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ABSTRACT

The thesis entitled “Synthesis of Graphene Quantum Dots (GQDs) and Carbon Quantum
Dots (CQDs) for their Sensing Applications” is divided into five Chapters.

Chapter-1. It describes the background of nanomaterials, carbon-based nanomaterials
including graphene quantum dots (GQDs) and carbon quantum dots (CQDs) along with
literature survey and scope of the work. This Chapter discusses the detailed information about
GQDs and CQDs with their optical properties, synthesis methods, fluorescence quenching and
restoration mechanisms. Importance of coal-derived GQDs and natural-resource derived
CQDs were also described in this chapter. Various sensing applications for the detection of
different analytes was also explained.

Chapter-2. Coal is an abundant, low-cost, and high carbon content energy source on the
planet. Herein, water-soluble graphene quantum dots (GQDs) were prepared from Indian
anthracite and bituminous coals labelled as A-GQDs and B-GQDs, respectively by the facile
one-step wet chemical route. The size of B-GQDs (7.38 nm + 0.13) was smaller than A-GQDs
(10.25 nm £ 0.19) which was analysed from TEM. The effects of pH, temperature and
irradiation time on the fluorescence of the GQDs have been studied which affirmed the stability
of GQDs. Moreover, both the synthesized GQDs exhibited tunable photoluminescence (PL)
properties and excitation wavelength dependency. The developed GQDs was high selective
and sensitivity for Mn™ (2+, 7+) ions. However, the as-prepared GQDs showed significant
change in both the steady state absorption and fluorescence intensity but remain unaltered in
the excited state lifetime values in the presence of different Mn™ quenchers, which validated
the static quenching mechanism between GQDs@Mn"" nanoprobes. The prepared nanosensor
showed high sensitivity for GSH sensing with a good detection limit of 27 uM for B-
GQD@Mn™. Accrediting low-cost productivity and intriguing photoluminescence properties,
the current study reveals new potential for sustainable synthesis of GQDs with novel ascribed

attributes.

Chapter-3. Eco-friendly, water-soluble, and fluorescent carbon quantum dots (CQDs) with an
average size of 8.3 nm were synthesized from rice husk (RH) using the hydrothermal method,
and the CQDs were labelled as rice-husk carbon quantum dots (RH-CQDs). The composition
and surface functionalities were studied using X-ray photoelectron spectroscopy, FT-IR, and

Raman spectroscopy. A study on the impact of pH and irradiation time on fluorescence

Xiv



affirmed the stability of RH-CQDs. The as-synthesized nanosensor has high selectivity and
sensitivity for Fe®* ions. Several photophysical studies were performed to investigate the
interaction between RH-CQDs and Fe®*. From the time-correlated single-photon technique
(TCSPC), the average lifetime value of RH-CQDs significantly decreases in the presence of
Fe3* which supports a dynamic quenching mechanism. The developed sensor exhibited
excellent sensitivity with a detection limit in the nanomolar range (149 nM) with a wide linear
range of 0-1300 nM for Fe** ions. The prepared nanosensor was also used to detect Fe** in a
tablet supplement with high recoveries. Moreover, the RH-CQDs nanoprobe was used to detect
other analytes (fluoroquinolones) using the fluorescent enhancement technique. It showed high
selectivity and sensitivity toward Ofloxacin (OFX) and Ciprofloxacin (CPX). The detection
limit calculated was 150 nM and 127 nM with a linearity range of 50-1150 nM for OFX and
CPX, respectively. The enhancement of average lifetime value and quantum yield in the
presence of OFX and CPX favors the increased fluorescence property of RH-CQDs through
hydrogen bonding and charge-transfer complex. In this work, integration of two different
mechanisms (fluorescence quenching and fluorescence enhancement) was followed to
construct a single sensing platform for accurate quantification of dual-mode nanosensors for
the detection of metal ions and fluoroquinolones by excited state electron transfer and hydrogen
bonding mechanism respectively. This strategy also stimulates the detection of more than one

analyte.

Chapter-4. Green-emissive carbon quantum dots (CQDs) with exclusive chemosensing
aspects were synthesized from orange pomace as a biomass-based precursor via a facile
microwave method without using any chemicals. The synthesis of highly fluorescent CQDs
with inherent Nitrogen was confirmed through X-ray diffraction, X-ray photoelectron, FT-IR,
Raman, and Transmission electron microscopic techniques. The average size of synthesized
CQDs was found to be 7.5 nm. These fabricated CQDs displayed excellent photostability,
water solubility, and outstanding fluorescent quantum vyield, i.e., 54.26%. The synthesized
CQDs showed promising results for the detection of Cr®* ions and 4-nitrophenol (4-NP). The
sensitivity of CQDs towards Cr* and 4-NP was found up to the nanomolar range with the limit
of detection (LOD) values 59.6 nM and 14 nM, respectively. Several analytical performances
were thoroughly studied for high precision of dual analytes of the proposed nanosensor.
Various photophysical parameters of CQDs (quenching efficiency, binding constant, etc.) were
analyzed in the presence of dual analytes to gain more insight into the sensing mechanism. The

synthesized CQDs exhibited fluorescence quenching towards incrementing the quencher

XV



concentration, which was rationalized by the inner filter effect (IFE) through time-correlated
single photon counting (TCSPC) measurements. The CQDs fabricated in the current work
exhibited a lower detection limit and wide linear range through the simple, eco-friendly, and
rapid detection of Cr®* and 4-NP ions. To evaluate the feasibility of the detection approach,
real sample analysis was conducted, demonstrating satisfactory recovery rates and relative
standard deviations towards developed probes. This research paves the way for developing

CQDs with superior characteristics utilizing orange pomace (biowaste precursor).

Chapter-5. A sustainable way was developed for the production of water-soluble carbon
quantum dots employing green approach. The synthetic protocol was employed using
microwave pyrolysis technique, while lemon peel was served as a carbon precursor.
Fabrication of highly fluorescent lemon-peel derived CQDs (LP-CQDs) having inherent
nitrogen functionality was validated by X-ray photoelectron spectroscopy, FT-IR, X-ray
diffraction, Raman spectroscopic analysis, and TEM techniques. Average particle size of
fabricated LP-CQDs was 4.46 nm. LP-CQDs yielded a remarkable quantum yield of 49.5%,
which displayed excellent salinity, photostability, storage time, and pH stability. LP-CQDs
displayed encouraging results for tetracycline (TC) detection using a PL turn-off approach. The
sensitivity of LP-CQDs towards TC was seen in nanomolar range having detection limit of
50.4 nM. Method validation was comprehensively studied to ensure the precision of the
nanosensor. A complete analysis of different photophysical parameters of LP-CQDs was
performed with TC to gain deeper understanding of the sensing mechanism. Fabricated LP-
CQDs showed fluorescence quenching towards TC, elucidated by inner filter effect (IFE)
mechanism. The synthesized nanoprobe demonstrated a lesser detection limit with broad linear
range enabling facile, cheap, environmentally friendly, and fast detection of TC. Practicality of
the detection method was assessed through the analysis of real samples, resulting in satisfactory
recovery percentage and relative standard deviation with respect to the developed probes.
Furthermore, LP-CQDs were used as a fluorescent ink and to fabricate the paper-based
fluorescent strips. This study lays the door for the sensing platform of LP-CQDs towards

detection of TC, which may impact potential role for environmental sustainability.
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CHAPTER-1

Introduction and Literature

1.1 Background

1.1.1 Nanomaterials

Nanomaterials are the substances characterized by having one of their dimensions
(length, width, or height) within the range of 100 nm. These can be classified into 0D, 1D, 2D,
and 3D on the basis of their dimensions. Zero-dimensional nanomaterials (0D) exhibits
nanoscopic dimensions (no dimension greater than 100 nm) in all the three axis i.e., Lx, Ly,
and Lz (length along X, Y, and Z axis). Illustrative examples include quantum dots,
nanospheres, etc. One-dimensional nanomaterials (1D) are defined as linear structure in the
nanoscopic range with diameter less than 100 nm, including nanotubes, nanorods and
nanowires. Two-dimensional materials (2D) encompass the characteristic where any two-
dimensions exceed the nanoscopic range, such as: nanosheets, graphene, etc.! In three-
dimensional nanomaterials (3D) all the three dimensions are outside the nanoscopic range
(>100 nm), for example: nanoprism, etc.” Nanomaterials offers the advantages of possessing
elevated specific surface area, increased porosity, and surface to volume ratio which enables
their usage in plethora of applications such as electronics, biomedicine, catalysis, and
fluorescent nanosensors, etc.’ Recently, carbon-based nanomaterials have gained prominence
as remarkable fluorescent probes utilized in various sensing applications, owing to their

exceptional properties.

1.1.2 Carbon-Based Nanomaterials

Carbon-based nanomaterials play crucial role in advancing the field of material science.
The realm of carbon-based nanomaterials, extending from conventional industrial carbon like
carbon black and activated carbon to newer variants like graphene and carbon nanotubes
(CNTs), continues to captivate researchers and find wide-ranging applications such as
photocatalysis,* medical diagnosis,’ biomolecular imaging,® pollution management,’ sensing,®
hydrogen evolution,” and various interdisciplinary domains due to their environment friendly
nature,'® increased adsorption capacity, and greater number of active sites.* Nevertheless,
macroscopic carbon materials suffers from a lack of suitable band gap, which poses challenge
to their effectiveness as a fluorescent material.!' Carbon dots (CDs), an emerging and highly

intriguing member of the carbon family, have garnered significant attention.



1.1.3 Carbon Dots (CDs)

CDs are zero-dimensional carbon nanomaterials having fluorescence property.'?> CDs
possess outstanding biocompatibility, tunable photoluminescence, excellent water solubility,
and photostability, making them a highly effective alternative to other fluorescent
nanomaterials. CDs are classified into graphene quantum dots (GQDs), carbon quantum dots
(CQDs), and carbonized polymer dots (CPDs) on the basis of distinct formation mechanism,

properties, and core structure. "3

1.1.3.1 Graphene Quantum Dots (GQDs)

Graphene quantum dots (GQDs) were first discovered in 2008 by Ponomarenko and
Geim.'*!> GQDs are 0D fluorescent material having size typically less than 20 nm.'® GQDs
are single or few layers of m-conjugated nanostructures primarily made by the fragmentation
of large graphene sheets.!” They contains functional groups on their edges, which provide
several functionalization sites (Figure 1.1).'® GQDs are anisotropic in nature. GQDs exhibits
quantum confinement of conjugated m-domains, presence of more active sites (such as
functional groups, edges, and dopants), excellent photostability, biocompatibility, and water
dispersibility. The quantum confinement effect and size dependence significantly impacts the

electronic bandgap structures of GQDs."”

— Functional Groups

—_—

Figure 1.1. Structural depiction of GQDs.

1.1.3.2 Carbon Quantum Dots (CQDs)

In 2004, accidental discovery of CQDs while purifying single-walled carbon nanotubes

by Xu et al. led to further investigations aimed at harnessing the fluorescence characteristics of
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CQDs, giving rise to a novel category of promising fluorescent nanomaterials.?’ In 2006, Sun
et al. coined the term "carbon quantum dots" to refer to fluorescent carbon nanoparticles.?!
CQDs are 0D fluorescent material having size typically less than 10 nm.?> CQDs consist of
amorphous to nanocrystalline cores with both sp? and sp® hybridised carbon networks and
exhibit a quasi-spherical nanoparticle structure.?>?* CQDs have a carbon based skeleton
(carbon core) and functional groups on its surface (Figure 1.2).%

Furthermore, their surfaces can be readily functionalized with carboxyl, amino,
hydroxyl, carbonyl, and epoxy groups, offering additional benefits for binding with both
organic and inorganic moieties.?® The functionalities permit the CQDs surface to adopt either
hydrophobic or hydrophilic characteristics, leading to the essential thermodynamic stability in
various solvents, particularly water.?” When compared to conventional semiconductor quantum
dots, CQDs exhibit a range of distinctive features that make them highly attractive for plethora
of applications. These features include their innocuous chemical composition, economical, ease
of functionalization, tunable fluorescence, easy synthesis, excellent biocompatibility, and
exceptional physicochemical, photochemical stability (no-photobleaching).?® GQDs and CQDs

exhibit great potential as a highly effective nanosensor in various sensing applications.

= Functional Groups

Figure 1.2. Structure of CQDs.

1.1.4 Nanosensor

A sensor is a device capable of detecting physical property of substance (i.e., mass,
optical, mechanical, electrical) and converting them into measurable signals.>’ Sensors can be
primarily categorized according to the types of transducers employed. A transducer is described

as a device that transforms one form of energy into a signal that can be interpreted or read. In
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other words, the transducer serves as an interface between the physical parameter being
measured by the sensor and the signal processing system, enabling the sensor to generate an
output that represents the measured data. The transducers used in sensors can be broadly
classified into three types: electrochemical, optical, and mechanical.>? Figure 1.3 illustrates the

working scheme of nanosensor.!

»  Sensing
. element

Signal Data

Transducer : :
Processing =~ Recording

Figure 1.3. Working scheme of nanosensor.

Nanosensor are the sensing devices that possess at least one sensing dimension within
100 nm range.*? The specificity of nanosensors is achieved through targeting ligands, which
are directly attached to the nanoparticles. These ligands selectively attract specific markers of
interest (analytes), while the nanoparticles provide sensitivity and facilitate the conversion of
signals or serve as detectors for the generated signals.>* Nanosensors are classified on the basis

1.3 Optical nanosensors are utilised for the

of structure into electrochemical and optica
qualitative and quantitative detection of the sensitivity of optically fluorescent active
materials.*® They can measure fluorescence, absorbance, reflectance, luminescence, and delay
time. The fluorescent nanosensor which is based on fluorescence optical detection method has
garnered growing interest for the real-time detection of various analytes such as,
biomolecules/metal ions/organic pollutants etc. This is primarily due to its remarkable
attributes, including high sensitivity, selectivity, simple operations, and quick response time.>*
Numerous nanomaterials are utilised in the fabrication of fluorescent nanosensor, including
gold/platinum nanoparticles, organic dyes, quantum dots, etc.’* Metal nanoparticles, such as
gold or platinum are both less stable and expensive. Organic dyes like fluorescein, coumarin
have drawbacks including poor biocompatibility, less solubility, and high photobleaching.®
Semiconductor quantum dots (QDs) like CdSe have limitations like high toxicity because of
heavy metal contents, less biocompatibility which limits its biological application.*® Also, due

to their intrinsic blinking, semiconductor QDs cannot be employed to trace a single molecule

for long time monitoring.>” Hence, there is a need for the advancement of environmentally



friendly materials that exhibit outstanding fluorescence properties, affordability, high stability,
and favourable biocompatibility, for the fabrication of fluorescent nanosensors. GQDs and
CQDs serves as a potential fluorescent probe for sensing applications.

GQDs and CQDs of diverse electronic transitions typically exhibit very similar
fluorescence mechanism and optical properties, encompassing optical absorption,

fluorescence, etc.

1.1.5 Optical Properties of GQDs and CQDs

Because of electronic transitions from © to n* of the C=C bonds and phenyl rings or n
to w* of C=0 bonds or related functional groups, GQDs and CQDs predominantly demonstrate
absorption in the near-ultraviolet region, while displaying broad tail in the visible region.?>3
Under optical excitation, photoluminescence (PL) is the spontaneous emission of light from a
material. The PL emission mechanism can be ascribed to factors: band-gap transitions of
conjugated n-m bonds or surface defects that arise from non-perfect sp*> domains.*** One
significant aspect is the occurrence of the quantum confinement effect (QCE), which becomes
apparent when the GQDs/CQDs are reduced in size to below the exciton Bohr radius. The
effect (QCE) involves a change in the valence (VB) and conduction band (CB), transitioning
from a continuous energy band to distinct energy levels. As the 3-D size of the material reduce
to nanometer scale, there is an increase in the band gap. This results in a shift in the band gap
into the ultraviolet-visible range, resulting in a substantial improvement in the quantum yield
QY).*

The dominant source of fluorescence arises from the interplay of the QCE and the band
gap associated with conjugated n-domains in GQDs/CQDs featuring substantial conjugated
sp>-domains and a surface functional groups.!”*! As the size of GQDs/CQDs conjugated -
domains increases, the band gap decreases, resulting in a noticeable redshift in the emission
peak as shown in Figure 1.4. Surface defect states are another factor responsible for the
fluorescence of GQDs/CQDs. Surface defects refer to the distinct regions that lie at the
boundary or surface mainly contains many functional groups, which are different from the
carbon core.** The fluorescence arising from surface defect states exhibits excitation-dependent
luminescence due to the diverse and intricate nature of these surface defect states.*® Surface
defects primarily originate from surface oxidation and act as trapping sites for excitons, leading
to fluorescence associated with surface defect states.*> As the degree of surface oxidation on
GQDs/CQDs increases, there is a corresponding rise in surface defects and emission sites,

which leads to a red-shift in the emission wavelength (Figure 1.4).
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Figure 1.4. The PL mechanism of GQDs/CQDs based on band-gap transitions of conjugated

1t-1t bonds or surface defects.

The excitation-dependent and excitation-independent photoluminescence (PL)
behaviour remains a topic of ongoing debate. Excitation-independent emission refers to a
phenomenon where the fluorescence emission intensity remains constant or shows minimal
variation regardless of changes in the excitation wavelength or energy.** While, in excitation-
dependent emission, fluorescence emission characteristics of GQDs/CQDs vary with changes
in the excitation wavelength or energy. In other words, the emitted light's properties, such as
intensity and wavelength, are influenced by the specific wavelength or energy of light used to
excite the GQDs/CQDs.* The initial ideas focused on quantum size effects, aiming to clarify
the excitation-dependent emission. This was done on the basis of selective excitation of diverse
sizes correlating to distinct dominant bandgaps.*® Nevertheless, it became evident shortly after
that the observed excitation-dependent emission cannot be solely explained by size
differences.*’*® The excitation-dependent emission vary depending on factors such as their
surface states, charge transfer mechanism, zig-zag edge sites, quantum confinement effect
(QCE), different sizes, and conjugated sp? m-domains.*>*° The distinction between excitation
energy dependence and independence is marked by a specific excitation wavelength threshold
(Am). When the GQDs/CQDs are stimulated with energy below A, their emission shows no
dependence on the excitation. However, once the excitation energy exceeds Awm, the emission
becomes excitation dependent.’! Excitation-independent emissions arise from the

recombination of electrons and holes via transitions over the band edges or the HOMO-LUMO



gap. When electron is excited to CB or above LUMO, it undergoes non-radiative relaxation to
the conduction band edge or LUMO before eventually experiencing radiative recombination
with a hole situated close to the valence band edge. As a consequence, excitation independent
emission arises when excitation energy surpasses the bandgap energy (Figure 1.5). Carbogenic
core size likely to influence this bandgap. Conversely, size-independent interface/surface and
edge states found within the bandgap become more significant when excitation energy is
insufficient to propel the electrons into the CB. The radiative emission resulting from
recombination of electron and holes, facilitated by these surface and edge states, is accountable

for the excitation-dependent emissions.>!
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Figure 1.5. PL mechanism showing excitation-dependent and excitation-independent

emission.

The fluorescence quantum yield and average lifetime parameters are among the notable
characteristics of GQDs and CQDs. The quantum yield for fluorescence quantifies the
efficiency of a process by expressing the proportion of emitted photons to absorbed photons.
Value of quantum yield ranges between zero and one. Zero implies that no absorbed photons
led to a fluorescence, whereas a quantum yield of one show that every absorbed photon resulted
in a fluorescence. A higher quantum yield will result in a more noticeably brighter emission. In
the context of the kinetic model, it represents a ratio of rate constants. The quantum yield was
calculated with respect to reference solution using equation 1.1:

- As o (Abs)g o
s = br X0 X aveys ¥ g (-1

In this context, "S" subscripts represent the sample parameters, and "R" subscripts represent
the reference parameters. "Abs" refers to absorbance, while "4" and "5" correspond to area and

refractive index, respectively.



Lifetime is a significant factor in fluorescence, representing how long a molecules stays
in the excited state on average after being excited.’” The average lifetime of the entire
fluorescent molecule population is determined by the lifetimes of its excited states. If processes
like vibrational relaxation, solvent collision, fluorescence, or phosphorescence reduce the
excited state population, the average fluorescence lifetime will decrease. Average lifetime (7av)
values can give information regarding energy transfer rates, such as average time a molecule
remains in an excited state before transitioning back to its ground state through both radiative
and non-radiative processes. The obtained lifetime value was modelled using a double-
exponential equation (equation 1.2). Subsequently, the average lifetime was computed using

equation 1.3.3°

Y(t) = a; exp (;—t) (1.2)
. _ LTy
t= Yiait; (1.3)

Where, “a;” is the fractional contributions of time-resolved fluorescence decay lifetimes

13 29

. 3k . . .
7, while “7 7 is the average lifetime.

Radiative and non-radiative rate constants can be determined using equation 1.4 and equation

1.5:

o)
k, = Tf (1.4)
1
= =k + ey (1.5)

The parameters “k” and “kn” correspond to the radiative and non-radiative rate
constants, respectively, while “¢” and “7” quantify the fluorescence quantum yield and

average lifetime value, respectively.

1.1.6 Synthesis Methods

Synthesis of GQDs and CQDs can be broadly classified into two approaches: top-down
and bottom-up methods.>* Synthetic methods and precursor used determine the properties of
GQDs/CQDs such as their physiochemical and optical properties, i.e., particle size, dopants,
surface functional groups, and PL emission. The top-down method involves cutting large
carbonaceous resources like coal, carbon nanotubes (CNTs), carbon black, graphite, and
numerous others into small size nanoparticles using various techniques, including physical,

5

chemical, and electrochemical approaches.’> Bottom-up method involves the pyrolysis or



carbonization of small carbon sources or organic molecules such as carbohydrates, citrates, and
other green precursors utilizing microwave, hydrothermal, and high-temperature treatments.*>
Typically in this approach, organic molecules undergo four stages in the formation of
GQDs/CQDs: condensation, polymerization, carbonization, and passivation.>® The top-down
approach enables the production on a large scale, but it is associated with several limitations,
including non-uniform size, complex synthesis methods, low yield, and the requirement for
special conditions. Bottom-up synthesized GQDs/CQDs have gained significant interest owing
to their superior flexibility and improved optical performance, which sets them apart from top-
down methods. Furthermore, in bottom-up approach it has been discovered that the
characteristics, such as particle size, surface functionality, and photoluminescence emission,
can be controlled by carefully choosing the starting precursor, solvents, and synthesis
conditions. Nevertheless, the fluorescent products obtained from small carbon molecules
impose limitations on the mass production of GQDs/CQDs and hinder quality control due to
their inherent heterogeneity.>’

To enhance their PL properties and expand their applications, additional passivation of
GQDs/CQDs using tailored organic coating materials can result in brighter, improved
biocompatibility, and long-term stability. Also, the surface passivation and functionalization of
GQDs/CQDs serves as a crucial link, connecting them to intriguing biological applications like
in vivo bioimaging.>®
1.1.7 Fluorescence Quenching Mechanism

The sensing application of GQDs/CQDs relies on the interactions between them and
various analytes, leading to the modulation of fluorescence intensity through quenching or
enhancement effects by suppressing quenching.>® Various fluorescence quenching mechanisms
exist for GQDs/CQDs, including static, dynamic quenching, photoinduced electron transfer
(PET), inner filter effect (IFE), and fluorescence resonance energy transfer (FRET) (Figure
1.6).22

Static quenching occurs when there is an interaction between a quencher and
GQDs/CQDs, resulting in the generation of a nonfluorescent ground-state complex. In static
quenching, ground-state complex causes a modification in the absorption spectrum of the
GQDs/CQDs.%° Dynamic quenching pertains to the quenching mechanism wherein the excited
state (ES) of the GQDs/CQDs returns to its ground state (GS) due to collisions between the
GQDs/CQDs and the quencher, involving charge transfer or energy transfer mechanisms. In

contrast to static quenching, dynamic quenching does not exhibit changes in the absorption



spectra of the GQDs/CQDs, and its impact is limited to the excited state.?? Dynamic quenching
can be expressed by a straightforward equation 1.6:

M + hv' - M* (excitation),

M*+Q - M+ Q + hv"(emission) (1.6)
Where, M" denoted GQDs/CQDs, Q represents quencher and * denotes excited state. This

process follows the Stern—Volmer relationship in terms of its kinetics (equation 1.7).%!

F
= =1+ Kg[Q] (L.7)

In the above equation, F and F denotes PL intensity without and with quencher, K, is Stern-
Volmer quenching constant, [(] tells the quencher concentration. Here, Ky,= K, 7, K, denotes
the biomolecular quencher rate coefficient and 7y signifies the lifetime of emissive ES of
GQDs/CQDs in absence of quencher.®? Moreover, in order to comprehend the interaction
strength and stoichiometry between the GQDs/CQDs and the quencher, values of binding
constant were determined by assessing the changes in PL intensity using the 1:1 linear Benesi-

Hildebrand equation 1.8:%

1 1 4 1
Fo—F Fo—F  K[Q](Fo—F)

(1.8)

In above equation, Fy and F represent the PL intensities absence and presence of the quencher,
respectively. F; corresponds to the PL intensity for the 1:1 stoichiometric GQDs/CQDs-
quencher complex. Parameter K signifies the binding constant values for the GQDs/CQDs and
the quencher. For energy transfer, the rate of electron transfer (kzr) is determined by the

following equation:

1 1
kET - (19)
Tpa Tp

7p4 and 7p denotes the average lifetime values of GQDs/CQDs with and without the addition
of the quencher, respectively.
The electron transfer efficiency (¢Eeer) is calculated using equation 1.10:

®bpa Tpa
=1-—=1-— 1.10
Prer b0 - ( )

Where @p4 and @p depicts the quantum yields of the GQDs/CQDs with and without quencher.
PET (Photoinduced Electron Transfer) can be elucidated as the occurrence of electron

transfer between the GQDs/CQDs (acting as electron donors or electron receptors) and the
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quencher (acting as electron receptor or electron donor), leading to the formation of cation
radicals and anion radicals, respectively.®* During this process, a complex is formed between
the electron donor and the electron receptor, which can return to the ground state without
emitting a photon. PET is categorised into reductive PET and oxidative PET (Figure 1.6).
Reductive PET involves GQDs/CQDs acting as electron receptors, receiving electrons from
the electron donor. On the other hand, oxidative PET is the opposite of reductive PET, where
GQDs/CQDs act as electron donors, transferring electrons to the electron acceptor.’® The
energy gap between the quencher's lowest unoccupied molecular orbitals (LUMO) and the
GQDs/CQDs highest occupied molecular orbitals (HOMO) served as the driving force for
reductive electron transfer. Conversely, for oxidative electron transfer, the driving force
originated from energy gap between the LUMO of the CQDs/GQDs and the LUMO of the
quencher.%

IFE (Inner Filter Effect) happens when the absorption spectrum of the quencher in the
detection system overlaps with the excitation or emission spectrum of GQDs/CQDs. IFE, at
times referred to as "apparent quenching," is not an actual quenching process. Rather, it arises
from the reduction of the excitation beam or the absorption of emitted radiation caused by an
excessive concentration of GQDs/CQDs or the quencher in the solution.®® This phenomenon
also takes place if the distances among the emitted and re-absorber is more than 10 nm. Since
the IFE process does not fall under static/dynamic quenching, the absorption peaks of the
GQDs/CQDs remain unchanged, indicating that there is no new substance formed in this

process. As a result, the fluorescence lifetime of GQDs/CQDs remains unaffected.
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Figure 1.6. Quenching mechanism of GQDs/CQDs.
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FRET (Fluorescence Resonance Energy Transfer) is an electrodynamics process that
relies on long-range dipole-dipole interactions occurring between the GQDs/CQDs and the
quencher.’® FRET takes place when the GQDs/CQDs emissions spectrum overlaps with the
quencher's absorption spectrum, and it occurs between GQDs/CQDs in the excited state and
the quencher in the ground state. Therefore, (a) when the fluorescence spectra of CQDs/GQDs
coincides with the absorbance spectra of the quencher, (b) there is a decrease in the
fluorescence lifetime of GQDs/CQDs, and (c) the distance between GQDs/CQDs and the
quencher falls within the range of 10A-100A, it indicates that the quenching mechanism
between GQDs/CQDs and the quencher is likely to be Forster resonance energy transfer

(FRET).%

1.1.8 Fluorescence Restoration Mechanism

The fluorescence restoration mechanism is a phenomenon used in fluorescence-based
sensors and molecular probes. It involves the reversible interaction between a fluorophore (a
molecule that emits light when excited by certain wavelengths of light) and an analyte of
interest. When the analyte binds to the fluorophore or interacts with it in a specific way, it
brings changes in the fluorescence emission of the fluorophore, leading to a measurable signal.
This interaction results in either an increase or restoration of fluorescence intensity, hence the
term "fluorescence restoration." The general mechanism of fluorescence restoration is shown
in Figure 1.7.

The process of fluorescence restoration typically follows these steps:

Initial Fluorescence Quenching: In the absence of the analyte, the fluorophore exhibits reduced
fluorescence intensity due to a phenomenon called fluorescence quenching. The quenching can
be caused by various factors, such as interactions with surrounding molecules or energy transfer
to non-radiative pathways.

Analyte Binding: When the analyte of interest is present in the sample, it interacts with the
fluorophore in a specific manner. This interaction can be based on molecular recognition,
conformational changes, or chemical reactions.

Conformational Change: Upon binding to the analyte, the fluorophore may undergo a
conformational change that alters its electronic and/or steric properties. This change prevents
or reduces the quenching interactions and allows the fluorophore to regain its fluorescence
properties.

Fluorescence Restoration: As a result of the analyte-induced conformational change, the

fluorophore's fluorescence is restored, leading to an increase in fluorescence intensity. This
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change in fluorescence can be detected and quantified by appropriate instrumentation, such as

a fluorescence spectrometer or a fluorescence microscope.
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Figure 1.7. Representation of fluorescence restoration mechanism.

Fluorescence restoration mechanisms have been widely applied in various sensing and
imaging applications.®” They offer high sensitivity, selectivity, and real-time monitoring
capabilities, making them valuable tools in modern research and technology. Different
fluorescent molecules and strategies can be employed to design sensors with specific detection
capabilities for a wide range of analytes, making fluorescence restoration an important
technique in molecular sensing and imaging fields.

1.1.9 Coal-Derived GQDs

Coal, being an ubiquitous energy resource composed of large aromatic rings and
aliphatic chains, is renowned for its affordability, abundant availability on Earth, and high
carbon content.®® It is Coal is rich in small sp? carbon crystallites that can be readily
exfoliated.®” In the coal structure, the crystalline carbon is more susceptible to oxidative
displacement compared to pure sp>-carbon structures. The small crystalline domains within
coal offer benefits compared to simple exfoliation of graphite-like materials, such as improved
functionalization, chemical cutting, and dispersion properties. This leads to the formation of
nanometer-sized GQDs with amorphous carbon addends along the edges. Furthermore, the
GQDs from coal presents several advantages, including feasibility, non-toxicity, ease of
operation, and low cost. The GQDs synthesized from coal exhibit excellent solubility and

fluorescence in aqueous solutions, showing great potential for applications in various fields
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like bioimaging, biomedicine, photovoltaics, and optoelectronics.’® Additionally, these GQDs
can serve as cost-effective additives for structural composites.’!
1.1.10 Importance of Natural Resources-Derived CQDs

Carbon quantum dots (CQDs) can be fabricated using different carbon sources,
including inorganic materials like graphene, carbon black, and wax, as well as organic materials
like polymers, plant extracts, food, and food waste. However, there is a growing preference for
organic materials as the carbon source due to their economic affordability, ready availability,
and environmentally friendly characteristics in the synthesis of CDs compared to inorganic
materials. The carbon-containing organic sources used in CQDs synthesis have been
recognized as environmentally friendly or "green" precursors. In the majority of preparation
methods, CQDs are synthesized through the carbonization of these organic precursors.’? Opting
for CQD synthesis from "green" precursors offers several advantages, like reduced chemical
exposure, minimized waste generation, cost-effectiveness, eco-friendliness, and the abundance
of biomass. Biomass is a plentiful and non-toxic feedstock with a significant carbon and oxygen
content.” It consists mainly of cellulose (40%-50%), hemicellulose (20%-30%), lignin (20%-
25%), and a little proportion of inorganic substances (1%-10%) that are highly water-soluble.
Due to these characteristics, biomass presents itself as an intriguing source for the production
of carbon quantum dots (CQDs).”

Variety of forestry, agricultural, and food waste materials have been utilized in the
production of luminescent carbon quantum dots, including rice husk,” wheat straw,’®
sugarcane bagasse,”’ orange peels,’® lemon peels,” coffee grounds,®® banana peels,®! peanut

shell,* and soybean®?

etc. Transforming biomass into high-value products serves a dual
purpose: effectively managing solid waste disposal and alleviating the escalating resource,
environmental, and energy challenges.®* Natural biomass inherently possesses a substantial
amount of oxygen, carbon, and different heteroatoms such as nitrogen (N), sulfur (S), and silica
(Si), which impart self-passivation or self-doping properties to carbon quantum dots (CQDs).
The abundant presence of various functional oxygenic groups like hydroxyl, alkyl, epoxide,
carboxyl, and carbonyl on biomass-derived CQDs surface contributes to their remarkable
water-soluble characteristics.®® The incorporation of amorphous heteroatoms into the carbon
framework through covalent decoration leads to broad light absorption and strong

photoluminescence (PL) in self-doped CQDs. Choosing the synthetic pathway allows for the

regulation of carbonization level, morphology, and size in CQDs produced from biomass.
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1.1.11 Sensing Application (Detection of Various Analytes)

Owing to unique properties of GQDs/CQDs, they have the potential to function as
sensors for a diverse range of analytes, including small molecules, macromolecules, organic
compounds, and cells etc.

The most prevalent utilization of GQDs/CQDs is in the detection of metal ions. They
can be used for various targets, such as Fe**, Hg?*, Cr®", Cu**, Ag", and more. Iron plays a vital
role in our lives, and its deficiency is considered one of the three global micronutrient
deficiencies.®® Fe*" ions play a vital role in numerous biochemical processes, including oxygen
storage, oxygen transfer to tissues, red blood cell development, and enzyme catalysis.®’
Hg?"and Cr®" is among the most dangerous and widespread pollutants, raising environmental
and health concerns.®® But improper amount of these metal ions can cause various disorders
like DNA damage, mitosis impairment, hereditary gene defects, allergic reactions, kidney
damage, and many more. Numerous biomolecules including carbohydrates, lipids, proteins,
and nucleic acids, such as glutathione (GSH), ascorbic acid (AA), glucose, dopamine (DA),
glucose, choline, cysteine (Cys), etc. play vital roles in sustaining the human body's
metabolism.® For instance, low-molecular weight cellular thiols (GSH and Cys) contribute to
upholding the biological redox balance and cellular functions.®* GSH participates in various
cellular functions, including intracellular redox homeostasis, gene regulation, facilitating
intracellular signal transduction, and detoxification.”® Ascorbic acid (AA), widely recognized
as vitamin C, functions as an antioxidant and holds a vital role in numerous biochemical
processes i.e. oxidation and reduction within living organisms. It also contributes in bolstering
the body's immune function and supporting the synthesis of collagen and
mucopolysaccharides.’!

Likewise, DA is a neurotransmitter crucial for the proper functioning of the central
nervous and cardiovascular systems.”” However, an imbalance in the levels of these
biomolecules in the human body can lead to various diseases, including but not limited to
AIDS, mental disorders, cardiovascular diseases, cancer, Parkinson's, and numerous others.
GQDs/CQDs can also be used for the sensing of noxious pollutants like 4-nitrophenol etc.
which are responsible for methemoglobinemia and have carcinogenic capacity.” Further,
GQDs/CQDs can be utilized for the detection of different antibiotics, such as ofloxacin (OFX),
ciprofloxacin (CPX), tetracycline (TC), etc. TC is a broad-spectrum antibiotic renowned for its
exceptional sterilization and disinfection capabilities, and antimicrobial activity. This cost-
effective option is widely employed in animal husbandry to effectively combat various disease-

causing bacteria, including rickettsia, chlamydia, and mycoplasma.”* Fluoroquinolone is a
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commonly used medication to prevent and treat a variety of infectious illnesses in both humans
and animals.””> OFX and CPX are among the most extensively utilized fluoroquinolones.
However, improper use poses significant risks to human health, including liver damage, visual
problems, and Dbacterial resistance. Hence, the sensing of different metal
ions/biomolecules/organic compounds holds significant importance in diverse applications,
including medical analysis, drug delivery, environmental science, and the food industry. This
has resulted in an increased demand for the fabrication of easy, highly sensitive, selective, and
cost-efficacious biosensors. Currently, numerous techniques are available for detecting various
analytes, such as colorimetry,”® chromatography,”’ surface-enhanced Raman spectroscopy

d,100,101

(SERS),” spectroscopy,” electrochemical metho electrochemiluminescence,'%? high-

103 and more. These techniques are constrained in their

performance liquid chromatography,
practical applicability for routine analysis due to their heavy instrumentation, lower sensitivity,
time-consuming nature, the costliness of biological reagents, and complex handling.
Nevertheless, fluorescence spectroscopy has garnered significant interest due to its notable
advantages, including high sensitivity, non-destructive nature, fast analysis, low cost, good
reproducibility, and simplicity.'® Several sensing probes based on quantum dots for the

detection of analytes are reported in Table 1.1

Table 1.1: Detection of various analytes using quantum dots-based sensing probe.

Sensing | Precursor used Analyte Detection LOD Quantum | Ref.
Probe range yield
C-GQDs | Anthracite coal cu®* 0-8 uM 0.29 uM 5.98% 6
S-CQDs Vitamin B1 Fed* 0.1-3.3mM | 177nM 4.4% 105
P-CQDs Pine wood Fed* 0-2000 pM | 355.4nM 4.69% 106
N-CQDs | Methyl Glycine Clo 0-300 uM | 5.0 uM 22.14% | 17
Diacetic acid Crb* 0-500 uM 2.1 uM

trisodium salt &
ethylenediamine

S,N- Citric acid & Ag* 0-250 uM | 0.40 uM 63.8% 108
CQDs thiamine Cysteine 0-120 pM 0.35 uM

hydrocholride
GQDs Citric acid Dopamine | 0.25-50 uM | 0.09 uM - %
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Cu- Citrus limetta Histidine | 10-100 mM | 17.82 mM - 109
CQDs waste pulp
BCQDs | Hydroguinone | Glucose 0-80 uM 8.0 uM 148% |
& BBr3
N,P- Beer AA 1-200 uM 0.84 uM 21.7% 11
CQDs
GQDs- | Ginkgo biloba GSH 20-500 uM | 3.4 uM 1.4% 12
Cu® leaves
2,3- 2,3- Ofloxacin 1-120 uM 0.46 uM 20% %
CQDs | Diaminonaphtha
lene
CdSe Cadmium Ciprofloxac | 0-120pM | 0.6 uM - e
QDs chloride, in
thioglycolic acid
& SeO;
Eu- Citric acid & TC 0.5-200 uM | 0.3 uM 4.7% 1
CQDs Eu(NO3)3
N-CQDs Glucose & TC 0-100 uM | 0.344uM | 1097% | B
ethylenediamine
CDs Ethyleneglycol 4- 0.1-50 uM 28 nM 28% 116
bis-(2- nitrophenol
aminoethyl
ether)-
N,N,N’,N’-
tetraacetic acid
(EGTA) and
tris(hydroxymet
hyl)aminometha
ne (Tris)
B,N-CDs 3- 4- 0.5-200 uM | 0.2 uM 7.0% 1
aminophenylbor | nitrophenol

onic acid
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1.2 Research Gaps

Through a comprehensive literature review, following research gaps are identified:

° Limited literature is available concerning the utilization of GQDs and CQDs derived
from coal/bio-waste via simple and cost-effective methods for the sensing of metal
ions/biomolecules/organic compounds.

. The exploration of the selective and sensitive detection of biomolecules in relation to
the variable oxidation state of the quencher remains unexplored.

. The study of all photophysical parameters of GQDs and CQDs is limited to only a few

available studies.

. Carbon Quantum Dots-Based Dual-Mode Nanoprobe has not been explored yet.
. No significant work has been carried out till now for application of CQDs as fluorescent
ink.

1.3 Objectives
The main motive of the present research work is to synthesize graphene quantum dots and
carbon quantum dots from different precursors for the selective detection of metal

ions/biomolecules/organic compounds. The specific objectives are as follows:

. Synthesis and characterization of graphene quantum dots (GQDs) and carbon quantum
dots (CQDs) from coals and bio-waste respectively.

J To study the effect of various precursors on the sensing efficiency of metal
ions/biomolecules/organic compounds.

. Validation of the proposed method for real samples.
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CHAPTER-2

Coal-derived Graphene Quantum Dots with Mn>*/Mn’*

Nanosensor for Selective Detection of Glutathione
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Highlights

» Water-soluble graphene quantum dots (GQDs) were prepared from both Indian anthracite and
bituminous coals labelled as A-GQDs and B-GQDs, respectively.

> The role of different oxidation states of Mn i.e., Mn?" and Mn"" as a quencher was studied.

» Examination of different GQDs-Mn"" nanoprobe as turn-off-on sensor to detect GSH.

» Study of all the photophysical parameters including binding efficiency.

30



2.1 Introduction

Glutathione (GSH) is a non-proteinaceous thiol, crucial antioxidant, and a free radical
scavenger ! in the body that helps to keep cellular functions running smoothly.> GSH has a
noteworthy impact on both pathological and physiological processes, like regulating cell
proliferation, preserving the proper thiol-disulfide balance of proteins, xenobiotic metabolism,
and many others.’> An imbalance in GSH levels has been associated with a wide range of
disorders.* Therefore, assessing GSH content in cells is important for human health monitoring.
Hence, the detection of GSH has been subjected to a lot of interest in recent years. Various
technologies like colorimetry,’ high-performance liquid chromatography, mass spectroscopy,
electrochemical,’ etc. have been developed in recent years but are limited in their practical
applicability for the routine analysis of GSH. Currently, extensive research is being conducted
to develop a fluorescent sensor for GSH detection as they have merits like rapid response, easy
operation, and excellent sensitivity.

Fluorescent nanomaterials i.e., quantum dots have found extensive application in GSH
detection. GQDs are ideal biosensors because of their enticing superiorities and promising
utilization. Toxic transition metal quantum dots have been replaced by GQDs as a green

alternative. GQDs can be synthesized using different chemical precursors such as pyrene,’

10 ammonium citrate,!!

citric acid,® ethylene diamine tetra acetic acid (EDTA),’ thiourea,
graphite,'? etc. However, attempts to replace the chemical precursors have been made, owing
to their perceived toxicity.!* Meanwhile, the synthesis of GQDs from coal offers various
advantages like feasibility, low cost, non-toxic, easy operations, and ubiquitous source of
energy.'*

Zhang and co-workers synthesized GQDs from anthracite coal using the physical
tailoring method and used them for the Cu®' detection.!® Ye et al., synthesized graphene
quantum dots by anthracite coal by chemical oxidative treatment followed by separation using
cross-flow ultrafiltration.'® Kovalchuk et al., synthesized GQDs using bituminous coal by
oxidative treatment and further prepared a polymer composite material taking polyvinyl
alcohol (PVA) as a matrix.!” Zhang et al., used anthracite coal for the synthesis of GQDs and
then treated with a—Fe>Os by electrodeposition method and the synthesized C-GQDs/ a—Fe>O3
nanocomposite was used for the lithium-ion storage properties.!® Singamaneni et al.,
demonstrated a chemical oxidative technique for synthesis of GQDs at large scale using
inexpensive and readily available coal, paving the path for more efficient coal resource

utilisation.!” Although, there are several studies reported regarding the GQDs synthesis from
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coal but the role of different types of coal on the synthesis of GQDs and their sensing
application has not been studied yet. GQDs have conjugated n-domains, -OH, and -COOH
groups on their surfaces which have tendency to simply interact with the metal ions. Further,
introduction of metal ions as a quencher to GQDs promotes the detection of GSH. Among
several metal ions, studies of Mn ion as a quencher are not reported yet. However, it has a
stable variable oxidation state which may affect the quenching efficiency.

In the current work, a simplistic method was employed for GQDs synthesis using Indian
anthracite and bituminous coal. The stability studies i.e., the effect of pH, temperature, and
irradiation time on fluorescence of GQDs was also studied. The effect of the different oxidation
states of Mn ion (2+ and 7+) on the fluorescence quenching of the synthesized GQDs was
analysed. Further, the developed sensor was used for the rapid detection of GSH by
fluorescence turn off-on mechanism. The selectivity and sensitivity of the developed system
were also studied. Also, the quenching mechanism was proposed by time-resolved lifetime

analysis.

2.2 Experimental Section
2.2.1 Materials

Potassium permanganate (KMnO4) and manganese (II) nitrate tetrahydrate
(MnN>06.4H20) (99%) were procured from Sigma-Aldrich and Loba Chemie Pvt. Ltd.,
respectively. The chemicals were used to study the role of different oxidation states of Mn.
GSH was acquired from HiMedia and was used for sensing. Dialysis membrane-110 was
purchased from HiMedia Laboratories Pvt. Ltd. Anthracite and bituminous coals were
purchased from S V ISPAT Pvt Ltd, Pune, Maharashtra, India. Double distilled water was
utilized for stock solutions preparation. All chemicals used were pure and utilized without any

further purification.

2.2.2 Synthesis of GQDs

Initially, coal (300 mg) was dispersed in conc. H2SO4 (60 mL) and HNO3 (20 mL)
followed by ultrasonication (Antech GT-1860QTS) for 2 hrs. The reaction mixture was
subjected to stirring and heating (24 hrs) in an oil bath at 100 °C. The above solution was
chilled to room temperature before being placed in an ice-filled beaker, after which the pH was
adjusted with NaOH until it reached ~7. After filtering the neutral mixture via a 0.45-um
polytetrafluoroethylene membrane, for 5 days the filtrate was dialyzed in a dialysis bag

(Scheme 2.1). The obtained GQDs were stored in a glass vial. The same protocol was followed
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for the GQDs preparation from both anthracite and bituminous coals and abbreviated as A-

GQDs and B-GQDs, respectively.

H,SO, Ultrasonication

y =———>——1
HNO, 2 hrs

[con] +

d

B-GQDs A-GQDs Dialyzed for 5 days

Stirring and heating
24 hrs, 100 °C

1.Cooled atR.T.
2.NaOH addition

until pH7

—————

Scheme 2.1. Schematic representation of the synthesis of GQDs from Indian anthracite and

bituminous coal.

2.2.3 Characterizations

UV-Visible spectrophotometer (Analytik Jena, Specord, India) and spectrofluorometer
instrument (Perkin Elmer LS-55, USA) were used to study the emission spectra of absorption
and fluorescence of the synthesized GQDs, respectively. The size and morphology of the
synthesized A-GQDs and B-GQDs were scrutinized by transmission electron microscopy
(TEM, Jeol 2100 plus). The occurrence of different functionalities on the GQDs surface was
studied using FT-IR spectroscopy (Agilent Resolution Pro-carry 660). XPS spectrometer (PHI
5000 VersaProbe I11) was used to know the elemental compositions. The amorphous structure
of the synthesized GQDs was studied by X-ray diffraction studies (XRD, SmartLab SE) with
Cu Ka. (A=1.540 A) as the radiation source (0< 20<70°).

2.2.4 Preparation of the Sample Solutions

The stock solution of manganese nitrate (Mn?"), potassium permanganate (Mn’"), and
GSH of particular concentrations were prepared. For investigating the quenching studies of A-
GQDs and B-GQDs with Mn?" and Mn’" at neutral pH, GQDs stock solution (1000 pL) was
pipetted out in a cuvette containing 1000 uL of deionized water. Further, addition of Mn?* (0-
0.90 mM) and Mn’" (0-1.50 mM) was done in the respective cuvette. GSH detection was done

by adding the specific concentration of GSH (0-0.50 mM) to the cuvette containing GQDs and
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Mn ion (Mn?" and Mn’"). The cuvette was kept as such for 5-7 mins after the addition of GSH,
and then the PL spectra was recorded. The excitation wavelength used for the studies was 345
nm. The quantum yield (¢) of GQDs in the presence of Mn ion and GSH was assessed using
)20

quinine sulfate (reference solution ¢r = 0.546)"" using the equation 1.1.

2.3 Results and Discussions
2.3.1 Characterizations

The size and morphology of the synthesized A-GQDs and B-GQDs were analyzed by TEM
analysis. Figure 2.1(a-b) displays the TEM image of A-GQDs and B-GQDs, respectively
which are disc-like in shape.'? The inset image of Figures 2.1a and 2.1b represent the HRTEM
images of A-GQDs and B-GQDs which signifies the lattice spacing i.e., 0.34 nm and 0.36 nm,
respectively, corresponding to the (002) lattice fringe of graphene.'> Histogram distribution
shows that B-GQDs (Figure 2.1 (d)) within a range of 4-11 nm having an average diameter of
7.38 + 0.13 nm, are smaller in size than the A-GQDs, which range from 7-14 nm having an

average diameter of 10.25 £ 0.19 nm (Figure 2.1(c)).

Counts
Counts

7 8 9 10 11 12 13 14 4 6 7 8 9 10 11
Size (nm) Size (nm)

h

Figure 2.1. TEM and inset HR-TEM image of (a) A-GQDs, (b) B-GQDs; the size
distribution histogram of (c¢) A-GQDs, and (d) B-GQDs.
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XRD measurements of the synthesized GQDs are shown in Figure 2.2(a-b). The
diffraction peak for the A-GQDs and B-GQDs appears at 20= 26.2° (Figure 2.2(a)) and 20=
25.5°(Figure 2.2(b)) corresponding to the (002) plane with the d-spacing of 0.34 nm and 0.36
nm,?! respectively which is also validated by the HR-TEM results. The functionalization of the
synthesized GQDs is confirmed by FTIR spectra. A-GQDs exhibits absorption peaks (Figure
2.2¢) at 3367 cm™! (O-H, COOH), 1695 cm™ (C=0), 1344 cm™! (C-H), 1091 (C-O), and 650
(C=C bending).? Similarly, the B-GQDs surface contains the same functional groups with a
slight shift in the peak positions. The additional band at 2081 cm™ was allocated to N-H
stretching vibration (Figure 2.2(d)).?* The broad band at 3300 cm™! implies stretching vibration
of O-H and N-H.**
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Figure 2.2. XRD spectra of (a)A-GQDs, (b) B-GQDs, FTIR spectra of (c) A-GQDs and (d)
B-GQDs.

XPS analysis was used to study the surface chemical compositions of the synthesized
GQDs. The survey scan of A-GQDs is composed of Al, Si, C, O (Figure 2.3(a)).?? The high-
resolution XPS data of Cls (Figure 2.3(b)) was bifurcated at 284.4, 286.4, and 288.3 eV,
conforming to C-C/C=C, C-O, and COOH.'** The Ol1s spectra (Figure 2.3(c)) displayed peaks
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at 531.2 eV and 533.0 eV which implies C-O and C=0.% Figure 2.3(d) shows the survey scan
of B-GQDs indicating the occurrence of Al, Si, O, N, C. The high-resolution C 1s XPS spectra
of B-GQDs show peaks at 284.8, 286.1, and 288.5 eV which is allocated to C=C/C-C, C-N/C-
0, and C=0/-CONH- (Figure 2.3(e)).?* The Ols spectra (Figure 2.3(c)) show peaks at 531.2
eV and 533.0 eV which denotes C-O and C=0.% N 1s exhibits 2 peaks at 398.8 eV and 399.9
eV corresponds to pyridinic N and pyrrolic N, respectively (Figure 2.3(f)).2°

a 0 ——A-GQDs
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Pyridinic N
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Figure 2.3. (a) XPS survey scan of A-GQDs, (b) high-resolution spectra of C 1s of A-GQDs,
(c) O 1s of A-GQDs and B-GQDs, (d) survey spectrum of B-GQDs, (e) C 1s of B-GQDs, and
(f) N Is of B-GQDs.

EDX (energy dispersive X-ray analysis) of A-GQDs and B-GQDs is displayed in Figure
2.4(a, b). It validates that Al, Si, C, O are present in A-GQDs while, in B-GQDs, N is also

present along with Al, Si, C, O which is in accordance with XPS spectra.

2.3.2 Optical Properties

The UV-Visible absorption spectra depict the optical characteristics of the synthesized
GQDs (Figure 2.4(c)). The absorption peak of both the GQDs was observed at 345 nm??
corresponding to n-n transition due to C=0 of GQDs.?’ The additional peak shoulder at 270
nm corresponds to 7- 7" transition of aromatic C=C bond.?® The inset image of Figure 2.4(c)
shows that GQDs in water medium show a brown color in visible light and green luminescence

in presence of UV light. Figures 2.4(d) and 2.4(e) exhibit the PL excitation and emission spectra
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of A and B-GQDs, respectively excited at 345 nm. The PL intensity of A-GQDs > B-GQDs is
because of the quantum confinement effect, signifying a size-dependent consequence on the

PL properties. Small size quantum dots generally give rise to blue-shifted emission.?

B-GQDs
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Figure 2.4. (a) EDX spectra of A-GQDs, (b) B-GQDs, (c) UV-Visible spectra of A-GQDs
and B-GQDs, (d) PL excitation and emission spectra of A-GQDs, and (e¢) B-GQDs.
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Figure 2.5. PL spectra of (a) A-GQDs, (b) B-GQDs at different excitation wavelength.

The synthesized GQDs exhibited excitation wavelength dependency behaviour and

tunable photoluminescence properties. The fluorescence spectra at different excitation
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wavelengths ranging from 300-390 nm are shown in Figure 2.5(a-b). The optimal excitation
wavelength was selected at 345 nm. The emission maxima observed for A-GQDs and B-GQDs
was 468 nm and 452 nm, respectively. A shift was observed in the emission wavelengths with
the change in excitation wavelength. This excitation dependent emission properties of the
synthesized GQDs are dependent on different factors like quantum confinement effect, zigzag

edge sites, size variations, surface edge defects, and conjugated sp? m-domains.?

2.3.3 Effect of Irradiation Time, pH, Temperature
To investigate the photostability of the synthesized GQDs the irradiation time studies were
performed. It was observed that there is no significant change in PL intensity of the GQDs with

a change in irradiation time up to 90 mins (Figure 2.6 (a, b)).
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Figure 2.6. The effect of irradiation time on the PL intensity of (a) A-GQDs, and (b) B-GQDs.

The fluorescence emission of the synthesized A-GQDs and B-GQDs was observed to be pH-
dependent. PL intensity change of A-GQDs and B-GQDs with the change in pH is shown in
Figure 2.7(a, b). The maximum PL intensity was observed at pH 7. A bathochromic shift was
observed when the pH changed from 7 to 1. Blueshift (hypsochromic shift) was noticed when
the pH increased from 7 to 13 (Figure 2.7a, 2.7b) corresponds to the non-aggregated state which
was due to the deprotonation of the carboxyl group of the as-prepared GQDs in basic solution
enhancing the electrostatic repulsions between them and hence overcomes the trend of
aggregation via layer-layer stacking. Also, the aggregation in neutral and acidic solution

decreases the bandgap and hence bathochromic shift was observed.??
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Figure 2.7. Effect of pH on (a) A-GQDs, (b) B-GQDs, effect of temperature on the
fluorescence of (c) A-GQDs, and (d) B-GQDs.

The temperature dependence of the PL fluorescence spectrum of A-GQDs and B-GQDs
at 345 nm excitation is shown in Figure 2.7c, 2.7d. The PL intensity of the synthesized GQDs
decreases with increase in temperature as the stability of complex decreased.>® This may be
attributed to the reason that the non-radiative decay rate increases as the temperature increase

which led to a decrease in quantum efficiency along with the PL intensity.>!

2.3.4 Selectivity Studies of Different Metal Ions

The fluorescence studies were executed to check the selectivity of different metal ions with
the synthesized GQDs. The metal cations studied were Pb**, Zn**, Hg**, Cu®", Co**, Ni**, Fe’",
Mn?*, and Mn’" with the 0.5 mM concentration of each metal ion. The result showed a
significant fluorescence response after adding Fe**, Mn?*, and Mn’", while the remaining metal
ions displayed minimal responses (Figure 2.8(a,b)). To validate the selectivity of the as-
prepared quantum dots, its PL response in presence of various anions (F-, S*, PO4*, ClOs",
NOz’, CI;, OH", SO4*, NO5") were also studied. The results showed that there is minimal effect

on the fluorescence intensity of quantum dots on changing anions (Figure 2.8(c,d)). Though,
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Mn ion (2+ and 7+) exhibited the maximum decrease in fluorescence intensity, which confirms

that both the synthesized A-GQDs and B-GQDs are selective for Mn ions.
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Figure 2.8. Fluorescence response studies of (a) A-GQDs, (b) B-GQDs with cations, (c) A-
GQDs, and (d) B-GQDs with anions.

2.3.5 Fluorescence Quenching of GQDs by Mn"* Ions (n=2,7)

The fluorescence intensity of the prepared A-GQDs and B-GQDs was effectually

quenched by adding the different oxidation states of Mn (2+ and 7+) (Figure 2.9).

The quenching percentage was different for A-GQDs and B-GQDs in the presence of

Mn (2+) and Mn (7+). The fluorescence quenching of the GQDs by Mn ion is accredited to

multisite coordination among Mn ion and the electron-rich groups present in the synthesized

GQDs. Metal ions can have interaction with GQDs via chelation with O functional moieties

present on GQDs along with the 7 system of graphene domain in GQDs.>?

40



50000
45000 A
40000 +
35000 4

24000 4
21000 4
18000 +

15000 1

N W
n o
S <
(=]
(=]
1 1

12000 1

20000 4
9000 -

15000 -
10000 6000 -
5000 - 3000 -

0 -

400 450 500 550 600 460 4é0 560 Séﬂ 660 6é0
Wavelength (nm) Wavelength (nm)
c — A-GQDs 240001 4 — B-GQDs

Intensity
Intensi

0mM Mn’*

400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 2.9. Fluorescence quenching spectra of (a) A-GQDs in the presence of Mn**, (b) B-
GQDs in the presence of Mn**, (¢) A-GQDs in presence of Mn’*, and (d) B-GQDs in the

presence of Mn'".

Moreover, the GQDs contain more oxygen-containing groups that serve as electron
donors to make non-fluorescence complexes.** From UV-Visible absorption spectrum (Figure
2.10(a,b)), it was clearly observed that gradual addition of the quenchers (Mn"") results ground
state complex formation. As a result, we have found the fluorescence quenching in the excited

state in presence of the quenchers (Figure 2.9).

The quenching mechanism was further confirmed by time-correlated single photon
counting (TCSPC) measurement, which showed that addition of the quencher, the lifetime
value of the synthesized GQDs remains unaltered (Figure 2.10(c-d)). Moreover, we have also
evaluated the rate of quenching constant of the quencher with variation of the temperature. The
results validated that the rate of quenching gradually decreases, which also confirms the static

quenching mechanism.
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Figure 2.10. UV-Visible absorption spectrum of A-GQDs and B-GQDs before and after the
addition of (a) Mn**, (b) Mn”", Time-resolved fluorescence emission decays of (c) A-GQDs

with Mn?* and GSH, and (d) B-GQDs with Mn’* and GSH.

2.3.6 Fluorescence Quenching of A and B-GQDs by Mn?*

To comprehend the fluorescence quenching of A-and B-GQDs in Mn?', the
concentration of Mn?" varies from 0 mM to 0.90 mM (Figure 2.9(a,b)). To understand the
quenching efficiency of Mn?*, the graph between Fo/F vs. Mn?>" concentration was plotted
according to the Stern-Volmer equation (1.7). The calculated Ky values are 4.85 mM™! and 4.27
mM! for A-GQDs (Figure 2.11(a)) and B-GQDs (Figure 2.11(b)) with Mn** respectively. The
quenching efficacy of A-GQDs and B-GQDs with Mn?" is 81.4% and 76.1%, respectively.
Additionally, to know the stoichiometry and interaction between the A and B-GQDs with Mn?",
the binding constant values were estimated using fluorescence intensity data by the 1:1 linear
Benesi-Hildebrand equation (1.8). The graph between (1/ Fo-F) versus 1/[Q] displays a linear
curve (Figure 2.11(c, d)). From this graph, value of binding constant (K) of A-GQDs and B-
GQDs with Mn?" are 3.77x10° mM™ and 5.08x10* mM!, respectively. Table 2.1 shows the
fluorescence quantum yields which were estimated using equation 1.1. The quantum yields of

A and B-GQDs are quenched ~2.67 and ~ 2.56 times in the presence of Mn?", respectively.
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Table 2.1. Quantum yield (¢), Stern-Volmer quenching constant (Ksv), and binding constant
(K) of A and B-GQDs with Mn?" quencher and GSH?.

Systems @ (A exi = 345 nm) Ks.y (mM™1) Binding constant (K)
(mM)
A-GQDs 33.54% - -
A-GQDs+ Mn** 12.57% 4.85 3.77x10°
A-GQDs+ Mn**+ GSH 29.20% - 6.42x10*
B-GQDs 30.72% - -
B-GQDs+ Mn** 12.02% 4.27 5.08x10%
B-GQDs+ Mn*"+ GSH 26.42% - 6.85x10°

*Experimental error +5%
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Figure 2.11. Stern-Volmer quenching plot of (a) A-GQDs with Mn?" quencher, (b) B-GQDs
with Mn?", B-H binding plot of (c) A-GQDs with Mn?", and (d) B-GQDs with Mn?**.
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2.3.7 Fluorescence Quenching of A and B-GQDs by Mn”* Ions

To understand the interaction between A and B-GQDs with Mn’", the concentration of
Mn’* varies from 0 mM to 1.50 mM (Figure 2.9(c,d)). To understand the quenching efficiency
of Mn"", the plot between Fo/F vs. the quencher [Q] concentration was drawn according to
equation (1.7). Figure 2.12(a,b) shows the plot of Fo/F versus Mn’* concentration. From the
slope values, the individual Ky for both the GQDs was assessed. The Ksy values are 2.42 mM-
''and 3.95 mM! for A-GQDs (Figure 2.12a) and B-GQDs (Figure 2.12b) with Mn’"
respectively. The quenching efficiency of A-GQDs and B-GQDs with Mn"" is 83.1% and
90.3%, respectively. Also, to assess the stoichiometry and interaction between the A and B-
GQDs with Mn"*, the binding constant values were estimated using fluorescence intensity data
using equation (1.8). The graph between (1/Fo-F) versus 1/[Q] displays a linear curve (Figure
2.12 (c,d)). From this graph, the binding constant values (K) of A-GQDs and B-GQDs are
9.63x10* mM™! and 7.88x10° mM respectively. The fluorescence quantum yield was
calculated using equation 1.1 and is shown in Table 2.2. From the table, we observed that the
fluorescence quantum yields of A and B-GQDs are quenched ~27.04 and ~27.18 times in the

presence of Mn’" respectively.
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Figure 2.12. Stern-Volmer quenching plot of (a) A-GQDs with Mn’" quencher, (b) B-GQDs
with Mn’*, B-H binding plot of (c) A-GQDs with Mn’", and (d) B-GQDs with Mn’".
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Table 2.2. Quantum yield (¢), Stern-Volmer quenching constant (Ksv), and binding constant
(K) of A and B-GQDs with Mn’" quencher and GSH?.

Systems ® (A xi=345nm) | Ksv(mM') | Binding constant (K)
(mM™)
A-GQDs 33.54% - -
A-GQDs+ Mn"* 1.24% 2.42 9.63x10*
A-GQDs+ Mn""+ GSH 26.40% - 4.05x10%
B-GQDs 30.72% - -
B-GQDs+ Mn"* 1.13% 3.95 7.88x10°
B-GQDs+ Mn’"+ GSH 27.96% - 5.43x10%

“Experimental error £5%

The comparison of the fluorescence turn-off efficiency of the synthesized GQDs in

Mn?" and Mn"* presence is shown in Figure 2.13(a) and Figure 2.13(b), respectively.

100

a HHH A-GQDs 10{b
| o m
80 - —— B-GQDs n (VID A-GQDs
3 —_ 80 —— B-GQDs
=) d
o 60+ S
& > 604
8 g0
s
g 40 1 S 40-
o 3
[-W
20 201
0 0

Quenching Quenching Turn-on  Turn-on Quenching Quenching Turn-on  Turn-on

Figure 2.13. Bar graph showing comparison study of quenching and turn-on of (a) A-GQDs
and B-GQDs with Mn**, (b) A-GQDs and B-GQDs with Mn’".

2.3.8 Fluorescence Restoration of GQDs and GSH Detection

The GSH addition to the different systems of A and B-GQDs with Mn?** and Mn”*
nanoprobes consequences the recovery of the fluorescence properties of GQDs (Figure 2.14
(a-d)). This fluorescence turn-on/ restoration of A and B-GQDs in the case of Mn?" quencher
is majorly accredited to the stable complex formation formed by reduced GSH with Mn?",

Here, Mn?" is bi-coordinated with O atoms from the carboxyl group of glycine residue and N
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atom from the amine group of glutamyl** (Scheme 2.2). The fluorescence recovery of A and
B-GQDs in the presence of Mn’* quencher is because of the redox reaction amid KMnOj4 (7+)

and GSH (Scheme 2.2) by the equation below:
2 GSH + KMnO4 + 5SH" —— & GSSG + Mn*" + 3H,0+ KOH (2.1)

In the above equation, reduction of Mn’* to Mn?*, and oxidation of GSH give glutathione
disulfide (GSSG). The GSH detection and the fluorescence recovery were investigated by
varying concentrations of GSH with fixed conc. of different systems i.e., A and B-GQDs- Mn?*
and A and B-GQDs-Mn"" respectively. It was seen that on gradually increasing the GSH

concentration, the fluorescence intensity also increases (Figure 2.14(a-d)).
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Figure 2.14. Fluorescence restoration of (a) A-GQDs with Mn?*, (b) B-GQDs with Mn?*, ¢)
A-GQDs with Mn’*, and (d) B-GQDs with Mn"* upon addition of GSH.

The comparison of the fluorescence turn-on efficacy of the synthesized GQDs with Mn?** and

Mn’* in the GSH presence is represented in Figure 2.13(a) and Figure 2.13(b), respectively.
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GQDs

Scheme 2.2. Figure showing mechanism of GQDs detecting GSH in presence of Mn"".

The final turn on percentage i.e., the effect of GSH on fluorescence recovery of A-GQDs and
B-GQDs in presence of different systems is shown in Table 2.3.

Table 2.3. Final turn on percentage of different systems after the GSH addition.
A-GQDs+Mn?** B-GQDs+Mn”" | A-GQDs+Mn?* B-GQDs+Mn’*

GSH 69.6% 65.5% 45.1% 54.1%

Further, the binding constant values of A and B-GQDs- Mn*" and A and B-GQDs-Mn"*
by adding GSH were calculated using the Benesi-Hildebrand method.*> The B-H values for A-
GQDs-Mn?*(Figure 2.15(a)), B-GQDs-Mn** (Figure 2.15(b)), A-GQDs-Mn"" (Figure 2.15(c)),
and B-GQDs-Mn’* (Figure 2.15(d)) in the presence of GSH are 6.42x10* mM™!, 6.85x10° mM"
1, 4.05x10* mM™!, and 5.43x10* mM, respectively. It was seen that the GSH presence leads
to a decrease in the binding constant values. This result implies that GSH addition leads to the
removal of GQDs from the quencher surface. The fluorescence quantum yield in the GSH
presence was shown in Table 2.1 and Table 2.2. It was observed that the restoration of the ®@
values for A-GQDs-Mn**, B-GQDs-Mn?", A-GQDs-Mn’*, B-GQDs-Mn"*in GSH presence are
~2.32,~2.19,~21.29, ~24.74 times respectively.
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Figure 2.15. B-H binding plot of (a) A-GQDs with Mn?*, (b) B-GQDs with Mn?*, ¢) A-

2.3.9 Selectivity and Sensitivity Studies of Different Analytes for Fluorescence Restoration

To know the selectivity of the anticipated facile sensor for GSH detection, fluorescence
studies were done over various competitive analytes. A specific concentrations of amino acids
like lysine (Lys), aspartic acid (Asp), cysteine (Cys), ascorbic acid (AA), methionine (Met),
tryptophan (Trp), alanine (Ala), arginine (Arg), tyrosine (Tyr), leucine (Leu), glucose, glycine
(Gly), glutamic acid (GA), and glutathione (GSH) was mixed with different systems i.e. A-

GQDs with Mn"*, and (d) B-GQDs with Mn’" in presence of GSH.

GQDs-Mn?*(Figure 2.16(a)), B-GQDs-Mn**(Figure 2.16(b)), A-GQDs-Mn"*(Figure 2.16(c)),
and B-GQDs-Mn""(Figure 2.16(d)).

The results confirmed that the GSH exhibited a significant response in comparison to other

analytes (Figure 2.16(a-d)). This confirms that the developed sensing platform was very

selective and sensitive for the detection of GSH.
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Figure 2.16. Fluorescence response of (a) A-GQDs with Mn?*, (b) B-GQDs with Mn?*, ¢) A-
GQDs with Mn’*, and (d) B-GQDs with Mn’" as a sensing system towards various analytes.
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Figure 2.17. Fluorescence response of (a) A-GQDs, (b) B-GQDs in presence of GSH.
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Also, a control experiment was performed which showed that GQDs are not directly
associated with the selectivity in GSH detection (Figure 2.17(a, b)) as there are minimal

changes in fluorescence intensity.
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Figure 2.18. A plot of fluorescence response of (a) A-GQDs-Mn?", (b) B-GQDs-Mn*", (c) A-
GQDs-Mn"", and (d) B-GQDs-Mn"" systems [(F-Fo)/Fo] vs. GSH concentration.

For all the systems of A-GQDs-Mn*", B-GQDs-Mn*", A-GQDs-Mn’", B-GQDs-Mn"",
a decent linear range was seen from the graph of (F-Fo/Fo) vs. GSH concentration, in which F
corresponds to fluorescence intensity in GSH presence, Fo signifies the fluorescence intensity
in the absence of GSH. The limit of detection (LOD) values for A-GQDs-Mn?*, B-GQDs-Mn?*",
A-GQDs-Mn"*, B-GQDs-Mn’* upon GSH addition are 96 pM, 99 uM, 36 uM, and 27
uM, respectively (Figure 2.18 (a-d)). These studies displayed that the developed sensing

platform is facile, green, and cost-effective in comparison to other techniques.
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Conclusions

In this chapter, a unique strategy was successfully established to synthesize GQDs from
coal which is a ubiquitous energy resource. An efficient fluorometric nanosensor is fabricated
using Indian anthracite and bituminous coal-derived GQDs and different oxidation state of Mn
ion (2+ and 7+) for the GSH detection. A simple wet chemical route via a top-down technique
was employed for the highly water-soluble GQDs synthesis using different coals. The surface
functionality and morphology of GQDs were observed by TEM, XPS, EDX, XRD, and FT-IR
analysis. The size of synthesized B-GQDs (7.38 nm + 0.13) was smaller than A-GQDs (10.25
nm + 0.19) as confirmed through TEM analysis. The PL intensity of the A-GQDs is greater
than B-GQDs which is attributed to the quantum confinement effect, signifying a size-
dependent outcome on the PL properties. Small size quantum dots generally give rise to
hypsochromic shift (blue shift). This study confirmed that the distinctive coal structure is
superior for synthesizing GQDs. Along with that, the effect of pH, temperature, and irradiation
time on the stability of GQDs has also been studied. With the increase in pH hypsochromic
shift was observed and with the increase in temperature the fluorescence intensity of GQDs
decreases. The as-prepared GQDs demonstrated excellent selectivity and sensitivity towards
Mn"" (2+, 7+) ions. Nevertheless, the GQDs produced exhibited a substantial alteration in both
their steady-state absorption and fluorescence intensity when exposed to various Mn""
quenchers. However, the excited state lifetime values remained consistent, confirming the
validity of the static quenching mechanism between the GQDs@Mn"" nanoprobes. With the
help of fluorescence intensity data, quantum yield (¢), Stern-Volmer quenching constant (Ksy),
and binding constant values (K) were calculated. Furthermore, experiments were conducted to
assess fluorescence restoration in the presence of GSH. The synthesized nanoprobe (GQDs-
Mn system) is effective for the sensitive and selective analysis of GSH by fluorescence “turn-
off-on” mechanism with the detection limit of 96 uM, 99 uM, 36 uM, and 27 uM for A-GQDs-
Mn?*, B-GQDs-Mn**, A-GQDs-Mn"*, B-GQDs-Mn’" in presence of GSH, respectively. In
short, the above findings showed that the developed fluorescent probes are inexpensive and

simplified method for GSH detection to practical claims.
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CHAPTER-3

Rice-Husk Derived Carbon Quantum Dots-Based Dual-Mode

Nanoprobe for Selective and Sensitive Detection of Fe** and

Fluoroquinolones

Fe*

mL Quenching

Fluoroquinolones

Highlights

> Synthesis of carbon quantum dots from rice husk using the hydrothermal method.

> Study of several photophysical parameter to investigate the interaction between RH-

CQDs and Fe**.

> Comparative photophysical studies were performed to investigate the interaction

between RH-CQDs and Ofloxacin/Ciprofloxacin.

> Integration of two different mechanisms (fluorescence quenching and fluorescence

enhancement) to construct a single sensing platform for accurate quantification of dual-mode

nanosensors.
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3.1 Introduction

Energy scarcity, the steady depletion of non-renewable resources, and environmental
conditions are humans global concerns.! Biomass conversion has a lot of potential to solve
these problems because of its abundance of renewable, eco-friendly, sustainable, and clean
resources.* Moreover, it's a promising "waste to wealth" technique in today's era. Green and
sustainable synthesis of carbon-derived materials from biomass has recently sparked an
extensive study.’ Rice (Oryza sativa), a rich source of carbohydrates, is one of the most
significant cultivated harvests in the world.® Every year, around 156 million tonnes of rice husk
(RH) are produced worldwide.” Most husk is wasted as agricultural waste or burned to emit
greenhouse gases. Also, in addition to silica, RH constitutes a high quantity of organic
components such as lignin, hemicellulose, and cellulose (72-85 wt%).® Because of its high
carbon content and readily accessible raw materials for mass production and scale-up, RH is
selected as the precursor for synthesizing optically distinct CQDs. Different studies have
looked into the production of CQDs from rice husks. Pandey et al. described the synthesis of
bio-compatible mesoporous silica oxide/ carbon-dots complex. The as-prepared complex was
used in biological imaging.® Ngu et al. synthesized carbon dots using thermally-assisted
carbonization from rice husk, and further used them to sense Sn** ions.!” Wang et al. reported
the synthesis of photoluminescent carbon dot grafted silica nanoparticles from rice husk.!! The
promising properties of carbon quantum dots endorse them as a suitable sensor for detecting
metal ions in both biological and environmental systems and have attracted considerable
attention.!?

Carbon quantum dots contain -COOH groups, -OH groups on the surface, and
conjugated m-domains that can interact with metal ions.!>!* The chelation tends to occur fast
when transition metals come into contact with an electron donor group because of empty d-
orbitals. Since, CQDs have oxygen-containing functional groups which serve as electron
donors, combining with ions to generate non-fluorescent complexes.'> As a result, CQDs are
efficient sensors for some transition metal ions. Fe*" is the most abundant essential trace
element in biological systems and the atmosphere. It is the most frequent heavy metal pollutant
found in natural water bodies.'® Fe** ions play a crucial role in various biochemical processes.'”
The abnormal level of ferric ions can cause several disorders, such as malaria, anaemia,
Parkinson's, and Alzheimer's disease.'® Hence, the sensitive detection of Fe*" has a lot of

significance.'’
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Continued use of antibiotics results in serious environmental concerns. Ofloxacin
(OFX) and Ciprofloxacin (CPX) are one of the most widely used fluoroquinolones. The human
body cannot wholly metabolize fluoroquinolone, which is excreted in pharmacologically active
form. Also, it has poor degradability and thus polluting surface and sewage water.?’ Their
residue in the environment have been shown to cause the formation of novel antibiotic
resistance bacteria, which could constitute a public health risk.?! Detection of OFX and CPX
in food samples, pharmaceutical preparations, and the environment is essential and has
attracted much research interest.

For metal ion sensing and fluoroquinolone detection, different equipment and
electrochemical approaches have been utilized. However, they are costly, time-consuming, and
complex. Fluorescence spectroscopy is accessible, highly sensitive, and inexpensive for
detecting metal ions?*> and antibiotics.?*** Zhao et al. synthesized carbon quantum dots from

pine wood and used them for the detection of the Fe’ ions.?’

Zhang et al. used the
hydrothermal method for the synthesis of carbon quantum dots from corncob residues and used
for Fe** sensors.?® Khan et al. fabricated carbon quantum dots from red lentils using the
hydrothermal method and used it for sensitive detection of Fe**.2” Suanchan et al. synthesized
hierarchical porous carbon, and graphene quantum dots and this probe was used for the
detection of ofloxacin.>* Shan et al. fabricated CdS quantum dots for the determination of
ciprofloxacin in biological fluids.?®

In the present work, rice husk (RH) as a bio-waste precursor was used for the facile and
eco-friendly synthesis of CQDs. Stability studies like pH effect, irradiation time (mins), and
storage days on the fluorescence of RH-CQDs were performed. The as-prepared RH-CQDs
were successfully tried as a fluorescent nanoprobe for the sensing of Fe®" with desirable
sensitivity and selectivity over other metal ions. Furthermore, the fabricated sensor was utilized
as a sensing probe for the detection of Fe*" in tablet supplements. Also, the synthesized
nanosensor was simultaneously investigated for the detection of fluoroquinolone (OFX and
CPX) using a fluorescent restoration technique with excellent sensitivity and selectivity over
different analytes. Fluorescence restoration of RH-CQDs with OFX/CPX is affirmed using
lifetime studies. To the best of our knowledge this is the first report in which the carbon
quantum dots act as a dual-mode nanoprobe simultaneously for selective and sensitive

detection of Fe*" and Ofloxacin/Ciprofloxacin.
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3.2 Experimental Section
3.2.1 Materials and Reagents

Rice husk was procured from rice sailors in Patiala, India. Reagents such as sodium
hydroxide (NaOH), sulphuric acid (H2SOs), and nitric acid (HNO3) used for the synthesis of
RH-CQDs were purchased from Loba Chemie Pvt. Ltd., India. Chemicals used for metal ions
stock solutions like Hg(NO3)2, Zn(NO3)2, Cu(NO3)2, Mn(NO3)2, Co(NO3)2, Cr(NO3)s,
Fe(NO3)2, Pb(NO3)2, Ni(NO3)2, and Fe(NO3)s were purchased from Loba Chemie Pvt. Ltd.,

India. Double-distilled water was used for the preparation of stock solutions.

3.2.2 Synthesis of Rice Husk-Carbon Quantum Dots (RH-CQDs)

1. Addition of 20 m| NaOH

2. Stirring and heating at 100 °C 1.10mi H;50,+3 mi distilled 7.
(3h) water
3. Washing, vacuum filtration ‘ 2. Ultrasonication (5h)

and overnight drying
4

Rice husk (RH) RH ash (RHA) RH carbon (RHC)
1. 20 ml HNO,
2. Ultrasonication (10h)
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(0.22m syringe filter) {i 7 200 °C (10h)
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4 distilled water A (0.22 yum membrane)
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Scheme 3.1. A pictorial illustration of the synthesis of RH-CQDs.

Firstly, rice husk was thoroughly washed with double distilled water and dried in an
oven at 90 °C. The dried sample was kept in a furnace at 500 °C for 1 hr to obtain rice husk
ash (RHA). NaOH (1.0 N, 20 mL) was added to the measured amount of RHA, which was then
stirred and heated at 100 °C for 3 hr. The solution was thoroughly washed with distilled water,
vacuum filtered, and dried overnight to obtain rice husk carbon (RHC). Now, RHC (50 mg)
was dissolved in distilled water (3 mL) and H2SO4 (10 mL), ultrasonicated (Labman scientific
instruments, Ultrasonic cleaner) for 5 hrs. HNO3 (20 mL) was gradually added and
ultrasonicated for 10 hrs. The obtained solution was further vacuum filtered with 0.22 pm
microporous membrane and centrifuged for 10 mins at 5000 rpm (REMI PR-24). Further, the
solution was re-dispersed in distilled water (30 mL) and NaOH (1.0 M) was added until pH 7.
The dispersion was transferred to a Teflon-lined autoclave, and the hydrothermal treatment was
done at 200 °C for 10 hr. The solution was cooled at room temperature, centrifuged, and filtered

using a 0.22 um syringe filter leading to brown-coloured RH-CQDs as shown in Scheme 3.1.
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3.2.3 Characterizations

The UV-Visible absorption spectra of the as-prepared RH-CQDs were recorded using
UV-Vis spectrophotometer (Shimadzu UV 2600). The emission spectra were studied using a
spectrofluorometer instrument (Shimadzu, RF-6000). The morphology and size of the prepared
CQDs were examined with transmission electron microscopy (TEM, FEI Tecnai G2 F20).
Elemental composition was examined through X-ray photoelectron spectroscopy (XPS) (PHI
5000 Versa Probe III) and Energy dispersive X-ray spectroscopy (EDX) (Oxford INCA-
XACT). The fluorescence lifetime decays were recorded using time-correlated single-photon
counting (TCSPC) measurements from Edinburgh instrument (Model: Lifespec-I1, U.K.) with
an excitation source at 340 nm (nano-LED). Raman spectrometer (HORIBA LabRAM HR
Evolution) was used to analyse the structural defects and purity of the sample in the range
1000-1800 cm™! with a 532 nm laser. Functional groups were determined by infrared (IR)
spectra through FT-IR spectroscopy (Shimadzu IRTracer-100).

3.2.4 Methodology of Metal ion Sensing

The stock solution of various metal ions (1 mM) such as Hg?*, Zn**, Cu®", Mn?*, Co?",
Cr’*, Fe**, Pb*", Ni**, and Fe*" were prepared in aqueous medium (distilled water) to evaluate
the selectivity studies of the prepared RH-CQDs. The measured amount (0.1 mM) of stock
solution of respective metal ion solution was added to 100 uL of RH-CQDs in 2 mL distilled
water, and the respective fluorescence emission spectra were recorded at the specific excitation
wavelength. Furthermore, stock solution of Fe** (1uM) was prepared to validate the sensitivity

studies.

3.2.5 Sensing of Tablet Supplement

To evaluate the sensing efficacy of the as-prepared sensor in tablet dosage, the iron
supplement (Abbott, Ferric Saccharate chewable tablets), ofloxacin tablet (Microbid), and
ciprofloxacin tablet (Floxip) was purchased form a local market. Three tablets of each of the
supplement were weighed separately. They were further homogeneously grounded using
mortar and pestle. An accurate weighing of the powder corresponds to 9.0 mg of OFX, 8.3 mg
of CPX, and 17. 0 mg of iron supplement which was transferred to volumetric flask of 25 mL
to prepare 1mM stock solution. Sonication for 10 mins was performed to completely dissolve
the tablets in distilled water. The solution was further diluted to obtain 1uM stock solution of
the tablet supplement. To record the photoluminescence (PL) spectra, 100 puL of as prepared

stock solution was successively added to the prepared sensing system for further study.
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3.3 Results and Discussions
3.3.1 Characterizations

To know the surface chemical compositions of the as-prepared RH-CQDs, XPS
analysis was carried out. The survey spectrum shows two peaks at 285 eV and 530 eV
corresponds to C 1s and O1s (Figure 3.1(a)). The high-resolution Cls spectra (Figure 3.1b) was
deconvoluted into three peaks at 284.96, 287.56, and 289.1 eV conforming to C=C/C-C, C=0,
and O=C-O, respectively.”!> The O 1s spectra (Figure 3.1c) show peaks at 530.6 and 533.6 eV
corresponding to C=0 and O=C-O.” The spectrum (Figure 3.1d) showed signals at 3260 cm™!
of O-H, small band at 2829 cm™! corresponds to C-H, signals at 1723 cm™ (C=0) and 1612 cm"
! confirms the presence of C=C. This affirmed the presence of graphitic carbon and hydroxyl
group in the synthesized RH-CQDs.!*? The absence of any signal at ~400-1100 cm

confirmed that there is no contamination of silica in the synthesized RH-CQDs.?
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Figure 3.1. (a) XPS survey spectrum of RH-CQDs, (b) High-resolution C 1s spectrum, (c)
Ols, and (d) FT-IR spectra of RH-CQDs.

The elemental analysis of the synthesized RH-CQDs shows the weight concentration
(%) and atomic concentration (%) of the elements present that is C (28.21%, 34.31%) and O
(71.79%, 65.69%). The elemental components of rice husk (RH) and rice husk carbon were
also detected using EDX which were shown in Figure 3.2 (a, b). Rice husk contains C (31.66%,
38.90%), O (61.71%, 57.55%), Na (0.16%, 0.10%), Al (0.10%, 0.06%), Si (6.36%, 3.39%),
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and P (0.01%, 0.00%) (Figure 3.2(a)), while, rice husk carbon (RHC) contains C (55.83%,
64.11%), O (36.82%, 31.88%), and Na (7.35%, 4.01%) (Figure 3.2(b)).

Spectrum 2
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Figure 3.2. EDX Spectra of (a) rice husk (RH), and (b) rice husk carbon (RHC).

The morphology and size of the synthesized RH-CQDs were analysed from TEM.
Figure 3.3a shows the spherical quantum dots with inset HR-TEM image showing the lattice
spacing (0.24 nm), corresponds to (1120) lattice fringes of graphene.’® Figure 3.3b and 3.3c
shows the agglomerated particles with size distribution range from 4-18 nm having an average
particle diameter of 8.3 + 0.44 nm. The as-prepared carbon quantum dots are present in
agglomerated clusters which could be caused by the high surface energy of RH-CQDs leading

to significant attraction in-between the nanoparticles.’!

Figure 3.3. (a) HR-TEM image of RH-CQDs with inset showing lattice spacing, (b) TEM
image of agglomerated particles with inset size distribution histogram, and (c) lattice fringes

in the synthesized RH-CQDs.
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Figure 3.4a shows a Raman spectrum exhibiting G band at 1594 cm™ and a broad D
band at 1200-1500 cm™! with a peak centred at 1374 cm™! having an intensity ratio of ID/IG of
0.86, confirming the high number of defects. Raman results confirms the occurrence of sp>

carbon (G band) and sp® defects (D band) within the RH-CQDs.2%*%33
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Figure 3.4. (a) Raman spectrum of RH-CQDs exhibiting D and G bands, (b) UV-Visible
absorption spectrum of RH-CQDs with inset image showing RH-CQDs under visible and UV

light illumination, and (c) PL excitation and emission spectra of RH-CQDs.

3.3.2 Optical properties of RH-CQDs

The optical properties were analysed using UV-Visible absorption spectra and
fluorescence spectra of the synthesized RH-CQDs. Figure 3.4b exhibits a small shoulder at
270 nm corresponds to the m—m*transition of the sp? domains.** A broad band at 280-320 nm
was due to n-m*transition of C=0 of RH-CQDs.* The inset image shows that RH-CQDs in
aqueous medium exhibits a brown colour in visible light, and blue emission upon irradiation in
UV light of 365 nm. It is possibly due to the radiative recombination between holes and
electrons, caused by the photoinduced charge separation and trapping at surface sites, is thought

to contribute to the fluorescence emission of the synthesized RH-CQDs.*>7
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Figure 3.4c shows the PL excitation and emission spectra upon excitation at 320 nm
with maximum emission centred at 428 nm. The PL quantum yield of 56.2% w.r.t. quinine
sulfate was observed for the synthesized RH-CQDs. Table 3.1 compares the high quantum yield
of the RH-CQDs prepared in this study with the previous works reported in the literature.

Table 3.1. Summary of Quantum Yield of Rice husk-derived quantum dots.

S.No. | Precursor Synthesis Method Quantum Yield | Ref.

1 Rice husk Hydrothermal 20.80% 38

2 Rice husk Ash | Thermal hydrosilylation 34.6% 39

3 Rice husk Hydrothermal & calcination 3% 2

4 Rice husk One-pot hydrothermal method | 8.8% 15

5 Rice Straw Hydrothermal-carbonization 24.03% 40

6 Rice husk Hydrothermal 56.2% Present work

The fluorescence spectra at distinct excitation wavelengths (280 nm- 410 nm) are
exhibited in Figure 3.5 (a). A shift was noticed in the emission wavelengths from 404 nm to
490 nm under the change in Aex. This confirms that PL emission spectra is related to the PL
excitation energy which are reliant on different factors like surface edge defects, quantum

confinement effect, aromatic sp” bonds, size variation, and zigzag edge effects.*!

3.3.3 Stability Studies of RH-CQDs

The effect of pH, irradiation time on the fluorescence intensity of the synthesized RH-
CQDs was evaluated. The increase in PL intensity was observed as pH changes from 1 to 7
(Figure 3.5 (b)). The maximum intensity was observed at pH 7, then the slight decrease in PL
intensity was observed with the change in pH (7 to 13). This is attributed to protonation and
deprotonation of the emissive sites in the RH-CQDs, consequently leading to change in PL
intensity.!* It was seen that there is no significant change in PL intensity of RH-CQDs with the
irradiation time up to 60 mins (Figure 3.5 (c)). Also, the prepared RH-CQDs were incubated
for 30 days and PL spectra was noted at regular interval showing no notable change in
fluorescence intensity with incubation period (Figure 3.5(d)). This confirms that the

synthesized RH-CQDs have high stability and are suitable for various analytical applications.
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Figure 3.5. (a) PL emission spectra of RH-CQDs at different excitation wavelengths (280-
410 nm), (b) effect of pH (1-13) on PL intensity, (c) effect of irradiation time (mins), and (d)

impact of storage time (days) on the fluorescence stability of RH-CQDs.

3.3.4 Method Validation
The developed method was validated according to ICHQ2(R1) guidelines.*?

3.3.4.1 Linearity and Range
To evaluate the sensitivity of the developed sensor, the impact of fluorescence intensity
of different concentrations of Fe**(nM) with RH-CQDs was studied. The fluorescence intensity

of RH-CQDs was quenched gradually with various concentrations of Fe*" as shown in Figure
3.6 (a).
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Figure 3.6. (a) PL quenching spectrum of RH-CQDs with different concentration of Fe**, and
(b) linear plot of Fo/F with Fe** ions (0-1300 nM).
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To comprehend the quenching efficiency, the graph between Fo/F vs. the quencher [Q]
concentration was plotted according to the Stern-Volmer equation 1.7. Figure 3.6 b depicts a
linear relation between Fo/F and concentrations of Fe** (0-1300 nM) with a linear regression
equation shown as:

Fo/F = 0.00139 [Fe>*] + 0.89291 (R2= 0.995) (3.1)

Values of correlation coefficient (R?) reaching approximate unity indicates the acceptable

linearity of the proposed system (Table 3.2).

Table 3.2. Analytical performance for Fe** by the developed sensor.

Parameters Fe3*

Linearity range (nM) 0-1300

Limit of Detection (LOD)?* (nM) 149

Limit of Quantification (LOQ)® (nM) 497

Regression equation Fo/F = 0.00139 [Fe**] + 0.89291
Correlation coefticient 0.995

Binding Efficacy (nM™) 95

SLOD =306/K, ’LOQ =106/K, o is standard deviation of intercept and K is the slope.

3.3.4.2 Limit of Detection and Limit of Quantification

The LOD and LOQ values were calculated using 36/K and 10c/K (Table 3.2),
respectively where o is standard deviation of intercept and K corresponds to the slope of linear
line. The LOD values calculated from Figure 3.6b is 149 nM (Table 3.2). Table 3.3 shows the
prepared sensor exhibits the high sensitivity towards Fe*" and a low detection limit in

comparison to other sensor systems reported in the literature.

Table 3.3. Various sensing systems based on quantum dots for Fe*" detection.

Sr. No. | Sensor’s system Linear range LOD Ref.
1 P-CQDs 0-2000 uM 3554nM | B
2 CQDs 0-300 uM 19 uM 3
3 S-CDs 0-500 uM 0.1 uM 44
4 N-CQDs 50-300 pM 10.8 pM 45
5 GQDs 0.004-1.8 mM 1.2 uM 46
6 Carbon dots 30-600 uM 9.55 uM 47
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7 NA-GQDs 0.5 uM-0.5 mM 0.1 uM 48

8 Carbon dots 0-50 uM 0.8 uM 49

9 RH-CQDs 0-1300 nM 149 nM Present work

3.3.4.3 Binding Efficacy

The value of excited state binding constant has been evaluated using 1:1 linear Benesi-
Hildebrand (B-H) equation 1.8 to better understand the stoichiometry and binding interaction
between the RH-CQDs and Fe®*. The graph between (1/ Fo-F) versus 1/[Q] shows a linear plot
with binding constant value K = 95 nM™! and R?= 0.992 (Figure 3.7a, Table 3.2).
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Figure 3.7. (a) B-H binding plot of RH-CQDs with quencher (Fe*"), and (b) selectivity study
of RH-CQDs on addition of different metal ions.

3.3.4.4 Precision and Accuracy

This was carried out to assess the intra-day and inter-day precisions. This was carried
out using three different concentrations and the three replicates of every concentration.
Acceptable %RSD value was displayed which is less than 2% which signifies an acceptable

precision of the developed method (Table 3.4).

3.3.4.5 Robustness

It is an important validation parameter. This signifies the influence of minute changes
in factors affecting the fluorescence sensing. The effect of volume added of RH-CQDs (100.0
pL+£1) and pH (7£0.1) was studied showing no noticeable effect on recovery percentage and

%RSD values as shown in Table 3.5.
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Table 3.4. Intraday and Inter day precision data for the estimation of Fe** by the developed

Nanosensor.
Intra Day? Inter Day®
Conc.
Conc.
Analyte | taken | Conc. found +
%RSD | %Error® | found = | %RSD | %Error¢
(nM) | S.D. (nM)
S.D. (nM)
200 199.3+0.95 0.95 0.55 199.0+1.15 | 1.15 0.66
Fe3* 600 604.2+0.91 0.30 0.17 598.8+1.60 | 0.55 0.31
1000 | 1000.3+1.37 | 0.27 0.15 1002.4£1.75 | 0.35 0.20
Each result is the average of three separate determinations
#Within a day *Three consecutive days “%Error=%RSD/Nn

Table 3.5. Robustness evaluation of the developed sensor.

Variation

Volume (100.0 pL+1) Recovery error (%) Recovery rate (%) | RSD (%)
99.0 uL 1.05 101.07 1.39
100.0 uL 1.96 98.07 1.43
101.0 uL 0.22 100.77 1.53

pH (7£0.1)

6.9 1.00 101.01 1.61

7 0.14 99.85 1.50

7.1 0.42 100.42 1.70

3.3.5 Selectivity Studies for Detection of Fe3* Ions

Selectivity is a critical component to investigate while developing an effective sensor.
For this study, the change in PL intensity of RH-CQDs by the addition of different metal ions
was studied. The stock solution of ImM of Hg?*, Zn**, Cu?**, Mn?*, Co*", Cr*", Fe**, Pb*",
Ni**, and Fe*" ions were prepared. The measured amount of respective metal ion solution was
added to 100 uL of RH-CQDs in 2 mL distilled water. Among all the metal ions, Fe*" ions
showed a high selectivity and quenching effect with RH-CQDs as shown in Figure 3.7b. The

further sensitivity studies were performed using 1 pM stock solution of Fe®" ions. The
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fluorescence quenching of RH-CQDs by the Fe** ions addition is due to the coordination
between the phenolic hydroxyl groups and Fe*" ions which facilitated charge transfer. This
results into the restraining of exciton recombination and the fluorescence quenching take

place.’!

3.3.6 Plausible Reason of High Selectivity of RH-CQDs with Fe3* Ions

The plausible mechanism for PL quenching by the addition of Fe** is because of the
functional groups (-OH, -COOH) present on the surface of RH-CQDs. These surface functional
groups exhibits significant interaction with metal ions towards coordination complex
formation.>? Fe** binds with -OH group of RH-CQDs resulting into formation of Fe(III) chelate
complex. Electrons get transferred from the excited state of RH-CQDs to half-filled 3d orbitals
of Fe (I1I) leading to non-radiative e-h" recombination ultimately resulting in PL quenching as

shown in equation 3.2.%
6 CQDs-OH + Fe3* — [Fe(0CQDs) ]+ + 6H* (3.2)

Also, Fe(Ill) displayed fast chelating speed for the formation of coordination or chelation

complexes in comparison to other metal ions because of high thermodynamic affinity.>*

3.3.7 Sensitivity Studies for Detection of Fe** Tons

To understand the quenching mechanism 1i.e., static or dynamic between the RH-CQDs
and Fe’', time resolved emission measurements were executed Figure 3.8. The lifetime
components along with their relative populations are tabulated in Table 3.6. The average
lifetime value of RH-CQDs was observed to be Tay = 5.00 ns and upon addition of Fe*" it was
decreased to tay = 0.63 ns (Table 3.6) which shows that fluorescence quenching is based on
transfer of electrons from RH-CQDs to Fe**. Due to non-radiative electron-hole recombination,
electrons from excited state are transferred from RH-CQDs to the half-filled 3d orbitals of
Fe’*>> As a result of these findings, dynamic quenching occurred in between the surface
functional groups of both the donor (RH-CQDs) and the acceptor (Fe*"). Additionally, to
comprehend the quenching mechanism in detail, we have calculated the radiative (K,) and non-
radiative (K,,) rate constants with average lifetime (7)) and quantum yield (¢p) using the

equations 1.4, 1.5.%
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Figure 3.8. Time-resolved fluorescence emission decays of RH-CQDs in presence of Fe*,

OFX, CPX.

Table 3.6. Fluorescence lifetime parameters of RH-CQDs in absence and presence of Fe**.

System 71 (ns) aj 72 (ns) a2 #<Tav>(ns) | x>
RH-CQDs 2.44 0.60 | 8.84 0.40 5.00 1.16
RH-CQDs + Fe*™ | 0.25 090 |4.12 0.10 0.63 1.07

Table 3.7 exhibits the k- and k- values. The value of k- reduced, whereas k.- value get
increased in presence of Fe** in RH-CQDs. This shows that fluorescence quenching
mechanism relies on the excited state electron transfer.!* The electron transfer rate (kgr) was
calculated to know the excited state dynamics of RH-CQDs with Fe** ions using the equation

1.9.

The efficiency of electron transfer (¢z£7) is evaluated using equation 1.10. The values
of ker and ¢rer augments the transfer of electrons in excited state, which conform to the

dynamic quenching (Table 3.7).

Table 3.7. Different photophysical parameters for RH-CQDs in presence and absence of Fe**.

kr l(]'l]' PL

Tav kET (X109

Systems ¢ (x10° | (x10° s° 1y $geT(Tp) | PEET(PD) | qUenching
¢

@) ey |y (%)
RH-CQDs | 0.562 | 5.00 | 0.112 | 0.088 | - - - -
RH-CQDs

0.050 | 0.63 | 0.079 | 1.501 1.387 0.874 0.911 66.40

+ Fe
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3.3.8 Fluorescence Quenching Mechanism

With the addition of inhibitory molecules, the fluorescence quenching mechanism of a
fluorescent moiety is largely dynamic or static quenching.®’ The PL intensity of RH-CQDs was
steadily decreased in presence of Fe** (quencher). Dynamic quenching is due to the collision
between fluorescent probe in excited state and the quencher, which is then reverted to ground
state due to charge transfer. The Stern-Volmer quenching constant (Ksy) along with binding
constant (K) values were calculated using equation 1.7 and equation 1.8, respectively.
Moreover, the decrease in average lifetime values of RH-CQDs upon addition of Fe** ions
using time-resolved lifetime measurements (Figure 3.8) confirmed the dynamic quenching
mechanism. The plausible reason for dynamic quenching is due to excited state charge transfer
from surface of RH-CQDs to half-filled (3d) orbital of Fe*" (Scheme 3.2). This results into
conversion of fluorescent RH-CQDs to non-fluorescent complex in presence of quencher (Fe**)
in excited state collision path and then return to ground state. Also, we have calculated the

electron transfer rate (Kg7) and electron transfer efficiency (¢zer) to validate that the dynamic

fluorescence quenching mechanism take place between the RH-CQDs and Fe** ions.

hv

E.S.

3d orbital of Fe3*
G.S.

Scheme 3.2. Mechanism showing Fluorescence quenching of RH-CQDs on addition of Fe**

ions.

3.3.9 Detection of Fe3* in Tablet Supplement

The as-prepared RH-CQDs were used as a fluorescent probe for the detection of Fe*
in tablet dosage. The fluorescence intensity of the RH-CQDs upon addition of different
concentrations of Fe*" in sample was shown in Figure 3.9a. The plot clearly shows that the PL

intensity gradually decreases as the concentration of Fe*" increases. The standard curve for Fe*"
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detection in the sample was displayed in Figure 3.9b. A linear plot was noticed among Fo/F
and various concentrations of Fe** in tablet supplement (50-1300 nM) with R?>= 0.992 (Figure
3.9(b)). The values of recovery rate (%), recovery error (%), relative standard deviation (RSD)
(%) are summarized in Table 3.8 and the results confirmed that the RH-CQDs can be utilized

as a sensing probe in the tablet supplements.
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Figure 3.9. (a) Fluorescence quenching spectra with distinct concentrations of Fe**, and (b)

linear plot of Fo/F and Fe*concentrations in tablet supplement.

Table 3.8. Application of the developed sensor for the detection of Fe*" in tablet dosage.

Amount Amount

added to | detected by | Recovery Recovery
Sample RSD (%)

our system | our system | error (%) rate (%)

(nM) (nM)

100 101.6 1.57 101.6 1.03
Iron

200 202.5 1.23 101.25 1.58
supplement

400 396.6 0.85 99.15 0.77

3.3.10 Detection of Fluoroquinolone with Fluorescence Enhancement Technique

The fluorescence intensity of the as-prepared RH-CQDs was eventually enhanced by
adding different concentrations of OFX and CPX (Figure 3.10a, 3.10b). This enhancement in
PL intensity is mainly credited to the hydrogen bond formation between the carboxyl of RH-
CQDs and amine of the piperazine ring.’® Linearity range, detection limit (LOD), limit of
quantification (LOQ), regression equation, and other analytical performance parameters for the

detection of OFX and CPX were given in Table 3.9. The LOD values calculated for OFX and
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CPX from Figure 3.10c, 3.10d are 150 nM (R?= 0.994) and 127 nM (R?= 0.996), respectively.
B-H values for OFX and CPX in presence of RH-CQDs are 191 nM™! (Figure 3.11a) and 694
nM! (Figure 3.11b), respectively. The high binding constant values verified the strong
interaction between RH-CQDs and OFX and CPX.

Table 3.9. Analytical performance data for OFX and CPX by the developed sensor.

Parameters OFX CPX
Linearity range (nM) 50-1150 50-1150
Limit of Detection (LOD)* (nM) | 150 127
Limit of Quantification (LOQ)®

Q Lo 497 424
(nM)

. _ Fo/F = 9.054x10* [OFX] + | Fo/F = 9.123x10™* [CPX]
Regression equation

0.0026 +0.1033
Correlation coefficient 0.994 0.996
Binding Efficacy (nM™) 191 694

LOD =30/K, °LOQ =100/K, o is standard deviation of intercept and K is the slope.
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Figure 3.10. Fluorescence enhancement spectra of RH-CQDs in presence of (a) OFX, (b)
CPX, (c) linear plot of Fo-F/F¢ with OFX (0-1150 nM), and (d) linear relationship of Fo-F/Fo

with different concentrations of CPX.
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Precision calculations were performed with three different concentrations and replicates

of each concentration of both OFX and CPX to test intra and inter day precision as given in

Table 3.10.
Table 3.10. Intraday and Inter day precision data for the estimation of OFX and CPX by the
developed nanosensor.
Intra Day? Inter Day”
Conc.
Conc. Conc.
Analytes | taken
(M) found + | %RSD | %Error¢ | found + | %RSD | %Errore
n
S.D. (nM) S.D. (nM)
200 198.69+0.65 | 0.65 0.37 199.44+1.51 | 1.52 0.87
OFX 600 602.2+1.55 | 0.51 0.29 600.03+1.43 | 0.47 0.27
1000 1003.1+1.32 | 0.26 0.15 996.40+1.66 | 0.33 0.19
200 196.19+0.63 | 0.64 0.37 199.06+1.40 | 1.41 0.81
CPX 600 600.6+1.01 | 0.33 0.19 594.03+1.95 | 0.66 0.38
1000 1004+1.51 0.30 0.17 997.73+1.05 | 0.21 0.12

Each result is the average of three separate determinations.

*Within a day

*Three consecutive days

05 Error=%RSD/\n

Also, time-resolved measurements were performed. The average lifetime of RH-CQDs

1s 5.00 ns and after the addition of OFX and CPX, the tay was 6.07 ns and 6.40 ns, respectively
(Table 3.11, Figure 3.8).

Table 3.11. Fluorescence lifetime parameters of RH-CQDs, RH-CQDs + OFX, and RH-

CQDs + CPX.
Systems 71 (ns) ai T2 (ns) a2 #<Tav>(ns) | x>
RH-CQDs 2.44 0.60 | 8.84 0.40 5.00 1.16
RH-CQDs + OFX | 0.66 0.04 | 6.30 0.96 6.07 1.11
RH-CQDs + CPX | 1.21 0.03 | 6.57 0.97 6.40 1.12
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Figure 3.11. B-H binding plot of RH-CQDs with (a) OFX, (b) CPX, and (c) selectivity
studies of RH-CQDs with different analytes.

The analytical performance parameters (recovery rate (%), recovery error (%), relative

standard deviation (RSD) (%)) evidenced that the developed method is used for detecting OFX

and CPX at trace levels as summarized in Table 3.12.

Table 3.12. Application of the developed sensor for the detection of OFX and CPX in tablet

dosage.
Amount detected
Amount added to Recovery Recovery | RSD
Samples by our system
our system (nM) error (%) | rate (%) | (%)
(nM)
150 151.5 0.99 101 1.18
OFX
300 295.7 1.45 98.56 1.48
450 445.7 0.96 99.0 1.10
150 147.8 1.48 98.53 1.52
CPX 300 302.8 0.92 100.93 0.84
150 445.2 1.07 98.93 1.07
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3.3.11 Selectivity Measurements

To examine the selectivity of the proposed sensor, PL studies were done with various
analytes. A specific concentration of ofloxacin (OFX), ciprofloxacin (CPX), sucrose, glucose,
urea, cysteine (Cys), ascorbic acid (AA), tyrosine (Tyr), norfloxacin (NFX), erythromycin
(ERM), and methionine (Met) were mixed with RH-CQDs. OFX and CPX exhibited high
selectivity in comparison to others (Figure 3.11(c)). The plausible reason of high selectivity is
attributed to unique structure of fluoroquinolones.?! These are fluorinated 4-quinolone rings
with carboxylic acid, fluorine, and a piperazine ring substitution on position 3,7,8. The
carboxyl of RH-CQDs preferentially forms a strong hydrogen bond with amine of the
piperazine ring.’® Furthermore, this hydrogen bond is crucial for all H-bond bridges. Also, the
quinolone ring is an important conjugation system for fluoroquinolone, with charge transfer

occurring between the quinolone ring and RH-CQDs.

3.3.12 Plausible Mechanism for Fluorescence Restoration
The enhancement in fluorescence may assigned to the important phenomenon of
hydrogen bonding and charge transfer complex between RH-CQDs and OFX/CPX. The
existence of numerous hydroxyl and carboxyl moieties offers strong hydrogen bonds formation
between the carboxyl/hydroxyl groups of RH-CQDs and fluorine/nitrogen of OFX/CPX
(Scheme 3.3).2! Strong intermolecular hydrogen bonding creates centre that connects two
adjacent molecules. The delocalization of m-electrons within intermolecular hydrogen-bonded
systems has an impact on the ring stabilisation parameters, hence these bonds were credited as
resonance assisted systems.>’
Excitation light
i W 2 0\'/ o Excitation

&

Emission

OH

\ / Charge transfer -----------—---—- Hydrogen bond

Scheme 3.3. Plausible mechanism between RH-CQDs and CPX.

Ar-H-O hydrogen bonds can be generated because the carbon on the aromatic ring has

a comparatively strong electron withdrawing capacity. Also, the amount of resonance and the
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strength of hydrogen bond in the H-bonded systems is associated with the molecular symmetry
and the interaction type (O-H.N/O-H.F).®° Also, the property of electron donation of OFX/CPX
contribute in donor-m-acceptor system via charge transfer may foster the C=C bonds
conjugation. The addition of OFX/CPX noticeably enhance the PL intensity of RH-CQDs as
shown in Figure 3.10a and 3.10b. The average lifetime of values of RH-CQDs significantly
increases in presence of OFX and CPX (Figure 3.8). From the lifetime studies, it was clearly
evident that radiative decay rate enhanced and non-radiative decay rate declined in the presence
of OFX and CPX. This result also confirms the enhancement of fluorescence emission of RH-
CQDs. The collaborative effect of hydrogen bonding and charge transfer promotes the

fluorescence restoration mechanism.
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Figure 3.12. Interaction of test system with increasing the proportion of aprotic solvent (a)

DMF, (b) DMSO, (c) ACN.

To prove the fluorescence enhancement due hydrogen bonding phenomenon, the
experiment was performed. The effect of increasing the proportion of aprotic solvents i.e.,
DMF, DMSO, and Acetonitrile in test systems on the fluorescence was studied (Figure 3.12(a-
c)). As the proportion of polar aprotic solvent increased hydrogen bonding tendency with RH-
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CQDs gradually decreased and ultimately the fluorescence decreased. As the concentration of
these solvents increased, RH-CQDs exhibits a bathochromic shift in emission spectra as
compared to water as shown in Figure 3.12(a-c). The hypsochromic shift in water (less conc.
of aprotic solvent) was due to solvent induced change of electronic ground state from less
dipolar to more dipolar chromophore.®! Also in water, extensive hydrogen bonding, dipole-
dipole and solute-solvent interactions are present. But, in aprotic solvents these are less
prominent and ultimately reduced fluorescence is observed. Therefore, it can be concluded that
hydrogen bonding plays an important role for the interaction between OFX/CPX and RH-
CQDs.

Conclusions

Highly water soluble, strong fluorescent (56.2%), and stable RH-CQDs with an average
size of 8.3 nm were prepared through hydrothermal treatment of rice-husk (biowaste). This
approach is non-toxic, economical, and eco-friendly that can be used for macroscale
production. The synthesized RH-CQDs exhibited excitation dependence within range of 280
nm-410 nm and are blue fluorescent. RH-CQDs act as nanosensor for highly sensitive and
selective detection of Fe** with 66.4% quenching and detection limit of 149 nM. High chelating
speed of Fe*" for the formation of coordination complexes results in fluorescence quenching.
The lifetime values confirmed the occurrence of charge transfer from RH-CQDs to Fe** in
excited state, confirming dynamic quenching. Also, RH-CQDs were used for the detection of
OFX and CPX by fluorescence enhancement technique. The reason for high selectivity and
sensitivity among various analytes towards fluoroquinolones is because of hydrogen bond
formation between the carboxyl of RH-CQDs and amine of piperazine ring. The interference
free detection is because of hydrogen bonding and charge transfer between RH-CQDs and
OFX/CPX. The detection limit calculated was 150 nM and 127 nM for OFX and CPX,
respectively. Full validation of the developed method was carried out in accordance with ICH
recommendations. This environment-friendly approach comes out to be efficacious technique
for the synthesis of biocompatible RH-CQDs for sensing of Fe** and OFX/CPX leading to
substantial economic and environmental benefits. Here, integration of two different
mechanisms (fluorescence quenching and fluorescence enhancement) was followed to

construct a single sensing platform for accurate quantification of dual-mode nanosensors.
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CHAPTER-4

Orange Pomace Derived Fluorescent Carbon Quantum Dots:

Detection of Cr (VI) and 4-Nitrophenol in Nanomolar Range
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Highlights

> Synthesis of green-emissive carbon quantum dots (CQDs) from orange pomace via
microwave method.

> Fabricated CQDs displayed excellent photostability, water solubility, and outstanding
fluorescent quantum yield, i.e., 54.26%.

> The synthesized CQDs showed promising results for the detection of Cr®* ions and 4-
nitrophenol (4-NP) up to nanomolar range.

> Various photophysical parameters were analysed to gain more insight into the sensing
mechanism

> The PL quenching was attributed to IFE for the detection of Cr®" while, for 4-NP it is

due to formation of zwitterionic spirocyclic Meisenheimer complex and IFE.
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4.1 Introduction

Carbon Quantum dots (CQDs) are a distinct group of fluorescent nanomaterials, which
have gained prominence in recent years.! A thorough review of the available literature found
that organic compounds and natural precursors (biomass and biowaste) were employed to
synthesize CQDs.? Organic compounds like citric acid, glycerol, and chitosan have been used
to produce CQDs but have limitations like toxicity, post-surface passivation, and harsh reaction
conditions.? Therefore, it is preferable to synthesize CQDs through eco-friendly, affordable,
and facile pathways from biomass.* Biomass-derived CQDs have high C content (45-55wt%).*
Also, this is the cost-efficacious and convenient method for the mass production of CQDs
without involving any refractory solvents.*

Despite progress in selecting green carbon precursors like apple juice,’ garlic,® orange
juice,” lemon juice,®, the use of edible products continues to be a challenge.” The more
favourable choice is to use the agro-industrial waste that comes from the consumption of
primary products.!®!! The beverage and juice industries generate ~125 million tonnes of by-
products.'? Citrus sinensis (Orange) is the typical citrus fruit with a global production of ~73
million tonnes used for non-culinary and culinary purposes.’ After juice production, the by-
product formed is known as pomace, often discarded. Each year, ~ 15 million tonnes of orange
juice by-products are generated globally.!* Orange pomace contains amino acids, Nitrogen,
reducing sugars, fat (low content), pectin, cellulose, lignin, moisture, nucleic acid, and phenolic
content.!? Interestingly, pomace can be an effective green precursor for CQDs synthesis. The
inherent N functionalities and surface-bound functional groups like phenolic, carboxyl, etc., in
the as-prepared CQDs were responsible for the sensing of different analytes.

Meanwhile, Chromium (Cr) is one of the heavy metal pollutants affecting human health
and the environment.'* Among all the forms, Cr (VI) has drawn attention in recent times as it
causes hereditary gene defects, allergic reactions, nasal mucosal irritation, and cancers.'> The
United States Environmental Protection Agency identified it as a heavy metal pollutant in the
atmosphere.!® Therefore, rapid and accurate Cr (VI) detection is of utmost importance. Also,
4-Nitrophenol (4-NP) is one of the refractory and noxious pollutants in the effluents produced
from the manufacture of pharmaceutical dyes, explosives, and agrochemicals. The ingestion of
4-NP could lead to disorders like headache, kidney and liver damage, and
methemoglobinemia.!” Owing to its carcinogenic capacity and toxicity, the U.S. EPA has listed
it in “Primary Pollutant list”.'® Hence it is vital to create a very specific and sensitive detection
system for the detection of 4-NP to save the environment and public health. Fluorescence

spectroscopy is a widely used technique for the detection. Wang and co-workers fabricated N-
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doped CQDs from a chelating agent and used it for detecting Cr (VI) ions.'! Xu et al. prepared
N-doped CQDs from D-glucose and L-arginine, which were used to detect Fe (III) and Cr
(VI).2° Guo et al. described the hydrothermal preparation of N- and B-doped carbon dots for
sensing Cr (VI) through a fluorescence quenching mechanism.?! Mondal et al. prepared CQDs
using citric acid and lanthanide to detect Cr (VI).22 Li et al. employed apple peels for CQDs
synthesis and utilized it for the detection of Cr (VI) having detection limit i.e., 0.73 uM.?* Das
and Dutta synthesized N-doped carbon dots with ethylene glycol and B-alanine for the
detection of 4-nitrophenol and Cr (VI) with the 0.4 uM and 0.29 uM detection limit,
respectively.?* Huang reported the sensitive detection of 4-NP having 0.05 uM detection limit
using cuttlefish ink-based N and S co-doped CQDs.?> Amjadi and Hallaj studied glucose-
derived CQDs-Ru(bpy)s**-Ce (IV) chemiluminescence sensor designed for determination of
4-NP.2

This study emphasizes on synthesizing CQDs using orange pomace through the one-
pot facile, green, and microwave-assisted methods without the incorporation of any chemicals.
The as-prepared CQDs showed green emission and highly fluorescence property. The
developed sensor was used for the selective and sensitive detection of Cr®" and 4-NP at the
nanomolar level by inner filter mechanism. This study also validates the results of real sample

analysis.

4.2 Experimental Section
4.2.1 Materials

Orange pomace was taken from local juice shop (Patiala, India). All the chemicals
necessary to prepare metal ions stock solutions were acquired from Loba Chemie, India.

Deionized (DI) water was utilized during the experiments.

4.2.2 Synthesis of Orange Pomace-Derived CQDs

To begin, the orange pomace was gently cleansed with DI water. Water (100 mL) was
added to pomace and grinded in a mixer which was further filtered and juice was collected.
The filtered juice was transferred to reaction vial and kept for heating at 150 °C (300 W) for
10 mins in microwave reactor. The obtained solution was filtered using a syringe filter

(0.22 pm) to obtain brown-coloured CQDs as illustrated in Scheme 4.1.
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Scheme 4.1. Synthesis of CQDs from orange pomace.

4.2.3 Characterizations

The UV-Visible absorption spectrum was studied by UV-Vis spectrophotometer
instrument (Shimadzu UV 2600). Photoluminescence spectra were recorded using a
spectrofluorometer (Shimadzu, RF-6000) with light source i.e., xenon lamp. Time-resolved
fluorescence measurements were carried by Deltaflex modular fluorescence lifetime
spectrofluorometer (HORIBA Scientific) with a nano-LED pulse diode as excitation source at
340 nm. The size and morphology were explored through transmission electron microscopy
(JEOL, JEM 2100 plus). Elemental composition was scrutinized using X-ray photoelectron
spectroscopy (XPS) (PHI 5000 Versa Probe III). A Raman spectrometer (HORIBA LabRAM
HR Evolution) with a 532 nm laser was used to assess the purity and structural defects of
sample in the region 1100-1800 cm™!. FT-IR spectrometer (Shimadzu IRTracer-100) were used
to detect functional groups within a range of 400-4000 cm™ with 100 numbers of scans.
Monowave-300 microwave synthesis reactor (Anton Paar, USA) was used for the synthesis

process.

4.2.4 Sample Solutions Preparation

The standard solution (1mM) of various metal (cations: Co**, Fe**, Cr®", Cu**, Ni*",
Fe?*, Zn**, AI**, Cr’*, Hg?", Pb**, and Cd?*") (anions: ClO5, PO4*, NOy", SO4>, CI, NOsy', OH"
, F~, S*) and analytes (glucose, hydroquinone, ascorbic acid, 4-Nitrophenol, 2-Nitrophenol,
glycine, EDTA, alanine, glutathione, methoxy phenol, nitrobenzene, 1-Fluoro 2-nitrobenzene,
and phenol were made in DI water to perform the selectivity experiments of synthesized CQDs.

0.1 mM of the solution was pipetted into the cuvette with the addition of 10 uL of CQDs in 2
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ml of DI water. Further, the sensitivity studies validation was carried out using 1uM stock

solution of Cr (VI) and 4-NP.

4.2.5 Real Sample Analysis

To examine the applicability of the present sensing method, the experiment was
conducted with real samples (lake water and tap water). The water samples were collected from
Patiala, India. Prior to analysis, the water samples underwent filtration using 0.45 um nylon
filters. After spiking the samples with different concentrations of Cr®" and 4-NP, a solution of

CQDs was added, and fluorescence measurements were recorded at a wavelength of 360 nm.

4.3 Results and Discussions
4.3.1 Characterizations

XPS study was done to know the surface chemical composition of the synthesized
CQDs. The survey spectra exhibit peaks at 283.8, 398.5, and 531.6 eV corresponding to Cls
(66.68%), N1s (2.45%), and O1s (30.87%), respectively (Figure 4.1a). The high-resolution Cls
spectrum (Figure 4.1b) shows three major peaks at 284.8, 286.1, and 287.4 eV ascribing to
C=C/C-C, C-O/C-N, and O=C-O, respectively.’” The Nls spectrum (Figure 4.1c) exhibits
peaks at 399.3 eV and 401.1 eV corresponds to N-H and C-N.2® Ols spectrum (Figure 4.1d)
showed peaks at 531.1 eV, 532.1 eV, and 533.0 eV assigned to C=0, C-O-C/C-OH, H-OH,

respectively with the 25% water content in the sample.?’

—o—C1s
a o b c=cle.c Cummulative fit

— T C-NIC-0

m —

o M

£ c & 2

= >

: z

2 g

E £

N

0 100 200 300 400 500 600 700 279 282 285 288 291 294

Binding energy (eV) Binding energy (eV)
d —o—01s
§y Cummulative fit
— 0 §
a ko P
) g
z £
o c g,
2 £
394 396 398 400 402 404 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

Figure 4.1. (a) Survey spectra of CQDs, (b) high-resolution spectra of C 1s, (c) N 1s, and (d)
O 1s of CQDs.
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Functional groups on CQDs surface were confirmed through FT-IR spectroscopy
(Figure 4.2(a)). The FT-IR absorption bands were observed at 3352 cm™ ascribed to stretching
vibration of O-H/N-H group. Small band at 2961 cm! resembles to C-H stretching vibration,
signals at 1737 cm™ and 1622 cm™! corresponds to C=0 and C=C stretching, respectively.
Additionally, peaks for amide II at 1571 cm™ and amide I at 1618 cm™ corresponds to the
bending vibration of amide confirming the amide bonds.*® The band at 1480 cm™ corresponds
to C-N stretching. Peaks at 1258 and 1087 cm™! confirms the C-O stretching.?’ Signal at 1008
cm’! corresponds to C=C bending vibrations. This affirmed the presence of hydroxyl, carboxyl,

and amino groups on CQDs surface.
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Figure 4.2. (a) FT-IR graph of CQDs, (b) Zeta potential, and (c) XRD spectra of CQDs.

Zeta potential was — 12.6 mV, confirming the abundance of negatively charge functional
groups on CQDs (Figure 4.2(b)).3! The XRD spectrum (Figure 4.2c) exhibited the broad
amorphous peak at 26 =23.5° was attributed to (002) graphitic carbon lattice spacing of the as-
prepared CQDs.?*3! The size and morphology of the orange pomace-derived CQDs were
analysed using TEM. Figure 4.3a and 4.3b shows the as-prepared CQDs are nearly spherical
in shape. The Inset of Figure 4.3b exhibits the particle size histogram distribution ranging from

3-11 nm, with a computed average particle size of 7.5 nm.
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Figure 4.3. (a) TEM image at 100 nm scale and (b) 50 nm scale with inset showing size

distribution histogram of CQDs.

Hydrodynamic particle size (~78 nm) was calculated using the DLS data (Figure
4.4(a)). Figure 4.4b exhibited Raman spectrum depicting two peaks at 1360 cm™! (disordered-
D) and 1568 cm™! (graphite-G) bands.?> The G band is a result of the 1st order scattering of Exg
phonons from carbon atoms that are sp>-hybridized, while the D band arises due to a breathing
motion of x-point phonons with Aig symmetry associated with defects in the sp* carbon bonds,
like hydroxyl and/or epoxide bonds.>® The higher intensity of the G band showed the presence
of sp? carbons with fewer sp® hybridized carbons atoms in the synthesized CQDs. The
additional wide 2D band was seen at around 2694 cm™! showed the sp? hybridisation (IInd order

phonon process).>*** The 2D band, historically known as G', represents an overtone of the D

band.3®

4.3.2 Optical Properties

The optical properties were studied using UV-Vis spectra and PL emission spectrum.
Figure 4.4c depicts a predominant absorption band at 340 nm for C=O credited to n-n* and a
weak absorption band at 275 nm was due to n-n* transition of sp> domains of the carbon core.’’
The inset image showed a brown colour during visible light irradiation and emits green
fluorescence on irradiation of UV light (365 nm). This is ascribed to radiative recombination
among electrons and holes, which is due to photoinduced separation of charge and surface site
trapping leading to PL emission of the fabricated CQDs.*® The PL emission spectra is shown
in Figure 4.4d. The highest emission peak was observed at 448 nm upon excitation of 360 nm.
The high PL quantum yield of 54.26% was noticed for the as-prepared CQDs. A bathochromic
shift (Figure 4.5a) is noticed in the emission wavelength from 417-506 nm with a change in

excitations 300-420 nm. This excitation-dependent fluorescence emission of CQDs is related
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to fluorescence excitation energy and different factors like quantum confinement effect, surface

edge defects, sp> © domains, zig-zag edge sites, and size variation.*®
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Figure 4.4. (a) DLS size distribution, (b) Raman spectra of CQDs with inset showing 2D

band, (c¢) UV-Vis absorption spectrum with inset showing CQDs exposed to visible and

ultraviolet light, and (d) fluorescence emission spectrum of as-prepared CQDs.

4.3.3 Stability Studies of CQDs

The stability of CQDs luminescence properties is a vital factor to be considered prior

to further applications. The role of pH and irradiation time on the PL intensity of CQDs was

studied. To know the photostability, as-prepared CQDs were irradiated under Xe lamp for 60

mins and no substantial change in intensity was seen (Figure 4.5(b)). CQDs were also stored

for 45 days, and the fluorescence spectra were taken at regular intervals, revealing no

discernible change in PL intensity over the course of time (Figure 4.5(c)). It affirms the high

stability of CQDs. Additionally, the effect of pH (3-13) was investigated to know the pH

interference with the PL intensity of CQDs. At various pH, almost same PL intensity of CQDs

was observed, proving that CQDs can work effectively in both acidic and basic environments>’

(Figure 4.5(d)).
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Figure 4.5. (a) Spectra of PL emission at different excitation wavelengths, (b) impact of time
(mins), (c) effect of storage duration (days) on CQDs PL stability, and (d) effect of pH (3-13)
on the stability of CQDs.

4.3.4 Selectivity Studies for Cr (VI)

This is an important parameter to study while developing a potent sensor. The variation
in PL intensity of the CQDs with 0.1 mM concentration of the stock solution of different metal
cations (Co?", Fe**, Cr®", Cu?*, Ni**, Fe**, Zn*", AI**, Cr**, Hg?", Pb*', and Cd**) was studied.
The result indicated a significant PL response after the addition of Fe** and Cr®" ions, whiles
all other cations show minimal response (Figure 4.6(a)). To further confirm the selectivity of
the CQDs towards anions, its fluorescence behaviour in presence of different anions (ClOs3,
POs*, NO2, SO4*, CI', NOs, OH", F-, S*) was also considered. The results exhibited that there
is negligeable response on the CQDs intensity on varying the anions (Figure 4.6(b)). Though,
Cr’" showed the maximum fluorescence quenching effect, which affirmed that the synthesized

CQDs are selective for Cr®* ions. Further sensitivity tests were carried out using 1 pM stock

solution of Cr®" ions.
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Figure 4.6. CQDs selectivity tests using (a) various metal cations, and (b) metal anions.

4.3.5 Plausible Reason for High Selectivity of Cr (VI) ions

The possible reason for the PL quenching of CQDs with addition of Cr®* ions is because
of high redox potential (~ +1.33 V) of Cr®" (equation 4.3) at acidic pH (since the inherent pH
of the CQDs is 3.5), making it strong oxidant which can be reduced in presence of electron
donor moiety i.e., CQDs.*’ In water, Cr®" exists in various anionic forms such as Cro07*, CrOs*
, and HCrO4". These Cr®" anionic forms are converted to each other as the pH of solution
changes. Cr,07*" and CrO4%" are in equilibrium in the solution, and as solution becomes acidic,
the reaction equilibrium moves towards left (equation 4.1), and as shown in equation 4.2,

Cr,07* is instantaneously converted to HCrO4 as the primary constituent.

Cr,0,* + H,0 & 2Cr0,* + 2H* (4.1)
Cr,0,%> 4+ H* - 2HCr0, + 2H,0 4.2)
HCrO,” + 7H* + 3e” = Cr (III) + 4H,0 (E° = 1.33V) (4.3)
1
204 1 Cr6+
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Figure 4.7. Effect of pH on the performance of the sensors for the selective detection of Cr¢".
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CQDs surface contains profuse number of functional groups like hydroxyl, carboxyl,
amide and carbonyl some of which have reduced capabilities. As a result, Cr®* directly reduced
to Cr’" in presence of CQDs.*! The effect of pH on the performance of the sensors for the
selective detection of Cr®" was also studied. The sensor showed the maximum fluorescence

quenching of Cr®" in the acidic pH (Figure 4.7).

4.3.6 Method of Validation

This method was authenticated in accordance with ICHQ2(R1) recommendations.*?

4.3.6.1 Linearity and Range

The interaction of PL intensity of varied Cr®" ions concentrations (nM range) with
CQDs was tested to determine sensitivity of the as-prepared sensor. The CQDs PL intensity
was gradually quenched with different concentrations of Cr®" ions, as exhibited in Figure 4.8a.
To know quenching efficacy, the Stern-Volmer plot was drawn using the following equation
1.7. Figure 4.8b, Table 4.1 depicts the linear range of Fo/F and the Cr®" concentrations (0-480

nM) with the regression equation as

FO/F = 0.00626[Cr*] + 0.8914 (R? = 0.991) (4.4)

The values of R? are approximate to unity indicating the satisfactory linearity of the developed

method.
Table 4.1. Sensing capabilities for Cr®" by the prepared sensor.
Parameters Cré+
Range 0-480 nM
Limit of Detection® 59.6 nM
Limit of Quantification " 198.7 nM
Regression equation Fo/F = 0.00626 [Cr®*] + 0.8914
Binding Efficacy 602 nM*
Ksv 0.00626 nM*

LOD =30/K, °LOQ =100/K, c is intercept’s standard deviation and K represents slope.

4.3.6.2 Limit of Detection (LOD) and Limit of Quantification (LOQ)
The detection limit for Cr® ions were calculated using 36/K and LOQ using 10 o/K,
where ¢ denotes the intercept’s standard deviation, K tells the slope of linear line. The LOD

was calculated from Figure 4.8c i.e., 59.6 nM from a plot among PL responses (Fo-F/Fo) and
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concentrations of Cr®" ions (0 nM-480 nM) with R?=0.995. Table 4.1 shows the LOQ value of

198.7 nM.
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Figure 4.8. (a) Variation in fluorescence intensity of CQDs with a distinct concentration of
Cr%" ions, (b) Stern-Volmer quenching plot of CQDs with Cr*, (c) linear relation among PL
response (Fo-F/Fo) and Cr®" ions (0-480 nM), and (d) B-H binding plot of CQDs with Cr®".

Table 4.2 displays that the developed sensors have high sensitivity towards Cr®* ions compared
to other sensors mentioned in the literature.

Table 4.2. Different quantum dots-based sensing devices for Cr®" detection.

Sr. No. | The Sensor system | Linearity range Detection limit | Ref.

1 CQDs 0.5-200 uM 0.73 uM 23

2 N-CQDs 0-100 pM 2.1 uM 19

3 CQDs 1-20 pM 0.175 uM 22

4 N, S -CQDs 1-10 uM 0.2 uM 43

5 N, S-CQDs 1-40 uM 0.52 uM 44

6 B, N CDs 0.3-500 uM 0.24 uM 45

7 CQDs 0-480 nM 59.6 nM Current work
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4.3.6.3 Binding Efficiency

To determine the binding interaction and stoichiometry between CQDs and Cr®",
excited-state binding constant was estimated with 1:1 linear Benesi-Hildebrand (B-H) equation
1.8. Plot between (1/ Fo-F) versus 1/[Q] exhibits a linear line with binding constant, K = 602
nM! and R?=0.997 (Figure 4.8d, Table 4.1).

4.3.6.4 Analysis of Precision

An experiment was done to know the intra-day and inter-day precisions, which was
carried out with three distinct concentrations along with three replicas of each concentration.
Allowed %RSD value was < 2% demonstrating that the prepared method has acceptable
precision (Table 4.3).

Table 4.3. Intraday and Inter day precision data for estimating Cr®" by the developed sensor.

Conc. | Intra Day? Inter Day®
Analyte | taken | Conc. found Conc. found
%RSD | %Error® %RSD | %Error®
(M) | £S.D. (nM) +S.D. (nM)
100 100.73 £0.58 | 1.15 0.66 100.64 £0.36 | 0.72 0.42
Crét 200 198.73 £1.38 | 1.38 0.80 199.4 £0.70 | 0.71 0.41
300 | 302.8+0.52 |0.34 0.20 301.43 £1.80 | 1.19 0.69

Each result is the average of three separate determinations.

*Within a day Three consecutive days “%Error=%RSD/Nn

4.3.7 Sensitivity Studies for Detection of Cr (VI) Ions

The linear response range and sensitivity of CQDs for Cr®* ions were calculated by
adding distinct concentrations of Cr®" ions (0-480 nM) under optimized conditions. Figure 4.8a
clearly shows that with a gradual increase in Cr®concentrations, the CQDs intensity was
gradually decreased. Figure 4.8b showed the decent linear response of Fo/F with the
concentration of Cr®" by regression equation 1.8 having a 0.991 correlation coefficient. The
detection limit was found to be 59.6 nM (Figure 4.8c) which is much lower than the reported
sensitivity parameters value in the previous literature (Table 4.2). Since the average lifetime
data of as-prepared CQDs remains constant in the existence of Cr®" (Table 4.4), which clearly
depicts that the developed inner filter effect (IFE) based fluorescence sensor has a high

sensitivity to detect Cr®* ions offering benefits like fast implementation, facile and expediency.
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Table 4.4. Fluorescence lifetime parameters of CQDs, and CQDs+Cr®".

System t1(ns) | a1 t2(NsS) | & 13 (NS) | as #<tav>(NS) | 2
CQDs 0.154 | 0.628 | 1.654 0.274 5.538 | 0.097 | 1.086 1.098
CQDs + Cr | 0.174 |0.612 | 1.582 0.279 5.169 | 0.108 | 1.106 1.095

4.3.8 Possible Fluorescence Sensing Mechanism of Cr (VI) lons

To examine the plausible interaction mechanism of Cr®" ions and CQDs, optical
properties spectra of Cr®" and CQDs was first studied to know the quenching mechanism.
Figure 4.9a showed the excitation and emission spectra of CQDs, and UV-Vis spectra of the
Cr%". Here, the maximum absorption peak of quencher i.e., Cr®" was overlapped with the
excitation spectra of CQDs which is due to the IFE. It is an decent spectral overlay among the
absorber’s absorption band with fluorophore’s excitation/emission band.?* As showed in Figure
4.9a, the Cr®" showed the broad absorption peak at 257, 352, and 444 nm. Simultaneously,
CQDs displayed an excitation band at 360 nm with an emission peak centered at 448 nm
demonstrating a great amount of effective overlapping between the excitation, emission, and
absorption bands in the developed sensing system. Henceforth, the PL quenching can be
credited to the IFE.*¢ Also, the PL decay spectrum of CQDs without and with Cr®" were further
studied to validate the quenching mechanism. As depicted in Figure 4.9b, average lifetime of
CQDs and CQDs+ Cr" were 1.086 ns and 1.106 ns, respectively (Table 4.4). The minimal
change in the fluorescence lifetimes after the Cr®" addition denotes that there was no substantial
electron transfer between CQDs and Cr®" and the mechanism was ascribed to IFE (Scheme

4.2)97
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Figure 4.9. (a) Overlapping of absorption spectra of Cr®* ions with the excitation and

emission spectrum of CQDs, and (b) PL lifetime decay of CQDs with Cr®".
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Scheme 4.2. Plausible sensing mechanism of Cr®".

4.3.9 Analysis of Real Samples

Table 4.5 depicts the practicability of CQDs towards sensing of Cr®* ions in lake water

and tap water. The data showed the good recovery percentage and relative standard deviation

(%RSD). The observed values exhibited the acceptable precision values confirming the as-

prepared CQDs can be successfully used for the sensing of Cr®" in the real water samples.

Table 4.5. Application of developed nanosensor for the detection of Cr®" ions in real samples.

Sample Added (uM) | Found (uM) | Recovery (%) | RSD (%)
0.5 0.47 94.80 1.23
1.5 1.51 100.6 1.32
Lake water
2.5 2.48 99.20 1.06
5 4.94 98.80 0.30
0.5 0.46 92.0 1.24
1.5 1.48 98.6 0.67
Tap Water
2.5 2.51 100.4 1.79
5 4.93 98.6 0.42

4.3.10 Detection of 4-Nitrophenol (4-NP)

4.3.10.1 Selectivity Studies

To study the selectivity of fabricated CQDs towards 4-NP, changes in CQDs PL

intensity were studied in the existence of various analytes like glucose, hydroquinone (HQ),

ascorbic acid (AA), 4-NP, 2-NP, glycine, EDTA, alanine, glutathione (GSH) methoxy phenol

(MP), nitrobenzene, 1-Fluoro 2- nitrobenzene (1-F-2NB), and phenol. Figure 4.10a depicts that
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the PL quenching efficiency of CQDs was maximum in case of 4-NP than the remaining
analytes. This displayed the excellent selectivity of synthesized CQDs towards 4-NP. The
fluorescence quenching can be accredited to the energy transfer amid CQDS and 4-NP.*8 Also,
overlap among the absorption spectra of 4-NP with the excitation and emission spectra of
CQDs was responsible for PL quenching. As depicted in Scheme 4.3, the energy transfer could
be eased by establishment of a zwitterionic spirocyclic Meisenheimer complex through CQDs
and 4-NP combination. The negative charge gets delocalised across the cyclohexadienine ring
and the nitro group as a consequence of the creation of a Meisenheimer complex, whilst
positive charge will spread on iminium group. This transfer of energy produced by localisation
of charges leads to fluorescence quenching of CQDs. Further sensitivity tests were carried out
with 1uM stock solution of 4-NP. The effect of pH on the performance of the sensors for the
selective detection of 4-NP was also carried out. The sensor showed the maximum fluorescence

quenching of 4-NP in the basic pH (Figure 4.10b).
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Figure 4.10. (a) Interference analysis of CQDs for 4-NP ions, and (b) effect of pH on the

performance of the sensors for the selective detection of 4-NP.

4.3.10.2 Sensitivity Studies of 4-NP

PL intensity of the fabricated CQDs were eventually quenched by gradually adding
various concentrations of 4-NP (0-840 nM) (Figure 4.11(a)). The detection limit (LOD),
linearity range, LOQ, and further analytical parameters were tabulated in Table 4.6. Figure
4.11b showed the linear relation among PL responses (Fo-F/Fo) and different concentrations of
4-NP (0-840 nM) with the inset figure showing the linear calibration curve between Fo-F/Fo
and concentration of 4-NP (0-90 nM) having correlation coefficient of 0.991. The limit of
detection was 14 nM which was calculated using ITUPAC criterion (30/K), that is lower as

compared to the values stated in the previous literatures (Table 4.7).
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Figure 4.11. (a) Change in PL intensity of CQDs with distinct concentrations of 4-NP ions,
(b) linear relation between PL response (Fo-F/Fo) and concentrations of 4-NP ions (0-840 nM)
with the inset image of Fo-F/Fo vs conc. of 4-NP (0-90 nM), (¢) linear relation amid PL

response (Fo/F) and 4-NP concentrations, and (d) B-H binding plot of CQDs with 4-NP.

The linear calibration curve was derived from Stern-Volmer graph with regression
equation Fo/F=0.00351[4-NP] + 0.91171, here Fo and F are PL intensity of CQDs without and
with 4-NP with the high correlation coefficient (R?=0.994) (Figure 4.11(c)). The Binding
efficacy was also calculated using equation 1.8. The graph between (1/ Fo-F) vs. 1/[Q] depicts
a linear line showing binding constant, K = 8403 nM™! and R?=0.992 (Figure 4.11d, Table 4.6).

Table 4.6. Analytical performance for 4-NP by the prepared sensor.

Parameters 4-NP

Linearity range 0-90 nM

Limit of Detection® 14 nM

Limit of Quantification® 63.8 nM

Regression equation Fo/F = 0.00351 [4-NP] + 0.91171
Binding Efficacy 8403 nM1

Ksv 0.00351 nM™?

SLOD =30/K, ’LOQ =100/K, o is intercept’s standard deviation and K denotes the slope.
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Table 4.7. Different sensors for 4-NP detection.

Sr. No. | The Sensors system | Linearity range Detection limit Ref.

1 Carbon dots (CDs) | 0.1 uM -50 uM 0.028 uM 49

2 B, N-CDs 0.5uM-200 uM | 0.20 uM >0

3 B-CDs@ZnO QDs | 1.0 uM-40 uM 0.34 uM 51

4 CdTe QDs 1.0 pM-30 pM 40 nM 7

5 CDs 0.001 pM-1 uM 60 nM 39

6 CQDs 0-90 nM 14 nM Current work

Precision analysis were also performed with the acceptable %RSD value of less than

2% indicating that the developed method had an acceptable precision (Table 4.8).

Table 4.8. Intraday and Inter day precision data for estimating 4-NP by the developed sensor.

Conc. | Intra Day? Inter Day®
Analyte | taken | Conc. found Conc. found
%RSD | %Error %RSD | %Error¢
(nM) | +S.D. (nM) + S.D. (nM)
198.73 +
200 199.02+0.71 | 0.71 0.41 1.23 0.71
1.22
4-NP 400 | 399.0+0.50 |0.25 0.14 398.66 +1.04 | 0.52 0.30
600 600.93+0.55 | 0.18 0.10 601.26+0.80 | 0.26 0.15

Each result is the average of three separate determinations.

*Within a day "Three consecutive days “o%Error=%RSD/vn

4.3.10.3 Quenching Mechanism

The PL quenching mechanism of CQDs in presence of 4-NP can be elucidated by the
spectral overlapping of the absorption spectra of acceptor i.e., 4-NP with the excitation and
emission spectrum of donor i.e., CQDs. This is because of the IFE as depicted in Figure 4.12a,
absorption spectra of 4-NP is at 378 nm, which was overlapped with the excitation peak of
CQDs that is cantered at 360 nm.>> The PL decay spectra of CQDs with and without 4-NP were
further evaluated to check the quenching mechanism. Figure 4.12b showed the average lifetime
of CQDs and CQDs+ 4-NP were 1.086 ns and 1.078 ns, respectively (Table 4.9). Also, the
zwitterionic spirocyclic Meisenheimer complex formation was responsible (Scheme 4.3). Here,

nitro group and cyclohexadiene ring contains the negative charge and the iminium group
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comprises the positive charge.’® The transfer of energy created by the charges localization
might leads to substantial fluorescence quenching of CQDs upon addition of 4-NP (contact

quenching).*
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Scheme 4.3. Plausible quenching mechanism of CQDs in presence of 4-NP.
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Figure 4.12. (a) Overlapping of 4-NP absorption spectrum with CQDs excitation and
emission spectrum, and (b) PL lifetime decay of CQDs with 4-NP.

Table 4.9. Fluorescence lifetime parameters of CQDs, and CQDs+4-NP.

System t1(ns) | a1 w2(ns) | az t3(ns) | as #<tav>(NS) | 2
CQDs 0.154 | 0.628 | 1.654 0.274 5.538 | 0.097 | 1.086 1.098
CQDs+4-NP | 0.158 | 0.625 | 1.642 0.281 5.510 | 0.094 1.078 1.097

4.3.10.4 Real Sample Analysis for Method Validation
Real sample analysis was also carried out to confirm the practicability of the developed
sensor against the detection of 4-NP in the real water samples. The result showed good %RSD

and recoveries (Table 4.10).
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Table 4.10. Application of the developed sensor for the detection of 4-NP in real samples.

Sample Added (uM) | Found (uM) Recovery (%) | RSD (%)
1 1.07 107.0 2.47
3 2.93 97.60 0.52
Lake water
5 4.92 98.40 0.31
7 7.12 101.7 0.28
1 1.04 104.0 2.54
3 2.92 97.30 0.19
Tap Water
5 5.04 100.8 2.34
7 6.96 99.40 0.46
Conclusions

In this work, eco-friendly, green methodology and cheaper approach was used for
synthesis of fluorescent CQDs from biomass waste (orange pomace) by the microwave
irradiation without incorporation of chemical substituents. The average size of synthesized
CQDs was found to be 7.5 nm. These fabricated CQDs displayed excellent photostability, water
solubility, and outstanding fluorescent quantum yield, i.e., 54.26%. The synthesized CQDs are
stable, green luminescent showing excitation dependent emission ranging from 300-420 nm.
CQDs acts as nanosensor for the sensitive detection of Cr®" with 82% quenching and a detection
limit of 59.6 nM within the concentration range of 0-480 nM. The PL quenching was attributed
to IFE. Also, the prepared CQDs were applied for the detection of the extremely important
mono-nitrophenols with respect to environmental concern. CQDs reacted well towards 4-NP
with 14 nM limit of detection in the 0-90 nM concentration range. This is possibly because of
formation of zwitterionic spirocyclic Meisenheimer complex and IFE. Validation of the as-
prepared sensor was performed in accordance with ICH recommendations. Moreover, to
evaluate the feasibility of the detection approach, the developed method was used to effectively
detect chromium (Cr°") and 4-nitrophenol (4-NP) in real water samples with acceptable %RSD
and precision. This current method and the detection strategy comes out to be a cheaper, easier,

and environment-friendly approach for the detection of Cr®" and 4-NP for various applications.
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CHAPTER-5

Upcycling Waste: Citrus limon peels derived Carbon Quantum

Dots for Sensitive Detection of Tetracycline in Nanomolar Range
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Highlights

» Synthesis of carbon quantum dots from lemon peels (LP-CQDs) using microwave pyrolysis
technique.

» Fabricated LP-CQDs displayed encouraging results for tetracycline (TC) detection using a PL
turn-off approach.

» A complete analysis of different photophysical parameters of LP-CQDs was performed with
TC to gain deeper understanding of the sensing mechanism.

» LP-CQDs were used as a fluorescent ink and to fabricate the paper-based fluorescent strips.
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5.1 Introduction

The emerging science of nanotechnology has a substantial influence on a number of
disciplines, including chemistry, optics, medicine, thermology, and electricity. Recently,
nanomaterials research has captivated the interest of scientists and engineers worldwide.'
Carbon quantum dots have garnered considerable attention as a unique fluorescent zero-
dimensional nanomaterial and regarded as excellent nanoprobe for a variety of applications.’
Generally, CQDs have been synthesized using organic compounds and naturally available
precursors, including biomass. Citrus limon, commonly known as lemon, is the most
significant citrus fruit in the world, serving both culinary and non-culinary purposes.’ However,
once the juice is extracted; the peels are frequently discarded away and allowed to biodegrade,
which potentially pollutes air by forming the dust.* Therefore, it is essential need to research
low-cost strategies for transforming lemon peel into value-added products. Remarkably, the
lemon peels are rich in proteins and fibers, which can serve as potential carbon source for
synthesizing CQDs.

Tetracycline (TC), a broad-spectrum antibiotic with excellent sterilisation, and
disinfection efficiency, antimicrobial activity, and low toxicity, is a cost-effective option. It is
extensively utilized in animal husbandry to effectively combat various bacteria that cause
diseases including rickettsia, chlamydia, and mycoplasma.> However, improper use of TC in
veterinary medication along with food products has led to its presence in common food such
as milk, meat, and honey.® This causes a major risk to human health including liver damage,
visual problem, bacterial resistance, and affecting human teeths.” Due to these side effects,
various techniques have been developed to identify tetracycline antibiotics. Nevertheless, these
techniques necessitate time-consuming sample preparation stages, costly equipment, and
professional operators, becoming considerable hurdles for real detection. To overcome these
disadvantages, fluorescence-based technique has gained attention as a viable alternative for the
quantification and detection of TCs. These methods offer operational convenience,
affordability, real-time detection capabilities, high sensitivity and selectivity, fast analysis
time.>®’ Liu et al., synthesized blue emissive europium-doped carbon quantum dots using
carbonization, used them for the TC detection with 0.3 uM limit of detection.!® Fan et al.,
fabricated S, N-doped CQDs for the detection of TC antibiotic with 0.56 umol/L detection limit
in the range of 1.88-60 umol/L.!! Wang et al., prepared of N-CQDs with quantum yield of
10.97% from ethylenediamine and glucose for the detection of TC antibiotics such as,

chlortetracycline, oxytetracycline, and tetracycline with 0.117 uM, 0.265 uM, and 0.344 uM,
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respectively.® Qi et al., utilized rice residue and glycine as a biomass precursors for fabrication
of N-doped CQDs using hydrothermal method, used it for the detection of Fe*" and TC.!?
Zhang and Fan fabricated Ce-N co-doped CQDs with low cytotoxicity for TC residues and
bioimaging with the detection limit of 0.25 pM.'® John at al., utilized R. graveolens leaves for
the preparation of CQDs with 18% quantum yield. The probe was used for the electrochemical
sensing of TC.'*

In this work, biomass derived CQDs was synthesized as a fluorescent nanoprobe
(quantum yield 49.5%) from dried peels of Citrus limon abbreviated as LP-CQDs. The
synthesis methodology was purely maintained in green protocol without use of any chemicals.
The intrinsic fluorescent nanoprobe was sustainable, simple and inexpensive. The formation of
LP-CQDs was stable and displayed excellent selectivity towards TC. Therefore, it is utilised as
an efficacious probe for quantitative detection of TC in real samples of river water and tablet.
The outcome of the present study possesses special aspects and offers many advantages
compared to earlier literature study: (i) The synthesis of LP-CQDs utilizes a readily available
and eco-friendly biowaste with reduced time requirement, (ii) The synthesis was done without
the incorporation of any harsh chemicals and complex technique, (iii) High quantum yield was
observed with nanomolar level detection of TC, and (iv) The sensor is free from metallic

components, enabling its safe application across various fields without any adverse effects.

5.2 Experimental Section
5.2.1 Materials and Methods

Lemon peels were taken from local juice shop in Patiala, India. Tetracycline
hydrochloride was procured from Sigma Aldrich and used as such. Dialysis membrane-110
was acquired from HiMedia Laboratories Private Limited. The chemicals essential to make
solutions of metal ions and other analytes were bought from Loba Chemie. Deionized water

(D.I.) was used for experiments.

5.2.2 Synthesis of Lemon Peel-Carbon Quantum Dots (LP-CQDs)

Firstly, lemon peels were thoroughly cleaned with deionized (D.1.) water and oven dried
at 90 °C, followed by grinded in a mixer. The powder was carbonised at 200 °C for 2 hrs in
muffle furnace. The collected black powder was dispersed in D.I. water, sonicated for 1 hr and
transferred to vial which was retained for heating for 5 mins at 150 °C (300 W) under
microwave irradiation. Collected solution was filtered with 0.22 pm syringe filter and then kept

in dialysis bag (1 day) to obtain light brown coloured LP-CQDs (Scheme 5.1).
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Scheme 5.1. Fabrication of LP-CQDs from Citrus limon peels.

5.2.3 Characterizations

The UV-Visible absorption spectrum was recorded by UV-Vis spectrophotometer
instrument (Shimadzu UV 2600). Photoluminescence spectra were studied using a
spectrofluorometer (Shimadzu, RF-6000) with light source i.e., xenon lamp. Time-resolved
fluorescence measurements were carried by Deltaflex modular fluorescence lifetime
spectrofluorometer (HORIBA Scientific) with a nano-LED pulse diode as excitation source at
340 nm. The morphology and size were observed through transmission electron microscopy
(JEOL, JEM 2100 plus). Elemental composition was scrutinized using X-ray photoelectron
spectroscopy (XPS) (PHI 5000 Versa Probe III). A Raman spectrometer (HORIBA LabRAM
HR Evolution) with a 532 nm laser was used to assess the purity and structural defects of
sample. FT-IR spectrometer (Shimadzu IRTracer-100) were used to detect functional groups
within a range of 400-4000 cm™ with 110 numbers of scans. Monowave-300 microwave

synthesis reactor (Anton Paar, USA) was used for the synthesis process.

5.2.4 Sample Solutions Formulation

The standard solution (ImM) of different metal cations (Co**, Fe**, Zn?', AI**, Cr**,
Cu?*, Ni?", Hg**, Fe?") and analytes (Amoxicillin (AC), Ofloxacin (OFX), Ascorbic acid (AA),
Ciprofloxacin (CPX), Tetracycline (TC), Nitrobenzene (NB), Levofloxacin (LF), Streptomycin
(SPM), Chlortetracycline (CTC), Thiamethoxam (TM)) were prepared in D.I. water for the
selectivity experiments of prepared LP-CQDs. 20 uL of LP-CQDs in 2 ml of D.I. water along
with 0.1 mM of the analyte solution was pipetted in cuvette, and emission spectra were

measured. The sensitivity was studied using stock solution of 1uM of tetracycline (TC).
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5.2.5 Real Sample Analysis

To inspect the utility of developed sensing system, the study was carried out with real
samples (River water). The water sample was collected from Bhakra River in Patiala. Collected
sample were subjected to filtration using nylon filters before the analysis using nylon filters
having pore size of 0.45 pm. Following the addition of specific concentrations of TC (spiking)

to the samples, LP-CQDs were added. The fluorescence studies were carried out at 330 nm.

5.3 Results and Discussions
5.3.1 Characterizations

TEM was used to examine the morphology and size of the fabricated LP-CQDs. Figure
5.1a and 5.1b displays the nearly spherical shaped particles with monodispersity. Inset of
Figure 5.1a illustrates the particle size histogram ranging from 2-7 nm, having particle size of
4.46 nm. Lattice fringes of 0.36 nm resembles the (002) graphitic plane (inset-Figure 5.1(b))."
Figure 5.1c depicts the XRD of LP-CQDS with a diffraction peak at 26=24.5°indexing to

C(002) plane.'® The d-spacing was determined by using Bragg’s equation (nA=2dsin0) which
is consistent with the HRTEM results.
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Figure 5.1. (a) TEM image of LP-CQDs with inset representing size distribution histogram,
(b) TEM image with inset showing lattice spacing, (¢) XRD spectrum, and (d) FT-IR spectra
of LP-CQDs.
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The FT-IR spectra shown in Figure 5.1d showed the broad peak at 3200-3400 cm™,
which corresponds to O-H/N-H stretching vibrations. Minor band appears at 2976 cm’!
signifying C-H stretching vibration, signals at 1732 cm™ and 1626 cm™! attributed to C=0 and
C=C stretching vibrations, respectively. Signals at 1467 cm™! resembles to C-N stretching.
Peaks at 1266 and 1159 cm™ confirms the C-O stretching. Peak at 1088 cm™ attributed to C=C
bending vibrations.!® The occurrence of the hydrophilic functionalities on LP-CQDs as

obtained from FT-IR analysis, signifying the reason of excellent water solubility.'*
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Figure 5.2. (a) Survey graph of LP-CQDs, High resolution spectrum of (b) C 1s, (c) O 1s,
and (d) N1s of LP-CQDs.

An XPS analysis was conducted to determine the surface composition and oxidation
states of LP-CQDs. Survey spectrum (Figure 5.2a) showed the peaks at 284.5 eV, 400.1 eV,
and 532.2 eV allocated to C (78.96%), N (5.67%), and O (15.37%), respectively.!” C1s (Figure
5.2b) high resolution spectra showed three peaks at 284.7, 286.2, and 288.2 eV ascribed to C-
C/C=C, C-O/C-N, and C=0/C=N groups, respectively. Ols spectra exhibited peaks at 531.3,
532.6, and 534.0 eV conforming to C=0, C-O, and C-OH/C-O-C, respectively (Figure
5.2(c)).'* N 1s spectra (Figure 5.2d) showed peaks at 397.8 eV and 400.3 eV corresponds to
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Pyridinic and Pyrrolic N.'® While, strong peak was seen at 406.8 which is due to existence of -
NOs." The occurrence of these functional group indicates the hydrophilicity on LP-CQDs
surface which aligns with FTIR results.

Raman Spectra (Figure 5.3a) of LP-CQDs displayed two broad peaks at 1368 cm™! and
1574 cm™ representing D (sp® hybridised disordered D) and G (sp? hybridised graphitic G)
bands, respectively with Ip/Ig band intensity of 0.86.!* The observed Ip/Ig ratio is less than
one, signifying the well graphitized carbon components.'* Raman results confirmed the

existence of both sp? carbon (G) with defective sp* carbons (D) within LP-CQDs.2
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Figure 5.3. (a) Raman spectrum of LP-CQDs, (b) UV-Vis absorption spectra with inset
showing LP-CQDs in UV and Visible light, and (c) excitation and emission spectra of LP-
CQDs.

5.3.2 Optical Studies of LP-CQDs

UV-Vis absorption spectra were employed, in conjunction with fluorescence emission
spectra, to investigate the optical properties. Figure 5.3b shows a shoulder band at around 272
nm and 320 nm, which are assigned to n-n* transitions of sp> C=C bonds and n- n* transitions
of C=0 of LP-CQDs.2° The LP-CQDs emits a strong emissive green fluorescence upon UV
light irradiation (365 nm) while, light brown under visible light as depicted in inset of Figure

3b. This fluorescence emission of LP-CQDs is believed to be a result of radiative
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recombination between holes and electrons, which occurs due to photoinduced charge
separation and surface sites trapping.?! By employing equation 1.1, the fluorescence quantum
yield of LP-CQDs was 49.5%. For studying fluorescence behaviour, the excitation and
emission spectra were recorded as illustrated in Figure 5.3¢c. Upon excitation of 330 nm, LP-
CQDs showed the maximum PL emission intensity at 445 nm.

The fluorescence emission spectra at different excitations wavelengths were studied as
shown in Figure 5.4a. Bathochromic shift was observed in the emission wavelengths from 400-
498 nm upon changing the A.x. The excitation-dependent emission observed in LP-CQDs can
be attributed to factors, like the quantum confinement effect, presence of sp? aromatic domains,
surface edge defects, and variations in size. These factors influence the fluorescence excitation

energy.>

5.3.3 Stability Studies

Assessing the stability of LP-CQDs is a crucial factor to consider before proceeding

with further sensing applications.
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Figure 5.4. (a) PL emission spectra of LP-CQDs under various excitation wavelengths, (b)
influence of pH (2-13) on PL emission behavior of LP-CQDs, (c) impact of irradiation time

(in mins), and (d) effect of storage time (in days) on the fluorescence emission of LP-CQDs.
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Influence of pH, storage days, irradiation time were studied on the PL intensity of LP-
CQDs. Figure 5.4b shows that the slight increase in PL intensity as pH varied from 2-7. While,
small decrease in PL intensity was seen as pH value shifts towards 13. Variation in PL intensity
of LP-CQDs occurred as a result of protonation and deprotonation of emissive sites on the
carbon quantum dot surface.?*** The maximum fluorescence intensity was seen at neutral pH
and further studies were performed at pH 7 of LP-CQDs. To evaluate the photostability, LP-
CQDs were irradiated with Xe-arc lamp up to 90 mins and no noticeable change in intensity
was observed (Figure 5.4(c)). Additionally, LP-CQDs were subjected to storage period of 55
days and PL spectra were periodically measured. These PL emission spectra showed minimal
change in intensity throughout the duration (Figure 5.4(d)). These studies confirm the
remarkable stability of LP-CQDs.
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Figure 5.5. (a) Effect of temperature and (b) storage conditions on stability of LP-CQDs.

The temperature dependence (20-70°C) of the fluorescence spectrum of LP-CQDs at
330 nm excitation is shown in Figure 5.5(a). The PL intensity of the synthesized LP-CQDs
decreases with increase in temperature as the stability of complex decreased.? This may be
attributed to the reason that the non-radiative decay rate increases as the temperature increase
which led to a decrease in quantum efficiency along with the PL intensity.?® Also, synthesized
LP-CQDs were stored at room temperature (20°C) and in refrigerator (3°C) to check the
fluorescence stability and no significant difference in intensity was seen confirming the

stability of LP-CQDs (Figure 5.5 (b)).

5.3.4 Method Validation
The method developed was validated following the guidelines specified in I[CHQ2(R1)

to ensure its reliability and accuracy.?’
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5.3.4.1 Linearity and Range
In order to assess the sensitivity of the prepared sensor, effect of different concentrations
of TC (nM) on the PL intensity of LP-CQDs was examined. Figure 5.6a illustrates the gradual
quenching of fluorescence intensity of LP-CQDs when exposed to different concentrations of
TC. The quenching efficiency was evaluated by plotting the graph of Fo/F vs. quencher [Q]
concentration, following the principles of the Stern-Volmer equation 1.7. Figure 5.6b illustrates
a linear correlation among values of Fo/F and the concentrations of TC ranging from 0 to 345
nM through a linear regression equation:
Fo/F = 0.0066 [TC] + 0.835 (R?=0.992) (5.1)

The values of the correlation coefficient (R?) approaching unity in Table 5.1 indicate
the satisfactory linearity of the system.
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Figure 5.6. (a) Change in fluorescence intensity of LP-CQDs with the change in concentrations
of TC, (b) Stern-Volmer plot of LP-CQDs, (c) linear relation between fluorescence response
(Fo-F/Fy) and different concentrations of TC with inset image showing TC structure, and (d) B-

H plot of TC with LP-CQDs.

5.3.4.2 Limit of Detection (LOD) and Limit of Quantification (LOQ)
The detection limit for TC can be computed using 36/K while, limit of quantification
using 10c/K (Table 5.1), where o denote standard deviation (intercept) and K signifies the

slope of linear line. The detection limit calculated from Figure 5.6¢c was 50.4 nM (Table 5.1).
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The LOQ value comes out to be 168.1 nM. Table 5.2 demonstrates that the fabricated sensor

demonstrates high sensitivity towards TC and boasts a lower detection limit when compared to

other sensor systems documented in literature.

Table 5.1. Methodical sensing performance of developed sensor for TC.

Parameters TC
Linearity range (nM) 0-345
Limit of Detection? (nM) 50.4
Limit of Quantification® (nM) 168.1
Regression equation Fo/F = 0.0066 [TC] + 0.835
Correlation coefficient 0.992
Binding Efficacy (nM™?) 1828

LOD =30/K, ’LOQ =1006/K, ¢ denotes intercept’s standard deviation, K tells slope

Table 5.2. Comparison of CQDs as nanosensors for TC detection.

Sr. No. Sensory systems Linear range Detection limit Ref.
1 N-CQDs 0-100 uM 0.344 uM 6
2 CDs 10-400 uM 6.0 uM 28
3 Self-N-doped CQDs |  0.158-40 uM 158 nM 29
4 CQDs 1.0-60 umolIL™? | 0.17umolL 30
5 N-GQDs 0-60 uM 0.21umolL 31
6 S, N-CDs 0-60 uM 0.25 uM 32
7 S, N-CQDs 1.88-60 pmolL | 0.56 umolL? 1
8 N-CQDs 0-600 nM 60 nM 14
9 LP-CQDs 0-345 nM 50.4 nM Present work

5.3.4.3 Binding Efficiency

A 1:1 linear Benesi-Hildebrand (B-H) equation 1.8 was used to predict the excited-state

binding constant in order to assess the binding interaction amid LP-CQDs and TC. Graph

among (1/Fo-F) versus 1/[Q] shows linear line with binding constant, K = 1828 nM™! and R?=

0.995 (Figure 5.6d, Table 5.1).
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5.3.4.4 Precision Analysis

Three different concentrations and three replicas of each concentration were used in an

experiment to determine the intra-day and inter-day precisions. The %RSD value, which was

below 2%, indicates that the method exhibits acceptable precision (Table 5.3).

Table 5.3. Intraday and Inter day precision data for estimating TC by the developed sensor.

Conc. Intra Day? Inter Day”
Analyte | taken | Conc. found Conc. found
%RSD | %Error¢ %RSD | %Error®
(nM) | £S.D. (nM) + S.D. (nM)
100 | 99.73+0.37 | 0.75 0.43 99.21 +0.52 1.05 0.61
TC 200 | 201.43+0.61 | 0.60 0.35 200.76 £0.64 | 0.63 0.36
300 | 302.13+0.51 | 0.33 0.19 302.76 £0.68 | 0.45 0.26

Each result is the average of three separate determinations.
*Three consecutive days

#Within a day

5.3.5 Sensing of Tetracycline by LP-CQDs
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Figure 5.7. (a) Selectivity studies of LP-CQDs towards different analytes, (b) selectivity

studies of LP-CQDs with different metal ions, and (c) Interreference study with and without

TC with diverse analytes.
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While developing a potent sensor, it is crucial to thoroughly investigate the parameter
of selectivity. The variation in PL intensity of the LP-CQDs with 200 pL of the stock solution
(1 mM) with different analytes was examined. It is clearly observed from Figure 5.7a that the
maximum fluorescence intensity of LP-CQDs got reduced in presence of TC. However,
streptomycin (SPM) showed some quenching in intensity of LP-CQDs possibly due to
hydrogen bond formation with surface groups of LP-CQDs but very less as compared to
tetracycline.®® Fe** showed little quenching with LP-CQDs which may be due to coordination
complex formation (Figure 5.7(b)).3* Nevertheless, as shown by the interference investigations,
none of these compounds significantly interfere with the detection of tetracycline (Figure 5.7¢).

The selectivity was also studied under UV light illumination and it was seen that LP-
CQDs has high selectivity for TC (Figure 5.8). The reason of high selectivity towards TC can
be attributed that TC reacts with carboxyl and hydroxyl groups present on LP-CQDs surface,

leading to quenching.?

Figure 5.8. Selectivity photographs of LP-CQDs containing different analytes in UV light

irradiation.

Under optimal conditions, a range of tetracycline concentrations (0-345 nM) were
added to determine the linear dynamic range and sensitivity of LP-CQDs towards TC. As
shown in Figure 5.6a, the intensity of LP-CQDs gradually decreased with an incremental rise
in TC concentrations. Figure 5.6b showed the linear response of Fo/F with TC concentrations
by regression equation (Fo/F = 0.0066 [TC] + 0.835) having 0.992 correlation coefficient.
Detection limit was calculated to be 50.4 nM (Figure 5.6(c)) within the linear range of 0-345
nM, which is significantly lower than the sensitivity parameters reported in earlier studies
(Table 5.2). The LOQ was calculated to be 168.1 nM. Binding efficiency plot between (1/Fo-
F) vs. 1/[Q] shows linear line with K = 1828 nM™!, R2= 0.995 (Figure 5.6(d)). Based on the

results, the developed sensor offers rapid and facile detection of TC.
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5.3.6 Quenching Mechanism

The fluorescence intensity of LP-CQDs got quenched (76.1%) in presence of TC. The
underlying process of the plausible quenching mechanism was investigated through a number
of experiments. Commonly, fluorescence quenching can be attributed to five main mechanisms,
namely the inner filter effect (IFE), dynamic quenching, static quenching, photo-induced
electron transfer (PET), and Forster energy resonance transfer (FRET).>> Firstly, optical

properties of LP-CQDs and TC was studied to investigate the possibility of IFE.
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Figure 5.9. (a) Overlapping of absorption spectra of TC with excitation spectra of LP-CQDs,
(b) Lifetime decay curves of LP-CQDs and LP-CQDs+ TC, and (c) UV-Vis absorption
spectra of LP-CQDs, TC, and LP-CQDs+ TC.

Figure 5.9a exhibits the excitation and emission spectra of LP-CQDs along with the
absorption spectra of TC. Here, the TC had a strong absorption peak at 274 nm and 341 nm
which overlaps with the excitation spectra of LP-CQDs. The phenomenon referred to as the
Inner Filter Effect occurs when there is an overlap between the absorption band of the absorber
with the excitation/emission band of the fluorophore.>® Hence, the fluorescence quenching is
attributed to IFE. As a result, TCs would absorb the probe's excitation light, lowering its

fluorescence intensity without affecting its lifetime.’” Moreover, the fluorescence studies of
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LP-CQDs with and without TC were performed to validate the quenching mechanism. Average
lifetime value of LP-CQDs was 2.09 ns and 2.03 ns with the addition of TC, showing minimal
change in the values of average lifetime (Figure 5.9b, Table 5.4) signifies negligible electron
transfer between LP-CQDs and TC, thus the mechanism was attributed to the inner filter effect
(Scheme 5.2).%3% Further, the mechanism was confirmed by UV-Vis spectrum of LP-CQDs,
TC, and LP-CQDs +TC. Figure 5.9c shows the strengthening of absorption peak in presence
of TC with no change in peak positions signifying that no new substance was formed from LP-
CQDs and TC.?

Table 5.4. Fluorescence lifetime parameters of LP-CQDs in presence of TC.

System 11 (NS) ar | t2(ns) a w(ns) | as | #<ta>(NS) | o2
LP-CQDs 2.92 0.32 5.61 0.15 0.62 0.53 2.09 0.94
LP-CQDs + TC 1.97 0.28 5.89 0.22 0.38 0.50 2.03 0.93

# <tav>(ns)= t1a1+12a2+13a3
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Scheme 5.2. Plausible mechanism of TC sensing.

5.3.7 Real Sample Analysis

To study the feasibility of the developed method, detection of TC in real samples was
done. River water was collected from Bhakra River (Patiala) and tetracycline tablet (Abbott)
was purchased from local market. Standard addition method was followed for the analysis.
Table 5.5 represents the workability of LP-CQDs towards sensing of TC in river water and
tablet dosage. The data indicated a favourable percentage of recovery and a relative standard
deviation (%RSD). The measured values demonstrated satisfactory precision, affirming the

suitability of the prepared LP-CQDs for effective detection of TC in real samples.
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Table 5.5. Application of the fabricated sensor for TC detection in real samples.

Samples Spiked (uM) | Found (uM) | Recovery (%) | RSD (%)

0.5 0.48 96.60 1.26

River
1 1.02 98.03 1.29

water
1.5 1.48 98.66 1.78
0.5 0.47 94.80 1.46

TC
1 1.03 103 1.47
supplement

1.5 1.49 99.53 1.39

5.3.8 Application of the Synthesized LP-CQDs as Fluorescent Ink

The green synthesis of LP-CQDs from Citrus limon peels exhibits intrinsic
fluorescence and excellent aqueous stability, indicating potential for utilization in paper-based
devices and fluorescent ink. The solution of LP-CQDs was used to write the fluorescent
characters (handwritten words and images) as shown in Figure 5.10(a-b) without the
requirement of any sample pre-treatment. Also, paper-based fluorescence strip was made using
Whatman filter paper. It shows highly green luminescence under UV light irradiation (Figure
5.10(c)). The disappearance of green fluorescence was seen in presence of TC (Figure 5.10d)

making it more reliable.

Figure 5.10. Photographs of LP-CQDs in fluorescent characters of handwritten (a) words and
(b) images, (c¢) paper-based fluorescent strip of LP-CQDs, and (d) LP-CQDs in presence of
TC.
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Conclusions

The present study employed a cost-efficacious and environmentally friendly method to
produce highly water-soluble fluorescent carbon quantum dots from lemon peel. Microwave
irradiation was utilized without the addition of chemical substituents in the synthesis process.
Intrinsic nitrogen-functionalized CQDs have been obtained without use of any dopants.
Average particle size of fabricated LP-CQDs was 4.46 nm. LP-CQDs yielded a remarkable
quantum yield of 49.5%, which displayed excellent photostability, storage time, storage
condition, temperature, and pH stability. The prepared LP-CQDs emits green luminescence
exhibiting excitation dependent emission ranging from 240-410 nm. LP-CQDs acts as
nanosensor for the highly sensitive and selective detection of TC with 76.1% quenching with
50.4 nM detection limit in the concentration range of 0-345 nM. The fluorescence quenching
was accredited to IFE. Validation of the prepared sensor was conducted following the
recommendations outlined by ICH. Furthermore, the developed method was successfully
employed to detect TC in real samples, demonstrating acceptable precision and %RSD values.
Also, LP-CQDs were utilized as a fluorescent ink for drawing and writing without any chemical
alteration. It was further successfully used to make paper-based fluorescence strip. The present
method and detection strategy offers affordable, convenient, and sustainable approach for the

detection of TC in diverse applications.
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Conclusions and Future Perspectives

In conclusion, the thesis highlights that GQDs and CQDs serve as dynamic fluorescent
nanomaterials with significant potential for deployment in sensing applications. This is
attributed to their alluring properties including excellent water solubility, biocompatibility
photo-stability, tunable photoluminescence and low toxicity. GQDs/CQDs nanosensors play a
pivotal role in implementing turn-off, turn-on, and turn off-on strategies for detecting specific
analytes. The main target of this thesis is to synthesize GQDs from different Indian coals and
CQDs from different biowaste resources for the detection of metal ions/biomolecules/organic
compounds by using fluorescence spectroscopy.

In Chapter 2, the sensors were fabricated based on fluorescent nanomaterials that is
GQDs using different Indian coals i.e., anthracite and bituminous coals labelled as A-GQDs
and B-GQDs, respectively. The developed GQDs was high selective and sensitivity for Mn™"
(2+, 7+) ions. In the presence of Mn?" and Mn"" systems, the fluorescence of A-GQDs and B-
GQDs was quenched through a static quenching mechanism. GQDs-Mn"" nanoprobe is
effective for the sensitive and selective analysis of GSH by fluorescence “turn-off-on”
mechanism. The fluorescence turn-on of A and B-GQDs in the case of Mn*" quencher is
majorly accredited to the stable complex formation formed by reduced GSH with Mn**. Where,
Mn?* is bi-coordinated with O atoms from the carboxyl group of glycine residue and N atom
from the amine group of glutamyl. While, the fluorescence recovery of A and B-GQDs in the
presence of Mn’* quencher is because of the redox reaction amid KMnOs (7+) and GSH.

In Chapter 3, highly water soluble, strong fluorescent (56.2%), and stable RH-CQDs
were prepared through hydrothermal treatment of rice-husk (biowaste). RH-CQDs act as
nanosensor for highly sensitive and selective detection of Fe** with 66.4% quenching and
detection limit of 149 nM. The fluorescence turn-off is due to high chelating speed of Fe** for
the formation of coordination complexes results in fluorescence quenching. Different
photophysical parameters such as quantum yield (¢), average lifetime [ 7 (ns)], radiative (k)
rate constant, non-radiative (k,-) rate constant, rate of electron transfer (kz7), and efficiency of
electron transfer (¢geer) were studied for RH-CQDs in presence and absence of Fe**. Also, RH-
CQDs were used for the detection of OFX and CPX by fluorescence enhancement technique.
The reason for high selectivity and sensitivity among various analytes towards
fluoroquinolones is because of hydrogen bond formation between the carboxyl of RH-CQDs
and amine of piperazine ring. The interference free detection is because of hydrogen bonding

and charge transfer between RH-CQDs and OFX/CPX. Here, integration of two different
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mechanisms (fluorescence quenching and fluorescence enhancement) was followed to
construct a single sensing platform for accurate quantification of dual-mode nanosensors for
the detection of metal ions and fluoroquinolones by excited state electron transfer and hydrogen
bonding mechanism respectively. Therefore, this study also stimulates the detection of more
than one analyte.

In Chapter 4, eco-friendly, green methodology and cheaper approach was used for
synthesis of highly water soluble fluorescent CQDs from biomass waste (orange pomace) by
the microwave irradiation without incorporation of chemical substituents. CQDs acts as
nanosensor for the sensitive detection of Cr®" with 82% quenching and a detection limit of 59.6
nM within the concentration range of 0-480 nM. The PL quenching was attributed to IFE. Also,
the prepared CQDs were applied for the detection of the extremely important mono-
nitrophenols with respect to environmental concern. CQDs reacted well towards 4-NP with 14
nM limit of detection. This is possibly because of formation of zwitterionic spirocyclic
Meisenheimer complex and IFE. Validation of the as-prepared sensor was performed in
accordance with ICH recommendations. Moreover, the developed method was used to
effectively detect chromium (Cr®") and 4-nitrophenol (4-NP) in real water samples with
acceptable %RSD and precision.

At last, in Chapter 5 fabrication of highly fluorescent lemon-peel derived CQDs (LP-
CQDs) having inherent nitrogen functionality was done using microwave pyrolysis technique.
LP-CQDs displayed encouraging results for tetracycline (TC) detection using a PL turn-off
approach. LP-CQDs acts as nanosensor for the highly sensitive and selective detection of TC
with 76.1% quenching with 50.4 nM detection limit. Fabricated LP-CQDs showed
fluorescence quenching towards TC, elucidated by inner filter effect (IFE) mechanism.
Practicality of the detection method was assessed through the analysis of real samples, resulting
in satisfactory recovery percentage and relative standard deviation with respect to the
developed probes. Furthermore, LP-CQDs were used as a fluorescent ink and to fabricate the

paper-based fluorescent strips.

Future Perspectives

Modification in the surface functionalisation of coal-derived GQDs to enhance the limit of
detection for analytes like biomolecules.

Application of biowaste derived CQDs for intracellular imaging.

Implementation of prepared sensor in real-time portable sensor.

Study the effect of different heteroatom doping on CQDs for the detection of analytes.
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