding stoichiometry ratio (a-

ChT:CuNCs) has been determined by utilising the fluorescence enhancement data on the

basis of Benesi—Hildebrand (B—H) doublereciprocal plot®® (eq 4.6).

1 __ 1 1
F-Fy Fm-Fo  (Fm — Fo)K[a—ChT]®

(4.6)

where F and F, are the fluorescence intensities of CUNCs with successive addition of a-ChT
and maximum a-ChT concentrations, respectively, Fo is the fluorescence intensity in the
absence of o-ChT, and K is the equilibrium constant related to CuNCs and o-ChT
association. From the B-H plot (Figure APX4.17a,b) it can be observed that for both the
systems, the data points are linearly fitted when 1/(F — Fp) is plotted against 1/[ a-ChT],

which indicates a 1:1 (a-ChT:CuNCs) stoichiometry for the a-ChT-CuNCs binding events.
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Along with this result, previously, the gel electrophoresis and ITC experiments have also
demonstrated that the stoichiometric ratio of a-ChT to CuNCs is < 1 which rule out the

formation of protein-corona.

4.5.6. Binding Nature and Thermodynamic Parameters of the Interaction between

CuNCs and a-ChT.

In order to establish the nature of interaction, the feasibility of the process, binding forces, the
relevant thermodynamic parameters such as enthalpy change (AH), entropy change (AS) and
free energy change (AG) have been estimated for the binding event. Essentially hydrogen
bonding, van der Waals force of attraction, electrostatic interaction, hydrophobic interaction,
etc., play important role for the binding interaction between protein and quencher
molecules®*®. Initially, the fluorescence data obtained from the steady state titration study of
a-ChT in the absence and presence of CuNCs has been utilised to construct double logarithm
plot®® (eq 4.7) for the determination of associated binding constant (Ky) value for the a-ChT-

CuNCs interaction.

log ["=| = logK, + nlog[qQ] (4.7)

where Fo and F represent the fluorescence intensity of a-ChT in the absence and presence of
guencher concentration [Q] respectively, K, is the equilibrium binding constant, and n is the
number of binding sites in the enzyme. The representative double logarithmic plots at 298 K
are given in Figure 4.6a,b and at various temperatures in Figure APX4.18 and Figure
APX4.19. It can be seen from the Figure 4.6a that for the case of Cys-CuNCs, the data points
are fitted by single line, whereas for the case of TA-CuNCs, the data points are fitted by two

distinct fitted lines (indicated by red and blue fitted lines). As double-logarithmic plot is quite
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Figue 4.6. Double-logarithmic plot for the binding of (a) Cys-CuNCs and (b) TA-CuNCs,

with a-ChT at 298 K. The solid lines represent the simulated fitted line.

66-67 it can be

effective in determining the stepwise binding of a protein—ligand assembly,
concluded from the plots that the interaction of a-ChT with Cys-CuNCs takes place via a
single step. In contrast, the same with TA-CuNCs takes place in two steps processes which is
in agreement with the results obtained from SV plots. In the present study, the binding
constant for the interaction of a-ChT with Cys-CuNCs is measured to be 2.57 x 10° M™,
whereas the same with TA-CuNCs is estimated to be 1.48 x 10° M™ for the first step (red
region) and 8.23 x 10° M for the second step (blue region). The binding constants for the
above two systems at various temperatures (Table 4.1) are used to construct Van’t Hoff plot34
to estimate the enthalpy (AH) and entropy (AS) changes. It is pertinent to mention here that
the value of AH and AS corresponding to particular interaction can help to understand the

type of forces involved for the same interaction event. The Van’t Hoff equation is given by

the eq 4.8 and the corresponding plots for those two systems are given in the Figure 4.7
InK, = (25 +% (4.8)

From the slope and intercept of the fitted lines, AH and AS of those systems have been
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Figure 4.7. Van’t Hoff plots of Cu NCs- a-ChT system: (a) Cys-CuNCs- a-ChT system (b)

TA-CUNCs- a-ChT system for 1% step of binding and (c) TA-CuNCs- o-ChT system for 2"

step of binding.

calculated. It can be seen from the Figure 4.7a that in the case of Cys-CuNCs, there is a
positive slope (Figure 4.7a) which indicates the exothermic process but in the case of TA-
CuNCs, for the first step of binding, it gives a negative slope (Figure 4.7b) indicating
endothermic process whereas for the second step, it gives positive slope (Figure 4.7c)
indicating exothermic process. The free-energy change (AG = —RTIn K,;) is determined by
using the calculated associated binding constants of those systems at various temperatures. It
is to be noted here that Ross and Subramanian® have studied the protein-ligand interaction
and have said that positive values for both AH and AS indicate the hydrophobic interaction,
whereas negative values for AH and AS indicate both hydrogen bonding and van der Waals
interactions. By looking at the sign convention of the thermodynamic parameters, one can
predict the type of forces involved in the interaction event. From the Table 4.2, it can be seen
that in case of Cys-CuNCs, both AH and AS are negative which is indicative of both
hydrogen bonding and van der Waals interactions. It is to be noted here that the electrostatic
interaction is also responsible for the binding event, as it is the primary step of hydrogen

bonding.®® In the case of TA-CuNCs, the first step of the interaction event is associated with
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positive values of AH and AS, indicating the involvement of hydrophobic interaction,
whereas the negative values of AH and AS for the second step indicate the involvement of the
hydrogen bonding, van der Waals and electrostatic interactions. The above studies have
revealed that the association constant (K,) for the interaction of a-ChT with Cys-CuNCs is
higher than TA-CuNCs. Moreover, it can also be observed that at lower concentration, Cys-
CuNCs shows relatively higher fluorescence quenching of ChT than that is exhibited by TA-
CuNCs. These results suggest that Cys-CuNCs can act as a stronger and higher potent
inhibitor than TA-CuNCs. These different types of results for the above two systems also
point out the role of different surface ligands of the CuNCs and eventually modulate the

binding interaction with the enzyme.

The binding events are also studied by isothermal titration calorimetric (ITC) study™ that

directly provide a heat change signal for the progression of interaction event.

Table 4.2. Associative binding constant (K,), and other relevant thermodynamic parameters

for the interaction of Cys-CuNCs and TA-CuNCs with a-ChT enzyme.

Systems AS AG

(@ K'mol?) (KImol™)

2.57+0.04

303 1.70+0.05 -30.34
Cys-CuNCs- a-ChT gele] 1.17+0.06 -59.33+0.28  -190 +0.33 -29.88
313 0.95+0.08 -29.82

30.59+0.10

Systems
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(20° L mol™)  (KJ mol™) K" mol™) (KJmol™)
298 1.4840.10 -18.09
303 3.46+0.15 -20.52

TA-CuNCs- a-ChT Bl 6.84+0.10 134.42+0.61 510.12+0.69 -22.61

(First step) 313 19.34+0.10 -25.68
318  44.8040.07 -28.31
298 8.20+0.07 -22.33
303 7.60+0.08 -22.51
TA-CuNCs- a-ChT  gelus] 5.13+0.09 -114.82+0.33 -300.21+0.81 -21.87
(Second step) 313 3.80+0.05 -21.45
318 1.35+0.09 -19.05

The representative 1TC thermographs for the binding events of a-ChT with Cys-CuNCs and
TA-CuNCs are given in the Figure APX4.20 and relevant thermodynamic parameters (AH,
AS, AG, Ka) obtained from ITC experiments are tabulated in Table APX4.2. The data
obtained from the interaction of a-ChT with Cys-CuNCs are fitted with one set of sites
binding model whereas that of with TA-CuNCs are fitted by two steps sequential binding
model, which again confirms the two-step binding process supporting the conclusion
obtained from steady-state fluorescence titration study of a-ChT in presence CuNCs. It is
relevant to mention here that in our previous work, it was demonstrated that the interaction of
bovine serum albumin (BSA) with CuNCs with specific surface ligands follow a sequential
binding mode.*” Recently, Jiang and co-workers®* have also demonstrated the two-step
binding process during NC—protein interaction. Based on the thermodynamic parameters
obtained from both steady state fluorescence and ITC measurements and keeping in mind the

sign convention as obtained from Ross model, a schematic diagram of the interaction event is
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provided in the scheme 4.2. These results have clearly demonstrated the importance of
surface chemistry associated with CuNCs, binding modes of the surface ligands and the
interacting forces between the enzyme and nano inhibitors during the interaction of MNCs
with biomolecules. The outcome of this study is expected to be helpful in engineering various
nano-regulator that can be utilised in tuning the enzyme activity for various target oriented

biological applications.

Step-1

Step-2 \
* 4AH>0, AS>0 (i
>

AH<0, AS<0

» Electrostatic™ “
. » H-bonding

Hydrophobic ;. van derwaals

association v ChT-TA-CuNCscomplex
v Noncompetitive inhibition

a AH<0, AS<0 =
- — — » -
{ » Electrostatic, — *

) > H-bonding A Cs
Chymotrypsin Cys-CuNCs  vanderWaals v ChT-Cys-CuNCs complex

v" Competitive inhibition /

Scheme 4.2. Schematic representation of the binding event between a-ChT and CuNCs.

4.5.7. Gel Electrophoresis Study

Gel electrophoresis is an important technique to determine the binding ratio between protein
and nanomaterials.?” * 3* Herein, agarose gel electrophoresis has been carried out to estimate
the binding stoichiometries of a-ChT with TA-CuNCs and Cys-CuNCs separately. The
representative gels are provided in Figure APX4.21a,b. As can be seen from the Figure
APX4.21a,b, a-ChT-CuNCs complex move relatively faster than free a-ChT towards anode
due to negatively charged CuNCs providing more negative charges over a-ChT. It has also
been observed that the intensity of the bands gets diminished with increasing the
concentration of both CuNCs, This might have happened due to the unavailability of the

binding site of a-ChT towards coomasie blue G250 after interacting with those CuNCs.

151



Chapter 4

Figure APX4.21a,b show the saturation of electrophoresis rate at ~1:2 and ~1:3, respectively
which indicates that the binding ratio of a-ChT and Cys-CuNCs is ~1:2 and that of a-ChT
and TA-CuNCs is ~1:3. It is to be noted here that to form a stable “protein-corona” the
protein/nanoparticle ratio is should be greater than 1.® Therefore, the results obtained from
the present gel electrophoresis study does not provide evidence in favour of protein-corona
formation rather it suggests that the interaction event goes through the formation of a-ChT-

CuNCs complex.

4.5.8. Binding Interaction at Single Molecular Level (FCS)
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Figure 4.8. Normalized autocorrelation curves for (a) Cys-CuNCs, and (b) TA-CuNCs, with
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increasing concentrations of a-ChT.

FCS is extensively used as a highly sensitive and elegant technique for the study of molecular
diffusion, binding affinities and kinetics of biomolecules and nanomaterials in single-

molecule level >

Herein, to investigate the adsorption behaviour of a-ChT over the surface of
CuNC s at single molecule level, FCS study has been performed by monitoring translational
diffusion time (zp) of these CuNCs in the absence and presence of a-ChT and thereby

calculating hydrodynamic radius (Ry) of those systems. The normalised cross-correlation
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curves are given in Figure 4.8. It has been shown from the figure that the normalised curves
are shifted towards right hand side with increasing the concentration of a-ChT which
indicates the increment of diffusion time(t) and hydrodynamic radius( Ry) of CuNCs in the
presence of o-ChT, indicating the adsorption of a-ChT on the surface of CuNCs. The
estimated relevant parameters obtained from the FCS study are provided in the Table

APX4.3.
4.5.9. Investigation of a-ChT Secondary Structure Changes Induced by CuNCs

4.2.9.1. Synchronous Fluorescence: To investigate the effect of CuNCs on the
conformational changes of a-ChT, synchronous fluorescence measurements are performed.
This method provide several information about the microenvironment in the vicinity of
fluorophore moiety of a protein molecule by monitoring the shifting of emission wavelength
due to change of polarity in that environment.*” Herein, when the offset wavelength (AL) is
stabilized at 60 and 15 nm, the corresponding synchronous spectra reflect the characteristic
fluorescence of trp and tyr residues of the protein molecule, respectively. From the Figure
APX4.22, it is observed that the fluorescence of both trp and tyr residue of a-ChT are
quenched with increasing the concentration of CuNCs, which indicates that these both
residues of a-ChT are involved in the interaction event with CuNCs. Upon a careful look at
Figure APX4.22, no significant change in the emission maxima of a-ChT with increasing
concentration for various CuNCs has been observed which suggests that the
microenvironment of trp and tyr residues of o-ChT remains almost unperturbed in the

presence of those CuNCs.
4.5.9.2. Circular Dichroism (CD)

CD spectroscopy is a widely used important tool to monitor the secondary structure of protein

molecules.?® % 3% Herein, CD spectroscopy has been employed to investigate the effect of
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Figure 4.9. Far-UV CD spectra of 2 uM a-ChT (in 5 mM phosphate buffer of pH 7.4) in the

absence and presence of increasing concentration of (a) Cys-CuNCs and (b) TA-CuNCs.

CuNCs on the secondary structure of a-ChT. From the Figure 4.9a,b it can be seen that the
natural a-ChT has two characteristic peaks at 202 nm and 230 nm, while denatured a-ChT
has one distinctive minimum at 200 nm. The CD spectra of a-chT in the presence of CUNCs
have been compared with those of natural a-ChT and thermally denatured o-ChT (dchT). In
the case of Cys-CuNCs, the change of the minimum at 202 nm is insignificant up to the
concentration range of 0 to 5 uM, whereas in the case of TA-CuNCs, the minimum at 202
nm is little bit decreased, indicating the changes in the secondary structure of a-ChT by TA-
CuNCs to some extent. Moreover, Figure 4.9 reveals that the shape and band position of
incubated a-ChT with Cys-CuNCs (up to 5.00 uM) and TA-CuNCs remain same as natural a-
ChT and nothing at all like that of DchT which suggest that the a-ChT is not denatured in the
presence of CuNCs. Upon a careful look at the Figure 4.9a, it can be seen that at a higher
concentration of Cys-CuNCs (8.00 uM) the CD spectrum shows structural similarity with
that of dchT. This result indicates that o-ChT is denatured in the presence of a higher
concentration of Cys-CuNCs (>5 uM) which corroborates the result obtained from steady

state fluorescence study. These outcomes is interesting in a sense that though CuNCs quench
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fluorescence of a-ChT, the native structure of a-ChT remains almost unchanged in presence
of those concentration of CuNCs at which a-ChT is significantly inhibited. These data

indicate that CUNCs can safely be used in various biological applications.

4.6. Conclusion

In summary, the interaction of a-ChT with two different CUNCs capped with two chemically
different surface ligands namely, Cys and TA, has been investigated at both ensemble
average and single molecule level. This study is also done to unreveal the role of surface
chemistry of CuNCs in modulating the activity of a-ChT. Initially, results obtained from
activity assays and inhibition kinetics measurements have revealed that both the CuNCs can
act as a good enzyme inhibitors. Interestingly, kinetic measurements have shown that Cys-
CuNCs almost completely diminish the activity of a-ChT through a competitive inhibition
mechanism whereas TA-CuNCs partially reduce the enzyme activity through a non-
competitive inhibition mechanism. Therefore, these results clearly demonstrate the crucial
role of surface ligand in the regulation of a-ChT activity. In order to gain a molecular level
understanding on the fundamentals behind the interaction events, both CuNCs in absence and
presence of a-ChT are investigated by employing fluorescence spectroscopy, ITC
measurements, FCS, agarose gel electrophoresis and circular dichroism (CD) spectroscopy.
From the above studies, several interesting results in terms of getting an effective nano-
regulator (CuNCs) as well as obtaining new insights towards understanding the role of
surface chemistry in the modulation of enzyme activity have emerged. Thermodynamic
results obtained from temperature-dependent fluorescence titration experiments and ITC
measurements have indicated that Cys-CuNCs follow one-step binding process, whereas TA-
CuNC s follow two-step binding process. Further analysis of thermodynamics data has also
revealed that the one-step binding mechanism for Cys-CuNCs is mainly associated with

electrostatic interaction, whereas the two-step binding mechanism for TA-CuNCs arises due
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to involvement of hydrophobic interaction at first, followed by other interacting forces such
as electrostatic, hydrogen bonding and van der Waals interactions. Again, the binding
stoichiometry ratio of a-ChT for both CuNCs obtained from gel electrophoresis, B-H plot and
ITC measurement is estimated to be <1, which support that the binding event goes through
the formation of protein-complex rather than protein-corona. Moreover, FCS studies have
demonstrated the interaction of CuNCs with o-ChT at the single molecule levels.
Interestingly, circular dichroism (CD) measurements have revealed that the basic structure of
chT remains almost unaltered in the presence of CuNCs. The above results demonstrate that
both CuNCs can act as effective nano-regulator for enzyme activity, however in terms of
potency and strong binding ability, Cys-CuNCs is found to be more effective than TA-
CuNCs. The outcome of the present study is expected to be helpful for the design and
development of ultra-small Cu-nanoparticle based suitable nano-regulator for various
biological applications. The study also demonstrates the surface chemistry associated with

CuNCs can play important role in regulating the enzyme activity.

4.7. Appendix

Figure APX4.1. HRTEM images of (a) Cys-CuNCs and (b) TA-CuNCs.
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Figure APX4.2. Normalized absorption (red curve) and emission (black curve) of (a) Cys-
CuNCs (b) TA-CuNC:s.
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Figure APX4.3.. Powder XRD pattern of (a) Cys-CuNCs and (b) TA-CuNCs.
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Figure APX4.4. Zeta potential graphs for the (a) TA-CuNCs, and (b) Cys-CuNCs in aqueous
solution.
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Figure APX4.6. Michaelis—Menten plots of a-ChT in the absence and presence of different
concentrations of (a) Cys-CuNCs and (b) TA-CuNCs.
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Figure APX4.7. Fluorescence emission spectra of a-ChT with gradual addition of Cys-
CuNCs (Aex =280 nm). Temperature has been mentioned in each case.
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Figure APX4.8. Fluorescence emission spectra of a-ChT with gradual addition of TA-
CuNCs (Aex = 280 nm). Temperature has been mentioned in each case.
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Figure APX4.9. UV-vis absorption spectra of a-ChT upon gradual addition of (a) Cys-
CuNCs (b) TA-CuNCs.
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Figure APX4.10. Fluorescence spectra of a-ChT with the increasing concentration of Cys-
CuUNC:s. (Inset : normalised fluorescence spectra).
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Figure APX4.11. Stern-Volmer plots for quenching of a-ChT fluorescence by Cys-CuNCs at

different temperature marked at each figure.
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Figure APX4.12. Stern-Volmer plots for quenching of a-ChT fluorescence by TA-CuNCs at
different temperature marked at each figure.
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Figure APX4.13. Time resolved fluorescence decay curve of a-ChT in absence and presence
of (a) Cys-CuNCs ans (b) TA-CuNCs, recorded using excitation wavelength of 280 nm.

Table APX4.1. Fluorescence decay parameters of a-ChT in phosphate buffer of PH = 7.4
with gradual addition of (a) Cys-CuNCs and (b) TA-CuNCs. ?

[Cys-CuNCs]  a,

0.00 40 0.54 40 1.54 20 3.89 1.61

0.12 40 0.43 45 1.33 15 3.77 1.34

0.24 40 0.39 47 1.25 13 3.59 1.20

5.00 1.11
ﬂ------
0 00 0.54 1.54 3.89 1.61

3.35 50 0.44 333 1.31 16.7 3.64 1.26

10.05 50 0.39 333 1.26 16.7 3.55 1.21

23.00 57.14 0.33 28.57 1.09 14.28 3.29 0.97

% concentration of CuNCs are in pM, o are expressed in % scale and t values (£5 %) are in ns
unit
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Figure APX4.16. Time resolved fluorescence decay curve of (a) Cys-CuNCs and (b) TA-
CuNCs with gradual addition of a-ChT. (Concentration of these CuNCs are 10uM).
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Figure APX4.17. Benesi-Hildebrand double reciprocal plot to determine the stoichiometric
association of (a) Cys-CuNCs and (b) TA-CuNCs to a-ChT.
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Figure APX4.18. Double logarithm plot for the binding of Cys-CuNCs with a-ChT at
various temperatures marked at each figure.
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Figure APX4.19. Double logarithm plot for the binding of TA-CuNCs with a-ChT at various
temperature marked at each figure.
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Figure APX4.20. ITC titration profile of (a) Cys-CuNCs, and (b) TA-CuNCs into a-ChT at
298 K in phosphate buffer of pH 7.4. (Top) Raw data obtained from the titrations and
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(bottom) integrated heats of each peak (green dots) with a corresponding nonlinear regression
plot (pink line).

Table APX4.2. Binding Constant (K;) and Thermodynamic Parameters and for the Binding
of Cys-CuNCs, and TA-CuNCs with a-ChT at 298 K Obtained by ITC Experiment.

Ka (10 (M™)  4H (kJ mol™) A8 (JK"mol” 4G (kJ mol™)

D)
A8y = -177.66

SV eT\[ehl K;=1.30+1.6 AH;=-76.57+3.40 AG =-23.47

aceen Ki=2.92 £46 < AH;=298.2+3.40 4S5,=87421  AGy=-25.47

K,=15.7+1.6 AHq= - AS, =-630 AG1= -29.64
512.20+3.85
+5
1:0 1:0.3 1:0.5 1:1 1:2 1:3 1:0 1:0.5 1:1 1:2 1:3 1:4

Figure APX4.21. Agarose gel electrophoresis of (a) a-ChT and Cys-CuNCs and (b) a-ChT
and TA-CuNCs at various ratio. CuNCs concentrations are varied at a constant ChT
concentration (30 uM).
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Fluorescence Correlation Spectroscopy (FCS)

FCS experiments were done by using a time resolved confocal microscope (MicroTime 200,
PicoQuant) equipped with a water immersion objective (60 x /1.2 NA). The excitation source
was a pulsed diode laser (Aex = 403 nm, full width at half-maximum (FWHM) = 144 ps). A
pinhole having a diameter of 50 pm was used for the spatial filtration of the signal and
focused through a 50/50 beam splitter before entering the two single-photon avalanche diodes
(SPADS). For the calibration of the FCS setup, rhodamine-6G solution in water medium has
been used. All FCS curves were analyzed using SymPhoTime software (PicoQuant) by
applying pure diffusion model to obtain the corresponding values of tq4 for CuUNCs with
increasing concentration of a-ChT. The correlation function, G(t), for fluorescence and

intensity fluctuation is given by eq APX4.1

_ (<8F(D)SF(t+1)>
- <F(t)>2

G(7) (APX4.1)

where F(t) is the average fluorescence intensity and dF(t) and SF(t + 1) are the fluctuations

from the average fluorescence intensity at time t and t + 1, respectively.

From the Stokes—Einstein equation, the hydrodynamic radii of CuNCs and CuNCs with a-

ChT systems are determined, which is given by using eq APX4.2

Ry = == (APX4.2)

- 6mnD

Table APX4.3. The associated diffusion parameters of CuNCs systems with increasing
concentration of a-ChT as obtained from FCS study

CuNCs (100 nM) a-ChT (UM)

Cys-CuNCs
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1.50 167.2 3.03
2.50 170.4 3.09
0 41.0 0.74
0.28 67.5 1.22
TA-CuNCs 1.00 96.2 1.74
1.50 150.3 2.72
2.50 156.1 2.83
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Figure APX4.22. Synchronous fluorescence spectra of a-ChT with the increasing
concentration of (a) Cys-CuNCs, and (b) TA-CuNCs at 298 K. (Top) Spectra with offset
wavelength 60 nm and (bottom) spectra with offset wavelength of 15 nm.
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CHAPTER 5

Turn-Off Detection of Reactive Oxidative Species and
Turn-On Detection of Antioxidants Using Fluorescent

Copper Nanoclusters
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The present work has been undertaken with an aim to design and develop a material-based
nanoscale fluorescence sensory system for the selective and sensitive detection of both highly
reactive oxidative species (hROS) and antioxidants in a single chemical entity by exploiting
two optically distinguishable useful signals. For this purpose, water-soluble, chitosan-capped
fluorescent copper nanoclusters (CuNCs) have been synthesized and characterized by using
conventional methods. The sensory action of the CuNCs for several analytes of interest has
been investigated at both ensemble-averaged and single-particle levels by exploiting
spectroscopic and microscopic techniques. The steady-state fluorescence studies have
revealed that CuNCs can act as a very efficient turnoff sensor for hROS (» OH and CIO—-)
and also a turn-on sensor for antioxidants (ascorbic acid and glutathione). Interestingly, it
has been demonstrated that the present sensory system is quite effective in detecting
antioxidants in commercial fruit juice and human blood samples at low concentration levels.
The feasibility of the hROS sensing ability of CuNCs at single-particle levels is also
demonstrated with the help of fluorescence correlation spectroscopy (FCS). Analysis of the
data obtained from X-ray photoelectron spectroscopy (XPS) has clearly indicated that the
mechanism of turn-off sensing is due to the oxidation of Cu(0)NCs to Cu(ll) by hROS. On the
other hand, fluorescence studies have revealed that the turn-on sensing mechanism is due to
the presence of antioxidants, which prevents the oxidation of CuNCs by hROS. More
interestingly, investigation has also demonstrated that the optical output signals of the
probe—analyte interaction during the hROS/antioxidant signaling can successfully be
exploited to construct NAND and IMPLICATION logic gates. Essentially, the outcome of the
present investigation demonstrates that CuNCs not only can be effectively used as a
nanoscale sensor for both hROS and antioxidants but also have the potential to be used for

electronics and medical diagnostics purposes.

5.1. Introduction

In recent times, the development of fluorescent probes for detecting reactive oxygen species
(ROS), such as superoxide (O%), hydrogen peroxide (H;O,), hydroxyl radical (<OH),
hypochlorite (CIO "), peroxynitrite (ONOO ), etc. have drawn immense attention from the

scientific community because of their essential roles in the physiological events such as
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aging, cancer, inflammation, regulatory functions, signaling, and so on® It is known that an
appropriate level of ROS generated in metabolic processes acts as important signaling
molecules, and thus, several physiological functions have been regulated by this class of
species.*® In the human body, the burden of ROS production is balanced by a complex
antioxidant defense system, including the enzymatic scavenger’s superoxide dismutase
(SOD), catalase, and glutathione peroxidase. ®’ Among these ROS, *OH, CIO~ and ONOO~
are known to be highly reactive due to their substantial oxidant property, and for that, these
species are also called highly reactive oxidative species (hROS). Therefore, it can be easily
realized that excessive intracellular accumulation of hROS, as well as a defective antioxidant
system, can directly oxidize nucleic acids, lipids, and proteins, leading to potentially serious
damage in living cells.®® Moreover, factors such as stress, excessive alcohol intake, and
smoking, along with other environmental factors, such as radiation and toxins, are also
known to be causing an increase in ROS levels in the human body system.™*'* Therefore,
the detection of these ROS is crucial for our well-being. We note here that antioxidants such
as ascorbic acid (AA), glutathione (GSH), etc., play a crucial role in fighting oxidative stress
by counteracting and regulating overall ROS levels to maintain physiological homeostasis
that is essential for cell growth and function.*>** It is also noted that the intake of antioxidants
through fruits and vegetables helps in maintaining adequate antioxidant levels in the human
body.™ Therefore, it is also crucial to detect the presence of antioxidants in various sample
types, e.g., pharmaceutical, food, cell biology, etc, and their detection is also important for
the diagnosis of some diseases and their therapy in clinical chemistry.'®*° Therefore, the
detection of ROS along with antioxidants can be a worthwhile objective to pursue. Several

methods have been developed for the detection of ROS and antioxidants by exploiting

16,17,20-23 24,25

fluorescence spectroscopy, chemiluminescence derived methods, chromatography

d, %2 electrochemical biosensors,!%?%% d®+32 etc.

metho electron spin resonance metho
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Among these methods, fluorescence-based techniques have significant advantages because of
their simplicity, high sensitivity, and non-destructive nature.*® It has been observed that
commonly molecular-based organic fluorescent probes have been designed for the detection
of ROS and antioxidants. However, subsequent research works have revealed that these
organic probes have some limitations in terms of their use in real applications as these probes
suffer from their low solubility in aqueous medium, susceptibility to photobleaching,
spontaneous autoxidation, complex chemical synthesis, and biotoxicity.>**® Moreover, while
detecting the above-mentioned analytes, in most of the cases, two different types of
molecular-based probes have been used separately. So, it will be interesting to detect these
two types of analytes by using a singular chemical entity. In recent times, people have
attempted to design and develop material-based sensory systems by miniaturizing to the
nanoscale level, which gives several advantages over molecular-based sensors, such as
photostability, large surface-to-volume ratio, lowering available detection limits, reducing the
amount of the involved sensing chemicals, etc.®* The development of nanomaterials
provides a new direction in sensor development for detecting biologically and
environmentally important analytes.**® Therefore, it is desirable to have a material-based
nanosensor that can overcome the above- mentioned limitations of the molecular-based
organic probes and is capable of detecting both ROS as well as antioxidants through two

distinguishable optical output signals.

In this perspective, we note that metal nanoclusters (MNCs) have drawn a great deal
of attention from researchers due to their ultra-small size (< 2nm), low toxicity, useful optical
properties, and good water solubility, which make them ideal candidates for sensing, bio-
analysis, labeling, and bio-imaging application.>"*®44*> Among these MNCs, gold and silver
nanoclusters have been widely studied for a wide variety of biochemical applications, such as

sensing, in vitro and in vivo imaging, and cancer therapy.***®®! In this context, it is
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relevant to mention here that Chu and coworkers have shown that the fluorescence of Au-
NCs has been quenched by highly reactive oxygen species (hROS), including *OH, CIO ", and
ONOO and live-cell imaging of hROS has been developed by using AuNCs decorated silica
nanoparticles as a fluorescent probe. Recently, Kashab and co-workers** have reported a
quantitative spectroscopic method for the detection of antioxidant such as ascorbic acid
through “light on” mechanism using AuNCs and hydroxyl radical (*OH). In another work,
Changging and co-workers “* have shown turn-on sensing of GSH based on the recovered
fluorescence of the Au NC-Hg(Il) system. Recently, Sachdev and co-workers*® have
reported the detection of hydroxyl and superoxide anion radicals using copper nanoclusters as
ratiometric fluorescence probes. It may be noted here that even though several sensing studies
of ROS and antioxidants have been done widely using AuUNCs and AgNCs as fluorescence
probes individually, fluorescence material-based nanoscale signaling systems that is designed
and developed to detect both ROS and antioxidants are rather limited. To the best of our
knowledge, only AuNCs have been used as a singular chemical entity by Kashab and co-
workers™ for the detection of both ROS and antioxidants. Similar studies based on CuNCs
are elusive even though copper has biological importance and favorable properties like good
biocompatibility, low cost, high water solubility, and ready availability.>® The cost-
effectiveness of CuNCs is its biggest advantage over other metal nanoclusters. These
properties make the CuNCs better candidates for simpler applications. In particular, detection
of *OH and CIO through the turn-off mechanism and antioxidants through the turn-on
mechanism by using CuNCs as singular material-based nanoprobe is elusive. So, it will be of
paramount importance if a copper-based nanosensor for the detection of both ROS and
antioxidants is designed and developed. Moreover, it will also be interesting if the optical
output signals of the probe-analyte interaction event can successfully be exploited to

construct molecular logic gate. This can act as an added advantage as multiple logic gates
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constructed from different molecules, and molecular-like materials have drawn considerable
attention from researchers due to their potential application in electronics as well as chemical

and biological computers.>**°

Keeping the above facts in mind, water-soluble, chitosan-capped copper nanoclusters
have been synthesized. The present work is carried out to address two-fold objectives; firstly,
to fabricate CuNCs that can be used for sensitive and selective detection of hROS such as
*OH, CIO and also to detect important antioxidants in various real samples by exploiting two
optically distinguishable output signals and secondly, to construct molecular logic gates by
exploiting outcome of the probe-analytes interaction events. Steady-state absorbance and
emission, time-resolved fluorescence study, X-ray photoelectron spectroscopy (XPS), and
fluorescence correlation spectroscopy (FCS) have been carried out to investigate the sensory
action of the probe in the absence and presence of the analytes at ensemble-average and
single-particle level. Essentially, the outcome of the present investigation demonstrates that
CuNCs can not only be effectively used as nanoscale sensor for both hROS and antioxidants
but also it has the potential to be used in electronics and medical diagnostics purposes. A
schematic diagram demonstrating the strategy for the detection of hROS and antioxidants by

CuNCs is shown in scheme 5.1.

(o )
X f_’ e

Turn-off
CuNCs hntlomdaﬁ
hROS \
\ Turn-on

Scheme 5.1. Sensing Strategy for the detection of hROS and Antioxidants by CuNCs
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5.2. In Vitro Generation of ROS and Sensing Analytes

Various ROS were generated by using documented protocols “**®, The aqueous NaOCI and
H,0, were freshly prepared in mili-Q water and their concentrations were determined from
the UV absorption at 292 nm (¢ = 350 M' cm™) and 240 nm (¢ = 43.6 M * cm™})
respectively. Hydroxyl radical (*OH) was generated on the basis of Fenton reaction by
immediately mixing Fe?* in H,0, at a molar ratio of 1:10 in an acidic medium. Tert-butyl
peroxyl radical (TBO«) was generated immediately by adding Fe** in the aqueous solution of
TBHP. The concentration of both *OH and TBO+ were equalled to the concentration of Fe?*
solution added. For the generation of superoxide anion radical (02"), KO, was dissolved in
DMSO solution, and the solution was sonicated, and then molecular sieves were added to the
solution to remove traces of water. Solutions of other analytes were prepared in mili-Q water.
The Fluorescence property of CuNCs had been utilized for the detection of ROS. In brief,
300uL of CuNCs (stack solution) was added into 1.7 mL of phosphate buffer (pH 7.4), and
then fluorescence titration study was performed with the addition of various concentrations of

analytes. Each fluorescence data was collected after 10 minutes of incubation.
5.3. Antioxidant Sensing

For the detection of ascorbic acid (AA), 300 uL of as-prepared CuNCs was mixed with 1.7
mL of different concentrations of AA in phosphate buffer (pH 7.4) followed by an addition of
12.5 uM +OH. Similarly, for the detection of GSH, 300 uL of CuNCs was mixed with 1.7
mL of different concentrations of GSH in phosphate buffer (pH 7.4) followed by the addition
of 36 uM CIO . After incubation for 10 min, the fluorescence spectra were taken at an
excitation wavelength of 360 nm. Linear curves were obtained from the fluorescence data,
which were used as a working curve for real sample analysis (vide infra). For the

determination of ascorbic acid in commercial juice samples, the samples were centrifuged,
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the supernatant was filtered through a 0.22 um pore size filter membrane, and the samples
were tested by following the procedure for AA detection. In brief, diluted fruit juice had been
added to the fluorescence cuvette containing 300 uL. of CuNCs, maintaining the total volume
of 2ml. From the fluorescence data, we have determined the initial amount of ascorbic acid in
that 2ml solution, i.e., the working cuvette concentration, by using the linear curve as a
working curve (vide infra). The human blood samples were collected by venepuncture in
EDTA-containing tube from the NISER health centre. The blood samples were treated
according to the reported procedure.® In brief, to inhibit y-glutamyltranspeptidase (GGT)
activity, 40 pL of 100 mM serine—borate complex was added into 2 mL of human whole
blood. Then, the sample was centrifuged at 12,000 rpm for 15 minutes at room temperature to

remove hemocytes. The resultant supernatant was diluted and used for further analysis.
5.4. Result and Discussion
5.4.1. Responsiveness of CUNCs to hROS

The responsiveness of an ideal probe is characterized by its sensitivity to selectively identify
analytes in the presence of interfering analytes. So, we have performed fluorescence titration
experiments of CuNCs upon gradual addition of hROS («OH and CIO separately) to
determine the sensitivity of the probe for quantitative estimation of hROS. Representative
fluorescence spectra of CuNCs in the absence and presence of various concentrations of *OH
and CIO are provided in Figure 5.1a,b. Interestingly, from Figure 5.1 a,b, it can be seen that
the fluorescence intensity of the probe has been significantly quenched by 91% and 90% in
the presence of 12.5 uM *OH and 36 uM CIlO respectively. Remarkably, a linear response of
the change in the fluorescence intensity quenching of the probes against the concentration of

hROS has been observed (Figure 5.1 c,d). The linear correlation between (Fo-F)/Fo with the

concentration of *OH has been observed in the concentration range of 0 to 7.5 uM (Figure 5.1
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Figure 5.1. Fluorescence response of CuNCs upon addition of various concentrations of (a)
*OH and (b) ClO ; (c) plots of intensity ratio (Fo-F)/Fo vs the concentrations of *OH and (d)
plots of intensity ratio (FO-F)/FO vs the concentrations of CIO; (Inset: linear fit of

fluorescence intensity ratio versus concentration of analytes)

c), whereas for CIO ™ the same linear correlation is observed in the concentration range of 0 to
20 uM (Figure 5.1d). More fascinatingly, the detection limits of this sensory system,
estimated by ‘3¢ standard deviation rule **are found to be 0.1 uM, and 0.2 pM for «OH and
CIO  respectively, which fall well within the physiological concentration ranges for the
detection of hROS.**®%®! This result is very exciting in the sense that the CUNCs have an
excellent potential for the sensitive detection of hROS. Interestingly, when an aqueous
solution of *OH and CIO— have been used as ink to write the symbols *OH and CIO—,
respectively, on filter paper which is entirely covered with CuNCs, the symbols are found to

be visible under UV-light but are found to be invisible under day-light (Figure 5.2). This
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observation is fascinating in the sense that the CuNCs may also be used to develop security

ink for confidential data encryption, anti-counterfeiting, and other innovative applications.

/

&

Figure 5.2. The photographs of (a) filter paper entirely covered with CuNCs (b) CuNCs
covered filter paper with symbol «OH by using aqueous *OH as ink (c) CuNCs covered filter
paper with symbol CIO by using aqueous CIO  as ink under UV-light and (d) CuNCs

covered filter paper with symbol «OH by using aqueous *OH as ink under day-light.

We have further resorted to the Stern-Volmer plot to understand the nature of

fluorescence quenching of CuNCs in presence of hROS which is given by the eq (5.1)

® =1+ Kgy[Q] (5.1)

F

where Fo and F are the fluorescence intensities of CuNCs in the absence and presence of
quencher, respectively and Ksy is the Stern—Volmer constant. The plots of F,/F Vs
quenchers are shown in Figure 5.3a,b. As seen from Figures 5.3a,b, both the SV plots for the
analytes *OH and C1O follow upward curvature suggesting the feasibility of both static and
dynamic quenching.®®* We have further performed time-resolved fluorescence study to
confirm the dynamic component in the quenching event. The decay profiles of CuNCs in the
absence and presence of hROS have been shown in Figure APX5.4, and the corresponding
decay parameters are collected in Table APX5.1. It can be observed from the data obtained

from the time-resolved fluorescence studies that the lifetime of CuNCs is decreased in the
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Figure 5.3. Stern—Volmer plots of CuNCs in the presence of (a) *OH and (b) CIO

respectively.

presence of hROS, which confirms the involvement of the dynamic quenching process during

the sensing event.

To gain deeper insight into the mechanistic aspect of the fluorescence quenching
of CuNCs in the presence of hROS, we have analyzed the oxidation state of CuNCs in the
absence and presence of hROS by X-ray photoelectron spectroscopy (XPS) and the
corresponding deconvoluted XPS spectra are given in Figure 5.4. From Figure 5.4a, it can be
seen that in the absence of hROS, the CuNCs show two peaks at 932.3 eV and 952.3 eV
corresponding to the Cu 2p3/2 peak and Cu 2pl/2 peak, respectively, which indicates the
presence of reduced copper rather than Cu (I1) in CuNCs. Again, in the presence of hROS,
the XPS spectra of CuNCs (Figure 5.4b,c) exhibit an additional peak at around 943 eV, which
can be assigned to the characteristic peak of Cu(ll). These results clearly indicate that the
fluorescence quenching of CuNCs is due to the oxidation of Cu(0)NCs to Cu(ll) by hROS. A
similar explanation has been provided by other researchers while explaining the radical-
induced oxidation of metal nanoclusters.*®***%%2 |n this context, we also note that Wang and

183



Chapter 5

[ 6000 2000 \
1000
~ (@)] _ soo0 93220V (b) 9321 eV (c)
: —
a 800 9323 eV 3 5 1500
& B 4000 :
> 600 952.3 eV &
= bmou >1000-
® 40 ' ? 9522eV | & 952.0 eV
c | c ]
o J M o 2000 c o
I lu“hilll b | & e
= 11'”] "ﬂll S 943.5 eV £
_1.»'“'%« 04
0
-200 T T T T T T r T T T T T 1 T T T T T T 1
925 930 935 940 945 950 955 960 925 930 935 940 945 950 955 960 925 930 935 940 945 950 955 960
\ Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) J

Figure 5.4. High-resolution Cu (2P) XPS spectra of (a) CuNCs (b) CuNCs in presence of

*OH and (c) CuNCs in presence of CIO .

co-workers >’ have developed a sensory system based on CuNCs to detect HCIO, and the
mechanism of fluorescence quenching of the probe was attributed to the oxidation of reduced
Cu on the surface of CuNCs by HCIO. In another work, Jiang and co-workers ®* have
synthesized GSH capped AuNCs for the detection of hROS and shown that hROS-mediated
fluorescence quenching is due to the oxidation of AuUNCs by hROS. In order to prove that the
oxidation process is predominantly involved during the sensory action, we have taken UV-
Vis spectra (Figure APX5.5) of CuNCs in the absence and presence of *OH and CIO
separately. From Figure APX5.5, it has been observed that there is no surface plasmon
resonance (SPR) peak, suggesting that larger Cu nanoparticles are not formed after the
addition of those analytes. Again, from the TEM images (Figure APX5.6) of CuNCs, no
noticeable change in the morphology of CuNCs, before and after the treatment of the sample
with *OH and CIO, could be found. This result also suggests that the fluorescence quenching

of CuNCs is predominantly due to the oxidation of CuNCs by *OH and CIO .
5.4.2. Selectivity of the Sensing System

In order to validate the selectivity of CuNCs for detecting hROS in practical applications, the

fluorescence response of CuNCs has been monitored in the presence of other ROS and
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species commonly present in biological matrices. The said response is depicted in a bar
diagram (Figure 5.5a). From Figure 5.5a, it can be observed that non-oxidants, reductants and
weak oxidants in the system have minimal effect with respect to hROS on the fluorescence
responses of CuNCs which is in accordance with the oxidation based quenching mechanism.
4041 Therefore, these results essentially indicate that CUNCs act as superior sensitive and

selective nanosensor that can directly be utilized as a fluorescence sensory system for

selective detection of hROS.

/:z (a)

Figure 5.5. Fluorescence response of (a) CuNCs sensor in the presence of hROS (12.5 uM
*OH and 36 uM CI10O") and different coexistents (500 uM) and (b) CuNCs/*OH system in the

presence of AA and different coexistents (350 uM).
5.4.3. Sensing of hROS at the Single-Particle Level

To shed light on the hROS sensing by CuNCs at the single-particle level, we have performed
fluorescence correlation spectroscopy studies. This technique is widely used as an extremely
sensitive and highly precise single-molecule technique that can monitor the small change in
the fluorescence behavior of the probe at the nanomolar or sub-nanomolar regime. In this

context, we note that Mukherjee and co-workers,* in their recent work, have demonstrated

185



Chapter 5

80

60

" a b
. (@) (b)
40+
o 40 -
o ©
20+
20|
0 0
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Time (ms) Time (ms)
1.04 1.0
(c) (d)
0.8 ) 0.8
— o
06 _f_’. - 08
o e (O]
4 0.4
0.4-
0.2
0.0 . . -
T i ; E 0.001 0.01 0.1 1 10

Time (ms) Time (ms)

Figure 5.6. (a,b) Fluorescence correlation curves and (c,d) normalized fluorescence
correlation curves of CuNCs with increasing concentrations of *OH and CIO (concentrations

of CuNCs and analytes are 50 nM and 0—600 nM, respectively).

that the FCS technique can successfully be employed to monitor the fluorescence signaling of
Hg(ll) by AuNCs at the single-molecule level. Here, FCS study has been performed to
understand the translational diffusion behaviour of CuNCs in the absence and presence of the
analytes. As a slight perturbation can cause an appreciable change in their diffusion
characteristics, we have monitored the translation diffusion time (tp) of CuNCs when
subjected to increasing concentration of hROS and subsequently calculating hydrodynamic
radius (Ry). Figure 5.6 shows the fluorescence correlation curves (Figure 5.6a,b) and their
corresponding normalized correlation curves (Figure 5.6¢,d) of CuNCs with the gradual

addition of hROS. The right shift of normalized correlation curve (Figure 5.6¢,d) of CuNCs
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in the presence of hROS implies slower diffusion of the fluorophore, i.e. CuNCs, which
results in the increase of diffusion time (tp) and hydrodynamic radius (Ry). Relevant
parameters are tabulated in Table APX5.2. The 1p and Ry of CuNCs are estimated to be
39.70 us and 0.70 nm respectively but in the presence of *OH, the t1p and Ry are found to
increase to 66.44 ps and 1.20 nm respectively and in the presence of CIO ", the tp and Ry are
found to increase to 67.76 us and 1.22 nm respectively. The increment of both tp and Ry of
CuNC s after the addition of those analytes suggests there is some binding between CuNCs
and the analytes. In agreement with the steady-state fluorescence studies, the FCS analysis of
our CuNCs sensory system also reveals that this system can detect hROS at single-particle

level in nanomolar regime.

5.4.4. Response of CuNCs to Various Antioxidants

As antioxidants play a vital role in maintaining the homeostasis of ROS in our body, it is very
important to determine antioxidants in body fluids as well as in food items such as fruit
juices. However, before going to real samples such as body fluids and fruit juices, we have
investigated the response of the CuNCs system in the absence and presence of various
commercially available well-known chemical antioxidants in order to have a proper
understanding of the CuNCs—antioxidants interaction. The fluorescence intensity of CUNCs is
found to be significantly quenched in the presence of <OH (Figure 5.1a); however,
interestingly, the fluorescence intensity of CUNCs is observed to be almost constant even in
the presence of *OH if ascorbic acid (AA) is added before addition of *OH (Figure APX5.7a).
The observation of insignificant change in the fluorescence intensity of CuNCs by *OH in the
presence of AA can be rationalized by considering the excellent antioxidant and efficient
scavenger properties of *OH. During the course of the study, we have also tried to look at the
fluorescence response of CuNCs in the presence of Fe (Il) and H,O, separately as they are

used in Fenton reaction to produce *OH. It is observed from Figure APX5.7b that there is an
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insignificant effect of fluorescent intensity of CuNCs in the presence of Fe (II) and H202
separately, but in the presence of both Fe (Il) and H202, the fluorescence intensity is
quenched ~ 91% , which also demonstrate the formation of *OH. To check the reversibility of
the fluorescence quenching, we have added AA to the CuNCs, which is already quenched by
*OH, but the fluorescence is found not to be recovered even after the addition of excess

amount of AA, suggesting the irreversible oxidation of CuNCs by *OH.

To determine the sensitivity of the probe to AA, we have performed fluorescence
titration measurements of CuNCs with increasing concentrations of AA in the presence of a
fixed amount of «OH (12.5 uM). As shown in Figure 5.7a, the fluorescence intensity of
CuNC s increases with the increasing concentration of AA. The correlation between (F-Fo)/Fo
with AA concentration shows linearity in the concentration range of 17.5-175 uM (Figure
5.7¢c) where Fy is the fluorescence intensity of CuNCs/«OH system and F is the same of
CuNCs/*OH system in the presence of AA. The limit of detection (LOD) *® of AA is found to
be 5 uM (30). The selectivity of the probe to AA in the presence of common biological
species and different antioxidants has been investigated, and its corresponding data is shown
in the bar diagram (Figure 5.5b). From Figure 5.5b, it can be observed that common
biological ions and amino acids have a negligible effect on the fluorescence intensity of the
sensory system, whereas for AA the effect (fluorescence increase) is found to be significant.
The bar diagram also shows that other antioxidants have very little effect on the sensory
system when the same is compared with AA. So, from this observation, one can infer that the
antioxidant nature and *OH scavenging capacity of AA are mainly responsible for the
increase in fluorescence intensity of CuNCs. Moreover, this outcome also suggests that
CuNCs can effectively be used as a reliable and straightforward fluorescent probe for the

turn-on detection of AA with negligible interference from other non-antioxidant molecules.
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Additionally, we have also checked the detection of antioxidants by taking CuNCs
in the presence of a fixed amount of CIO The fluorescence responsiveness of this system to
different antioxidants with the coexistence of various common biological species has been
shown in the bar diagram (Figure APX5.8). From Figure APX5.8, it can be seen that this
sensory system is highly sensitive to selectively detecting GSH in the presence of other
coexistence. For the quantitative determination of GSH, we have performed steady-state
fluorescence measurement, which is given in Figure 5.7b. It has been seen from Figure 5.7b
that the fluorescence intensity of CuNCs increases with the increasing concentration of GSH
in the presence of a fixed amount of CIO™ (36 uM). The correlation between (F-Fg)/Fo with
the concentration of CIO™ shows linearity in the concentration range of 17.5-175uM (Figure
5.7d) where Fq is the fluorescence intensity of CUNCs/ CIO system and F is the same of
CuNCs/ CIO system in the presence of GSH. The LOD of GSH is found to be 4.5 uM (30).
It is to be noted here that different hROS species added to the CuNCs can affect the response
of the probe in term of estimating antioxidant for the following possible reasons: (a) Different
nature of interactions between various antioxidants and CuNCs, (b) Different radical
scavenging properties of various antioxidants towards various ROS and (c) Different

antioxidant power of various antioxidants.

To shed more light on the CuNCs-antioxidant interaction event, we have
tried to determine the binding stoichiometry ratio of CuNCs to AA and GSH separately. For
this purpose, the fluorescence data have been analyzed based on the modified
Benesi—Hildebrand (B—H) double reciprocal plots (Figure APX5.9a,b) by using eq 5.2 for 1:1
(AA : CuNCs) complexation and eq 5.3 for 3:2 (GSH : CuNCs) complexation °

independently

1 1 1
F-Fy Fm—-Fo  (Fm—Fo)K[AA]

(5.2)
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Figure 5.7. Fluorescence spectra of (a) CuNCs/*OH system in the presence of AA and (b)
CUuNCs/CIO ™ system in the presence of GSH. Plots of intensity ratio (F-Fg)/Fo vs the
concentrations of (c)AA and (d) GSH (Inset: linear fit of fluorescence intensity ratio versus

concentration of the analytes). The dashed line represents the emission of the CUNCs alone.

1 1 1
FFo  Fm—Fo | (Fm— Fo)KIGSHTLS (5.3)

where F and F,, are the fluorescence intensities of CuNCs with successive addition of
analytes (AA or GSH), and at maximum analytes concentrations respectively, Fo is the
fluorescence intensity of CuNCs/*OH or CuNCs/CIO " in the absence of analytes, and K is the
equilibrium constant related to CuNCs and analytes association. From the plots, it is evident

that a good linear correlation is obtained when 1/(F-Fo) is plotted against 1/[AA] and
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1/[GSH]** for AA and GSH, respectively, which indicates a 1:1 (AA : CuNCs) and 3:2 (GSH
: CuNC:s) stoichiometric ratio for CUNCs to AA and GSH respectively. Moreover, we have
performed fluorescence correlation spectroscopy (FCS) study to get insight into the
interaction event between CuNCs and the antioxidants (AA and GSH) at single-molecule
level. The normalized fluorescence correlation curves of CuNCs in the absence and presence
of the analytes (AA and GSH) are given in Figure APX5.10a,b separately. From Figure
APX5.10a,b, it has been observed that there occurs a shift in the normalized curves towards
the right side with increasing concentration of the analytes, which suggests the increments of
both the diffusion time (tp) and hydrodynamic radius (Ry) of CuNCs. The relevant
parameters obtained from the FCS study are collected in Table APX5.2. The increase of
diffusion time (tp) and hydrodynamic radius (Ry) of CuNCs upon the addition of the analytes

substantiates the adsorption of the analytes onto the surface of CuNCs.
5.4.5. Analytical Applications
5.4.5.1. Application in Commercial Fruit Juices and Human Blood Samples.

Encouraged by the initial fluorescence response of CuNCs with antioxidants, we have also
shown the practical application of the sensory system in real fruit juices and human blood
samples. So, the CuNCs system is first applied to detect AA in various commercial fruit
juices and GSH in human blood samples. The reliability of the proposed sensor has been
checked by spiking the real samples with known amount of standard analytes and

subsequently calculating its recovery using the following eq 5.4

Recovery (%) = {Lrota=Creat) o 10 (5.4)

Cspiked
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where Crow IS the concentration of analyte found in the spiked sample, Cgrea is the
concentration of analyte in the original real sample, and Cgpied IS the concentration of the

standard analyte spiked in the real sample. Recoveries of the added known amount of AA are

Table 5.1. Determination of AA in Commercial Fruit Juice Samples.?

Fruit Juices Initial Initial amount of AA The added AA  found AA recovery
amount of (uM) amount of (uUM) (%)
AA  (UM) (Working Cuvette AA (UM)
(taken  for concentration) 0)Y

volumetric fluorescence method
titration) by
DCPIP
method
74 £ 2.50

80.82 +2.00 106.00 £ 3.15

3.74

125 £ 2.00 132.70 £ 4.15 20.00 15251 = 99.00+4.00
3.50

MUnELEREICE 96 + 2.00 101.00 £ 4.00 20.00 120.00 + 95.00 £ 2.50
2.50

% Data presented are in means + standard deviation (n = 3).

estimated to be in the range of 95% to 106 % , and that of GSH is estimated to be 97.4% to
104 %. This data is very interesting as it shows analytical recovery greater than 95 %, which
indicates the practicability and reliability of the present method. According to the working
curve and dilution ratio, AA concentrations in apple, mango, and pomegranate juices are
estimated to be 16.16 mM, 53.10 mM, and 40.40 mM, respectively. These data are consistent
with the standard DCPIP method®*®, which has been discussed in the supporting
information. In the case of blood samples, the concentration of GSH are estimated to be
849.20 uM And 900 uM for two healthy volunteers, which are in agreement with the reported

standard methods.®®® The results that are obtained from the spike recovery method for
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concentration of AA determination is tabulated in Table 5.1, and that of for GSH is given in
Table APX5.3. These results confirm that the proposed method has great potential application
in the determination of antioxidants in commercial fruit juices as well as human blood

samples.
5.4.5.2. Application in Tap Water Sample

The significant responsiveness of the CuNCs towards CIO encourages us to show the
practical applicability of the CuNCs for monitoring CIO in tap water samples. For this
purpose, we have taken tap water from our laboratory without any pre-treatment. The change
of fluorescence intensity of the CuNCs is insignificant in the presence of a small amount of
tap water. So the presence of ClIO in the blank sample could be ignored. The reliability of
the proposed sensor has been checked by spiking the real samples with known amount of
standard analytes (CIO ") and subsequently calculating its recovery, which has been given in
Table APX5.4, and these data are verified with the standard N,N-diethyl-p-phenylenediamine
(DPD) method®"". The UV-Vis spectra of DPD with increasing concentration of CIO™ and
the standard curve of the DPD calorimetric method have been given in Figure APX5.11a and
Figure APX5.11b, respectively. This result suggests that the CUNCs can be used as a probe

for the quantitative determination of CIO in the real sample.
5.4.5.3. Molecular Logic Gate Construction of the Proposed Sensory System

Since molecular logic gates of various Boolean logic operations, constructed with biological
and chemical molecules, have great potential for application in biosensor and bioimaging,®**®
the optical outcomes of the current sensory events have been exploited to construct molecular
logic gates. Here, specifically, the observed fluorescence response of CuNCs to hROS (OH)

and to hROS in the presence of antioxidants have inspired us to construct NAND and

IMPLICATION molecular logic gates, respectively for its future practical applications. First,
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Figure 5.8. (a,d) Symbol, (b,e) truth table and (C,f) bar representation of the fluorescence

intensities at Ag=360 nm  (A=430) nm of NAND and IMPLICATION logic gate

respectively.(The red dashed line shows the threshold of those logic gates).

the fluorescence response of CuNCs to *OH, which is generated from the Fenton reaction
(mixing of ferrous ions with H,0,), has been employed to develop the NAND logic gate. The
layout of this logic operation, truth table and corresponding fluorescence response of the
interaction events are shown in Figure 5.8a,b,c. Please note that Fe (1) and H,O, are taken as
input A and input B, respectively and fluorescence intensity of CuNCs is taken as output for
the NAND logic gate. In the truth table of the NAND logic gate (Figure 5.8b), the presence of
Fe(Il) or H,O, is considered as 1, and their absence is considered as 0, and in the output, 1 is
considered for the maximum fluorescence intensity and O for the corresponding quenched
fluorescence intensity. As can be seen from Figure 5.8b, when both inputs are absent (0/0) or
in the presence of either input (1/0, 0/1), the sensory system provides output 1. Please also
note that, only the presence of both inputs (1/1) results a significant fluorescence quenching

which gives output signal 0 in the NAND logic gate. Again, from the fluorescence response
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of CuNCs with «OH and AA, a two-input IMPLICATION logic gate can be obtained. In the
IMPLICATION logic gate operation, *OH and AA are considered as input A and input B,
respectively. The layout of this logic operation, truth table, and corresponding fluorescence
response of the interaction events are depicted in Figure 5.8d,e,f. We note here that the
presence and absence of these inputs are taken as 1 and O, respectively and for output, the
maximum fluorescence intensity of CuNCs is taken as 1, and the corresponding quenched
fluorescence intensity is taken as 0. One can see in the truth table of Figure 5.8e that four
different states are developed due to the presence and/or absence of *OH and AA eg; (0, 0),
(1,0), (0, 1), and (1, 1). As can be seen in Figure 5.8e, only in the presence of *OH and in the
absence of AA (1/0) the fluorescence of CuNCs gets quenched, and the output becomes 0,
but in all other cases, the outputs remain as 1 and thus giving overall outcomes as
IMPLICATION operation. The fluorescence spectra of the NAND and the IMPLICATION

logic gates of all the systems are shown in Figure APX5.12.

5.5. Conclusion

In summary, we have designed and developed a material-based nanoscale fluorescent sensory
system for the purpose of detecting both highly reactive oxidative species (hROS) as well as
antioxidants in a single chemical entity by exploiting two optically distinguishable useful
signals. To achieve this goal, water-soluble, chitosan capped fluorescent copper nanoclusters
(CuNCs) has been synthesized and characterized by using conventional spectroscopic and
microscopic methods. Steady-state absorption and fluorescence measurements, time-resolved
fluorescence study, X-ray photoelectron spectroscopy (XPS) and fluorescence correlation
spectroscopy (FCS) have been employed to investigate the sensory action of the probe in the
absence and presence of several analytes of interest at both ensemble-averaged and single-
particle level. Several interesting aspects in terms of CuNCs-analyte interaction events have

been emerged from the current study. The results obtained from the steady-state fluorescence
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studies have demonstrated that the CUNCs can act as a promising turn-off sensor for hROS
(*OH and ClO ) while the same system can act as turn-on sensor for antioxidants (AA and
GSH) with high sensitivity and selectivity in the presence of other foreign substances. Quite
interestingly, the nanoscale sensory system is found to be effective in determining GSH
content in human blood samples and also AA content in different real fruit juice samples,
which demonstrate the usefulness of the current sensory system for real practical application.
Moreover, FCS studies have revealed the hROS sensing ability of CuNCs can also be
achieved at single-particle level. The translational diffusion time (tp) and hydrodynamic
radius (Ry) of the CuNCs increase significantly upon addition of the analytes indicating the
probe-analytes interaction at single-particle level. Interestingly, XPS data have revealed that
the fluorescence quenching of CuNCs in the presence of hROS can be rationalized in terms
of the oxidation of Cu(0)NCs to Cu(ll) by hROS. On the other hand, fluorescence Studies
have revealed that the ability of antioxidants to protect the fluorescence intensity of CuNCs
against quenching by hROS is primarily responsible for the turn-on sensing mechanism of the
antioxidants. Additionally, the investigations have depicted that optical output signals
obtained from the fluorescence response of CuNCs in presence of hROS and antioxidant can
successfully be exploited to construct NAND and IMPLICATION logic gate. Overall, the
outcome of the present investigations have demonstrated that CuNCs can not only be
effectively used as nanoscale sensor for the detection of both hROS and antioxidants but also

the system has the potential to be used in electronics and medical diagnostics purposes.
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5.6. Appendix
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Figure APX5.1. (a) TEM images (inset: particle size distribution plot), (b) EDAX spectra

and (c) FTIR spectra of CuNCs.
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Figure APX5.2. Normalized absorption (red curve) and emission (black curve) of CuNCs in

aqueous solution.
Stability of the CuNC:s.

The stability the CuNCs in aqueous medium has been
fluorescence intensity of CuNCs for a period of 30 days and

provided in Figure APX5.3a. From the Figure APX5.3a, it

checked by monitoring the
the corresponding bar plot is

can be clearly seen that the

fluorescence intensity remain almost intact even after 30 days confirming the highly stable

nature of the CuNCs in aqueous medium. This also suggests that the system may be usable

for longer period of time. The stability of the CuNCs with the variation of pH value has also
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been given in the Figure APX5.3b which demonstrates that the system is comparatively
stable with the pH value from 5 to 8. Moreover, the stability of the CuNCs to ionic strength
has been checked by monitoring the fluorescence intensity of CuNCs with the addition of
various concentration of NaCl solution which has been given in the Figure APX5.3c. From
the Figure APX5.3c, it can be seen that at higher NaCl concentration the fluorescence
intensity of CuNCs has been affected to a little extent. All these experiments suggest that the

synthesised CuNCs is highly stable.
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Figure APX5.3. The fluorescence stability of the CuNCs showed (a) in 30 days (b) with the
variation of pH value (c) with the increasing concentration of NaCl.
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Figure APX5.4. Time resolved fluorescence decay curve of CuNCs in the absence and

presence of (a) *OH and (b) CIO . The excitation wavelength is 375 nm.

Table APX5.1. Fluorescence decay parameters of CuNCs with the gradual addition of «OH

and CIO". (The excitation wavelength is 375 nm)

[*OH](pM) aq T1(ns) a; T,(ns) as
0.00

2.50

5.00

7.50

10.00

12.50
[CIO ](nM)

% o are expressed in % scale and t values (£ 5 %) are in ns unit

0.4 0.3

[+CH] = 0 uM — 12.5 UM

o 03 o [€10-]=0uM — 36 uM
2 Q0.2
= o
a 13
= 0.2 o
o [
2 o
o /1]
< 0

0.1 <

0.0 r r T 0.0

300 350 400 450 300 150 400 450

Wavelength(nm) Wavelengthinm)

Figure APX5.5. UV-vis absorption spectra of Chitosan-CuNCs upon gradual addition of (a)

«OH and (b) CIO
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Figure APX5.6. TEM images of (a) CUNCs (b) CuNCs in presence of *OH and (¢) CuNCs in

presence of CIO .
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Figure APX5.7. (a) Fluorescence intensity of CuNCs in the absence and presence of AA,
*OH separately and in the presence of both AA and *OH. (b) Fluorescence intensity of
CuNCs in absence and presence of H,O, and Fe (l1) separately and in presence of both H,0,

and Fe (11). Colour of the legends represents the corresponding spectra.
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Figure APX5.8. Fluorescence response of CUNCs/ CIO ™ system in the presence of GSH and

different coexistent (350 uM).
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Figure APX5.9. Benesi-Hildebrand double reciprocal plot to determine the stoichiometric

association of Chitosan-CuNCs to (a) AA and (b) GSH.

Fluorescence Correlation Spectroscopy Study-

FCS experiment was done by using a time resolved confocal microscope which has been
discussed in the supporting information. (Micro Time 200, PicoQuant) with an excitation
source of a pulsed diode laser (Ag, = 403 nm, full width at half-maximum (FWHM) = 144
ps). The sample was placed on a coverslip, and excitation laser beam was focused onto the

sample using a water immersion objective (60 x /1.2 NA) and the fluorescence light from the

201



Chapter 5

sample was directed through a dichroic mirror. A pinhole having a diameter of 50 um was
used for the spatial filtration of the signal and focused through a 50/50 beam splitter before
entering the two single-photon avalanche diodes (SPADs). The FCS setup was calibrated by
using Rhodamine-6G solution in water medium. All FCS curves were analyzed by using
SymPhoTime software (PicoQuant) to obtain the corresponding values of 14 for CUNCs with
increasing concentration of analytes. The correlation curves for all systems were fitted by

using eq. APX5.1

rip—1 . iff=1 i
A i e S —

TTrip[j] a[i][ [ T ]a[i]'l

[HLD';[H] ]H ?mfgﬂ ‘
L

| |

(eq. APX5.1)

where, T and 1p represent the lag time and the diffusion time respectively, k = wz/owxy, where
oz and oxy are the longitudinal and transverse radii of the observation 3D Gaussian confocal
volume, respectively, T is the Dark (triplet) fraction of molecules and nvp, is the number of
triplet state which has been taken zero for smooth and clear fitting of the chosen systems, p
is the contribution of the i diffusing species, npis is the number of independently diffusing
species, and Gijy is the correlation offset. From the Stokes—Einstein equation, the
hydrodynamic radii (Ry) of CuNCs in absence and presence of analytes were determined

using eq. APX5.2

Ry = == (eq. APX5.2)

- 6mnD

where k is the Boltzmann constant, T is the absolute temperature, n is the viscosity of the

solvent and D is the diffusion coefficient of the fluorophore (CuNCs).
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Figure APX5.10. Normalized fluorescence correlation curves of CuNCs with increasing

concentrations of (a) AA and (b) GSH.

Table APX5.2. The associated diffusion parameters® of CuNCs systems with increasing

conc entration of analytes as obtained from FCS study.®

Systems Conc. of analytes  Diffusion time Hydrodynamic
(nM) (us) radius (Ry) (nm)
0 39.70 0.70
25 51.50 0.92
75 58.18 1.04
500 66.44 1.20
0 39.70 0.70
50 46.14 0.84
150 61.96 1.12
1000 67.76 1.22
0 39.70 0.70
250 45 0.83
625 57 1.02
1250 111 1.98
0 39.70 0.70
625 53.5 0.96
2500 70 1.26
5000 93.00 1.66

at 5%

Table APX5.3. Determination of GSH in human blood samples.®
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Samples Initial amount of GSH Added GSH found GSH recovery

(UM) amount of (uUM) (%)
(Working Cuvette GSH (uM)

concentration)

11.00

30.84 +

1.45 104.00 + 2.20
20.45 = 0.90 11.00 31.18 + 1.50 97.50 + 3.25

Data presented are in means + standard deviation (n = 3).

Volumetric method with standard dichlorophenol indophenol

The data obtained for the determination of ascorbic acid concentration in fruit juices through
our fluorescence method have been compared with those obtained by the volumetric method
with standard dichlorophenol indophenol. The procedure of the volumetric method is given
below

1. 100 ml of 100 uM ascorbic acid and 100 ml of 20uM DCPIP solution had been prepared as
standard solution.

2. 10 ml of the standard DCPIC solution was taken in a conical flask.
3. Burette was filled with the standard ascorbic acid solution.

4. Ascorbic acid solution was added drop by drop to the conical flux until the color changed
from blue to colorless, and the consumed volume of ascorbic acid solution was recorded.

5. The procedure was repeated using various fruit juices. Please note that the intermediate
pink color was ignored, and the addition was continued until a colorless solution appeared.

Calculation of AA concentration in fruit juices:

The concentration of AA in fruit juices was calculated by using standard AA solution by
using following relation:

(vol. of standard) x (Conc. standard) = (vol. of unknown) x (Conc. unknown)
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Table APX5.4. Recovery of CIO™ Spiked in Tap Water by standard addition method. ®

Added amount of CIO found (UM) ClO recovery (%)

ClO™ (uM)

7.3+1.70

91.25 + 3.50

11.5+1.50 96.00 + 3.70

13.2+2.10 94.00 + 2.60

®Data presented are in means * standard deviation (n = 3)
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Figure APX5.11. (a) UV spectra of DPD with increasing concentration of CIO™ (b) Standard
curve for the detection of CIO by DPD colorimetric method.
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Figure APX5.12. The fluorescence spectra of CuNCs in the presence of different inputs: (a)
NAND logic gate with Fe (Il) and H,O; as inputs; (b) IMPLICATION logic gate with *OH

and AA as inputs.
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Table APX5.5. Comparative table based on the performance of various nanosensors
developed for the detection of ROS.

Fluorescence systems  hROS Linear Detection References
detection range (uM) limit (uM)

AuUNCs@HPF *OH 1-150 0.68 71

GSH-AuUNCs *OH 1-80 0.10 72

C-dots-AuNCs Clo- 0.1-60 0.50 73

PCuNCs-BCuNCs *OH 1.5-11.5 0.15 74

Dialdehyde bridged g@iloss 5-5000 5.00 75

fluoresccenr probes

PVP-CuNCs ClOo—- 1-30 0.10 76

PVP-capped CuNCs ClO- 0.5-8 uM 0.019 77

' CdSe-ZnS  quantum Ol 0-0.83 0.25 78

dots

Semiconducting ClO—- 2-6 0.50 79

conjugated polymer

(SCP)

FHAUNCs *OH 120 yM 0.13 80

Chitosan-CuNCs *OH 0-7.5 0.10 Present
ClO™ 0-20 0.20 work

References

1 Finkel, T.; Holbrook, N. J. Nature 2000, 408, 239-247.

Zhuang, M.; Ding, C.; Zhu, A.; Tian, Y. Anal. Chem. 2014, 86, 1829—-1836.

3 Miller, E. W.; Tulyanthan, O. E.; Isaciff, Y.; Chang, C. J. Nat. Chem. Biol. 2007, 3,
263-267.

4 Rhee, S. G. Science 2006, 312, 1882-1883.

5 Gibellini, L.; Marcello, P.; Nasi, M.; Biasi, S.D.; Roat, E.; Bertoncelli, L.; Cossarizza,
A. Cancers 2010, 2, 1288-1311.

6 McCord, J. M.; Fridovich, 1. J. Biol. Chem. 1969, 244, 6049-6055.

7 Chae, H. Z,, Kang, S. W.; Rhee, S. G. Enzymol. 1999, 300, 219-226.

8 Jiang, Q.; Xiao, N.; Shi, P.; Zhu, Y.; Guo, Z. Coord. Chem. Rev. 2007, 251,
1951-1972.

N

207



9

10

11

12
13

14
15

16

17

18
19

20

21
22

23
24
25

26
27
28
29
30

31

32
33

34
35
36

37

Chapter 5

Cantuti-Castelvetri, 1.; Shukitt-Hale,B.; Joseph, J. Int. J. Dev. Neurosci. 2000, 18,
367-381.
Valko, M.; Leibfritz, D.; Moncola, J.; Cronin, M. D.; Mazur, M.; Telser, J. Int. J
Biochem. Cell Biol. 2007, 39, 44-84.
Pizzino,G.; Irrera,N.; Cucinotta,M.; Pallio,G.; Mannino,F.; Arcoraci,V.; Squadrito,F.;
Altavilla,D.; Bitto, A. Longev. 2017, 2017, 8416763.

Menon, V.; Ram, M.; Dorn, J. Diabetic Med. 2004, 21, 1346—1352.

Jefferies, H.; Coster, J.; Khalil, A.; Bot, J.; Mccauley, R. D.; Hall, J. ANZ J. Surg.
2003, 73, 517-522.
Crawford, D.; Zbinden, I.; Moret, R.; Cerutti, P. Cancer Res. 1988, 48, 2132-2134.
Kendall, M.; Batterham, M.; Prenzler, P. D.; Ryan, D.; Robards, K. Food. Chem. 2008,
108, 425—438.
Guo, Y.; Yang, X.; Hakuna, L.; Barve, A.; Escobedo, J . O.; Lowry, M.; Strongin, R.
M. Sensors 2012, 12, 5940-5950.

Hou, X .;Guo,X.; Chen, B.; Liu, C.;Fan Gao, F.; Zhao, J.; Wang, J. Sensors and
Actuators B: Chemical 2015, 209, 838-845.
Guo, Q.; Ji, S.; Yue, Q.; Wang, L.; Liu, J.; Jia, J. Anal. Chem. 2009, 81, 5381—5389.
Oliveira, R.; Bento, F.; Sella, C.; Thouin, L.; Amatore, C. Anal. Chem. 2013, 85,
9057-9063.
Peterson, K. L.; Margherio, M. J.; Doan, P.; Wilke, K. T.; Pierre, C. Inorg. Chem,
2013, 52, 9390-9398.
Zhang, Z.; Fan, J.; Zhao, Y.; Kang, Y.; Du, J.; Peng, X. ACS Sens. 2018, 3,735- 741.
Zielonka, J.; Zhao, H.; Xu, Y.; Kalyanaraman, B. Free Radical Biol. Med. 2005, 39,
853-863.
Wang, H.; Joseph, J. A. Free Radical Biol. Med. 1999, 27, 612-616.
Goldstein, S.; Merenyi, G. Methods Enzymol. 2008, 436, 49-61.

Li, Y.; Zhu, H.; Kuppusamy, P.; Roubaud, V.; Zweier, J. L.; Trush, M. L. J. Biol.
Chem., 1998, 273, 2015-2023.

Glod, B. K.; Czapski, G. A.; Haddad, P. R. Trends Anal. Chem., 2000, 19, 492-497.
Piszcz, P.; Zurawski, K.; Glod, B. K. Journal of Chemistry, 2014, 2014, 1-6.
Garcia-Plazaola, J. I.; Becerril, J. M. Phytochemical Analysis,1999, 10, 307-313.
Beissenhirtz, M. K.; Scheller, F. W.; Lisdat, F. Anal. Chem. 2004, 76, 4665-4671.
M. Ganesana, J. S. Erlichman and S. Andreescu. Free Radical Biol. Med. 2012, 53,
2240-2249.
T. Munzel, 1. B. A. Ev, A. L. Kleschyov and D. G. Harrison, Thromb. Vasc. Biol.
2002, 22, 1761-1768.
Han, D.; Williams, E.; Cadenas, E. Biochem. J. 2001, 353, 411-416.
Lakowicz, J. R. Principles of Fluorescence Spectroscopy; Springer: USA, 2006; pp
55-472.
Cadenas, E.;Kelvin J.A.Davies, K. J. A. Free Rad. Biol. Med. 2000, 29, 222-230.
Zielonka, J.; Kalyanaraman, B. Free Rad. Biol. Med. 2008, 45, 1217-12109.
Folkes, L. K.; Patel, K. B.; Wardman,P.; Wrona,M. Arch. Biochem. Biophys. 2009,
484, 122-126.
Zhang, L.; Wang, E. Nano Today 2014, 9, 132—157.

208


https://www.ncbi.nlm.nih.gov/pubmed/?term=Pizzino%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Irrera%20N%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cucinotta%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pallio%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mannino%20F%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arcoraci%20V%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Squadrito%20F%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Altavilla%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bitto%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28819546
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5551541/
https://www.sciencedirect.com/science/article/abs/pii/S0925400514015512#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400514015512#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400514015512#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400514015512#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400514015512#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400514015512#!
https://www.sciencedirect.com/science/article/abs/pii/S0925400514015512#!

38
39

40

41

42
43

44
45
46
47
48
49

50
51

52

53

54

55

56

57

58

59

60

61

62

63
64

Chapter 5

Jin, R. C.; Zeng, C.; Zhou, M.; Chen, Y. Chem. Rev. 2016, 116, 10346—10413.
A. Wiseman, Handbook of Experimental Pharmacology XX/2, Part 2, Springer-
Verlag, Berlin, 1970, pp. 48-97.

Chen, T.; Hu, Y.; Cen, Y.; Chu, X;; Lu, Y. J. Am. Chem Soc. 2013, 135,
11595-11602.

Hu, L.; Deng, L.; Alsaiari, S.; Zhang, D.; Khashab, N. M. Anal. Chem. 2014, 86,
4989—4994.

Tian, D.; Qian, Z.; Xia, Y.; Zhu, C. Langmuir 2012, 28, 3945—-3951.

Chakraborty, S.; Nandy,A.; Ghosh, S.; Das,N. K.; Parveen, S.; Datta,S.; Mukherjee, S.
Analyst, 2021, 146, 1455-1463.

Goswami, N.; Zheng, K. Y.; Xie, J. P. Nanoscale 2014, 6, 13328—13347.

Choi, S.; Dickson, R. M.; Yu, J. Chem. Soc. Rev. 2012, 41, 1867— 1891.

Xie, J.; Zheng, Y.; Ying, J. Chem. Commun. 2010, 46, 961-963.

Wu, Z.; Wang, M.; Yang, J.; Zheng, X.; Cai, W.; Meng, G.; Qian, H.; Wang, H.; Jin,
R.. Small 2012, 8, 2028—2035.

Shang, L.; Azadfar, N.; Stockmar, F.; Send, W.; Trouillet, V.; Bruns, M.; Gerthsen, D.;
Nienhaus, G. U. small 2011, 7, 2614-2620.

Liu, C.; Wu, H.; Hsiao, Y.; Lai, C.; Shih, C.; Peng, Y.; Tang, K.; Chang, H.; Chien,
Y.; Hsiao, J.; Cheng, J.; Chou, P. T. Angew. Chem., Int. Ed. 2011, 50, 7056—7060.
Wang, Y.; Chen, J.; Irudayaraj, J. ACS Nano 2011, 5, 9718— 9725.

Chen, H.; Li, B.; Ren, X.; Li, S.; Ma, Y.; Cui, S.; Gu, Y. Biomaterials 2012, 33,
8461-8476.

Garima.; Jindal, S.; Garg, S.; Matai, l.; Packirisamy, G.; Sachdev,. Microchim Acta
2021, 188, 1-12.

Guo, Y.; Cao, F.; Lei, X.; Mang, L.; Cheng, S.; Song, J. Nanoscale 2016, 8,
4852—4863.

Li, T.; Wang, E.; Dong, S. J. Am. Chem. Soc. 2009, 131, 15082— 15083.

Silva, A. P. D.; Uchiyama, S. Nat.Nanotechnology 2007, 2, 399-410.

Akhuli, A.; Chakraborty, D.; Agrawal, A. K.; Sarkar, M. Langmuir 2021, 37,

1823—-1837.

Cheng, L. C.; Huang, J. H.; Chen, H. M.; Lai, T. C.; Yang, K. Y.; Liu, R. S.; Hsiao,

M.; Chen, C. H.; Her, L. J.; Tsai, D. P. J. Mater. Chem. 2012, 22, 2244-2253.

Dong, W.; Sun, C.; Sun, M.; Ge, H.; Asiri, A. M.; Marwani, H. M.; Ni, R.; Wang S.
ACS Appl. Nano Mater. 2020, 3, 312—318.

Zhou, X.; Zhao, G.; Chen, M.; Gao, W.; Zhou, X.; Xie, X.; Yang, L.; Du, G. ACS
Sustainable Chem. Eng. 2018, 6, 3948—3956.

Mancini, M. C.; Kairdolf, B. A.; Smith, A. M.; Nie, S. J. Am. Chem. Soc. 2008, 130,
10836—10837.

Korotkova, E. I.; Misini, B.; Dorozhko, E. V.; Bukkel, M. V.; Plotnikov, E. V.; Linert,
W. Int. J. Mol. Sci. 2011, 12, 401-409.

Xie, Y.; Xianyu, Y.; Wang, N.; Yan, Z.; Liu, Y.; Zhu, K.; Hatzakis, N. S.; Jiang, X.
Adv. Funct. Mater. 2018, 28, 1702026.

Bhunia, S.; Kumar, S.; Purkayastha, P. ACS Omega 2019, 4, 2523-2532.

Vitamin C Testing. Flinn Scientific 2016, Publication No. 91358.

209



65

66

67
68

69
70
71
72

73
74

75

76
77

78
79
80

Chapter 5

Pisoschi, A. M.; Danet, A. F.; Slawomir Kalinowski, S. J. Autom. Methods Manage.
Chem. 2008, 2008, 1-8.

Michelet, F.; Gueguen, R.; Leroy, P.; Wellman, M.; Nicolas, A.; Siest, G. Clin. Chem.

1995, 41/10, 1509-1517.

Tietze, F. Anal. Biochem. 1969, 27, 502-522.

Araujo, A. R. T. S.; Saraiva, M. L. M. F. S,; Lima, J. L. F. C. Talanta, 2008, 74, 1511
1519.

Kong, X. J.; Wu, S.; Chen, T. T.; Yu, R. Q.; Chu, X. Nanoscale 2016, 8,
15604—15610.

Moberg, L.; Karlberg, B . Anal. Chim. Acta 2000, 407, 127-133.

Zhuang, M.; Ding, C.; Zhu, A.; Tian, Y. Anal. Chem. 2014, 86, 1829—1836.

Xie, Y.; Xianyu, Y.; Wang, N.; Yan, Z.; Liu, Y.; Zhu, K.; Hatzakis, N. S.; Jiang, X.
Adv. Funct. Mater. 2018, 28, 1702026.

Ju, E.; Liu, Z.; Du, Y.; Tao, Y.; Ren, J.; Qu, X. ACS Nano, 2014, 8, 6014-6023.
Garima.; Jindal,S.; Garg, S.; Matai, |.; Packirisamy, G.; Sachdev, A. Microchim.
Acta 2021, 188, 13.

Yanga, Z.; Wanga, M.; She, M.; Yina, B.; Huang, Y.; Liu, P.; Li, J.; Zhang, S. Sens.
Actuators, 2014, 202, 656—662.

Tang, Q.; Yang, T.; Huang, Y. Microchim Acta, 2015, 182, 2337— 2343.

Dong, W.; Sun, C.; Sun, M.; Ge, H.; Asiri, A. M.; Marwani, H. M.; Ni, R.; Wang S.
ACS Appl. Nano Mater. 2020, 3, 312—318.

Yan, Y.; Wang, S.; Liu, Z. Anal. Chem. 2010, 82, 9775-9781.

Wang, H.; Li, Y.; Chen, Y. J. Mater. Chem. C, 2015, 3, 5136-5140.

Ran, X.; Wang, Z.; Pu, F.; Liu, Z.; Ren, J.; Qu, X. Chem. Commun. 2019, 55, 15097-
15100.

210



Chapter 6

CHAPTER 6

Probing the role of Surface Ligands on Copper
Nanoclusters in the reduction of 4-Nitrophenol to 4-

Aminophenol: A Spectroscopic Investigation

211



Chapter 6

We have investigated the impact of surface ligands of CuNCs in catalyzing the NaBH,-
mediated reduction of 4-nitrophenol to 4-aminophenol, thereby we have tried to understand
some issues related to the reaction mechanism. For this purpose, tannic acid (TA-CuNCs)
and cysteine-capped (Cys-CuNCs) CuNCs have been synthesized as nano-catalysts, and their
catalytic performance has been compared with ligand-free CuNCs. Kinetic data obtained
from absorption studies, have revealed that the rate constant for the reaction, catalyzed by
these nano-catalysts, follows the order: kr4_cuncs > kcuncs™ kcys—cuncs- Cys-CuNCs and
ligand-free CuNCs exhibit an induction time in catalytic reactions, unlike TA-CuNCs,
indicating the crucial role of ligand-mediated surface modification. Furthermore, it has been
found that elimination of dissolved oxygen from the reaction medium increases rate constants
and eliminates induction time, suggesting its role in facilitating reverse oxidation. It has also
been observed that the catalytic activity decreases with rising 4-NP concentration, suggesting
a Langmuir-Hinshelwood mechanism for the event. Moreover, the fluorescence property of
the nano-catalysts has also been employed to extract various important information
regarding the catalytic reaction at both ensemble average and single particle level.
Furthermore, it has been demonstrated that CUNCs-based nano-catalysts are not only limited
to the conversion of 4-nitrophenol to 4-aminophenol but are quite useful in the conversion of

various types of organic substrates.

6.1. Introduction

In recent years, there has been substantial global focus on the study and application of noble
metal nanoparticles.® Researchers have been highly intrigued by metal nanoclusters (MNCs)
due to their ultra-small size (<2 nm), minimal toxicity, advantageous optical characteristics,
and excellent water solubility.”® These attributes have made them suitable for a wide range of
applications, including sensing, bio-analysis, labeling, bioimaging, etc.” ®*2 Over the last
few years, catalysis by nanomaterials has drawn immense attention from the scientific
community owing to the unique properties of NPs at nanometer length scale.X** In fact, the

majority of these studies are carried out by employing relatively larger size (>2nm), non-
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fluorescent metal nanoparticles. However, fluorescent metal nanoclusters (MNCs) have been

relatively understudied as nano-catalysts compared to larger nanoparticles (NPs).

Interestingly, MNCs can provide unique advantages in terms of inducing a catalytic
reaction. For example, (i) MNCs can provide a distinct metal core, differing from
conventional nanoparticles and bulk materials, exposing a larger surface-to-volume ratio (ii)
by virtue of ultra-small size of MNCs, they can introduce quantized energy levels for reactant
activation through electron excitation, (iii) their easily modifiable geometric and electronic
characteristics are also expected to help lead a specific reaction pathways during reactions
and (v) more importantly, as the MNCs are fluorescent in nature one would also be able to
understand the finer details of the catalytic reaction by monitoring the fluorescence of these
MNCs in the absence and presence of reagents % It is also pertinent to mention here that
surface ligands of nanomaterials play a crucial role in colloidal chemistry, providing precise
atomic control during nanostructure synthesis and contributing to long-term stability by
preventing agglomeration and aggregation.”** Moreover, ligands play a pivotal role in
modulating the electronic energy states of the nanoclusters (NCs), thereby exerting control
over various catalytic properties. While ligands are crucial for designing and preserving
nanostructured catalysts, their impact on catalytic turnover in multiple reactions can be
obscured by competing factors. At the surface of nanomaterials, ligands might be expected to
hinder catalytic activity by barricading access to potentially active sites on the catalyst
surface.?*® As anticipated, numerous studies have observed negative impacts on catalytic
rates mainly due to that issue.?® ?® 33° However, some studies have found no detrimental
effects from capping ligands. In contrast, others have even reported increased selectivity
towards specific reaction products.***° These findings highlight the intricate nature of ligand
interactions and their role in catalytic processes. Hence, a precise kinetic analysis is expected

to be highly valuable to figure out the exact mechanistic pathway of a catalytic reaction. The
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catalytic activity of nanomaterials in aqueous media is commonly assessed through the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by borohydride (BH4).X> 17 442
Furthermore, this 4-NP to 4-AP transformation holds significant implications for the human
well-being and the environment. 4-NP and its derivatives are persistent pollutants found in
industrial wastewater, originating from producing insecticides, synthetic dyes, and
herbicides.”*** Again, 4-AP, derived from 4-NP, serves as a crucial intermediate for
producing several drugs and is widely used as a photographic developer, hair-dyeing agent,
anticorrosion—lubricating agent in fuels, etc.***® Due to these reasons, conversion of
nitrophenol to aminophenol is essential. However, the mechanism underlying the catalytic
reduction of the reaction remains a subject of debate despite its widespread use for catalyst
comparison. Particularly, understanding the influence of ligands of nanomaterials on the
catalytic reduction of 4-NP to 4-AP is a complex topic due to the wide variety of ligands used
with nanomaterials and the challenges in accurately characterizing their quantity and
arrangement on catalytic surfaces. Consequently, the existing literature presents a complex
and occasionally conflicting discussion on ligand effects.” ¥ 2> %2 Hence, a molecular-
level comprehension of the catalytic reduction of 4-NP to 4-AP employing MNCs as nano-

catalysts and an exploration of the role of surface ligands over MNCs become imperative.

In this context, it is pertinent to mention here that recently, Neretina and co-workers®
have demonstrated that surface ligands on NPs can significantly influence the reduction of 4-
nitrophenol due to the displacement of the ligands on the catalytic surfaces of AUNP by BH,4
during the reaction. Recently, Kitchens and co-workers?® have investigated the impact of
thiolated polyethylene glycol (HS-PEG) as a stabilizing ligand in the catalytic reduction of 4-
NP by gold nanoparticles (AuNPs). They have found that the catalytic activity of AuNPs is
influenced by the chain length and packing density of HS-PEG. Higher molecular weight and

lower surface coverage of HS-PEG are found to be responsible for the increased rate
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constants and shorter induction times. In this context, while working on nano-gold catalysts,
Xie and co-workers> have observed that surface ligands cannot only influence the active
sites of the catalysts but also can influence the pathway of the catalytic reaction. The above
initial studies have essentially indicated that there is an opportunity to customize the ligand-
protected metal NCs for selective catalytic reactions. However, it has been observed that
despite several studies, the mechanism of surface ligands-mediated catalysis is still hazy. It is
to be noted here that several reported studies have tracked the catalytic processes, utilizing
absorption spectral changes of the systems or relying on spectrographic signals from
additional chromogenic agents in the absence of absorbance changes. Additionally, some
studies are done by using nuclear magnetic resonance (NMR). However, NMR is thought to
be challenging for in situ, real-time, and fast-tracking measurements. Moreover, existing
indicative methods, primarily relying on signals from substrates or products, fail to meet
requirements for both strong catalytic performance and sensitive indication in catalytic
reactions. As it is well known that fluorescence is more sensitive than most of the other
techniques, a critical thought would be to consider whether the catalyst's fluorescence signals
can serve as an effective indicator of the given catalytic reaction process.>* Additionally, it's
worth highlighting that there is a scarcity of comparable studies focusing on CuNCs despite
the several biological significance and advantageous properties of CuNCs. It would be quite
interesting to see if the fluorescence property of CuNCs can be utilized for a better
understanding of the catalytic reduction of 4-NP to 4-AP in particular and MNCs-induced

catalytic reaction in general.

Keeping in mind the above facts, we have investigated the role of surface ligands on
copper nanoclusters (CuNCs) in catalyzing the NaBHs-mediated reduction of 4-NP to 4-AP
in aqueous medium. For this purpose, two types of CuNCs, one capped with tannic acid (TA-

CuNCs) and the other with cysteine (Cys-CuNCs) have been synthesized and utilized as
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nano-catalysts. We have compared the catalytic performance of these ligand-capped CuNCs
with that of ligand-free CUNCs. To understand the catalytic mechanisms at a molecular level,
we have utilized the absorption signals of reactants as well as the fluorescence signals of the
CuNCs catalysts. Additionally, the fluorescence signals of the CuNCs have been utilized to
investigate the potential of these nano-catalysts to conduct the said reaction at single-particle
levels. Furthermore, it has been demonstrated that CuNCs-based nano-catalysts are not only

limited to converting 4-NP to 4-AP but are quite useful in catalyzing various substrate

scopes.

o
o
| 7
HS OH g O HO N®
o
NH CH, ©
Cysteine Dimethylformamide 4-Nitrophenol

OH
HO. OH

Tannic acid

Scheme 6.1. Molecular structures of the some chemicals used in this study.

6.2. Kinetic Measurements
In evaluating the catalytic efficacy of various CuNCs, the catalytic reduction of 4-NP to 4-AP

served as a model reaction. The experimental setup involved the utilization of UV-Vis
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absorption spectroscopy and fluorescence emission spectroscopy. A standard quartz cuvette
with a 1 cm path length was used for the kinetic measurements. In the case of UV-Vis
absorption spectroscopic measurements, 2.5 ml aqueous solution of 0.1 mM 4-NP and 50 pL
of 0.5 M freshly prepared NaBH, solutions were mixed together. Subsequently, 80 nM
concentrations of various CuNCs solutions were introduced separately into the
aforementioned mixture. The catalytic reduction process was continuously monitored by
recording absorption spectra at 2-minute intervals within the wavelength range of 200-800
nm at a temperature of 25 °C.

6.3. Result and Discussion

6.3.1. Characterization of CuNCs

The synthesized copper nanoclusters (CuNCs) have been characterized by employing various
analytical techniques, including steady-state absorption and emission spectroscopy,
transmission electron microscopy (TEM), energy-dispersive X-ray analysis (EDAX), Fourier
transform infrared (FTIR) spectroscopy and MALDI-TOF mass spectroscopy. The absorption
and emission spectra of the CuNCs are provided in the Figure APX6.1. In the Figure
APX®6.1, the absorption spectra of all three CuNCs reveal robust absorption in the UV region
and an extended absorption tail in the visible region. It is essential to note that these
absorption profiles differ significantly from the characteristic surface plasmon resonance
(SPR) band (ca. 560—600 nm) observed in relatively larger CuNPs.> The absorption profiles
of the present CuNCs can be ascribed to the discrete electronic energy band structure of
CuNCs rather than the SPR of CuNPs.*® Figure APX6.1 also illustrates the excitation and
emission spectra of the three CuNCs in an agueous medium at room temperature. As can be
seen, TA-CuNCs, Cys-CuNCs, and ligand-free CuNCs exhibit fluorescence maxima at 430,
431, and 489 nm, respectively, when excited at 360 nm. The sizes of the CuNCs are

estimated to be 2.3 £ 0.5 and 2.2 £ 0.5 for TA-CuNCs and Cys-CuNCs, respectively through
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Figure 6.1. (a, b, ¢) TEM images, (d, e, f) FTIR spectra and (g, h, i) EDAX spectra of TA-

CuNCs and Cys-CuNCs and DMF stabilized CuNCs, respectively.

TEM measurements (Figure 6.1a,b,c). For elemental analysis, EDAX measurements (Figure
6.1g,h,i) have been conducted. Further, to confirm the successful introduction of the ligands
onto the surface of CuNCs, an FTIR study has been performed, and the obtained data are
provided in Figure 6.1d,e,f. The FTIR spectra of tannic acid (TA) and TA-CuNCs are shown
in the Figure 6.1d. In the vibrational spectra, specific major bands of TA are identified at
3300 cm * (O—H, stretching), 1716 cm™* (C=0, stretching), 1205 cm * (C—0, stretching), and
1055 cm ! (O—H, bending). Upon examining the FTIR spectrum of TA-CuNCs, it becomes

evident that the C—OH stretching and O—H bending vibrations originating from tannic acid
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undergo disruption after the capping process on the surface of CuNCs. This disruption is
manifested by the reduced intensity and shifting of the aforementioned bands, indicating the
attachment of the TA ligands to the CuNCs' surface. In Figure 6.1e, the FTIR spectra of
cysteine and Cys-CuNCs are presented. Upon close examination of the figure, it becomes
clear that the characteristic peaks of the —COOH group, represented by asymmetric and
symmetric stretching at 1590 and 1400 cm—1, respectively, as well as the —NH, group
stretching in the range of 3000—3800 cm—1, remain unaltered. Notably, the S—H stretching
band is found to be absent in the FTIR spectrum of Cys-CuNCs. This observation serves as
conclusive evidence that cysteine ligands are successfully attached to the surface of CuNCs
through the thiol moieties. The FTIR analysis for ligand free CUNCs (Figure 6.1f) reveals a
significant interaction between CuNCs and DMF, as evidenced by relatively broader CUNCs
peak compared to neat DMF. Please note that the carbonyl peak of DMF shifts from 1668
cm' to 1640 cm™ in CuNCs, indicating a strong interaction with the carbonyl group. The
FTIR spectrum (Figure 6.1f) of ligand-free CuNCs implies two potential types of DMF-
CuNC s interactions on the surface: one involving coordination through the C=0 group and
another possibly through the N(Me), group, giving rise to distinct peaks at 1640 cm™ and
1715 cm!, respectively.”’ For determining the number of Cu atoms in the metal core (Cuy) of
those nanoclusters, a well-known model called Jellium model has been used, which has been
discussed in the chapter 2.5"°® The precise atomic composition of the synthesized CuNCs are
also ascertained through MALDI-TOF mass spectrometric analyses which has been discussed
in the appendix (Figure APX6.8, 6.9, 6.10). Utilizing the molecular weight of the
corresponding ligands and the atomic weight of copper, the most likely chemical composition
of these monodispersed CuNCs can be rationalized as [Cuis TA4 K'], [(Cu)15(Cys)24 Na™] and

[(CuO)g(Cu)14 6H"] for TA-CuNCs, Cys-CuNCs and ligand-free CuNCs respectively.
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6.3.2 Investigation of the Catalytic Reduction of 4-nitrophenol by CuNCs
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Figure 6.2. Absorption spectra of 4-nitrophenol reduced by NaBH, in the presence of (a) TA-
CuNCs (b) Cys-CuNCs and (c) ligand-free CuNCs with 2 min time interval, (d) In(Ao/At )
vs. time plot for determination of rate constants; (e) Bar diagram of catalytic reaction rate

constant vs various CuNCs; (f) Pictorial presentation for the conversion of 4-NP to 4-AP.

In the current study, the catalytic activity of the CuNCs has been investigated by monitoring
the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH, in aqueous
medium. Primarily, the progress of the reaction has been examined by UV-vis spectroscopy,
measuring the optical density of 4-NP and 4- AP as a function of time. Initially, it has been
observed that absorption maxima of 4-NP (Figure APX6.2) are instantly changed from 318 to
400 nm (and the color of the solution changes from colorless to yellow) upon the addition of
freshly prepared aqueous NaBH, solution, which is caused due to the formation of 4-
nitrophenolate ion under the alkaline conditions.*" *° Prior discussing the catalytic activity of
the synthesized CuNC:s, it is to be noted here that the reduction of 4-NP in the presence of

NaBH, is thermodynamically feasible (Eo for 4-NP/4-AP = —0.76 V and H3BOs/BH, =

220



Chapter 6

—1.33 V versus NHE) process but it is kinetically restricted in the absence of a catalyst.®%®?

Metal nanoparticles are known to catalyze the reaction by enabling electron transfer from the
donor BH, to the acceptor 4-NP.%® Moreover, it has been reported that electron transfer
initially happens from the reducing agent to the nano catalyst, followed by electron transfer
from the nano catalyst to the electron-acceptor oxidizing agent. Considering this aspect and to
give an electrochemical viewpoint in the current study, the reduction potential of the CuNCs
has been estimated through cyclic voltammetric measurements, and the representative I-V
plots of those systems have been given in Figure APX6.3. The reduction potential of TA-
CuNCs, Cys-CuNCs, and ligand-free CuNCs is estimated to be - 0.29 V, -0.26 V, and -0.29
V, respectively, indicating their ability to catalyze the conversion from 4-NP to 4-AP. Now
coming to the discussion of kinetic aspects of the catalytic reduction of 4-NP to 4-AP by
employing CuNCs as nano catalysts. For this purpose UV-vis absorption study has been
performed and the representative absorption spectra of the reaction mixture containing 4-NP
and NaBH, in absence and presence of two different types of CuNCs, one capped with tannic
acid (TA-CuNCs) and the other with cysteine (Cys-CuNCs) at different time intervals have
been provided in the Figure 6.2a,b. Alternatively, to explore the influence of surface ligands
on the catalytic reaction, we have also employed unprotected CuNCs (Figure 6.2c) without
stabilizing ligands, for the said catalytic reaction and the results are demonstrated through
UV-Vis spectra. However, it's important to note that this unprotected CuNCs are not entirely
bare but are stabilized by solvent molecules adsorbed onto their surfaces.””” ® From the
Figure 6.2a,b,c it has been observed that with the addition of those CuNCs to the reaction
mixture, a gradual decrease in the characteristic absorption peak of 4-nitrophenlate (~400
nm) and concomitant appearance of a new peak for 4-AP (~300 nm) has been observed.
Moreover, as depicted in the Figure 6.2a,b,c, the presence of isosbestic points at 315, 282,

and 246 nm can unequivocally be attributed to the formation of 4-AP as the reduction
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product. Again, the products are thoroughly characterized by HRMS, *H NMR *C NMR
techniques, which have been discussed in the appendix (Figure APX6.5, 6.6, 6.7). The %
yield of the catalytic conversion has been estimated to be 94 %, 76%, and 89 % for TA-
CuNCs, Cys-CuNCs, and ligand-free CuNCs, respectively. Given the large excess of NaBH,
(as discussed in the experimental Section), the catalytic reaction can logically be treated as a
pseudo-first-order reaction with respect to the concentration of 4-NP. Consequently, the

reaction kinetics has been analyzed by using following pseudo first order rate equation (eq 2)
In(%0/ ) = kt ?)

where k is the apparent first-rate constant (s™'), t is the reaction time, Agand A are the
absorbance of 4-NP at times 0 and t s, respectively. The appropriate linear relation plots of In
(Ao/A) vs. time (t) have been shown in the Figure 6.2d and the calculated rate constants for
the catalytic reaction in presence of three different CuNCs are shown in the bar diagram
(Figure 6.2e). From the bar diagram it can be visualised that the rate constant for the reaction,
catalyzed by these nano-catalysts, follows the order: krs_cuncs(0.202min™ 1) >
kcunes(0.051 min™) > keys_cuncs(0.017 min~* ). Notably, Cys-CuNCs and ligand-free
CuNCs have exhibited an induction time (~10 min) before the reaction commenced, whereas
no induction time has been observed with TA-CuNCs. Please note that the induction time for
a catalytic reaction is the initial period during which little or no observable reaction occurs, as
certain conditions or species must be formed before the reaction proceeds at a noticeable rate.
The observed induction time in the present case has suggested that surface modification of
CuNCs by ligands play a crucial role in the catalytic reaction. It was supposed that ligand free
CuNCs should provide highest rate constant and there should be no induction period as there
is no barrier to prevent the reactant to access the surface of the catalyst. So, this phenomenon

should be carefully investigated. Please note that the origin of the induction time is a highly
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debating subject where numerous mechanisms have been proposed. In this context, early
studies with AgNPs catalysts suggested that purging the aqueous reactants with N, gas could
reduce or eliminate the induction time which is described by the fact that the induction time is
required for BH4 to remove an oxide layer from the Ag surface.**But this hypothesis was
ruled out when non-oxidizable catalysts like Au and Pt also exhibited induction times.®*®" An
alternative explanation proposed that dissolved oxygen competes with 4-NP for hydrogen
species from BH, until the dissolved oxygen is consumed.’® ® Nevertheless, this
explanation failed to garner significant attention in the literature. Some studies, such as those
involving Au-based nanocages, attributed the induction period to the time required for 4-NP
to bind to the catalyst surface.”® Ballauff and coworkers'’ have provided convincing
arguments, based on reaction kinetics, suggesting that the reaction is not diffusion-limited to
the catalyst surface but rather occurs on the catalyst surface itself. Despite this, numerous
reports have argued in favour of a diffusion-limited mechanism, often citing a dependency of
the induction time on surface ligands as justification.®* ">’> An alternative mechanism
proposed by Ballauff and co-workers'’ have suggested that the induction period results from
catalyst surface reconstruction caused by reactants attachment, while another suggests the
time required for borohydride to inject electrons into the catalyst, lowering the reduction
potential and enabling the reaction to proceed.”"* Since, in the present study, different
CuNCs, each having unique surface ligands are involved and thus each ligand is expected to
exhibit distinct binding affinities to the metal and varying ligand densities over NCs surface,
contributing to differences in induction times. It has been demonstrated by FTIR spectra (vide
supra) that TA ligands are incorporated with copper core by forming Cu-O linkage whereas
Cys ligands are incorporated via forming Cu-S linkage. As Cu-S bond is stronger that Cu-O,
it is expected that surface restructuring of TA-CuNCs will be easier that Cys-CuNCs.

Moreover, the number of surface ligands per MNCs of these nano-catalysts are different as
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discussed in the characterisation section. The ligand density of Cys-CuNCs may be greater
than that of TA-CuNCs. Due to these reasons, Cys-CuNCs mediated catalytic reaction is
expected to follow lower rate constant and certain induction time than that of TA-CuNCs
mediated catalytic reaction. Surprisingly, it has been observed that ligand-free CuNCs
catalysts have shown slower reaction kinetics as well as certain induction times than that of
TA-CuNCs (Figure 6.2d). These observations can be explained by delving into the
mechanism of the 4-nitrophenol (4-NP) reduction reaction. It has been reported®” % ™76 that
even though no stabilizing ligand has been used, a layer of dimethylformamide (DMF) is
formed over the surface of MNCs, which has been substantiated by FTIR spectroscopy in this
study. Based on these findings it has been attributed that first, the DMF layers undergo
restructuring, leading to partial desorption of DMF molecules from the surface of the CuNCs
and then 4-NP permeates onto the CuNCs surface through diffusion. These processes
contribute to the slower rate constant and lesser induction time of the catalytic reaction. To
get more insight into this event, we have performed the same experiment by removing
dissolved oxygen from the reaction medium by purging N, gas and the obtained absorption
profile, kinetic rate plot and bar diagram of rate constant are provided in the Figure APX6.4.
From the figure one can observe that the rate of the reaction is increased to a significant
extent for all the CuNCs. Interestingly, no induction time has been observed for Cys-CuNCs
and ligand-free CuNCs that had been observed in the presence of dissolved oxygen. It is to be
noted here that Maschmeyer and co-workers™ have provided compelling evidence indicating
that the conversion of 4-nitrophenol to 4-aminophenol includes an intermediate step
involving 4-nitrosophenol. This intermediate may undergo oxidation by dissolved oxygen,
leading to the regeneration of 4-nitrophenol. Based on the literature report and our
experimental findings, it has been opined that dissolved oxygen also plays another role in

facilitating the reverse oxidation of 4-nitrosophenol (an intermediate) to 4-nitrophenol, and
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the time required to consume the dissolved oxygen in the reaction medium has indicated the

induction time.

6.3.3 Fluorescence Behaviour of CuNCs During Catalysis
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Figure 6.3. Fluorescence spectra of (a) TA-CuNCs (b) Cys-CuNCs and (c) ligand free
CuNC s in the absence and presence of reactants (4-NP + NaBH,); (d) Spectral overlap of the
absorption spectrum of 4-nitro phenolate with the emission spectra of nano-catalysts; (e) Plot

of the 1% order rate equation; (f) Bar diagram of the estimated rate constants.

Since the present NCs are fluorescent, we have also tried to follow the above catalytic
reaction by examining the fluorescence behavior of the synthesized nano-catalysts during the
catalytic reduction of 4-NP to 4-AP in the presence of NaBHj initially by employing steady-
state fluorescence spectroscopy. It has been observed from the fluorescence study (Figure
6.3a,b,c) that upon addition of the as-prepared CuNCs to the mixture of p-nitrophenol and
NaBHy,, the fluorescence intensities of the CuNCs are drastically reduced, accompanied by a

dark blue color in the reaction mixture. Subsequently, as time passes, the fluorescence
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intensities of the CuNCs are observed to increase gradually. This recovery of the fluorescence
intensity corresponded to the decrease of the absorption peak at 400 nm (characteristic peak
of 4-nitrophenolate ion) and the emergence of a new absorption peak at approximately 300
nm (characteristic peak of 4-AP) in the UV-vis absorption spectra, indicating the generation
of 4-AP and the consumption of 4-NP. Therefore, the recovery of the fluorescence signal of
the CuNCs can effectively be utilized as a quantitative indicator for monitoring the catalytic

conversion of 4-NP 4-AP. To understand the mechanism
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Figure 6.4. Fluorescence lifetime decay of (a) TA-CuNCs (b) Cys-CuNCs and (c) DMF-

CuNCs before and after catalysis.

behind the fluorescence changes in CuNCs, we have observed that the emission spectra of
CuNCs has overlapped with the absorption spectra of 4-NP in the presence of NaBH, (Figure
6.3d). The inner filter effect (IFE), arising from the absorption of emission light of CUNCs by
absorbers (4-nitrophenolate) in the detection system, is identified as the cause of fluorescence
changes. It has been observed that as the reduction of 4-NP progresses, its concentration
gradually becomes diminished, leading to a reduction of IFE and the gradual recovery of the
fluorescence of CuNCs becomes possible. Furthermore, the rate constants for the catalytic
reactions are calculated based on the fluorescence spectra of the nano-catalysts. The plot of
In(F/Fo) versus time (t) is shown in Figure 6.3e (F/Fo is the relative fluorescence intensity at

maximum emission). The linear relationship observed in In(Fi/Fo) versus time (t) plots allows
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the determination of rate constants for the reaction of 4-NP reduction. The rate constants are
estimated to be 1.56 min®, 0.06 min?, and 0.8 min-1 for TA-CuNCs, Cys-CuNCs, and
ligand-free CuNCs, respectively (Figure 6.3f). Quite interestingly, the rate constants
estimated from the fluorescence recovery data are found to follow a similar trend to those
obtained from absorption data. Furthermore, upon close examination of the fluorescence
spectra of these systems, it has been noted that the emission maxima of our nano catalysts
experience a red shift in the presence of 4-NP and NaBH4. The observed shift clearly
indicates the surface restructuring of the nano catalysts during catalytic processes in the
presence of reactants. Overall, these findings indicate that the catalytic process can
effectively be monitored through the fluorescence behavior of the luminescent catalyst itself,
providing a convenient approach for tracking reactions without the need for specific
spectrophotometric characteristics of the substrates. Moreover, we have also monitored the
fluorescence lifetime of all three CuNCs before and after the catalytic reaction. The decay
profiles of TA-CuNCs, Cys-CuNCs, and ligand-free CuNCs before and after catalysis are
provided in Figure 6.4, and the relevant decay parameters are also collected in Table APX6.1.
From the Table APX6.1, it can be seen that before catalytic reaction, the average
fluorescence lifetime of TA-CuNCs, Cys-CuNCs, and ligand-free CuNCs are 0.19 ns, 8.04 ns
and 0.45 ns, respectively, which are changed to 0.16 ns, 4.40 ns and 0.33 ns after catalysis.
The recovery of fluorescence lifetime of TA-CuNCs, Cys-CuNCs, and ligand-free CuNCs is
~84 %, ~50%, and ~73 %, respectively. From these fluorescence studies (both steady state
and time resolved) it can be opined that as the photophysical properties of these CuNCs are
not drastically changed after catalysis, these nano catalysts can be useful for various

photocatalytic reaction also.
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6.3.4. Catalysis at the Single Particle Level (FCS)
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Figure 6.5. (a,b,c) Fluorescence correlation curves and (d,e,f) normalized fluorescence
correlation curves of CuNCs in the presence of 4-NP and ( 4-NP + NaBH,).

To shed light on the reduction of 4-NP to 4-AP by CuNCs at the single-particle level, we
have performed FCS studies. This technique is widely used as an extremely sensitive and
highly precise single molecule technique that can monitor a slight change in the fluorescence
behaviour of the probe at the nanomolar or sub-nanomolar regime. Here, FCS study has been
performed to understand the translational diffusion behavior of CuNCs in the absence and
presence of the reactants. As a slight perturbation can cause an appreciable change in their
diffusion characteristics, we have monitored the translation diffusion time (tD) of CuNCs
when subjected to reactants and subsequently calculated the hydrodynamic radius (Ry).
Figure 6.5 shows the fluorescence correlation curves (Figure 6.5a,b,c) and their
corresponding normalized correlation curves (Figure 6.5d,e,f) of CuNCs in presence of
reactants leading to the catalytic reduction. From the fluorescence correlation curve, it has
been observed that the amplitude of the autocorrelation function (G(t)) of CuNCs is increased

in the presence of 4-NP, which is again decreased after the catalytic reaction in the presence
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of NaBH,, It is known that the amplitude of the G(t) is inversely proportional to the number
of fluorescent molecules under the observation volume. Hence, this phenomenon has been
attributed to the decrease in the number of fluorophore moieties under the observation
volume of the confocal microscope in the presence of 4-NP and successive increment of the
number towards the initial value in the presence of NaBHj,. This observation is also supported
by the quenching of the fluorescence intensity of CuNCs in presence of 4-NP followed by
recovery of fluorescence intensity after the progression of the catalytic reaction that has been
discussed in steady state fluorescence measurements study (vide supra). Again, the left shift
of the normalized correlation curve (Figure 6.5d,e,f) of CuNCs in the presence of 4-NP
implies faster diffusion of the fluorophore (CuNCs) which results in the decrease of diffusion
time (tp) and hydrodynamic radius (Ry). After catalysis, a right shift of the normalization
curve towards pure CuNCs has been observed. The relevant parameters are tabulated in Table
APX6.2. The decreased value of tp and Ry in the presence of 4-NP is suggestive of the
surface restructuring of CuNCs. Again, after addition of NaBHj,, the values of the parameters
(tp, Ru) are increased, indicating the progress of the catalytic reaction at single particle level

also.

6.3.5. Langmuir-Hinshelwood Mechanism for 4-NP Reduction with CuNCs
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To get more insight into the mechanistic aspect of the catalytic reaction, we have performed
the same reaction with the increasing concentration of 4-NP in the presence of different nano-
catalysts, and the estimated rate constants are provided in the bar diagram (Figure 6.6). From
the bar diagram, it can be observed that the rate constant of the catalytic reaction decreases
with the increasing concentration of 4-NP. This observation is suggestive of Langmuir-
Hinshelwood mechanism.®® It is known that in the Langmuir-Hinshelwood mechanism, BH4

reacts with nano-catalysts, leading to the adsorption of hydride ions on the catalyst

*8033 A
Q s

HO

/

Scheme 6.2. Schematic representation of catalytic reduction of 4-NP to 4-AP.

surface. Simultaneously, PNP is also adsorbed on the catalyst surface.®® Subsequent to these
adsorption processes, the reduction of 4-NP to 4-AP occurs on the catalyst surface through
electron transfer between surface-adsorbed hydride ions and 4-NP. The ensuing desorption of
4-AP creates a vacant active site on the NP surface, initiating the subsequent reduction cycle.
It is pertinent to mention here that many researchers®® "’ have demonstrated the validity of the
Langmuir-Hinshelwood mechanism by conducting catalytic reductions as a function of 4-NP
concentration. As the concentration of 4-NP increases, the catalytic activity is expected to
decrease. This is because 4-NP has a higher adsorption constant than BH4-, resulting in the
occupation of most active sites on the catalyst surface at higher 4-NP concentrations.

Consequently, the interaction between the catalyst and BH, slows down, leading to a
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reduction in catalytic activity. The results obtained from this study substantiates that the 4-NP
reduction by CuNCs adheres to the Langmuir-Hinshelwood mechanism. A schematic

diagram of the catalytic reaction mechanism has been given in the Scheme 6.2.

6.3.6 Applications towards Various Substrate Scopes

methyl orange

Rhodamine B

Scheme 6.3. Molecular structures of the substrate scope used in this study.

The reduction of nitro-arenes to aromatic amines holds paramount importance in organic
synthesis, as aromatic amines serve as critical structural motifs in agrochemicals,
pharmaceuticals, dyes, and biologically active compounds.’®"® The resilience of our catalytic
protocol involving copper-based nano-catalysts against nitro substrates prompted us to
evaluate their applicability in the conversion of various essential drug molecules, industrially
important analytes, as well as in dye degradation. During the attempts, using TA-CuNCs as
nano-catalyst and following the same experimental protocols, we have found that Ethyl 4-
Nitrobenzoate is converted to Benzocaine (Figure 6.7a), a topical pain reliever. Interestingly,
it has also been observed that Dapsone, an antibiotic in the treatment of leprosy, can also be

synthesized from 4,4-Sulfonylbis nitrobenzene by using this nano- catalyst (Figure 6.7b). The
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use of this catalytic methodology for synthesizing these drug molecules is expected to be
more effective than traditional methods that rely on the potentially hazardous SnCI,/HCI.

From the Figure 6.7c and Figure 6.7d it can be seen that
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Figure 6.7. UV-vis absorption spectra for catalytic reduction of (a) Ethyl-4-nitro benzoate
(b) 4,4-Sulfonylbis nitrobenzene (c) 4 -Nitrotoluene (d) potassium ferricyanide (e)

Rhodamine B and (e) Methyl Orange using TA-CuNCs as a nano catalyst.

4-Nitrotoluene and Potassium ferricyanide are converted to 4-Aminotoluene and Potassium
ferrocyanide respectively, which have their own industrial applications. Additionally, we
have also investigated the potential of the nano catalysts for dye degradation using
Rhodamine B and Methyl orange. Absorbance measurements at 553 nm for Rhodamine B
and 435 nm for Methyl orange showed consistent decreases over time when treated with nano
catalyst, indicating dye degradation. From these studies, it can be concluded that CuNCs,
synthesized through environmentally friendly green synthetic strategies and endowed with

catalytic properties, show promising potential for diverse applications in the near future.
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6.4 Conclusion

In summary, we have investigated the influence of surface ligands on copper nanoclusters
(CuNCs) in catalyzing the NaBH,-mediated reduction of 4-nitrophenol to 4-aminophenol.
Two types of CuNCs, one capped with tannic acid (TA-CuNCs) and the other with cysteine
(Cys-CuNCs) have been synthesized and utilized as nano-catalysts. We have compared the
catalytic performance of these ligand-capped CuNCs with that of ligand-free CuNCs in
aqueous medium. To understand the catalytic mechanisms at a molecular level, we have
utilized the absorption signals of reactants and the fluorescence signals of the CuNCs
catalysts. Kinetic data obtained from absorption studies have revealed that the rate constant
for the reaction, catalyzed by these nano-catalysts, follows the order: kra—cuncs > kcuncs™
kcys—cuncs- Notably, Cys-CuNCs and ligand-free CuNCs have exhibited an induction time
before the reaction commenced, whereas no induction time has been observed with TA-
CuNCs. This observation has suggested that surface modification of CuNCs by ligands plays
a crucial role in the catalytic reaction. Furthermore, the removal of dissolved oxygen from the
reaction medium is found to increase the rate constants for all catalysts and effectively
eliminate the induction time. This finding has essentially indicated the influence of dissolved
oxygen in facilitating the reverse oxidation of 4-nitrophenol (an intermediate) to 4-
nitrophenol. In order to find out the potential of the nano-systems in catalyzing the above
reaction, the reduction potentials of these CuNCs are determined through cyclic voltammetry
studies. Moreover, the observation of a decrease in the catalytic activity with increasing 4-
nitrophenol concentration has pointed out that a Langmuir-Hinshelwood mechanism is
responsible for the reaction. Interestingly, from the fluorescence studies (by utilizing the
fluorescence property of the nano-catalysts), it has been observed that when the nano-
catalysts are added to the mixture of 4-nitrophenol and NaBH, the fluorescence intensities of

the catalysts get reduced drastically at the beginning of the reaction but subsequently get
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recovered over time, indicating the progress of the reaction. Quite interestingly, the rate
constants estimated from the fluorescence recovery data are found to follow a similar trend to
those obtained from absorption data. Furthermore, it has been demonstrated that CuNCs-
based nano-catalysts are not only limited to the conversion of 4-nitrophenol to 4-aminophenol
but are pretty useful in catalyzing various types of substrates. The outcome of the present
work sheds light on the role of surface ligands in nano-catalysis and presents new

opportunities in designing new nano-catalysts for practical applications.
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Product characterization

The products underwent comprehensive characterization utilizing HRMS, *H NMR, and *C

techniques. Following the total reduction, the product was extracted with ethyl acetate. The
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resulting product was then dried using Na SOy, and the solvent was evaporated, yielding a

solid product that was used for characterization purposes.
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Figure APX6.5. NMR spectra of 4-AP in DMSO-d® that were produced by the catalytic
reduction of 4-AP.
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Figure APX6.6. **C spectrum of p-aminophenol 4-AP resulting from the catalytic reduction
in the presence of CuNCs.
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Figure APX6.7. ESI- MASS spectra of 4-AP 4-AP resulting from the catalytic reduction in
the presence of CuNCs.
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Figure APX6.8. MALDI-TOF MASS spectra of TA-CuNCs.
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Figure APX6.9. MALDI-TOF MASS spectra of Cys-CuNCs.
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Figure APX6.10. MALDI-TOF MASS spectra of DMF-CuNCs.

Table APX6.1. Fluorescence decay parameters of CuNCs in absence and presence of
reagents. (The excitation wavelength is 375 nm)

Sample T: B T2 17 Ts Bs <T>
TA-CuNCs 0.02 90.21 0.85 6.52 2.82 3.26 0.16
TA-CuNCs+PNP 0.01 93.18 0.83 454 2.82 2.27 0.11

LSOO IS N[ 0.05 9150 1.25 6.60 3.63 1.88 0.19
NaBH,

Cys-CuNCs 0.69 13.63 233 9.09 10.01 77.27 8.04
Cys-CuNCs+PNP 0.01 9103 11 2.06 9.16 6.89 0.66

@EeiNes R an SN EE 0.27 24.00 1.44 32.00 881 44.00 4.40
+NaBH,

DMF-CuNCs 0.06 80.88 1.15 1470 5.26 441 0.45
Bl\VIsHOI\[eSENSNIoN 0.02 90.26 1.04 7.07 4.95 2.65 0.22

BI\VIsHOI\[eE NS\l 0.02 91.01 1.20 4.49 5.90 4.49 0.33
+NaBH,
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A concentration of CuNCs are in pM, a is expressed in % scale and T values (£5 %) are in ns

unit

Table APX6.2. The associated diffusion parameters of CuNCs in the absence and presence
of reagents were obtained from the FCS study.

CuNCs (30 nM)

TA-CuNCs
TA-CuNCs + 4-NP
TA-CuNCs + 4-NP+NaBH,

Cys-CuNCs
Cys-CuNCs + 4-NP
Cys-CuNCs + 4-NP +NaBH,4

DMF-CuNCs
DMF-CuNCs + 4-NP
DMF-CuNCs + 4-NP + NaBH,

at+5%

Tp(ps) Ry(nm)
40.1 0.66
29.6 0.51
39.8 0.64
39.3 0.69
28.5 0.58
34.6 0.61
37.7 0.61
30.4 0.44
35.9 0.57
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Probing the Investigation of Energy Transfer from
Non-Plasmonic Fluorescence Bimetallic nanoparticle
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Understanding the fundamentals behind the photophysical response of a fluorescing species
in the vicinity of plasmonic nanoparticles is of great interest due to the importance of this
event in various applications. The present work has been carried out to throw light on how
plasmonic nanoparticles electronically interact with non-plasmonic nanoparticles.
Specifically, in this work, the excitation energy transfer (EET) from fluorescence bimetallic
silver capped gold (F-AgAu) to gold nanoparticles (AuNPs) and how this process can be
modulated by cetyltrimethylammonium bromide (CTAB) have been investigated at both
ensemble average and single particle levels. Steady-state and time-resolved fluorescence
studies have revealed that the fluorescence intensity and lifetime of F-AgAu in the presence of
AuNPs are significantly quenched. Cyclic voltammetry (CV) and polarity-dependent studies
have ruled out the possibility of an electron transfer mechanism. The increased non-radiative
decay rate has substantiated that the photoluminescence quenching is due to excitation
energy transfer from F-AgAu to AuNPs. Interestingly, investigations have revealed that the
energy transfer efficiency is reduced from 87% to 28% in the presence of CTAB due to the
formation of a CTAB bilayer over AUNPs. Analysis of the data by conventional EET, nano
surface energy transfer (NSET), and stretched exponential models have firmly established
that the EET process follows a 1/d4 distance dependence (NSET) rather than conventional
1/d6 distance dependence as predicted with the Forster resonance energy transfer model.
Additionally, single particle level measurements through fluorescence lifetime imaging
microscopy (FLIM) studies have clearly demonstrated that the surfactant (CTAB) can play an
important role in controlling the EET process from non-plasmonic to plasmonic
nanoparticles. The outcome of the present EET between two different classes of nanoparticles
is expected to be useful in developing nanoscale systems for various optoelectronic

applications.

7.1. Introduction

Non-radiative excitation energy transfer (EET) in nanoscale donor-acceptor systems is an
important part of research due to its extensive applications in sensors, bioimaging,
photovoltaic devices, light emitting diodes, and other optoelectronics.’® Understanding the

mechanism of energy transfer between donors and acceptor play a vital role in developing
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and optimizing the system for various applications. It is known that majority of excited state
energy transfers are mediated through either Forster resonance energy transfer (FRET) or
Dexter resonance energy transfer.®” FRET is a non-radiative energy transfer which happens
from a photoexcited donor to an acceptor via dipole—dipole interactions. FRET is a distance-
dependant (<10nm) phenomenon which is an important tool to measure the dynamic changes
between molecular donor—acceptor pairs in various complex macromolecular sys‘cems.g'10
However, the FRET model is not suitable for many donor-acceptor couples where their
dynamic interaction takes place over longer distances. Hence, it's also very important to
investigate and understand the longer-range energy-transfer processes. In recent years,
nanoparticle (mediated) Surface Energy Transfer (NSET), theorized by Persson and Lang,*!
has gained considerable attention due to its applicability for determining larger distance
(beyond FRET limit) donor-acceptor systems.*>*® It has been demonstrated that NSET is also
a non-radiative dipole—dipole energy transfer, but this process happens due to the interaction
of the electromagnetic field of a donor dipole with the free conduction electrons of the metal
nanoparticle (acceptor), which in contrast to Froster type energy transfer (FRET) where both
donor and acceptor are considered as point dipoles.** Several experimental and theoretical
studies have established that the separation distance between donor and acceptor is 1/d*

dependent on energy transfer efficiency.'**®

It is to be noted here that nanoparticles (NPs) with characteristic localized surface
plasmon resonance (LSPR) have drawn considerable attention from researchers due to their
potential applications in surface-enhanced Raman scattering, photovoltaics, photodetectors,
LEDs and biology.®** It is well known that LSPR of metal NPs can either enhance or
quench the fluorescence intensity of nearby fluorophores. The effect of metal nanoparticles
on the fluorescence property of nearby fluorophores is dependent on various parameters such

as distance between fluorophore and nanomaterial, spectral overlap, size and shape of the
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metal nanoparticle and orientation of dipole with respect to metal nanostructure.”?*" The
enhancement of fluorescence quantum yield of nearby fluorophores usually happens due to
either an enhanced electromagnetic field of LSPR at the metal nanoparticle surface or an
increase in the radiative decay rate of the excited fluorophore near the metal nanoparticles.?
% Moreover, it has been observed that in many nanocomposite systems, the fluorescence
intensity of nearby fluorophores is quenched by metal nanoparticles.® 3 Several studies
have been performed to understand the fundamentals behind this long-range electromagnetic
coupling and subsequent fluorescence quenching mechanism at the metal NP surface. It is
pertinent to mention here that Silbey and coworkers®® have demonstrated the quenching of
excited donors in the presence of metal surface, and later on, it is extended by Persson and
Lang™* by using a Fermi golden rule. Wu and coworkers®® have investigated the energy
transfer from CdSe/ZnS quantum dots to the various sizes of gold nanoparticles. They have
demonstrated that AuNPs of 3 nm size having negligible LSPR follow NSET mechanism,
whereas AuNPs of 15 and 80 nm sizes having strong LSPR overlapped with donor emission
following FRET mechanism. In another recent work, Wert and coworkers® have
demonstrated that the energy transfer from terbium(lil)-complex (Tb) donors to AuNP
(acceptors) of 5, 30, 50, and 80 nm diameter follow NSET model instead of FRET model and
also shown that the energy transfer efficiencies were independent of the size of AuNPs.
Earlier, Strouse and coworkers** *°**® have shown that the fluorescence quenching of different
dyes in the presence of AuNPs follows 1/d* distance-dependent quenching behaviour, which
associates with the NSET theory. Patra and co-workers™ 3¥*? have demonstrated the surface
energy transfer processes in various AuNPs—based assemblies and reported their applications
as spectroscopic rulers, protein conformational studies etc. In another work, Peteanu and
coworkers®’ have shown the effect of particle size on NSET from DNA/dye complexes to

AuNPs and AuNCs. It can be realized from the discussion of the above reports that
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researchers have tried to tune the NSET by adjusting the distance, overlap, size and shape of
nanoparticles. Moreover, the above discussion also depicts that most of the studies that are
carried out on the nanocomposite systems have employed quantum dots, carbon-based
fluorophore and organic dye molecules as donors, and AuNPs and AgNPs as acceptors.
However, studies on the interaction between bimetallic non-plasmonic nanomaterials and
plasmonic nanoparticles are rather limited. In fact, no studies by focussing on the EET
process between F-AgAu to AuNPs have been carried out. It may be noted here that
fluorescence bimetallic nanoparticles can be considered as attractive research targets due to
their potential applications in sensing, catalysis, antibacterial applications etc.*’>* Therefore,
it will be a worthwhile objective to understand the fundamentals behind the
photoluminescence (PL) behaviour of non-plasmonic bimetallic nanomaterials in the vicinity
of plasmonic nanoparticles. It will also be interesting to investigate if surface modification on
the NPs may provide possible options for surface-mediated modulation of EET process

between non-plasmonic to plasmonic nanomaterials.

Keeping the above facts in mind, in the current study, we have investigated the
interaction of bimetallic fluorescence silver-capped gold nanoparticle (F-AgAu) with AuNPs
and the associated excited state energy transfer (EET) mechanism. Steady-state absorption
and emission, time-resolved fluorescence, cyclic voltammetry (CV), fluorescence lifetime
imaging (FLIM) microscopic studies, etc., have been employed to gain a molecular-level
understanding of the interaction event. F-AgAu has been chosen due to its optical stability
and high fluorescence property.>* Data obtained from the above studies have revealed that the
fluorescence quenching of F-AgAu in the vicinity of AuNPs is caused due to the excited
state energy transfer from F-AgAu to AuNPs, and the non-radiative excited state energy

transfer process can be best described by NSET model rather than by usual FRET model.
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Interestingly, the studies have demonstrated that the EET efficiency from F-AgAu to AuNPs

can effectively be modulated by modifying AuNPs with CTAB surfactant.

The chemical structures of the compounds that are used in the present study are shown in

Scheme 7.1.
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Scheme 7.1. Molecular structures of the chemicals used in this study.

7.2. Result and discussion
7.2.1. Characterization of F-AgAu and Au NPs

The synthesized F-AgAu and AuNPs are characterized by employing spectroscopic and
microscopic techniques. Initially, the systems are characterized by steady-state absorption
and emission measurements which are provided in the Figure 7.1. It can be seen from Figure
7.1a that F-AgAu shows a broad absorption band without any plasmonic peak. The absence
of any characteristic plasmonic bands of silver and gold nanoparticles can be rationalized by
considering the plasmon damping phenomenon which might have caused in the present

system due the coating of silver nanoclusters on the surface of gold.*®*° Moreover, it can also
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be seen from the Figure 7.1a that F-AgAu possesses high fluorescence property with
emission maximum at 570 nm upon excitation at 375 nm. It is reported that the F-AgAu is
composed of large gold nanoparticle core covered by silver nanoclusters shell.>* The

fluorescence behaviour of the F-AgAu can be

) .
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Figure 7.1. (a) Normalized absorption and emission spectra of F-AgAu (b) Normalized
absorption spectra of AuNPs. TEM images (c, d) and FTIR (e,f) of AuNPs and F-AgAu,

respectively.
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substantiated due to the fluorescence property of silver nanoclusters, which are
synergistically stabilized by the gold core.®* ® The optical characterization of AuNPs has
been done by showing the characteristic plasmon peak at 528 nm (Figure 7.1b). The size and
morphology of the particles have been determined from TEM images (Figure 7.1c,d). From
the TEM images, it can be seen that both particles are spherical in shape. The estimated size
of F-AgAu is ~480 nm, and that of AuNPs is ~20 nm. Elemental analysis of those systems is
performed from the EDAX spectrum, which is provided in the appendix section. Surface
charges of those systems are determined by (-potential measurements, which are shown in
Figure APX7.1. The surface charges obtained from the {-potential measurements are 27.5
mV and -37 mV for F-AgAu and AuNPs, respectively. Moreover, elemental analysis of F-
AgAu and AuNPs have been shown in Figure APX7.2 and Figure APX7.3respectively. FTIR
measurements have been performed to investigate the incorporation of the ligands over the
nanomaterials surface. Figure 7.1e reveals a broad band at 3000-3500 c¢cm* in both tri-
sodium citrate and AuNPs, which corresponds —OH stretching vibration. The sharp peaks
around 1396 cm™' and 1586 cm™ are the characteristic peaks for the symmetric and
asymmetric stretching of COO— in tri-sodium citrate which are shifted to 1393 cm * and 1578
cm * in tri-sodium citrate capped AuNPs indicating the incorporation of citrate group on the

surface of AuNPs.

Figure 7.1f shows a peak at 2525 cm™ which corresponds to —~S—H stretching vibration of
GSH. However, this peak is disappeared in the spectrum of the GSH-capped F-AgAu, which
suggests the coordination of GSH with F-AgAu via the thiol group. The N-H stretching
frequency (3025 cm™) in the free GSH ligand disappeared in the synthesized F-AgAu. The
peak corresponding to asymmetric (1599 cm™) and symmetric stretching (1517 cm™) modes

of the carboxylate group of free GSH show a significant shift in F-AgAu. These FTIR data

253



Chapter 7

confirm the surface functionalization of AuNPs and F-AgAu by tri-sodium citrate and GSH,

respectively.
7.2.2. Interaction of F-AgAu and AuNPs with CTAB

Prior investigating the excited state energy transfer, the effect of CTAB on the optical
properties of F-AgAu and AuNPs has been investigated. From the absorption spectra (Figure
7.2a), it can be observed that in the presence of CTAB, the spectrum of F-AgAu remains
almost unchanged, whereas the same for AuNPs has been changed significantly. In the
presence of CTAB, the optical density of the localized surface plasmon band (LSPR) of
AUNPs, centred at ~528 nm, is observed to decrease with the appearance of a new broad band
at NIR region (Figure 7.2a). This change is observed to occur till the concentration of CTAB
is increased to 0.6 mM. It is important to mention here that the surface plasmon oscillations
of nanoparticles are strongly dependent on the shape of the particles.®* Generally, rod-shaped

AuUNPs show two bands associated with the transverse and longitudinal plasmon
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. ——F-AgAu é"‘o . 5 o
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Figure 7.2 (a) Absorption spectrum of AuNPs and F-AgAu (b) Zeta potential measurements

of AuNPs in the absence and presence of CTAB (0.6 mM).
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resonances.®® Moreover, it has also been demonstrated that agglomeration of AuNPs shows
a new band encompassing a red shift and broadening along with the intrinsic band of the
spherical AuNPs.®®" So, we have looked at this aspect carefully, and from the TEM image
(Figure APX7.4) of AuNPs in the presence of CTAB, it has been opined that the changes of
the LSPR band (Figure 7.2a) of Au NPs in the presence of CTAB is due to the formation of
surfactant-induced aggregates of Au NPs.® It is to be noted here that in the presence of
neutral TX 100 surfactants and negatively charged SDS, no spectral changes of AuNPs have
been observed (Figure APX7.5), which implies that the electrostatic interaction between the
positively charged CTAB and the negatively charged AuNPs is the driving force for the
aggregation formation of AuNPs. Further, to substantiate the surfactant-induced aggregation
of AuNPs, the surface zeta potential of AuNPs has been measured in the absence and
presence of CTAB. The data for this is provided in the bar plot (Figure 7.2b). It can be seen
from the Figure 7.2b that the estimated zeta potential of AuNPs (-37 mV) is significantly
changed in the opposite direction upon the addition of positively charged CTAB, indicating
the adsorption of CTAB molecules over the surface of AuNPs. In this context, it is also
important to understand the nature of the adsorption of the surfactant molecules over the
AuNPs surface. Several previous works on this issue have demonstrated that surfactant
molecules are self-assembled over the NPs surface either through a micellar or bilayer
structure formation.®®® It has been shown that when the hydrophobic part of surfactant
molecules is attached to the AuNPs surface, and the hydrophilic part is faced towards the
aqueous medium, a micellar-like structure is formed. However, the present observation
indicates that due to electrostatic interaction, the hydrophilic head group of CTAB is attached
to the tri-sodium citrate-capped gold nanoparticles, and therefore, the formation of Micelle
can be ruled out. In this context, it is pertinent to mention that Sayed and co-workers® have

demonstrated the bilayer formation of CTAB on the surface of AuNPs where the surfactant

255



Chapter 7

head group is bound to the gold surface and tail part of CTAB is hydrophobically connected
with another CTAB molecules forming a bilayer. In another work, Nogami and co-workers™
have also shown the CTAB bilayer-induced aggregation and subsequent formation of silver
nano-chains on the glass slide. Therefore, on the basis of the literature data and the outcome
of the present investigation, it can be reasonably informed that the most favourable
association of CTAB molecules over AuNPs proceeds through a bilayer formation. This

bilayer acts as a cross-linker between several AuNPs resulting in aggregates of AuNPs.

7.2.3. Steady-State and time-resolved PL Quenching of F-AgAu in the Presence of

AUNPs

To investigate the effect of AuNPs, having LSPR band, on the optical properties of F-AgAu,
initially steady-state fluorescence titration experiments have been carried out by monitoring
the fluorescence of F-AgAu with the increasing concentration of AuNPs (Figure 7.3a). As
can be seen from Figure. 7.3a, the fluorescence intensity of F-AgAu gradually decreases with
the gradual addition of AuNPs. Figure APX7.6 depicts the absorption spectra of F-AgAu in
the absence and presence of AuNPs. All fluorescence data are corrected by equation 2 prior

to further analysis, as the systems are not exempted from the inner filter effect.

) ODox+0Dom
Feorr = Fops antilog (T) (7.2)

Where Fco is the corrected fluorescence intensity, Fqus iS the observed fluorescence
intensity, OD.yx and ODe¢r, are the optical density at excitation and emission wavelength
respectively. It can be noted that there are several phenomena, such as collision between
the excited fluorophore and quencher molecule (dynamic quenching), formation of
ground-state complex with the quencher (static quenching), excited-state energy transfer,
electron transfer, etc., which are responsible for the fluorescence quenching of

fluorophore.®” ™" The analysis of fluorescence quenching data through SV plots
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Figure 7.3. (a) Fluorescence spectra of F-AgAu in the presence of increasing concentration
of AuNPs. [After the addition of 0.75 nM AuNPs, E= 1-(I/lp) = 87% where, | and I are PL
intensities of donor in the presence and absence of acceptor] (b) Stern-Volmer plot for the
quenching of F-AgAu (c) Spectral overlap between LSPR of different AuNPs and PL
spectrum of F-AgAu (d) Fluorescence spectra of F-AgAu in the presence of CTAB modified

AUNPs.

(Figure. 7.3b) has shown an upward curvature suggesting the presence of both static and
dynamic quenching phenomenon in the overall quenching of F-AgAu in the presence of
AUNPs. While the adsorption of AuNPs over the F-AgAu due to the interactions between the
surface ligands and NPs in the ground state initiates static quenching process, collision
between the two interacting species in the excited state of the fluorescing moiety (F-AgAu)
causes the dynamic quenching event. The fluorescence quenching efficiency estimated from

the FL titration study is ~87%. Interestingly, it has been observed that the FL quenching
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efficiency of F-AgAu is reduced when AuNPs is modified with CTAB (Figure. 7.3d). This
observation can be attributed to the fact that due to the formation of CTAB bilayer over the
AuUNPs surface (discussed above), the separation distance between F-AgAu and the surface of

AUNPs increases.

Additionally, time resolves fluorescence studies have also been performed to have clear
understanding on the quenching mechanism. The fluorescence decay profile of F-AgAu in
the absence and presence of AuNPs are provided in the Figure. 7.4a and the relevant decay
parameters are calculated in the Table 7.1. From the Table 7.1, it can be seen that the average
lifetime of F-AgAu is decreased from 19.48 ns to 2.54 ns in the presence of 0.75 nM AuNPs,
confirming the involvement of the dynamic quenching process during the F-AgAu-AuNPs
interaction event. It is also to be noted here that metal NPs affect the radiative and non-
radiative decay rates of nearby fluorophores, which are responsible for the shortening of the

fluorescence lifetime of the fluorescence species.®® “*"" So, it is important to estimate

/ 3 o F-AgAu 3 — F-AgAu
sx10°}(a) —Fagau+osonmaunes | Sx10%3(D)  TLNOL e s
——— F-AgAu + 0.45 nM AuNPs ——IRF

4x10° ——F-AgAu + 0.75 nM AuNPs 4x10%4

3x10°
2x10°1

1x10%

20 _40 60 80 100 20 40 60 80 100
K Time (ns) Time (ns)

Figure. 7.4 Time-resolve fluorescence decay curve of F-AgAu in the absence and presence

of (a) AuNPs and (b) CTAB modified AuNPs. (Aex = 375 nm).

the radiative and non-radiative decay rates of F-AgAu in the absence and presence of Au

NPs, which have been calculated by using the following equations:
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ke = 22 (7.3)

Ky = 20 (7.4)

where k; and k,, are the radiative and non-radiative decay rates, respectively. T is the average
lifetime of the donor and ¢p is the PL quantum vyield. All of the estimated parameters are
tabulated in the Table 7.2. It can be seen from the Table 7.2 that the radiative decay rate of F-
AgAuU remains unchanged, whereas the non-radiative decay rate increases in the presence of
AUNPs. The possible reasons for the increment of the non-radiative decay rate, which are
responsible for the lifetime shortening of F-AgAu, are excited state energy transfer,
photoinduced electron transfer, aggregation of F-AgAu in the presence of AuNPs etc.® To
figure out the exact mechanism for the FL quenching of F-AgAu in the presence of AuNPs,
several control experiments have been performed. The absorption spectrum (Figure APX7.6)
of F-AgAu in the presence of AuNPs reveals that there is neither appearance of a new band

nor the shifting of band position, which rules out the aggregation-induced FL quenching of

Table 7.1. Fluorescence decay parameters of F-AgAu in the absence and presence of AuNPs

and CTAB-modified AuNPs (The excitation wavelength is 375 nm)?

Systems
F-AgAu
F-AgAu+0.30 nM AuNPs
F-AgAu+0.45 nM AuNPs
F-AgAu+0.75 nM AuNPs

F-AgAu+0.75

NM(CTAB+ AuNPs)

%o are expressed in % scale and t values (5 %) are in ns unit
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F-AgAu. Another possibility is the electron transfer from F-AgAu to AuNPs. In this
connection, it is important to have an idea about the HOMO and LUMO energy levels of both
F-AgAu and AuNPs to understand the electron transfer process.”*™® So, cyclic volumetric
study has been done to estimate the HOMO and LUMO energy levels.®® The current-
voltage curve for those systems obtained from the cyclic voltammetry measurements is
provided in the Figure APX7.7 and the estimated energy levels are schematically shown in
the Scheme APX7.1. It can be seen from the Scheme APX7.1, that the LUMO energy of
AUNPs is higher than that of F-AgAu, which can oppose the electron transfer from F-AgAu
to AuNPs. Moreover, it is known that a charge transfer complex is formed during the process
of photoinduced electron transfer, which involves the transfer of an electron from
photoexcited donor to a ground state acceptor.® The stability and the formation of the charge
transfer complex are dependent on the solvent polarity of the medium.®*® To establish
whether the electron transfer is happening or not, we have further studied the steady state and
time-resolved FL quenching of F-AgAu by changing the solvent polarity from ~78 (H,0) to
~41 ( CH3CN: H20:: 7:3 V/V) which are provided in the Figure APX7.8a. Steady-state FL
study reveals that in CH3CN: H,0 (7:3) medium the fluorescence quenching efficiency of F-
AgAu by AuNPs is 94% which is 7% higher than that of water medium. Again by
visualization, one can see that the slope of the Fo/F vs [Q] plot (Figure APX7.9)
corresponding to the fluorescence quenching experiment done in CH3CN:H,O (7:3) medium
is observed to be steeper than that in water medium. Moreover, fluorescence lifetime
corresponding to F-AgAu in the presence of AuNPs in CH3CN:H,O (7:3) medium is also
found to follow a similar trend (Figure APX7.8b, Table APX7.1, Exzo ~56.7% VS Echacn:H20
~81.3%,). The above results clearly reveal that the FL quenching of F-AgAu in the presence
of AuNPs is lower in a polar water medium than that in a relatively less polar medium

(CH3CN:H,0). As charge transfer complexes are more stable in polar medium as compared
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to the nonpolar medium, the above results do not provide evidence in favour of the formation

of charge transfer complex.%*%

Interestingly, the presence of significant spectral overlap (Figure. 7.3c) between the
emission spectrum of F-AgAu and the LSPR band of Au NPs indicates the possible
involvement of excited state energy transfer (EET) from F-AgAu to Au NPs. The efficiency
(Qes) of the non-radiative EET process is estimated from the PL lifetimes of F-AgAu in the

absence and presence of Au NPs using the following equation

b =1— 22 (7.5)

D

where 1, and t,_, are the excited state lifetimes of F-AgAu in the absence and presence of
AUNPs, respectively. The EET efficiency of F-AgAu in the presence of AuNPs is estimated
to be ~ 87 %. Interestingly, it can be observed from Figure. 7.4b that the FL decay traces of
F-AgAu in the presence of CTAB-modified AuNPs have minimal changes and the EET
efficiency for this system is calculated to be ~ 28 %. These observations suggest that the EET
from F-AgAu to AuNPs can be tuned by using CTAB surfactant. This result is helpful for the
design and development of suitable inorganic-nanomaterial based donor-acceptor pairs for

various energy-related applications.
7.2.4. Mechanism of Energy Transfer from F-AgAu to AuNPs

We note here that AUNPs are known to be efficient quenchers for the nearby fluorophores 2*
8 and the quenching mechanism is attributed to either FRET or NSET mechanism. 2% 3 891
Therefore, it is important to find out which model, FRET or NSET is appropriate for the
present excited state energy transfer from F-AgAu to AuNPs in this work. The FRET model

is based on the non-radiative dipole—dipole interaction between two molecular dyes having a

separation distance of up to 10 nm. Forster distance (Ro) is the most characteristic parameter
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of FRET model, which typically varies between 2-8 nm for a given donor-acceptor system.

The Ro can be calculated by using the following equation

R, = [(8.8 x 10725) (k21 ~*¢hpJ (V)] /s (7.6)

Table 7.2. Estimated quantum yields, average lifetimes, radiative rates, non-radiative rates,
energy-transfer rates, and efficiency of energy transfer between F-AgAu and AuNPs in the

absence and presence of CTAB.

k(10" kp (107 kgr(10°  ¢pr

) ) st

F-AgAu
F-AgAu+AuNPs

F-AgAu+(AuNPs+CTAB)

where «* (= 2/3) is the orientation factor of the transition dipoles of the donor and the
acceptor, 1 is the refractive index of the medium, ¢p is the quantum yield of the donor, and
J(A) is the spectral overlap integral between the donor emission and the acceptor absorption

spectrum which has been calculated by equation 7.7
J) = [Fp(N)ea(DA*dA (7.7)

where Fp(A) is the area-normalized emission spectrum of the donor, and €4(1) denotes the
molar absorption coefficient of the acceptor. In the present study, the Ry value is estimated to
be 27.8 nm for the F-AgAu-AuNPs pair. Therefore, the value of R, falls beyond the range of
conventional FRET theory.® Therefore, FRET mechanism cannot be applicable for our
system. It is to be noted here that exchange energy transfer (Dexter’s mechanism) may also

be responsible for the fluorescence lifetime quenching of F-AgAu in the presence of AuNPs.’
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So, the fluorescence decay parameters of F-AgAu in the presence of AuNPs are also analyzed
through a stretched exponential decay function (Kohlrausch function) to explore the energy
transfer process from F-AgAu to AuNPs which has been discussed in the Electronic

92-93

Supplementary Information (Figure APX7.10). The value of the stretching parameter 3 is

very helpful to describe the energy transfer process between donor and acceptor, whether it
goes through dipole-dipole or exchange mechanism.? The value of the stretching parameter
(B) estimated through the Kohlrausch function is found to be 0.272, which is less than 0.5,
signifying that the energy transfer between donor and acceptor happens via dipole-dipole

mechanism rather than following an exchange mechanism such as Dexter’s mechanism.

In view of this, we have resorted to the NSET theory*!, which considers the collective
interaction of all dipoles in a thin film near the surface of the metal, creating a 1/d dependent
coupling instead of the usual 1/d® dependent coupling of the dipole approximation. Notably,
the fluorescence quenching of various fluorophore in the vicinity of metal NPs surface has
been successfully explained by many researchers on the basis of NSET theory. ' 3 4546, 94
For the NSET model, the donor-acceptor separation distance (do) at which the efficiency of
energy transfer becomes 50 % is estimated by using equation 7.8.

do = 0.225¢pC3 Ya
0 = (s (7.8)

(l)%(l)FkF

where ¢ is the quantum yield of the donor, c is the velocity of light, wj is the angular
frequency of the donor electronic transition, w is the Fermi frequency, and kg is the Fermi
wave vector of the metal. For our system ¢,=0.04, ¢ =3 x 10" cm s?, wp=5.2 x 10 * 52,
wp=1.2x10 % cm ?, ky = 8.4 x 10 *° rad/s.® The estimated d,, for the F-AgAu-AuNPs pair
is 7.3 nm. The distance (d) between F-AgAu and AuNPs is estimated by using the following

equation*
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d = dNSET (TD—A)I/4 (7.9)

Tp—TDA

The separation distance between F-AgAu and the surface of AuNPs is 4.54 nm and 9.21 nm
in the absence and presence of 0.6 mM CTAB, respectively. It is reported that the end-to-end
distance of CTAB is ~2.0 nm.* Hence in the present study, the increase in the separation
distance between F-AgAu and AuNPs by 4.57 nm in the presence of CTAB strongly
validates the NSET model. According to the NSET mechanism, the rate of EET can be

expressed by using equation 7.10 and the estimated EET rate are provided in Table 7.2.

knser = - (%)4 (7.10)

Tp

From the table, it can be seen that the rate of EET from F-AgAu to AuNPs is faster than that
of the CTAB-modified AuNPs systems, which suggests that the rate of EET can be controlled
by simply modifying the AuNPs with CTAB by means of increasing distance between F-

AgAu and AuNPs.

To gain more insight into the changes of fluorescence lifetime of F-AgAu in the
absence and presence of AuNPs and CTAB-modified AuNPs at single particle level,
fluorescence lifetime imaging microscopy (FLIM) study has also been performed. Figure
7.5a,d,9, Figure 7.5b,e,h, and Figure 7.5c,f,i represents the FLIM images, fluorescence decay
profiles and fluorescence lifetime distribution of the corresponding FLIM images. As is
evident from the images, Figure 7.5f,1, demonstrate a relatively broader lifetime distribution
profile than that of are observed in Figure 7.5c; suggesting the heterogeneous distribution of
acceptors on the surface of the F-AgAu.® %" The average lifetime of F-AgAu in the absence
and presence of AuNPs and CTAB modified AuNPs, obtained from FLIM is estimated to be
4.6 ns, 2.92 ns and 3.8 ns respectively. The efficiency of the excited state energy transfer

from F-AgAu to AuNPs and CTAB-modified AuNPs are calculated to be 37% and 17%,
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Figure 7.5. Fluorescence lifetime images (a,d,g), fluorescence decay curves (b,e,h) and

overall lifetime profile (c,f,i) of F-AgAu, F-AgAu in the presence of AuNPs and F-AgAu in

the presence of CTAB-modified AuNPs respectively.

respectively. This result is also in agreement with the previous ensemble average

measurements.

7.3. Conclusion

In the current study, the excited state energy transfers (EET) from bimetallic non-

plasmonic nanomaterials to plasmonic nanoparticles and the role of surface modification of

AuNPs by CTAB in controlling the EET process have been investigated. For this purpose,

fluorescence bimetallic silver capped gold (F-AgAu), and gold nanoparticle (AuNPs) have
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been synthesized and characterized by spectroscopic and microscopic techniques. Several
techniques have been employed to understand the photoluminescence behaviour of F-AgAu
in the presence of AuNPs. Quite a few interesting results have emerged from this study which
are helpful in addressing the associated mechanism of EET. Data obtained from steady-state
as well as time-resolved fluorescence studies have revealed that the fluorescence intensity
and lifetime of F-AgAu in the presence of AuNPs are significantly quenched, whereas in the
presence of CTAB-modified AuNPs, minimal PL quenching of the F-AgAu has been
observed. Moreover, cyclic voltammetric (CV) studies and polarity-dependent studies have
ruled out the possibility of electron transfer process for the observed fluorescence quenching
behaviour of F-AgAu in the presence of AuNPs. Furthermore, the observation of increased
non radiative decay rate for F-AgAu in the presence of AuNPs has substantiated that the PL
quenching of F-AgAu is caused due to excitation energy transfer from F-AgAu to AuNPs.
The efficiency of energy transfer in presence of AuNPs is estimated to be as high as 87 %.
Interestingly, the EET is found to be drastically reduced (28 %) when CTAB-modified
AuNPs are used. This observation has been rationalized by considering the formation of
CTAB bilayer over AuNPs, which increases the distance between F-AgAu and AuNPs and
thereby reduces the EET efficiency. More interestingly, analysis of the relevant
photophysical data have depicted that the estimated Forster distance (27.8 nm) for the current
EET event falls beyond the range that can be predicted from the conventional FRET theory.
Based on these findings, it has been concluded that the excited state energy transfer process
from F-AgAu to AuNPs follows NSET rather than the conventional FRET model. Moreover,
findings revealed by fluorescence lifetime imaging microscopy (FLIM) have clearly
demonstrated that the energy transfer efficiency from bimetallic NPs to AuNPs can be tuned
by modifying the surface of AuNPs with CTAB. Therefore, outcome of the current EET

between the F-AgAu and AuNPs suggest that the present system can be helpful for designing
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new nano scale composite systems for the applications in various optical and electronic

applications.

7.4. Appendix
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Figure APX7.1. Zeta potential graph of (a) F-AgAu and (b) AuNPs
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Figure APX7.2. EDAX spectra of F-AgAu.
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Figure APX7.3. Elemental mapping of F-AgAu.
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Figure APX7.4. EDAX spectra of F-AuNPs.
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Figure APX7.5. Elemental mapping of AuNPs.

Figure APX7.6. TEM image of AuNPs in the presence of CTAB.
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Figure APX7.7. Absorption spectrum of F-AgAu in absence and presence of SDS and

TX100.
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Figure APX7.8. Absorption spectra of F-AgAu in absence and presence of increasing
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Scheme APX7.1. The energy level diagram representing the HOMO and LUMO levels of

Ag@Au and AuNPs.

Effect of solvent polarity on PL quenching studies
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Figure APX7.10. (a) Fluorescence spectra of Ag@Au in the presence of increasing
concentration of AuNPs in (a) 0.7:0.3 v/v. CH3CN:H,O. (b) Time-resolved fluorescence

decay curve of Ag@Au in the absence and presence of 0.45 nM AuNPs in 0.7:0.3 v/v
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Figure APX7.11. Stern-Volmer plot showing the relative changes in the photoluminescence
intensity of Ag@Au as a function of AuNPs concentration in both H,O (green curve) and

0.7:0.3 v/v CH3CN:H20 (pink curve).
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Table APX7.1. PL decay analysis of Ag@Au in the presence of 0.45nM AuNPs in different

solvents.

Systems (1)

Efficiency
Ag@Au_H,0

Ag@Au_ H,O
+ 045 nM
AUNPSs

@ \TRelke 1.05 84%
NH,0

4.16 9.85

LUV e o 1.02 89.69 3.39 8.9% 45 14% 1.84 81.3%
NH,O + 0.45 %
nM AuNPs

Stretched exponential fitting of F-AgAu-AuNPs hybrid system

1000 4

Counts

100

500 1000 1500 2000
Time (ns)

Figure APX7.12. Stretched exponential fitting of F-AgAu-AuNPs hybrid system.

In the case of resonance energy transfer between donor and acceptor molecules, by dipole-
dipole or exchange mechanisms (Dexter), the donor fluorescence intensity decay I(t) is
described by the modified stretched exponential function (Kohlrausch function) %%

I(t) = exp (— E) exp[—a(%)ﬁ] (APX7.1)
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It is also demonstrated that an experimental fluorescence decay curve that can be adequately
approximated by the stretched exponential function (1) can also be equally well described

within the precision limits of the measurements by using following equation®

1) = A exp 't 4+ Ay exp(% (£/1)P) (APX7.2)

, with the same values of the parameter B in both functions and appropriate choice of the
fitting parameters Al, A2, al, and a2. The importance of Kohlrausch (or stretched
exponential) relaxation function to explain relaxation of complex systems are well known.
Specifically, in case of condensed matter fluorescence it has been well documented by

Bodunov and co-workers®

that the resonance energy transfer will go via dipole-dipole
mechanism when £ < 0.5. The authors have analyzed this issue through theoretical
investigations of the room temperature stretched exponential fluorescence decay of colloidal
quantum dots. The use of the eq. APX7.1 for fitting the experimental non-exponential
fluorescence decay of colloidal quantum dot systems at room temperature have led to the
separation into the exponential component of the decay (arising out of radiative and non-
radiative transitions within the donor), and the non-exponential component (due to additional
channels of energy relaxation such as RET). They have shown that a stretched exponential
functional form of the fluorescence decay with exponent 3 < 0.5 can be explained by long-
range dipole-dipole resonance energy transfer from donor to acceptor, whereas S >
0.5 may arise due to contact mechanism of fluorescence such as exchange energy transfer.
We would also like to note here that several other researchers have also used the Kohlrausch
function to describe that energy transfer mechanism is mediated via dipole-dipole interaction
mechanism. % In our study for F-AgAu-AuNPs composite system, the value of the stretching
parameter () estimated through Kohlrausch function is found to be 0.272 which is less than
0.5 signifying that the energy transfer between donor and acceptor happens via dipole-dipole

mechanism rather than following an exchange mechanism such as Dexter mechanism.
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Summary and Future Prospects

In the current thesis, our primary objective is to delve into the fundamental aspects

underlying the interaction between luminescent coinage metal nanoclusters and analytes of

significant importance in both biological and environmental contexts. Furthermore, we have

endeavoured to comprehend the crucial influence of the surface chemistry of coinage metal

nanoclusters (MNCs) on the binding events with target analytes, as well as its impact on

catalysis. These investigations have been conducted utilizing a diverse range of spectroscopic

and microscopic techniques, implemented at both ensemble-average and single-particle

levels. The significant findings of the current thesis work are outlined below:

(i)

(i)

(iii)

(iv)

It has been observed that the interaction between ultra-small sized MNCs,
particularly CuNCs and biomolecules (BSA) does not mediated through “protein-
corona” formation which is typically observed with larger nanoparticles when
exposed to biological fluids.

CuNCs can act as effective enzyme inhibitors with regard to the activity
modulation of a-Chymotrypsin.

Notably, our investigations have revealed that the surface ligands of MNCs play a
substantial role in shaping the interaction events with target analytes. This
influence encompasses the binding mode, thermodynamics of binding, regulation
of enzyme activity, and catalysis of a reaction.

A material-based nanoscale fluorescence sensory system (chitosan capped
CuNCs) has been developed for the selective and sensitive detection of highly
reactive oxidative species (hROS) and antioxidants within a single chemical

entity.
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(V) A nanohybrid assembly, consisting of F-AgAu and AuNPs, has been successfully
developed. Research findings indicate that efficient excitation energy transfer
occurs from F-AgAu to AuNPs, and this process can be regulated by modifying

the surface of AuNPs with CTAB.

The current research offers several important physical insights, particularly in understanding
the interaction between MNCs and crucial analytes. These insights are expected to be
valuable from an application standpoint. It is to be noted here that, in this thesis work, in vivo
studies utilizing these systems have not been conducted. This avenue remains open for
exploration in the near future, potentially offering real-time applications of the developed
systems. Moreover, theoretical studies employing quantum mechanical calculations are

anticipated to provide further insights into this aspect.
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