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PREFACE

The newest member of the family of carbon nanomaterials,
zero dimensional, fluorescent carbon dots (CDs), has tremendous
promise for use in a variety of industries. It acquires the significant
importance in almost every field owing to its versatile potentiality and
environmental friendliness. The commendable biocompatibility and
water solubility of this tiny luminary make it more users friendly. The
biocompatibility of the CDs can further be increased by the
introduction of biogenic carbon dots. Biogenic carbon dots are

generated from natural resources and have a biological origin.

There has recently been an increasing interest in one-pot CDs
synthesis, mostly to decrease waste and by-products. Many natural
carbon sources, including food, plant biomass, biowaste, and animal
products, have been investigated as potential raw materials for the
production of CDs. In general, plant parts such as flowers, fruits, seeds,
and stems that contain multiple acidic, basic, and neutral bioactive
compounds are intriguing as powerful and sustainable biosources for
the production of CDs in aqueous media. These green sources provide
various advantages, including simple availability, low cost, relatively

clean reactions, and non-toxicity.

Hence this thesis presents synthesis, characterisation of CDs
from natural resources and they are evaluated for potential sensing

applications against various aquatic pollutants and food adulterants.



Apart from this, the biological activities of prepared CDs system were

also examined.

The thesis is organised into ten chapters. Chapter 1 provides
an overview of carbon dots with a particular emphasis on their
classification, synthetic procedures, characterisation, features, and
applications. The chapter also describes the research challenge and
discusses the significance of the current inquiry. Chapter 2, which
deals with the assessment of the literature, gives a succinct overview of
carbon dots made from natural resources and their uses, notably in
biological applications and the detection of metal and organic
pollutants. There is also a brief overview of the natural resources that
were chosen for the current work. Materials, chemicals, and
characterisation instruments utilised in the investigation are listed in

Chapter 3. The typical methods used are also briefly described.

The preparation of fluorescent CDs from mango ginger
rhizomes is demonstrated in Chapter 4. It is known as MGCDs and
works well as a fluorescence sensor for the harmful aquatic
contaminant hexavalent chromium in aqueous media. This probe
successfully completed a real sample analysis. In addition, the
fluorescence quenching mechanism underlying this sensing is
examined using several techniques and attributed to the inner filter
effect (IFE).

Chapter 5 discusses synthesis and application
of fluorescent carbon dots known as LLCDs, derived from the

wild lemon leaves. The fluorescence of the LLCDs is used to



create a tetracycline sensor in water. The sensing is based on the
specific interaction of LLCDs with tetracycline that results in the
quenching of fluorescence. Real environmental water sample
analysis also produced positive outcomes. Besides, the
mechanism of the fluorescence quenching is also examined and

ascribed to static quenching mechanism.

The BCDs, carbon dots that are synthesised from bilimbi
fruit extract, is the subject of Chapter 6, a fascinating bit of
work. The BCDs is employed for multiple sensing tasks. It is
primarily intended to function as a Cu(ll) sensor in an aqueous
medium based on the quenching of fluorescence. And using the
fluorescence recovery approach, this BCDs with Cu(ll)
(abbreviated as BCDs@Cu(ll)) is once more utilised as a sensor
against the pesticide quinalphos. The mechanism of quenching
as well as fluorescence recovery is investigated and static
quenching is determined to be the reason. Using successful
findings, real sample quinalphos analysis is also performed using

rice and tea samples.

The CDs from sweet flag rhizomes are discussed in
Chapter 7 and are designated as SFCDs. Based on the unique
way that SFCDs interact with 4-NP, this fluorescent CDs system
IS put into operation as a 4-NP sensor in water. Real sample
analysis is also illustrated, with favourable results. After a
thorough investigation using the available techniques, the
process of fluorescence quenching sensing was eventually

ascribed to a combination of static and IFE mechanism.



CDs from long pepper, designated as LPCDs is the
subject in Chapter 8. The fluorescence of this system is used for
the development of nano sensor against Sudan I, a carcinogenic
dye commonly encountered as food adulterant. Real sample
analysis is also performed with chilli powder samples. The
mechanism behind the fluorescence quenching is accredited to
FRET.

The biological properties of the selected CDs systems were
discussed in Chapter 9. The antioxidant and in vitro cytotoxic
properties of LPCDs (long pepper derived CDs) and SFCDs (sweet
flag derived CDs) are discussed in this chapter. The systems are
subjected for the evaluation of biological properties like
antioxidant and in vitro cytotoxicity against DLA cell lines. Both
the systems exert good antioxidant capacity and moderate level of

cytotoxicity against the DLA cell lines.

Chapter 10 includes the overall summary and

recommendations of the present investigations.



4-NP
MM
CDs
DLA
DLS
DPPH
ECso

FRET
FTIR
IFE
LOD
nM
PBS
PET
PL
QC
QY
S%
SAED
TEM

XRD

LIST OF ABBREVIATIONS

4-nitrophenol

Micromolar

Carbon dots

Dalton's Lymphoma Ascites

Dynamic light scattering
1,1-diphenyl-2-(2,4,6-trinitrophenyl)hydrazine
Effective concentration for 50 % of scavenging
Bang gap energy

Forster resonance energy transfer
Fourier transform infrared spectroscopy
Inner filter effect

Limit of detection

Nanomolar

Phosphate buffered saline

Photo induced electron transfer
Photoluminescence spectroscopy
Quantum confinement

Quantum vyield

Scavenging activity percentage
Selected area electron diffraction
Transmission electron microscopy
Watt

X-ray diffraction






LIST OF PUBLICATIONS AND
CONFERENCE PAPERS

Publications

[1]

[2]

[3]

[4]

[5]

P. Venugopalan, N. Vidya, Green synthesis of mango ginger
(Curcuma amada) derived fluorescent carbon dots—a potent
label-free probe for hexavalent chromium sensing in water,
Spectroscopy Letters. 55 (2022) 373-388.
https://doi.org/10.1080/00387010.2022.2082483

P. Venugopalan, N. Vidya, Microwave-assisted green synthesis
of carbon dots derived from wild lemon (Citrus
pennivesiculata) leaves as a fluorescent probe for tetracycline
sensing in water, Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy. 286 (2023) 122024,
https://doi.org/10.1016/j.saa.2022.122024

P. Venugopalan, N. Vidya, Bilimbi (Averrhoa bilimbi) fruit
derived carbon dots for dual sensing of Cu(Il) and quinalphos,
International Journal of Environmental Analytical Chemistry.
(2022) 1-14.

https://doi.org/10.1080/03067319.2022.2149331

P. Venugopalan, N. Vidya, Microwave assisted green synthesis
of carbon dots from sweet flag (Acorus calamus) for
fluorescent sensing of 4-nitrophenol, Journal of Photochemistry
and Photobiology A: Chemistry. 439 (2023) 114625.
https://doi.org/10.1016/j.jphotochem.2023.114625

P. Venugopalan, N. Vidya, Long pepper (Piper longum)
derived carbon dots as fluorescent sensing probe for sensitive
detection of Sudan I, Luminescence. 38 (2023) 401-4009.
https://doi.org/10.1002/bi0.4459



https://doi.org/10.1080/00387010.2022.2082483
https://doi.org/10.1016/j.saa.2022.122024
https://doi.org/10.1080/03067319.2022.2149331
https://doi.org/10.1016/j.jphotochem.2023.114625
https://doi.org/10.1002/bio.4459

Conference papers

[1]

[2]

P. Venugopalan and N. Vidya," Microwave assisted green
synthesis of fluorescent carbon dots from sweet flag (Acorus
calamus) for fluorescent sensing of 4-nitrophenol”, presentation
at National conference on Emerging Frontiers in Chemical
Sciences (EFCS-2022), The Postgraduate and Research
Department of Chemistry, Farook College (Autonomous),
Farook.

P. Venugopalan and N. Vidya, Fluorescent carbon dots derived
from long pepper (Piper longum) as fluorescent sensing probe
for sensitive detection of Sudan I, presentation at International
Research Conclave on Advances in Science & Technology
(IRCAST-2023), Department of chemistry, NSS College,
Ottapalam (Online mode).



CONTENTS

CHAPTER 1
INTRODUCTION

1.1 Nanomaterials
1.2 Carbon nanomaterials

1.3 Carbon dots (CDs) - The emergence of  fluorescent
star

1.4 Classification of carbon dots
1.5 Synthetic approaches
1.5.1 Top-down approaches
1.5.2 Bottom-up approaches
1.6 Characterisation techniques for CDs
1.7 Characteristic properties of CDs

1.7.1 Biocompatibility, water solubility and lesser
toxicity

1.7.2 Optical properties

1.7.3 Catalytic properties

1.7.4 Electrochemical properties
1.8 Applications of CDs

1.8.1 Sensing applications

1.8.2 Biomedical applications

1.8.3 Energy applications
1.9 Importance of present investigation
1.10 Description of research problem
1.11 References

CHAPTER 2
REVIEW OF LITERATURE

2.1 Introduction
2.2 CDs from natural sources

Page
No.

13
20
24
25

25
36
36
37
38
40
44
47
48
51

63
64



2.3 Sensing applications of CDs derived from natural
sources

2.3.1 Metal ion sensing
2.3.2 Organic pollutant sensing

2.4 Biological applications of CDs derived from natural
resources

2.5 Plant sources used in the present investigation
2.6 References

CHAPTER 3
MATERIALS, INSTRUMENTS AND METHODS

3.1 Introduction
3.2 Materials used
3.2.1 Plant sources
3.2.2 Chemicals
3.3 Instruments
3.3.1. Transmission electron microscope
3.3.2. Raman microscope
3.3.3. Fourier transform infrared spectrometer
3.3.4. X-ray diffractometer
3.3.5 Dynamic light scattering instrument
3.3.6 UV-Vis spectrophotometer
3.3.7. Fluorescence spectrophotometer
3.4 Methods
3.4.1 Synthesis of CDs
3.4.2 Sensing studies
3.4.3 Fluorescence quantum yield determination
3.4.4 XRD interlayer spacing calculations
3.4.5 Fluorescence lifetime measurements
3.4.6 Real sample analysis
3.4.7 Antioxidant activity- DPPH scavenging assay

3.4.8 Invitro cytotoxic activity — Trypan blue
exclusion method

67

68
77
85

89
100

125
125
125
126
129
129
129
130
130
130
130
131
131
131
132
132
133
133
134
135
136



3.5 References

CHAPTER 4
MANGO GINGER DERIVED CARBON DOTS

4.1 Introduction
4.2 Experimental
4.2.1 Synthesis of MGCDs
4.2.2 Sensing of chromium(V1)
4.2.3 Real water analysis
4.3 Results and discussion
4.3.1 Formation of MGCDs
4.3.2 Characterisation of MGCDs

4.3.3 Fluorescence quantum yield and fluorescence
stability of MGCDs

4.3.4 Selectivity studies
4.3.5 Sensing studies with chromium(V1)

4.3.6 Determination of chromium(V1) in
environmental water samples

4.3.7 Mechanism of quenching
4.4 Conclusions
4.5 References

CHAPTER 5
WILD LEMON LEAVES DERIVED CARBON DOTS

5.1Introduction
5.2 Experimental
5.2.1 Synthesis of LLCDs
5.2.2 Detection of tetracycline
5.2.3 Environmental water analysis
5.3 Results and discussions
5.3.1 Formation of LLCDs
5.3.2 Characterisation

5.3.3 Fluorescence quantum vyield and fluorescence
stability of LLCDs

137

139
141
141
142
143
143
143
144
151

153
154
156

158
164
166

171
173
173
174
175
176
176
177
183



5.3.4 Selectivity studies
5.3.5 Sensing studies with tetracycline

5.3.6 Determination of tetracycline in environmental
water samples

5.3.7 Fluorescence quenching mechanism
5.4 Conclusions
5.5 References

CHAPTER 6
BILIMBI FRUIT DERIVED CARBON DOTS

6.1 Introduction
6.2 Experimental
6.2.1 Synthesis of BCDs
6.2.2 Cu(ll) and quinalphos detection
6.2.3 Real sample analysis
6.3 Results and discussion
6.3.1 Formation of BCDs
6.3.2 Characterisation

6.3.3 Fluorescence quantum yield and fluorescence
stability of BCDs

6.3.4 Selectivity studies on BCDs
6.3.5 Sensing studies with Cu(ll) on BCDs
6.3.6 Selectivity studies on BCDs@Cu(ll)

6.3.7 Sensing studies with quinalphos on
BCDs@Cu(ll)

6.3.8 Analysis of quinalphos in rice and tea samples
6.3.9 Probable sensing mechanism

6.4 Conclusions

6.5 References

CHAPTER 7
SWEET FLAG DERIVED CARBON DOTS

7.1 Introduction
7.2 Experimental

185
186
191

192
195
196

201
202
202
203
204
205
205
206
211

212
213
216
217

220
222
225
226

231
233



7.2.1 Synthesis of SFCDs

7.2.2 Detection of 4-NP

7.2.3 Real water analysis
7.3 Results and discussion

7.3.1 Formation of SFCDs

7.3.2 Characterisation

7.3.3 Fluorescence quantum yield and fluorescence
stability of SFCDs

7.3.4 Selectivity studies
7.3.5 Sensing studies with 4-NP
7.3.6 Detection of 4-NP in real samples
7.3.7 Fluorescence quenching mechanism
7.4 Conclusions
7.5 References

CHAPTER 8
LONG PEPPER DERIVED CARBON DOTS

8.1 Introduction
8.2 Experimental
8.2.1 Synthesis of LPCDs
8.2.2 Detection of Sudan |
8.2.3 Real sample analysis
8.3. Results and discussion
8.3.1 Formation of LPCDs
8.3.2 Characterisation

8.3.3 Fluorescence quantum vyield and fluorescence
stability of LPCDs

8.3.4 Selectivity studies

8.3.5 Sensing studies with Sudan |

8.3.6 Analysis of Sudan I in chilli powder

8.3.7 Fluorescence quenching mechanism
8.4 Conclusions

233
233
235
235
235
236
243

244
246
249
249
254
255

259
261
261
262
263
264
264
264
271

271
272
275
276
280



8.5 References 282

CHAPTER 9

BIOLOGICAL STUDIES ON LPCDs AND SFCDs

9.1 Introduction 285

9.2 Experimental 287
9.2.1 Antioxidant activity — DPPH method 287
9.2.2 In vitro cytotoxicity — Trypan blue exclusion 288

method

9.3 Results and discussion 289
9.3.1 Antioxidant activity of LPCDs and SFCDs 289
9.3.2 Mechanism of DPPH scavenging by CDs 291
9.3.3 In vitro cytotoxicity of LPCDs and SFCDs 292

9.4 Conclusions 295

9.5 References 296

CHAPTER 10

CONCLUSION AND RECOMMENDATION

10.1 Conclusions 299

10.2 Recommendations 302



Chapter 1
INTRODUCTION

This chapter gives a brief introduction to the carbon dots with a primary focus on the
classification, synthetic approaches, characterisation, properties and applications. The
chapter also includes the importance of present investigation and description of the
research problem.






1.1 Nanomaterials

One of the most cutting-edge fields of scientific study in recent
decades has been the field of nanotechnology. The investigations on
the size dependent physical and chemical properties of nano structures
have prompted the researchers to discover its wide spectrum of
applications [1]. Such an embarrassing progress is mainly credited to
its countless applicability. These materials are of great interest since it
bridges the gap between the bulk and molecular levels. It opens up new
avenues for versatile applications, particularly in the fields of
electronics, optoelectronics and biology.

Nanomaterials are materials having external dimensions within
the nanometric range (1-100 nm), at least in one dimension.
Nanomaterials have significantly different properties from bulk
materials mainly due to increased relative surface area and quantum
effects. These factors can change or enhance properties such as
reactivity, strength and electrical properties. As particle size decreases,
surface area increases and consequently greater proportion of atoms
are found at the surface compared to bulk material. Thus nanomaterials
have more surface atoms per unit mass compared with bulk material
and as a result, they exhibit unusual mechanical, electrical, optical and

magnetic properties compared to the bulk material [2].

Based on the chemical composition, nanomaterials are
classified into carbon, inorganic, organic and hybrid nanomaterials [3].
Among different nanostructures, carbon based materials are found to

be more abundant over the others, a later identified uniqueness of the



2

most abundant element in the living world. The exceptional ability of
carbon atoms to form robust covalent bonds with other carbon atoms in
distinct hybridization states (sp, sp?, sp°) or with nonmetallic elements
enables them to form a wide range of structures, from small molecules
to long chains [4]. The prevalence of carbon-based nanomaterials is
largely due to this capability.

1.2 Carbon nanomaterials

Carbon nanomaterials are basically the nano allotropes of
carbon, considered as the most studied and investigated area in the
field of nanoscience. The family of carbon nanomaterials comprised
with different nano allotropes including, 2D nanoallotropes such as
graphene, graphene nanoribbons; 1D nanoallotropes like carbon
nanotubes (CNTs), carbon nanohorns (CNHSs) and carbon nano fibers
(CNFs) (although the latter are organized into 3D aggregates), and 0D
carbon nanostructures such as fullerenes, onion-like carbon (OLC)

structures, nanodiamonds, and carbon dots (CDs) [4].

The corridors of carbon research were broadened by the
innovations in the field of nano allotropes. All the carbon nano
allotropes find promising and significant applications in different fields
of science and technologies and they are the hot topic of research in the
past few decades. However, lower biocompatibility and lesser water
solubility of carbon nanomaterials pull it backward in some fields of
applications. But, carbon dots (CDs), the zero-dimentional nano
allotropes of carbon can effectively overcome the aforementioned

difficulties faced by the other carbon nano materials.



1.3 Carbon dots (CDs) - The emergence of fluorescent star

Carbon dots (CDs) are the most emerging member from the
family of carbon based nanomaterials. They are zero dimensional (0D)
luminescent nanocarbon with size under 10 nm [5]. The structure of
CDs is encompass with sp® and sp® carbon atoms with large number of
different functional groups or polymer chains tailored on to its surfaces
[6]. The exact structure of CDs is still not clear. However, from the
available literature a possible structure is given in Figure 1.1.

COOH COOH

Figure 1.1: Schematic structure of CDs

CDs have gathered substantial attraction from the scientific
world, owing to their considerable and excellent characteristics, such
as excellent electron conductivity, photobleaching and photo blinking
properties, high photoluminescent quantum vyield, fluorescence
property, resistance to photodecomposition, alterable excitation and
emission attributes, increased electro-catalytic activity, good solubility
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in aqueous media, excellent biocompatibility, long-term chemical
stability, cost-effectiveness, negligible toxicity, and acquaintance of
large effective surface area-to-volume ratio [7].

The discovery of CDs is quite much interesting; it was in 2004,
by Xu et al. the accidental and ground breaking discovery of highly
fluorescent carbon material during the purification of SWCNT (single
walled carbon nanotube) was happened, which were now named as
carbon dots (CDs) [8]. At the primary stage the inventors called it as
carbon quantum dots due to its resemblance with the well known
semiconductor quantum dots in many aspects like, nano dimensions
and fluorescence behaviour.

Semiconductor quantum dots are “artificial atoms”, or quantum
dots (QDs), nanometer-sized semiconductor crystals, exhibit variety of
optoelectronic properties including, tuneable, effective and narrow
emissive photoluminescence and excellent photochemical stability due
to its quantum size effects [9,10]. Owing to these properties, QDs have
been included in wide range of devices and applications as active
element [11]. Now some of these applications are commercialized and
are associated with our daily life like, QD-based QLED displays [12].
Even though it being a part of several technologies the synthesis
characterisation and applications are still growing research area.
However, the lesser biocompatibility and health risks associated with
these quantum dots build from toxic metals, pull it down in several
fields. The aggregation up on storage of these QDs may release lethal
heavy metal ions from the core to the outer surface. This disadvantage
was partially resolved by the launch of non-heavy metal based
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semiconductors like ZnS, ZnO, ZnSe, silicon based quantum dots, etc
[13,14].

So the circumstance demands for the opening of much more
biocompatible and eco-friendly fluorescent systems. As expected, the
aforementioned drawbacks of QDs can be resolved by the CDs since it
well known for its environmental benign and biocompatibility
properties. Further studies on CDs reveal that it can be act as an
alternative to the non-toxic semiconductor quantum dots since it not
only covers almost all the advantages offered by the quantum dots but
also solves the major difficulties associated with semiconductor
quantum dots.

The urge for the fabrication of non-toxic eco-friendly
fluorescent materials sufficiently enhance the acceptance of CDs. This
fact was clear from the exponential growth in the number of research
articles focusing on the synthesis, properties and applications of CDs.
The tuneable luminescent properties of the CDs are the major driving
force in the considerable development of CDs research, for the same
reason it plays significant role in the nanotechnology revolution by
generating new applications in several fields including sensing,
bioimaging , energy harvesting etc [15,16].

1.4 Classification of carbon dots

CDs are primarily classified into four sub categories namely;
graphene quantum dots (GQDs), carbon quantum dots (CQDs), carbon
nanodots (CNDs), and carbonized polymer dots (CPDs) in the basis of
their formation mechanism, carbon core structure, surface functional

groups, and properties [6,17], the classification is given in Figure 1.2.
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‘ GQDs CQDs CNDs CPDs
Graphene Carbon Carbon Carbonised
quantum quantum nano dots polymer

dots dots dots
N S~
Small Quasi- Quasi- Carbonised
graphene spherical spherical central core
fragments nanodots nanodots with
with exciton with without polymer or
confinement crystalline quantum functional
and structure confinement groups
quantum and quantum
size effect confinement
_/ / / /

Figure 1.2: Classifications of CDs

GQDs are small graphene fragments comprised of single or
multiple layers of graphene sheets that have chemical groups on their
surfaces, edges, or interlayer spaces. In most cases, they are produced
through "top-down" oxide cutting from larger graphitized carbon
materials such graphite powder, carbon rods, carbon fibres, carbon
nanotubes, carbon black, or graphene oxide. In addition to having
anisotropic features, they have lateral dimensions that are larger than
their height. The presence and size of m-conjugated domains, as well as
in the GQDs'

edge/surface, are what essentially account for these nanostructures'

surface/edge effects that result from functions

intrinsic optical features [6,17].
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Whereas, CQDs are typically nanospheres, with crystalline
behaviours, exhibit multiple-layer graphite structures with of large
number of surface connected chemical functional groups. The surface
effect induced intrinsic state luminescence and quantum confinement
effect of CQDs contributes to its luminescence characteristics
[6,16,17].

At the same time, CNDs are nanosphere materials with high
degree of carbonization and edge effects, but their crystalline or
polymeric structures are not disclosed. Besides, quantum confinement
effect is found to be missing in CNDs. Both CQDs and CNDs are
generally synthesised often produced from small molecules, or
biomass by assembling, polymerisation, cross-linking, and

carbonization through “bottom-up” approach [6,16,17].

The CPDs typically contains central carbonized core
surrounded by polymeric chains or functional groups and is considered
as the cross-linked nanohybrids of carbon and aggregated polymers.
Usually the CPDs are synthesised via “bottom-up” methods. The
special “core—shell” nanostructures, consisting of carbon cores less
than 20 nm with highly dehydrated cross-linking polymer frames or
slight graphitization and shells of abundant functional groups/polymer
chains, which endow CPDs with higher stability, better compatibility,
easier modification and functionalization, as well as wider applications
[6,16-18].

The optical properties of CPDs are different from that of
GQDs, CQDs and CNDs. The molecular state and crosslink enhanced
emission (CEE) effect, of CPDs mainly contributes to the optical
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properties and thus performance of CPDs more handy in nature [6,16—
18].

1.5 Synthetic approaches

During the last decade, various methods have been adopted to
fabricate the CDs with appropriate properties for different applications.
Generally, these synthetic strategies of CDs are classified into “top-

down” and “bottom-up” approaches.

In the top-down method, bulk carbonaceous materials are sliced
or cut into small nano-sized fragments, while the bottom-up approach
includes the building up of nanosized particles through carbonization
and stepwise integration of small molecules [7,16,19]. Figure 1.3

displays the schematic presentation of the two synthetic approaches.

Top down method
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1.5.1 Top-down approaches

In general, top-down approaches are more suitable for the mass
production of the materials and it requires long processing time, harsh
reaction conditions and expensive instruments and raw materials. The
most common synthetic methods from the list of top-down approaches
are chemical exfoliation, laser ablation, ultrasonic synthesis and
electrochemical oxidation (Figure 1.4). Normally, synthesis of GQDs
is achieved by this “top-down” policy from macroscopic carbon
structures having graphene lattices. Some of these type synthetic

methods are detailed below.

Top-down

approaches
I I I 1
Chemical Laser Ultra-sonic Electrochemical
exfoliation ‘ ablation synthesis oxidation

Figure 1.4: Different top-down approaches
Chemical exfoliation

Chemical exfoliation is a facile and convenient method for
mass production of high-quality CDs without complicated devices but
it generally requires harsh chemical conditions. Strong acids or
oxidizing agents are commonly used for the cleavage of the carbon
precursor materials, including carbon fibers, graphene oxide and

carbon nanotubes.
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The fabrication of fluorescent GQDs by the chemical
exfoliation was firstly reported by Mao and co-workers in 2007.
Different sized GQDs were synthesised from candle soot by the

treatment of HNO3 under a relatively high temperature [20].

Though it is convenient method for large scale production of
CDs, the purification part of the synthesis is a tedious one, and thus
increasing the overall synthesis cost. Moreover, the usages of harsh
chemicals reduced its greener nature. The purification part gets
simplified when mild oxidizing agents are used instead of strong acids
and such produced CDs could be more environmental friendly and
applicable for the biological studies. indicating that the acid-free
strategy is simple and environmentally benign [16].

Laser Ablation

This is termed as unique and potential synthetic route, in which
laser ablation is applied for the preparation of CDs in short period of
time with simple operations. As mentioned before, operational
simplicity has considered as main advantages of this ablation
technique, at the same time it lead to generate different types of
nanostructures [7]. This method uses a high-energy laser pulse to
irradiate surface of the precursor substances in to a thermo-dynamic
mood that generates high temperatures and pressures. The heat
produced through this is results to the evaporation of the precursor into
a plasma mood. At last, the vapour is crystallized into nano

dimensional materials [21].
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In 2010, Gongalves et al. use direct laser ablation on carbon
targets submerged in water to create carbon nanoparticles, by
using UV pulsed laser irradiation of 248 nm, KrF [22].

However, large amount of carbonaceous material as precursor
is required to acquire the carbon targets. Moreover, the produced
carbon nanoparticles having different sizes and dimensionality
consequently the efficiency of this technique is less and utilized rarely

as compared with other methods [7,16,21].
Ultra-sonic assisted Treatment

It has been well known that the ultrasound can be used to
generate high and low pressure wave in the liquid medium resulting
the development and distribution of little vacuum bubbles. The act of
cavitations that is the formation and collapse of the vacuum bubbles
result in the formation powerful hydro-dynamic shear force. These
hydrodynamic shear forces can be successfully utilized for the cutting

of bulk carbon precursor in to nano dimensional CDs. [21,23].

The development of GQDs from graphene through the

ultrasonic treatment was reported by Zhuo et al. in 2012 [24].

This approach has the advantage of operational simplicity and
size controllability simply altering the instrument's parameters.
Generally, ultrasonic power, reaction time and the ratio of carbon
sources and solvents are the major adjustable parameters to obtain
desired CDs [7,16,21].
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Electrochemical oxidation method

It is one of the simplest methods to prepare the
nanoparticles, and it can be conducted under standard temperature and
pressure [21,25].The electrochemistry based technique considered as
one of the acceptable methods for the synthesis of CDs, due to the
advantages offered by this method. The major merits include higher
purity, affordability, higher vyield, particle size controllability
repeatability, bulk production and PL performance of synthesised
CQDs.

In this method, CDs are electrochemically synthesised under
normal pressure and temperature, through oxidation-reduction
reactions. By regulation of redox reactions and electrolyte
components, functionalization of CDs can be carried out by
incorporating hydrophilic groups such as -NH,, -COOH, -OH to the

surface of CDs.

This method was adopted by Ahirwar and team in 2017 for the
preparation of GQDs from grapheme rods by using a combination of
citric acid and alkali hydroxide in water as the electrolyte [26].

The electrolytes and the electrode materials are crucial for the
synthesis, because they have the ability to produce CDs with distinct
features in terms of their fluorescence emission, cytotoxicity and

surface states [7].
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1.5.2 Bottom-up approaches

Bottom-up approaches are comparatively time saving and
economical than the top-down approaches, however it used for the
small scale productions. CQDs, CNDs and CPDs are usually
synthesised from small molecular precursors, for example glucose,
sucrose, and citric acid, through the bottom-up approaches. Chemical
vapour deposition, pyrolysis/carbonization, solvothermal/hydrothermal
reactions, and microwave pyrolysis are the major synthetic methods
from the bottom-up strategy (Figure 1.5). These methods exhibit small
amount of defects and high controllability [7,16]. Brief description of
the listed methods is given below.

Bottom- up
approaches

N B

! ! Hydrotlhermal

Chemical Vapor Pyrolysis/carbonization Method/ Microwave

Deposition (CVD) Solvothermal Synthesis
Method

Figure 1.5: Different bottom-up approaches
Chemical vapour deposition (CVD)

It is the well known synthetic approach for the synthesis of
nanomaterials. The nanoparticles are formed on the heated substrate,
the substrate is exposed to the volatile precursors which react or
decompose on the substrate surface and finally the desired product is

deposited on the substrate. As a renowned approach, chemical vapour
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deposition (CVD) method is used to fabricate CDs, and has also been

widely explored in recent years.

In a CVD method, carbon source, growth time, flow rate of the
hydrogen (H;) and temperature of the substrate determines the size and
morphology of the final products, so the tuning of these parameters

results in the desired product formation.

Fluorescent carbon quantum dots with graphitic structure were
synthesis by this method for the first time was reported by Yan et al. in
2016. With this approach, the synthesised CQDs exhibit excellent
crystalline graphitic nature [27].

Controllable morphology and high yield is the major merits of
this method however, complicated operational conditions and thereby

high cost are the major encountered demerits of this technique [16].
Pyrolysis/carbonization

Pyrolysis is a simple and powerful technique to develop
fluorescent CDs. Short reaction time, low cost, easy operation; solvent-
free approaches and scalable production make it more advantageous.
Under high temperature, the organic carbon precursors converted in to
CDs and it involves four main steps; heating, dehydration, degradation
and carbonization. They play the critical role in the formation of CDs
[16].

This method is adopted by various research teams for the
preparation of CDs.And a one-pot pyrolysis preparation of CDs was
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reported by Hu et al. in 2019 by tuning the carbonization degree of

ammonium citrate [28].

Non-uniform size distribution of the particles, difficulty in
separation process and high temperature requirements are the major

disadvantage of this process [16].
Hydrothermal Method/ Solvothermal Method

Solvothermal strategy is one of the most accepted preparation
technique for CDs, and is refers to the decomposition of carbonaceous
materials with a suitable solvent in high temperature and pressure. The
method withholds advantages of low cost and operational simplicity
[16,29].

In general, the precursors molecules in solution or mixture of
solutions were enclosed with Teflon lined autoclave in an oven and
allowed to react at high pressure and high temperature. When the
solvent used for the preparation is water it is termed as hydrothermal
method.

As said earlier, it may the most used preparation technique for
CDs; different research groups from the world wide utilized this

approach for the preparation of high purity and well dispersed CDs.

Unsatisfactory uniformity of product size, and morphology,

poor control over size is the marked demerit of this method [16].
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Microwave Synthesis

According to the reports, microwave assisted method has been
considered to be one of the greenest, rapid and cost-effective method

of preparation widely applied for the synthesis of CDs.

Microwaves radiation hold a wide range of electromagnetic
waves from 1 mm to 1 m and these waves can produce accelerated
energies. This energy can be utilized for the chemical bond
decomposition of the precursor molecules. The following advantages
of the microwave-assisted method make it appropriate for the synthesis
of CDs; operational easiness, highly affordability, quite rapid with less
reaction times, and uniform heat production for the homogeneous
distribution of CDs [7].

The homogeneous heating technology behind this method
enhances its merits by effectively reducing the by-products formation
and it may simplify the purification process, however the lesser size
controllability and inefficiency for large scale production are the main
issues faced by this method [21,30].

Major advantages and disadvantages of the synthetic methods
generally adopted for CDs synthesis are given in Table 1.1



Table 1.1: Advantages and disadvantages of different synthetic approaches of CDs
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Method Advantages Disadvantages Synthesis | References
route
Chemical exfoliation Mass production of Usage of harsh Top-down [16,20]
high quality CDs chemicals
Complicated
purification
Laser Ablation Tuneable Surface Low quantum yield | Top-down [31-33]
states High cost
Controllable Complicated
morphology and operation
size and high purity Limits in large-
Good scale production
reproducibility
Ultra-sonic assisted Simple, easy to Poor size control Top-down [7,16,21]
Treatment control Long reaction time
Good crystal
structure
Electrochemical Controllable size Difficult to control | Top-down | [31,33,34]
oxidation method High purity Complex
Good purification process

reproducibility
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Pyrolysis/carbonization

Process under the
normal temperature
and pressure

Simple process
Economically
feasible

Mass production of
highly emissive
CDs

High temperature is
required

Difficult to separate
CDs and other
small molecules of
the raw materials

Non-uniform size
distribution

Bottom-up

[33,35]
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Microwave Synthesis

Homogeneous
temperature
distribution

Direct heat of the
target molecules
Lower reaction
temperatures
Possibility of very
fast synthesis
Good quality

Use of small
reactors limit the
large scale
production
Lesser size
controllability

Bottom-up

[30,33]
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1.6 Characterisation techniques for CDs

The characterisation of CDs has become very relevant to
explore its physical as well as chemical properties. Various techniques
are used for characterisation purpose including microscopic and
spectroscopic techniques and are generally rapid and non-destructive
[38].

The major analytical techniques used for the characterisation of
CDs for illustrating physical characteristics, crystalline structure and
identification of surface functionalities are listed as; Transmission
electron microscopy (TEM), Scanning Electron Microscopy (SEM),
Raman spectroscopy, X-ray powder diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), Atomic Force Microscopy (AFM), Dynamic
Light Scattering (DLS) and Zeta Potential Measurements and
Photoluminescence and Ultraviolet-Visible Spectroscopy (PL and UV-
Vis) (Figure 1.6). Brief descriptions of the mentioned techniques are

given below.

Transmission electron microscopy (TEM): It is the primary
analytical and visualisation method for CDs. It reveals the relevant
information about the particle size morphology, size distribution and
crystalline behaviours. High-resolution TEM (HRTEM) can used to
reveal the fine structure of CDs that is whether they are crystalline or
amorphous and selected area electron diffraction pattern (SAED)

provides additional morphology of the materials. Altogether, HRTEM
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and SAED offer the detailed structural details and deprived
crystallinity based information of CDs [15,38,39].

Scanning electron microscopy (SEM): Like TEM, this analysis also
produces images from the interaction of high-energy electron beam
with sample, and provides the information about the morphology,
topography,  chemical =~ composition,  granular  orientation,
crystallographic details of CDs [7].
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Figure 1.6 Characterisation techniques of CDs

Raman spectroscopy: Raman analysis frequently used to provide the
structural data that, optical and electrical characteristics, crystalline or
amorphous nature of CDs [39]. This reveals the extent of disorder in
the structure of CDs. A typical Raman spectrum of consist of two
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eminent peaks corresponds to D and G bands. The former one is
appears nearly around 1350 cm™ and is representing the disordered sp?
carbons. While, the latter one originates from the in-plane stretching
vibration mode E,q of crystalline graphite carbons. The intensity ratio
of these bands (Ip/lc) gives the relative abundance of sp® and sp?
carbons in the materials [15].

X-ray powder diffraction (XRD): It is an important tool for the
study of crystalline nature of the CDs. It gives information about the
crystal spacing and unit cell dimension of crystalline carbon core. In
general the diffraction peak and lattice spacing of the material is
compared with that of graphite to analyse the crystalline behaviour
[15].

Fourier transform infrared spectroscopy (FTIR): This technique is
used to identify the functionalities associated at the CDs based on the
detection of electromagnetic radiation absorption in the wavelength
range of 4000 to 400 cm™ [39]. Most of the CDs surface contains
hydroxyl, carboxyl, carbonyl and ether groups and these groups plays
vital role in the characteristics of CDs. So the explorations of
functionalities are very relevant in the characterisation and he
elucidation carried out by providing different peaks through recording
different bond vibrations.

X-ray photoelectron spectroscopy (XPS): This method of analysis is
an effective tool for surface chemical examination and elemental
characterisation of nano-scale materials. It gives information about the

electrical structure, elemental composition and qualification and
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chemical states of the materials. Surface chemical modifications,
components of CDs and core-shell topology of CDs can also be
examined from the XPS data [39].

Atomic force microscopy (AFM): This technique gives the
topographical image of the sample surface from the interactions
between a tip and a sample surface. This high-resolution scanning
probe microscopic method facilitates the characterisation of CDs by
capturing their two-dimensional (2D) as well as three-dimensional
(3D) surface images. The CDs dimensions can be calculated through
random computation of the particles’ heights on the 2D images,

whereas 3D images determine the morphology of the surface of CDs

[7]1.

Dynamic light scattering (DLS) and Zeta potential measurements:
The DLS analysis used hydrodynamic particle size determination of
CDs in liquid state. The radii of CDs determined through the
measurement of diffusion rate of CDs in the liquid media, and thereby
the particle size distribution of CDs can be calculated. Whereas zeta-
potential measurements can used to find out the surface charge and
particle size of CDs, the zeta-potential indicates the degree of repulsion
between the similarly charged and adjacent particles in dispersion and
providing an idea about the stability of CDs. Besides, this method also
provides the double layer characteristics of CDs with different

hydrophilic groups [7].

Ultraviolet-Visible spectroscopy (UV-Vis): This spectroscopy
method is broadly employed for exploring the optical characteristics of
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CDs. Usually all forms of CDs show their activities in the UV-Vis
region of the electromagnetic spectrum. The position of UV-Vis
absorption peak strongly depending on the method of synthesis and
surface groups present in the CDs. Generally CDs shows strong
absorption peaks in the UV and visible region. The major transition
resulting these peaks are m-n* and n-n* transitions of aromatic domains
and surface functionalities of CDs [39]. Additionally, this can be
particularly used for calculation of the quantum yield (QY) of CDs
along with fluorescence spectroscopy.

Photoluminescence spectroscopy (PL): This technique may be the
most studied characterisation method of CDs because; the elegant
fluorescence behaviour is the most attractive part of CDs.
Fluorescence, phosphorescence behaviour and excitation dependent
emission nature of the CDs can be investigated by this method.
Furthermore, PL spectroscopy is used for the fluorescence lifetime
measurements of CDs [16,39].

1.7 Characteristic properties of CDs

CDs exhibit entirely different properties than the macroscopic
black carbon. Owing to the stupendous properties offered by CDs, they
are extensively implemented in several areas. General properties of
CDs depicted in Figure 1.7. In this section, some of the selected
properties of CDs, which make them appropriate candidates for
different applications, are discussed.
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Figure 1.7: General properties of CDs

1.7.1 Biocompatibility, water solubility and lesser toxicity

These are the major features which make the CDs as the
greenest material among the carbon nano sector. The combined effect
of excellent water solubility, non-toxicity and biocompatibility of CDs
are enhances the eco-friendliness. The commendable water solubility is
mainly accredited to the hydrophilic functionalities attached to the
exterior part of CDs, which make it suitable for several applications
including biomedical fields and agricultural sectors [40].

1.7.2 Optical properties

As mentioned before, the most appealing features of CDs are
their optical properties. Lion share of the applications of CDs are based

on this optical properties, especially in the field of fluorescent sensing,
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bioimaging, biosensing, and phototherapy. So it is of great importance
to understand the optical properties of CDs. Optical properties of CDs
comprises with absorption and photoluminescence, chemiluminescence

and electroluminescence (Figure 1.8).
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Figure 1.8 Optical properties of CDs
Absorption

Usually, CDs exhibit strong absorption in the UV region (250—
350 nm) and a comparatively weak absorption tail in the visible
spectrum. The whole absorption spectrum is comprised with three
bands, specifically, (i) the core band, (ii) edge or molecular band, and
(ii1) surface band. The core band is generated from the n—n* transition
from the core-sp? carbon network, and this peak appears at around 200
- 240 nm whereas the edge and molecular band correspond to the n—n*
transitions of C=0 and C=N bonds (from the N- and O-containing
functionalities) at the edge of carbon structures, and is generally
appears in the range of 290 - 360 nm. The surface band is the extended

one which is usually appearing in the visible region of the spectrum
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believed to be arises from the lower energy surface states. Sometimes
bands at visible region related to the amino functionalities of the CDs
[41].

The peaks from the UV region arising due to m—n* transitions
usually do not make effective contribution to emission characteristics
of CDs. The broad spectral characteristics of CDs in the absorption
spectrum are majorly due to the surface defects associated with the
CDs [42,43]. Importantly, the absorbance range of CDs highly depends

up on the core structure as well as surface functionalities of CDs [16].
Photoluminescence (PL)

Photoluminescence (PL) by definition, it is the emission of
light from a substance by the absorption of light (photon).
Fluorescence and phosphorescence are the two types of
photoluminescence exhibited by materials. In which, fluorescence is
the prompt photoluminescence that happens very shortly after the
absorption of light, and subsequent photoexcitation by the substance.
In this type of PL, the radiative transition is an allowed transition since
it does not require a change in the spin multiplicity. In contrast,
phosphorescence is the delayed fluorescence and is the long-lived
photoluminescence, which continues after the photoexcitation has shut
downed. The radiative transition in this PL is associated with a change
in the spin multiplicity. Unless otherwise noted, the word "PL" is
generally used synonymously with the fluorescence that is frequently

observed in CDs [41]. Here we are mainly focussing on the
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fluorescence behaviour of the CDs, and is briefly explained in the
following parts.

(a) Fluorescence

It is one of the most appealing features of CDs, both
fundamentally and practically. Unfortunately, it is also the most
contentious topic in terms of understanding, because the luminescence
mechanisms of CDs are not precisely understood due to incomplete
experimental and theoretical understanding. This significantly slows
the development of CDs with desirable optical properties. Being the
most charming property of CDs, fluorescence behaviour is the most
studied area of CDs and still the origin of fluorescence under debate
[41].

In general, CDs gives fluorescence emission at higher
wavelength than the excitation wavelength, this type of emission
known as Stokes fluorescence emission. Another interesting
fluorescent features of CDs is the excitation dependent emission
behaviour; the emission peak position altered with excitation
wavelength, and this behaviour is mainly due to the polydispersity of
the CDs [44].

Theories about the origin of fluorescence have gradually
matured alongside the evolution of CDs. To date, three theories that
explain excitation-dependent fluorescence have received the most
attention, namely, (1) size-dependent emission (core emission), which

is related to the quantum confinement effect and conjugated n-domains
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of the carbon core; (2) the surface states, which are interconnected to
the functional groups that are attached to the carbon core structure; (3)
the molecular state, where the emission originates from free or bonded
fluorescent molecules in the CDs [41,45-47].

(1) Size-dependent emission(quantum confinement effect) or the core
emission: So many published research works from this area suggest
that quantum confinement (QC) in CDs is to bear responsibility for
excitation-dependent emission, and some provide strong evidence for
this. The QC theory is seems to be very natural to consider because
metal-based quantum dots are well known to emit light based on this
phenomenon. This phenomenon is actually related to the size of
nanoparticle, and the size distribution of CDs is usually less than 10
nm, which matches up to the quantum size range [41,45,46]. It is this
confined area in the CDs that allows for electrons to be strongly

contained and quantized.

The principle of quantum confinement is presented in Figure
1.9. When a photon with the appropriate band gap energy (Eg) is
absorbed, electrons in the valence band are excited and transferred to
the conduction band. Consequently, a hole is formed in the valence
band, which results in the formation of an exciton. However, because
electrons and holes are confined in all three spatial dimensions in
guantum dots, the size of excitons can be tailored, allowing for the

measurement of electronic properties [48].

Quantum confinement appears to occur when a nanoparticle

approaches the exciton Bohr radius (the distance between the electron-
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hole probability distribution in an exciton), result in changes in the
density of the electronic state and energy level separation.
Consequently, discrete energy levels are observed near to the band
edge. The bandgap widens as the size of the CDs gets smaller. With
decreasing size, the energy separation between the band edge levels
also increases. As more energy is released when the nanoparticle is
returned to its ground state after excitation, there is a colour shift from
red to blue in the light emitted [48-50].

When the size of CDs is smaller than the exciton Bohr radius,
they exhibit a particle size-dependent fluorescence behaviour pattern,
which is caused by the energy band-gap transition of conjugated =-
domains in the sp?-carbon-core [51].

Carbon-core states participate in CDs fluorescence via radiative
recombination of electrons and holes in the core, which results from 7 -
n* transitions of sp’ clusters aided by the quantum confinement effect.
The core emission is typically at shorter wavelengths with low
quantum vyield, but the presence of graphitic nitrogen and hybridised
oxygen functional groups with the core allows the emission properties
to be red-shifted [52,53].
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confinement effect

The relationship between fluorescence emission and
sp?-domain size has been illustrated theoretically through a series of
calculations. It is important to note that the size of sp?>-domains is the
primary controlling factor of the quantum confinement effect, despite
the fact that particle size appears to have a comparable algebraic

relationship with fluorescence emission [47].

Though some researchers provide compelling evidence for QC
theory, numerous published papers lack the data to support this theory,
so it is not the most widely accepted theory. Most investigators in
recent years haven't employed quantum confinement as the sole factor
for the fluorescence mechanism of CDs, but rather it is frequently used

in combination with another principle [45].
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(2) Surface state: The theory of surface states is widely used and has
thus achieved widespread acceptance for the mechanism of CDs
fluorescence. According to this theory, CDs emission is controlled by
the surface state [41].

The surface state of CDs is determined by the hybridization of
carbon backbones and functional groups connected to CDs, and their
energy gap is correlated to the extent of the m-electron system and
surface chemistry [51]. Surface states in CDs are connected with (i)
functional groups, (ii) defects (supplemented by a substantial amount
of non-perfect sp? domains), and (iii) heteroatom dopants. These
surface states can function as a capture centre for excitons, resulting in
surface state-related fluorescence. Distinct functional groups on CDs
have different structural configurations and thus different energy
states, tends to result in more recombination possible scenarios for

electrons and holes captured by surface states [41,54].

The various surface functional groups connected with CDs can
construct widely dispersed surface states, resulting in a large number
of transition modes. These states take on predominant roles under
various excitations, resulting in a variation of fluorescence peak
positions and intensities, which is known as the excitation dependent
behaviour [41,55].

The studies with CDs having similar particle sizes but different
surface states (particularly the degree of oxidation) show that as the
incorporation of oxygen species into their surface structures increases,

the band gap gradually decreases, resulting in a red shift in the
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emission peak. It is interesting to note that the energy states are
determined by surface groups (degree of oxidation) and structures
rather than particle size, implying that surface states were the dominant

factor controlling fluorescence variations [41,43].

(3) Molecular state: In accordance with this theory, various
“fluorescent molecular fragments" are synthesised that are either free
or attached to the surface of CDs during the bottom-up CDs

preparation process [41].

Because bottom-up CDs synthetic methods support highly
reactive conditions, other side reactions are also possible. In other
words, during CDs synthesis, small molecules or even molecular
luminophores can be produced, which can attach to the surface of CDs
backbones and give them bright emission properties [41,46].

Though several papers are available with strong evidence, the
scope of this theory is limited to the precursors like citric acid/
fluorescent precursors and also this theory cannot completely explain

the excitation-dependent emission that CDs usually possess [41,45].

Altogether, the structural characteristics of CDs are the most
important factor in determining the fluorescence emissions. The
fluorescence emission of CDs is tuneable by adjusting the size of
conjugated m-domains and controlling the surface functionalities [16].
Based on the current literatures and studies, fluorescence of CDs
believed to be originating from the carbon core and surface states. In
which surface state mechanism plays the vital role, controlling the
surface functional state is the easiest and primary pathway to modulate
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the fluorescence emission of CDs. Different functional groups can
form different defect state and there by introducing different energy
level band gaps. Besides, elemental doping can also take part in the
fluorescence modulation. For example, nitrogen doped CDs generally
exhibit improved fluorescence. For the case of CDs with large -
domains and lesser surface groups, the m-domains is the key factor
determining the fluorescence, in such cases the modulation of
fluorescence will be difficult since, the control over t-domains is not

easy as functional group controlling [56].

Up-conversion  fluorescence, this is another type of
fluorescence exerted by CDs in which excitation wavelength is greater
than the emission wavelength. Generally CDs produced through ultra-
sonic treatments exhibits this up-conversion fluorescence property.
And it happens due to the sequential absorption of two or more
photons and it is an anti-Stokes type emission [16].

(b) Phosphorescence

Phosphorescence or delayed fluorescence is another interesting
photoluminescent property exhibited by CDs. The long lifetime of
phosphorescence property of CDs is making it applicable in energy,
information and biomedical fields [57]. Generally CDs with
enormously cross-linked structures containing non-conjugated groups
shows this delayed fluorescence. Phosphorescence is observed when
there is suppression of non-radiative transitions by restricting rotation
and vibration, or any factors which facilitate the intersystem crossing
ability of CDs by enriching the spin-orbit coupling through the use of
transition metals. Several studies have suggested that carbonyl groups
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attached to the surface of CDs produce excited triplet states, which are
responsible for CDs phosphorescence [41]. However phosphorescence
is very rare in agueous media, because phosphorescence is get
quenched by the solvent-assisted relaxation, and also by the presence
of dissolved oxygen [16].

Chemiluminescence

Chemiluminescence is another important optical characteristics
exhibited by the CDs. It is the light emission process as a result of
chemical reactions. CDs can generate chemiluminescence in aqueous
medium under suitable conditions of redox reactions. The unstable
products formed from the intermediate radicals of such reactions leads
to the chemiluminescence. CDs can produce chemiluminescence either
through their excitation after direct oxidation or via enhancement or
inhibition of their luminescence [16]. The chemiluminescent properties
of CDs is well applicable in the fields of chemical detection in
bioanalysis [58]. Nonetheless, investigations based on the
chemiluminescence of CDs are still in their infancy and it is one of the
less studied optical properties of CDs.

Electrochemiluminescence

This is another intriguing optical property of CDs. The
electrochemiluminescence process involves light emission by species
formed at the electrode as a result of high energy electron transfer
reactions. The ability of CDs to emit photons in the visible region
under  appropriate  electrical  excitation  results in  the

electrochemiluminescnece. On account to the presence of higher
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amount of sp? carbon in CDs, which results in enhanced electron
transfer results to a stable electro-chemiluminescnece. This fascinating
property of CDs mainly utilized in the field of bioanalysis [16,59].
Like in the case of chemiluminescence, the studies of

electrochemiluminescence of CDs are in the early stage.

1.7.3 Catalytic properties

The catalytic capabilities of CDs are of tremendous importance
because, as was stated at the outset, CDs can replace semiconductor

quantum dots, which are well-known for their catalytic properties.

Efficient light absorption and electron transfer ability is the
core reason for the catalytic properties of CDs. Along with large
surface to volume ratio and ability for the formation of hole—electron
pair up on irradiation of light and the lesser recombination of this pair
due to surface traps make it apt for the catalytic purposes. Due to an
excellent photocatalytic activity, CDs were widely applied in
photocatalytic field for improving activity of catalysts. This properties
is well utilized for the light mediated photodegradation applications
[60].

The catalytic properties of CDs are one of the fastest-evolving
areas; more research on the mechanism and origin of this property is

currently under progress.

1.7.4 Electrochemical properties

The electrochemical properties associated with CDs make it apt

for the applications in the area of electrochemistry and electrocatalysis.
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The major electrochemical properties of CDs are follows; the
exceptional charge transferability, electroconductivity. Due to
excellent electrical conductivity CDs can easily transfer the electrons
during electrochemical reactions. All these features make it apt for

electrochemical applications [7].

1.8 Applications of CDs

Outstanding and commendable features of CDs make it one of
the potential contestants for broad spectrum of applications in several
fields, major applications are depicted in Figure 1.10; some of the

applications relevant to the present work are detailed in the upcoming

sections.
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1.8.1 Sensing applications

As mentioned before, fluorescence is the charming feature of
CDs effectively used for the sensing applications, based on the changes
in the fluorescence (reduction or enhancement of fluorescence
intensity) by the presence of foreign species. It has been broadly used
as fluorescent nanoprobe for the detection of several analytes in
biological as well as environmental samples. Substantial fluorescence,
fast responses, high selectivity and sensitivity, low cost , users
friendliness, higher biocompatibility, water solubility and abundant
surface functional groups are some of the reasons by which CDs can
act as fluorescent sensors. Generally, different types of analytes can be
detected through this fluorescent sensing with good level of selectivity
and sensitivity, which includes metal ions, anions, organic pollutants,

biomolecules, and adulterants etc [16,61,62].

The mechanism of this reduction or enhancement of
fluorescence, by the addition of analyte depends up on the structure
and optical properties of CDs [63]. This CDs sensing application is
based on the principle that when the analyte and CDs interact,
fluorescence is either quenched or increased. However, the majority of
CDs sensing research is based on fluorescence quenching. In general,
there are five major types of sensing mechanisms (quenching
mechanisms), which are static quenching mechanisms, dynamic
guenching mechanisms, inner filter effect (IFE), FOrster resonance
energy transfer (FRET), and photo induced electron transfer (PET)
[64].
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Static quenching mechanism: It actually occurs when CDs and
quenchers interact to form a non-fluorescent ground state

complex.

Dynamic quenching mechanism: This type of quenching can be
explained by the fact that the excited state of CDs returns to the
ground state as a result of a collision between the quencher and
the CDs that involves either energy transfer or electron transfer.

Inner filter effect (IFE): It appears to happen when the
quencher's absorption spectrum overlaps with either the
excitation or emission spectra of the CDs. This mechanism

operates via a shield operation.

Forster resonance energy transfer (FRET): It is an
electrodynamic phenomenon that occurs between CDs in the
excitation state and quenchers in the ground state when the
emission spectrum of the CDs overlaps with the absorption

spectrum of the quencher.

Photo induced electron transfer (PET): It can be explained that
CDs and quencher participate in an electron transfer reaction
that results in the formation of cation and anion radicals. In this
process, a complex formed between the electron donor and
acceptor can return to the ground state without emitting

photons, resulting in fluorescence quenching.
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The literature includes an array of intriguing studies based on
CDs' use in optical sensing, and according to publishing data, it is the

most explored application of CDs.
1.8.2 Biomedical applications

Owing to the lesser toxicity and higher biocompatibility of
CDs, it dominantly used in the field of biomedical applications
including, drug delivery, bioimaging, biosensing, anticancer
treatments, nano-medicine developments, biosample staining, etc. CDs
shows good selective and sensitive interaction with biomolecules like
DNA, protein, amino acids and enzymes, which are associated with
health issues and certain diseases. Through this interaction CDs can
gives informative insights in the early diagonosis of certain severe
diseases. Similarly, for the same reasons and more emphasize to
fluorescence nature, CDs can be an efficient and promising probe for

the targeting and imaging of cancer cells [65,66].

It comes as no surprise that one of the most intriguing and
widely discussed uses of CDs is in biomedicine. The low toxicity or
nontoxicity and great biocompatibility of CDs, even at high
concentration levels, are demonstrated by in vitro cytotoxicity
experiments on a variety of cell lines [17,67]. According to in vivo
tests, CDs are swiftly eliminated by the hepatobiliary and/or kidney
systems. Also, according to blood biochemistry and haematological
research, rats' brains, hearts, lungs, livers, spleens, kidneys, testicles,

and bladders do not exhibit any notable signs of inflammation [68,69].
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These studies indicate that, CDs can be used safely for biomedical
purposes.

Moreover, CDs are a prospective substitute for conventional
fluorescent materials in disease detection, therapy, and healthcare
supplements due to their low cost, small size, customizable surface
functionalities, high photostability, unique down-conversion PL,
multiphoton PL, and high brightness [17]. This section describes CDs'
uses in biomedicine, including bioimaging, phototherapy, drug/ gene

delivery, and nanomedicine.
Bioimaging

Bioimaging is a technology that uses probes and detectors to
directly and non-invasively view biological activities. Due to its
simplicity, cheap cost, high sensitivity, noninvasiveness, and long-term
observation, fluorescence imaging has emerged as a potent method for

clinical diagnosis [17].

The introduction of CDs to this field is prompted by the
toxicity issues or poor fluorescence performance of traditional
fluorophores like QDs and organic dyes. CDs are the next-generation
fluorescent probes for both in vitro and in vivo bioimaging due to their
high photostability, great biocompatibility, straightforward synthesis
methods, adaptability, multicolor emission, deep red/NIR emission,

and two-/multiphoton PL.

Many CDs have been extensively utilised to image cells,

microbes, and plant tissue. According to the different nanostructures of
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CDs and types of cells, CDs can enter cells quickly through energy-
/temperature dependent macropinocytosis, clathrin, caveolae, and/or
lipid raft-mediated endocytosis and are distributed into mitochondria,
lysosomes, endoplasmic reticulum, Golgi apparatus, and/or nucleolus
[17,70].

Phototherapy

Phototherapy, including photodynamic therapy (PDT) and
photothermal therapy (PTT), is a form of noninvasive therapeutic
treatment that converts the irradiating light into reactive oxygen
species and heat with the help of photosensitizers, inducing local
apoptosis of cancer cells. CDs have gained much attention as
promising phototherapeutic agents due to their unique optical
properties, high water solubility, and high photostability [17].

Drug/Gene Delivery

In addition to anticancer phototherapies, CDs can create image-
guided nanohybrids by fusing imaging tools with drugs or genes to
increase the effectiveness of drug delivery or to enhance the
therapeutic approach. Drug delivery, the safe and effective therapy,
entails transporting the medication to a specified area of the body and
releasing it gradually. In order to maximise local therapeutic benefits
and reduce adverse effects on healthy, non-cancerous tissue, regulated
drug release and strong selectivity in drug delivery systems are
essential. Due to their fluorescent features, CDs are advantageous for

observing drug accumulation and activity at diseased locations, which
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is essential for determining the therapeutic efficacies of drugs
[17,71,72].

Gene therapy is viewed as a long-lasting and potentially
curative therapeutic approach for a variety of disorders, including
hereditary human diseases and cancers, in contrast to other treatment
methods. CDs have minimal toxicity, various functional groups, and
great biocompatibility. Significantly, the relatively small size of CDs
leads to optimal cellular absorption and improves the effectiveness of
gene transfection. Its distinctive fluorescence may also be employed to
monitor the internalisation of genes. CDs will therefore be a desirable
non-viral choice in gene therapy [17,73,74].

Nanomedicine

Besides being carriers, CDs themselves behave with therapeutic
performances such as antibacterial activity [75], anticancer activity
[76], antiviral activity [77], and antioxidant activity [78]. CDs
produced from drug molecules typically display therapeutic
performances that are comparable to or better than those of the
precursor drug, and it may be due to the preservation of
pharmacophores in their structures or the development of novel active
structures. More significantly, when compared to drug molecules,
these drug-CDs exhibit brighter fluorescence, higher biocompatibility,
and water solubility, make them effective theragnostic bioimaging
probes [17,75,77].
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1.8.3 Energy applications

Due to the excellent electron acceptor/donor characteristics,
large specific surface area, low cost, low toxicity, and electronic
conductivity, CDs promise to be used in a variety of energy-related
fields, including photo and electrocatalysts, LEDs, solar cells, and

supercapacitors [17].
Catalysis

CDs have been used as catalyst in different ways, that is it can
act as photocatalyst, electrocatalyst, and photoelectrocatalyst
depending on the structural differences and intrinsic properties [17].

Photocatalysis become the most useful application which
utilizes the solar energy for the degradation of pollutants, water
splitting applications, and chemical reactions [79]. Broad light
absorption, charge separation, photostability and low cost features of
CDs make it apt for the photocatalytic applications. Exponential
growth in the number of reports from this area indicates the acceptance
of CDs as photocatalyst [60]. The electrocatalytic application of CDs
are performed on accounts to the low cost, chemical inertness, electron

mobility, large surface area, surface defects and active site [17].

In addition to facilitating effective interfacial electron transport,
CDs with nitrogen atoms at the aromatic domain's edge locations also
promote the production of hydrogen from water via photocatalysis
[80]. To enhance the photocatalytic activity, CDs are typically

hybridised with other nanomaterials (Fe;Os3, g-C3N4). These materials
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act as the light absorber and/or the electron acceptor in the
heterojunction [81].

The key energy conversion mechanisms between chemical
energy and electric power are the oxygen reduction reaction (ORR),
oxygen evolution reaction (OER), and hydrogen evolution reaction
(HER). Due to the inexpensive price, chemical inertness, wide specific
surface area, high electron mobility, plentiful surface defects, and
active sites, CDs have emerged as a formidable rival to traditional Pt-

and Ir/Ru-based electrocatalysts [17].

Applications of CDs for photoelectrocatalysis are primarily
found in the water splitting. CDs serve as electron media to encourage
charge separation in semiconductors as well as photosensitizers to
increase solar energy absorption in the photoelectrochemical (PEC)

water splitting and wastewater treatment processes [82].
CDs based light emitting diodes (CLEDs)

LEDs are devices which converts electrical energy in to light,
have secured relevant importance in scientific research. It can be used
for the full-colour displays, liquid crystal displays and illumination
devices. As a biocompatible ecofriendly fluorescent material CDs can
replace the toxic and expensive rare-earth based phosphors and metal
based semiconductors in LEDs, due to the merits of CDs like, low-
cost, abundance, tuneable fluorescence emissions, eco-friendliness. In
general, CDs act as phosphors or active layers in these types of devices
[17,83].



46

Solar cells

CDs have been widely studied for its solar cell applications and
the addition of small amount of CDs to the bulk hetero-junction
improve the efficiency to large extend. The major reasons for this
behaviour are significant optical properties, high electron mobility,
abundance of surface functionalities, etc. The commendable features of
CDs like, photogeneration of electron—hole pair, suppression of their
recombination, broad range of light absorption, helps to play its role in
solar devices [17,84].

Supercapacitors

CDs have garnered a lot of attention recently and have
demonstrated excellent application potential as a high-performance
supercapacitor. With higher specific capacitance, higher energy
density, and better durability, CDs (either as a bare electrode or a
composite) offer a new way to improve supercapacitor performances
[85].

Supercapacitors have rapid charge/discharge rates, high power
densities, and long cycle lives, but their lower energy densities restrict
their usefulness as energy storage devices. Supercapacitors'
electrochemical performance has reportedly improved when CDs are
hybridised with other carbon materials, polymers, or metal oxides
[17,86].
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1.9 Importance of present investigation

As discussed through the above sections, the CDs, fluorescent
star from the carbon nanomaterial family acquire the significant
importance in almost every field owing to its versatile potentiality and
environmental friendliness. The commendable biocompatibility and
water solubility of this tiny luminary make it more users friendly. The
biocompatibility of the CDs can further be increased by the
introduction of biogenic carbon dots. Biogenic carbon dots are CDs

with biological origin that is CDs derived from natural resources.

There has recently been an increasing interest in one-pot CDs
synthesis, mostly to decrease waste and by-products. Many natural
carbon sources, including food, plant biomass, biowaste, and animal
products, have been investigated as potential raw materials for the
production of CDs. In general, plant parts such as flowers, fruits, seeds,
and stems that contain multiple acidic, basic, and neutral bioactive
compounds are intriguing as powerful and sustainable biosources for

the production of CDs in aqueous media.

Eco-friendly raw materials, in contrast to synthetic precursors,
are rich in carbon and nitrogen supplies in the form of proteins and
carbohydrates and also act as self-passivating agents to produce
surface-functionalized CDs. Green sources provide various advantages,
including simple availability, low cost, relatively clean reactions, and

non-toxicity.
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Importantly, there is no requirement for an external dopant in
the case of green sources because they are comprised with different
organic molecules and can be considered as organic reservoirs.
Furthermore, various phytochemical constituents present in a certain
precursor not only influence reaction kinetics, but also the surface
functional groups on the CDs, and hence their reactivity. Besides that,
the quantum yield of CDs is affected by the kind of phytoconstituents,

particle size, solvent, and dopants used.

These types of CDs production without using any hazardous
chemicals not only make it economical and eco-friendly but also give
value addition to the precursor. Thereby more exploration of natural
resources can also be carried out. CDs made from green resources have
nearly identical properties with improved biocompatibility to their
synthetic counterparts, and hence can handle nearly all of the

application area of CDs in a better way.
1.10 Description of research problem

We are interested in the synthesis, characterisation and
applications of novel CDs from the natural resources. In the present
investigation, we fabricated five different CDs system from five
different natural resources that are easily available and economical
through a complete greener approach. All of them are successfully
implemented as fluorescent sensors for different species, including
aquatic pollutants and food adulterants, and some of them are used for

the biological applications.
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Hereby, we focused on the truly green synthesis,
characterisation and application of the CDs prepared from selected
natural resources. Simple, fast, easy to perform, less expensive eco-
friendly method, microwave assisted synthesis was adopted for the
preparation of CDs systems, without using any other chemical
reagents. Microwave heating enables simultaneous homogeneous and
effective heating, resulting in a shorter reaction time due to a higher
reaction rate. And because of direct heating via resonance with the
vibrational frequencies of the molecules in the reaction media, this
technique of preparation is found to be favourable. The exponential
growth in the number of reports dealing with microwave assisted
synthesis of CDs in the literature also supports its great acceptance and
it is logical to attempt the synthesis through the most environmental
benign method. Synthesis of all the CDs systems in the present work
were carried out in a conventional domestic microwave oven. The
power and time for the synthesis of CDs found out through trial and

error. The reactions were found to be qualitatively reproducible.

Sensing of aquatic pollutants and food adulterants are of great
importance, since it adversely affect the health and living of all beings
in the nature. Fluorescent sensing is considered as one the simplest
sensing method from the analytical view point. CDs can act as an
alternative for the conventionally used toxic fluorescent materials. The
developed fluorescent CDs systems employed as fluorescent sensors
for the selective and sensitive detection of chromium(V1), tetracycline,

quinalphos, 4-nitrophenol and sudan | and the real sample analysis of
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the analytes were also conducted for all the five systems, with

satisfactory level of statistical parameters.

On account to its enhanced biocompatibility, water solubility
and pharmacological background of the precursors; the antioxidant
potential and in-vitro cytotoxic activity against cancerous cells of the

CDs systems were also investigated.
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Chapter 2
REVIEW OF LITERATURE

Sensing
applications

Antioxidant
activity

In vitro cytotoxic
activty

This chapter provides a concise review of carbon dots derived from natural resources
and their applications, particularly in metal and organic pollutant sensing and
biological applications. A brief description of the natural resources selected in the
present work is also included.
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2.1 Introduction

As discussed in the Chapter 1, during the last few years, a rapid
growth has been noticed in the synthesis, properties, and applications
of carbon dots (CDs), as it is reviewed by Baker et al. [1] Lim et al. [2]
Lee et al. [3] Ray et al. [4], etc. Most of the works gives attention to
only the characteristics and applications of CDs, disregard the
significance of carbon sources. The synthesis of CDs has been carried
out using several carbon rich substances including both synthetic and
natural compounds as precursors. However, conventional methods
with synthetic starting materials generally demand the use of
hazardous and expensive chemicals, sophisticated instruments and high
energy. Besides, it probably leads to complicated environmental as
well as economical issues. Hence, greener approach of synthesis with

harmless or less harmful precursors receives substantial importance

[5].

Biomass is an excellent carbon resource for the synthesis of
CDs. In actual fact, biomass based carbon resources are the most eco-
friendly precursors, compared to other synthetic carbon sources and it
possess several advantages, like being economically viable, easy to
obtain, abundant, ease of synthesis, enhanced biocompatibility and
eco-friendliness [6]. Furthermore, the production of CDs from natural
biomass provides value addition to the precursor. That is, a low-value
biomass waste can converted into valuable and useful materials [7].
Apart from this, the hetero atoms present in the biomass can effectively
acts as surface passivating agents for CDs, in contrast to the CDs made
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out of man-made carbon sources require the addition of external hetero
atoms sources for the surface passivation [8]. Biogenic carbon dots
originate from biobased precursors resolve most of the aforementioned
difficulties and recently various reports are coming from this area,
since green synthesis of nanomaterials is the most promising subject in
the field of nanotechnology, and hence CDs from natural products
based synthetic strategies have been mesmerizing the researchers in the
field. In recent years, various biomasses have been used as carbon

sources to prepare CDs.

This chapter examines recent developments in the detection of
food additives, aquatic contaminants, and biological applications with
a special focus on the cytotoxicity and antioxidant properties of CDs

made with various natural products as carbon sources.
2.2 CDs from natural sources

CDs from natural resources follow the same synthetic strategies
of CDs as we discussed in the Chapter 1, by utilizing the natural
products as carbon precursors. In general, the preparation of these CDs
takes up the bottom-up approach. It is achieved by the fusion of
organic molecules by the aid of appropriate external energy. Normally,
the bottom-up method results in a high yield and it is more convenient
for the heteroatom doping during the synthetic process [7]. To date,
different methods for preparing CDs have been established, and most
studies search to achieve good-quality CDs through simple, greener

and cost-effective synthetic methods.
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As mentioned earlier, there are several reports in the literature
discussing about the synthesis and applications of CDs from natural
products. In general, vegetables, fruits, leaves and rhizomes etc. are
widely used as a carbon source to prepare CDs (Figure 2.1). Almost of
them are successfully employed in various significant applications.
Some of the most recent and relevant works and corresponding

applications are enlisted in the Table 2.1

Figure 2.1: Different natural products used for the synthesis of CDs
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Table 2.1: CDs from natural resources and applications

Size | Quantum —
Source Method (m) | yield (%6) Application | Reference
Garlic Hydrothermal | 10.7 17.5 Bioimaging [8]
Winter melon Hydrothermal 4552_ 7.51 Bioimaging [9]
Coriander 15- . 34
leaves Hydrothermal 598 6.48 Detecting Fe [10]
Papaya Hydrothermal 34 18.98 Detecting Fe** [11]
Onion Hydrothermal 9 28 Bioimaging [12]
Pomelo peel Hydrothermal 2-4 6.9 De;egzt:ng [13]
Orange juice Hydrothermal i‘?__) 26 Bioimaging [14]
Soy milk Hydrothermal 25 2.6 Electrocatalyst [15]
Banana juice Hydrothermal 3 8.95 Not reported [16]
Peach gum Hydrothermal 2-5 28.46 De§53t+|ng [17]
Linseed Hydrothermal 4-8 14.2 Btl)(_)sgnsor_ and [18]
ioimaging

Black tea Hydrothermal 4.6 X Detecting Fe** [19]
Prawn shell Hydrothermal 6 54 Drug delivery [20]
Cabbage Hydrothermal 2-6 16.5 Bioimaging [21]
Bamboo leaves | Hydrothermal 2-6 7.1 Deéelj:zt:ng [22]
Honey Hydrothermal 2 19.8 Detecting Fe®* [23]

Biosensing
Willow bark Hydrothermal 1-4 6 and [24]

photoctalyst

Detecting

Lemon peel Hydrothermal 1-3 14 Cr(vI) [25]

Bioimaging
Cornflour Hydrothermal 2-6 7.7 and detecting [26]

Cu2+
2.25- C

Starch Hydrothermal 35 21.7 Bioimaging [27]
Eggshell Microwave 5 14 Biosensor [28]
membrane
Goose feather Microwave- 215 17.1 Detecting Fe®* [29]

hydrothermal
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Microwave- Detecting
Coconut water 1-6 54 thiamine and [30]
hydrothermal cut
Sillkworm Microwave 19 46 Bioimagin [31]
chrysalis gihg
Natural Microwave 2-3 X Bioimaging [32]
lignocellulose
Eutrophic algal Microwave 8 13 Bioimaging [33]
blooms
Bioimaging
Jackfruit seeds Microwave 3-7 17.91 and detecting [34]
Au®
Chemical . .
Cow manure oxidation 4 65 Bioimaging [35]
Rice husk Pyrolysis 3-6 15 Bioimaging [36]
. . Detecting
Urine Pyrolysis 20.6 14 Hg?*and Cu?* [37]
Bioimaging
; : and detecting
Konjac flour Pyrolysis 3.37 22 Fe3* and [38]
lysine
. 0.4- L
Peanut shell Pyrolysis 24 9.91 Bioimaging [39]

x: Not reported

According to the literature, CDs are widely engaged in metal

ion sensing and biological applications, the following sections focusing

on the sensing of toxic metal ions and organic molecules, particularly

in aquatic medium, by green precursor derived CDs.

2.3 Sensing applications of CDs derived from natural sources

CDs derived from natural resources have a wide range of

applications in the field of sensing, owing to their fluorescence

behaviour. The majority of these sensors used the fluorescence

emission quenching or enhancing method. The sensing sector includes

several analyte molecules like metals, organic pollutants and food




68

additives or food adulterants, etc. Sensing of these substances has
gained much attention since they are very compatible in aquatic
environments and directly and indirectly leads to several health issues
to all beings. Some of the applications from the field of sensing of

metal and organic pollutants are discussed in the subsequent sections.
2.3.1 Metal ion sensing

Industrialisation and contemporaneous agricultural practices
plays major role in the contamination of the planet, and the input of
heavy metal ions to this is inevitable. Generally Hg(ll), Pb(ll), Cd(lI)
and Cr(V1) are considered as the most hazardous metal ions under use
[40]. The extensive usage of these metals adversely affects the
environmental system, accumulation even at lower concentration leads
to several serious health hazards in all beings. Thus it is crucial to
screen the contaminants particularly in water bodies since nearly all of
the industrial effluents are directly released in to water resources
without any kind of pre-treatments, and the compatibility of these
pollutants with water intensify the adverse effects. Therefore, an
effective and fast responsive analytical method is highly demandable

for the detection of these metal ions.

The typical methods for the detection of metal ions including
colorimetric analysis [41], photo electrochemical method [42], surface-
enhanced Raman scattering [43], headspace gas chromatography [44],
electro catalytic detection [45], and inductively coupled plasma mass
spectrometry (ICP — MS) [46]. Most of them are expensive and
complicated, while some are lacking of sensitivity [47]. Recently, the
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acceptance of fluorescence spectroscopy over the other detection
methods increased with higher rate, since it involves comparatively
simple operational procedures, cost-effectiveness, fast responses and
high sensitivity [48].

Organic molecules, quantum dots, and metal nanoparticles are
the most commonly used fluorescent sensor probes for metal ion
sensing [49-51]. Although, lesser water solubility, minor
biocompatibility, complicated synthetic procedures of these probes
make it difficult from the applications and leads for the search of
alternatives, which can resolves all the defects. Biocompatible
fluorescent carbon dots can easily be posted for this purpose since; the
majority of aforementioned difficulties can be solved by this new

candidate.

There are numerous reports in the literature on toxic metal ion

sensing with biogenic carbon dots, some of which are discussed below.

Hg(ll)

Mercury exists as Hg(0), Hg(l) and Hg(ll) in our environment
(water and air), in which Hg(ll) is the most toxic member for living
organisms and the eco-system [52]. Accumulation of Hg(ll) in trace
level particularly in aquatic systems, results in serious health issues to
all beings, it adversely effects the major organs like, kidney, liver,
cardiovascular, and central nervous system (CNS). As per the
guidelines by WHO the maximum in-take level of mercury through
water is 1 mg/L and through air is 2 mg/kg body weight per day [53].
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Therefore, the detection of Hg(Il) is highly demandable for protecting
the environment and health.

Mercury sensing is carried out by different types of efficient
fluorescent CDs derived from natural precursors. CDs from flour by
microwave assisted synthesis have been effectively used for the
detection of Hg(ll) was reported in 2013, with limit of detection (LOD)
of 0. 5 nM by Qin et al. [54]. Similarly, in 2014 CDs from cucumber
juice has been reported by Wang et al. for the Hg(ll) detection through
fluorescence decrease of CDs on interaction with the ion with detection
limit of 180 nM [55].

In the very next year, rapid and sensitive of Hg(ll) with CDs
was also reported by Yu et al. by using finger citron bergamot fruit as
the carbon precursor via hydrothermal heating with a LOD of 5.5 nM.
The fluorescence turn-off behaviour of the CDs with Hg(ll) is
investigated by the team and finally attributed to the dynamic
quenching mechanism [56]. Likewise, in the same year, Li et al. used
Chinese yams as raw material for the preparation of highly fluorescent
CDs and were effectively utilized as sensing probe towards Hg(ll) in
aqueous medium with LOD 1.26 nM [57].

By 2016, Gu et al. created a nano probe for the sensing of
Hg(Il) from readily available lotus root, enriched with various amino
acids through microwave heating. These CDs had comparatively
higher quantum yield since it contains N-containing groups from the
precursor and act as surface passivation reagents. The CDs exhibited
remarkable selectivity and sensitivity with Hg(Il) (LOD of 18.7 nM)
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and it was attributed to relatively higher and faster chelating kinetics of
the Hg(ll) with surface functionalities of CDs and it leads to static

fluorescence quenching [58].

Zhao et al. have fabricated nanohybrid in 2017, based on CDs
derived from corn bract exhibiting bright fluorescence due to
chlorophyll based porphyrin aromatic rings and used as the sensor for
Hg(ll) detection through fluorescence quenching with detection limit
as low as 9 nM [59]. In the same year, casein, a milk protein based
CDs were developed and effectively used as fluorescent probe for the
detection for Hg(Il) with limit of detection of 6.5 nM by Xu et al. [60].
In the same way, in 2018 fluorimetric sensing of Hg(ll) was also
carried out by using CDs developed from pineapple peel as carbon
source with LOD of 4.5 nm [61].

Blue fluorescent CDs with good quantum yield were reported
in the same year with good stability and water solubility. It was
synthesised from tamarind leaves comprised with several proteins;
carbohydrates and vitamin-C; the research group have adopted
hydrothermal treatment for the synthesis. The prepared CDs displays
efficient binding capacity towards Hg(ll) by the S atoms in the surface

resulting the fluorescence turn-off sensing with LOD of 6 nM [62].

Likewise, the next year there is an another work utilizing
ethanolic extract of bamboo leaves, for preparation of CDs by Liu et al.
CDs nano hybrid was used as dual ratiometric sensor for Hg(Il) and
Pb(Il) ions. Flavonoids and chlorophyll contents in the extract

successfully converted into  multi-emissive nanohybrids and its
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specific binding of Hg(ll) and Pb(Il) to the flavonoid and porphyrin
moieties leads to fluorescence quenching with LODs of 0.22 nM and
0.14 nM, respectively [63].

There are several other reports from the same area and all are
tabulated in Table 2.2.

Pb(I1)

Lead (Pb) is a toxic metal ion, very well known for its harmful
disorders in the human body [64,65]. Lead exists in three different
oxidation states; Pb(0), Pb(Il), and Pb(IV), and is primarily existed as
Pb(I1) in the environment [66]. Trace level concentration of Pb (I1) in
blood is highly hazardous and even cause death. Mental disability,
anemia, memory loss and migraine are the other serious health issues
due to this toxic element. As per the Environmental Protection Agency
(EPA) the maximum allowed level of Pb in-take in drinking water
should be less than 15.0 ppb (72 nM) [67-69].

The lead detection by green precursor derived CDs are very
common in literature, and the most commonly known herb source tulsi
leaves derived CDs was synthesised by Kumar et al. in 2017 by means
of hydrothermal method. The starting material enriched with different
functional groups including carvacrol, several acids (rosmarinic,
oleanolic and ursolic), alcohols, aldehydes and ketones, and were
attached in to the surface of CDs devoid of any surface passivating
agents. The green fluorescent system as-obtained were used for lead
(Pb(11)) ion detection through fluorescence quenching with LOD of
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0.59 nM and it was successfully implemented in water as well as live
cells [70].

Bandi and co-workers demonstrated the synthesis of highly
fluorescent N-doped CDs by utilizing lantana berries and
ethylenediamine as C and N precursors respectively by the year 2018.
It was used as a selective and sensitive sensing probe towards Pb(ll)
through fluorescence turn-off mechanism with LOD of 9.64 nM.
Moreover, this CDs with polar surface functionalities was applied for
the sensing of Pb(ll) in the real samples including water, human serum
and urine [71].

The main works describing Pb (11) sensing via green precursor

generated CDs have been tabulated in Table 2.2.
Cd(n)

As mentioned before, like other heavy metals Cd(ll) can
adversely affect the health system especially the central nervous
system and other organs and leads to several diseases, like high blood

pressure, neuro disorders and kidney related issues [72].

Selective and sensitive detection of Cd(ll) ions was effectively
carried out by fluorescent CDs, from curry leaves via hydrothermal
treatment was reported in 2020 with LOD of 0.29 nM. The native
fluorescence of CDs was quenched by the Cd(Il) through dynamic
fluorescence quenching by ligand-to-metal charge transfer (LMCT)

mechanism [73].
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In the same year, Chauhan and co-workers reported a coconut
waste-derived fluorescent carbon dots prepared through thermal
calcinations and successfully demonstrated it as a fluorescent turn-on
sensor for Cd(Il) with LOD 0.18 nM. The developed system was
effectively checked over different water sources with satisfactory
parameters [74].

Later on, Sariga et al. reported CDs based fluorescence turn-off
probe for Cd(ll) sensing in water samples by utilizing Ashoka tree
leaves as starting material through a green and facile method. The
suggested method exhibits a LOD of 2.4 nM and it was successfully
implemented in real samples of water and industrial effluents [75].
There few more reports from the same area and are tabulated in
Table 2.2.

Cr(VI)

Chromium(V1) is the another very important toxic metal ion
considered as one of the primary aquatic pollutant and is carcinogenic
in nature. As per the regulation of World Health Organization (WHO)
the limit of Cr(\V1) in drinking water should be less than 50 ug/L [64].

Different green precursor produced CDs are widely used for the
sensing of Cr(VI) in aquatic environment, some of the reports are
discussed here. Lemon peel derived CDs were reported by Tyagi et al.
in 2016. The prepared system with an average size range of 1 - 3 nm
and high photostability, tested for the sensing of Cr (VI) in drinking
water and reported a LOD of 73 nM. The possible fluorescence
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quenching by Cr(VI) was accredited to the non-radiative
recombination of electron-hole pairs because of low redox potentials
and low-lying d-d transition states, including functional groups on the
surface of CD [25].

Similarly, tulsi leaves-derived CDs were reported by Bhatt et
al. in 2018 and successfully used as fluorescent probe against Cr(\V1I)
with LOD of 86.54 nM and also employed in real water samples with
good level of recovery [76]. In 2019, Feng et al. developed a
fluorescent probe using natural kelp CDs and it was employed for the
determination of Cr(VI) in environmental water samples with
sufficient recoveries [77]. In the above two cases the quenching
mechanism was attributed to combination of IFE and static quenching,
which is confirmed through different methods [76,77].

The main works describing Cr(VI) sensing via natural products
derived CDs have been tabulated in Table 2.2.

Table 2.2: Green precursor based CDs for toxic metal ion sensing

Precursor Analyte LOD Reference
species (nM)
Flour Hg(ll) 0.5 [54]
Cucumber juice Hg(ll) 180 [55]
Finger citron bergamot fruit Hg(ll) 55 [56]
Chinese yam Hg(ll) 1.26 [57]
Lotus root Hg(ll) 18.7 [58]
Corn bract Hg(ll) 9 [59]
Casein Hg(ll) 6.5 [60]
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Pineapple peel Hg(ll) 4.5 [61]
Tamarind leaves Hg(ll) 6 [62]
Strawberry juice Hg(ll) 3 [52]
Pomelo peel Hg(ll) 0.23 [13]
Honey Hg(ll) 1.02 [78]
Coconut milk Hg(ll) 16.5 [79]
Muskmelon Hg(ll) 330 [80]
Tulsi leaves Pb(I1) 0.59 [70]
Lantana berries and Pb(11) 9.64 [71]
ethylenediamine

Ginkgo leaves Pb(I1) 0.055 [81]
Table sugar Pb(1) 67 [82]
Potato-dextrose agar Pb(11) 0.11 [68]
Curry leaves Cd(n 0.29 [73]
Coconut waste Cd(n 0.18 [74]
Ashoka tree leaves cd(n 2.4 [75]
Tea residue cd(n X [83]
Lemon peel Cr(VI) 73 [25]
Tulsi leaves Cr(VI) 86.54 [76]
Kelp Cr(VI) 520 [77]
Shallot Cr(VI) 3500 [84]
Flax straw Cr(VI) 190 [85]
Shrimp shell Cr(VI) 100 [48]
Groundnuts Cr(VI) 1923 [86]
x: Not reported

NB: Some values were recalculated for uniformity in the

corresponding units with respect to other reports.
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2.3.2 Organic pollutant sensing

Like in the case of inorganic toxic metal pollutants, some non-
biodegradable organic contaminants also stay in the environment for
long time and enter to the food chain, leading to several health hazards.
Specifically, organic pollutants like nitrophenols widely used in
various fields like in the manufacturing of pharmaceuticals,
agrochemicals, explosives and dyes. As they are carcinogenic, its
extensive usages and discharge to water resources without any pre-
treatments leading to serious health issues. Similarly, the modern
agricultural practices made use of neurotoxic pesticides to control the
pests and there by minimize the crop loss. Superfluous usages of these
toxic pesticides leads to water pollution since it can be easily reach to
the water resources. As in the case of pesticides, several antibiotics are
now used in the field of agriculture and livestocks to increase crop
productivity and as growth promoters. The over usage of these
antibiotics make it as primary water pollutant and it will reach in to the
body of non-targeted beings, resulting severe health issues. The
sensing of these hazardous organic water pollutants are of great

importance.

Similar to the case of aquatic organic pollutants, some of our
food products were also contaminated by some synthetic chemicals
and generally they are known by the name of food adulterants. The
main ideology at the back of food adulterants are of increasing the
colour appeal, fragrance and taste of the food materials. Some of these
synthetic food additives are carcinogenic and majority of them are
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prohibited in almost all the countries in the world. However, some of
them are still under use through illegal routes. Therefore the detection

of such adulterants in the food materials is of great concern.

CDs are successfully entered to the field of organic pollutants
sensing by utilizing its luminescence ability. There are several reports

in the literature from this area; some of them are discussed below.
Nitrophenols

Nitrophenols, a class of compounds with appended nitro and
phenolic groups, are well-known for its explosive nature. In practical
analytical applications, it is critical to detect nitrophenol compounds.
There are several reports in the literature that discuss nitrophenol

sensing with green CDs, few of them are discussed below.

Walter’s dogwood leaves derived CDs was reported by Wang
et al. and were successfully implemented as fluorescent CDs for the
detection of 4-nitrophenol (4-NP) with LOD of 17.5 nm [87].
Similarly, Chatzimarkou et al. described an efficient and
environmentally friendly method for producing biomass CDs from
apple seeds. The resulted N-doped CDs were shown to be a sensitive
as well as efficient fluorescent probe, which were quenched by 4-
nitrophenol via the FRET quenching mechanism [88]. The proposed
approach outperforms previously reported approaches due to its low
LOD (13 nM) and good recoveries.

In addition to 4-NP, other nitrophenols like 2-nitrophenol, 3-
nitrophenol, 2,4-dinitrophenol (DNP) and 2,4,6-trinitrophenol (TNP)
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were also simultaneously detected by green precursor derived CDs
through fluorescence based sensing method. Such a work was reported
in 2018 by Soni and co-workers, in which Palm shell powder and
triflic acid based N, S co-doped CDs was synthesised. The as obtained
CDs was effectively employed as a sensor for 4-NP, DNP, TNP with
LOD in the nanomolar scale and the values are found to be 79 nM (4-
NP), 165 nM (DNP) and 82 nM (TNP) [89].

There are some more related works in the literature and the

important reports with details are listed in Table 2.3.
Pesticides

Some investigators have recently used natural product-based
CDs to create pesticide probes. Organophosphorus pesticides are
considered to be a significant agrochemical capable of increasing crop
yield. There are numbers of studies in the literature deal with pesticide
sensing especially, organophosphorous pesticides using bioprecursor

derived CDs; some of them are mentioned as follows.

Bera and Mohapatra developed highly fluorescent CDs from
chitosan, that were used for ultrasensitive glyphosate detection via
effective photoelectron transfer between CdTe and CDs with a LOD of
0.002 nM. The CdTe-CQD integrated probe's specific and selective
recognition of glyphosate, even in the presence of other
organophosphorus pesticides, makes it suitable for practical

applications [90].
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Similarly, such an integration probe was also synthesised by
Zheng et al. The team created fluorescent CDs with a variety of
functional groups using lycii fructus. The prepared CDs were then used
as stabilisers in the green synthesis of CDs-AgNPs. The cross-linking
of CDs-AgNPs with phoxim causes the CDs-modified AgNPs to
aggregate, resulting in colour variations ranging from yellow to red.
The phoxim LOD for this probe was 40 nM, and it was successfully
used to detect phoxim in water and fruit samples with good recoveries
[91].

Hou et al. on the other hand, generated a turn-on fluorescent
sensor for glyphosate detection based on CDs derived from Japanese
pagoda leaves. Electron transfer was discovered between Fe** and the
as-prepared CDs. As a result, Fe** demonstrated a distinct dynamic-
quenching behaviour towards CDs. Glyphosate, on the other hand,
inhibited the electron transfer process, therefore the addition of
glyphosate restored the fluorescence of the quenched CDs/Fe** system.
It was caused by the strong complexation of Fe** with the functional
groups in the glyphosate molecule. The LOD value of the CDs/Fe**
fluorescent probe as prepared is found to be 51.75 nM [92].

Apart from the discussed, several additional related works with
different pesticides are available in the literature, and Table 2.3 lists

the significant reports with specific information.
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Antibiotics

Antibiotics are chemicals that inhibit the development of other
cells and are typically used to treat infectious diseases caused by
bacteria. Tetracycline is one of the antibiotics that have been widely
used. Tetracycline levels in the human body that are too high can cause
a variety of diseases such as hepatotoxicity, nephrotoxicity, and others
[93,94]. Fluorescent based sensing of antibiotics by biogenic CDs is
well documented in the literature. About a few of them are discussed

below.

Feng et al. describe the synthesis of CDs using rose flowers and
P,Os. Based on the tetracycline-induced quenching in the fluorescence
of CDs, it was used as a tetracycline sensing probe. It was assumed
that the interactions between the surface groups of CDs and

tetracycline would explain this process [94].

Similar to this, Miao et al. achieved the quantitative detection
by differentiating three tetracyclines using tobacco-derived CDs as a
sensor. Three tetracyclines reacted with CDs in distinct ways.
Tetracycline specifically quenched the fluorescence without causing a
fluorescence shift because of the IFE quenching process. Meanwhile,
CDs responded to chlortetracycline, and as a result of the expanded
energy band gap, their fluorescence displayed a blue shift.
Additionally, the band gap narrowing brought about by the
introduction of oxytetracycline resulted in a red-shift emission. The
guantitative analytical method was constructed using the data from this

investigation, and the LODs for tetracycline, chlotetracycline, and
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oxytetracycline were 5.18 nM, 14 nM, and 6.06 nM, respectively [95].
In a similar fashion, Guo et al. synthesised CDs from crab shells in
2020. The CDs had good fluorescence due to functional groups made
of nitrogen that were generated from the starting material. The
prepared CDs were successfully used by the researchers to detect
traces of tetracycline, and they had good stability and a low LOD value
(0.011 nM). The prepared CDs have good potential for analysing
actual sewage and can be used to quantitatively detect tetracycline in

the majority of acidic solutions [96].

In addition to the ones mentioned, there are a number of
biogenic CDs in the literature that are utilised as fluorescence sensors
for various types of antibiotics; Table 2.3 summarises the noteworthy

reports with details.
Food adulterants

Food adulterants are substances that are introduced to food
products as additives and can be either natural or manufactured
chemicals, as was aforementioned. Previous research has demonstrated
that CDs made from natural sources can be used to identify some food
contaminants. Because each molecule has unique characteristics, some
of them can either increase or decrease the fluorescence of CDs,

depending on the nature of the molecules [93].

Sudan | is an azo dye that is commonly used as a red colourant
in the food industry and is classified as a carcinogenic chemical by the
World Health Organization. In 2018, Anmei et al. created an efficient
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fluorescent sensor for the Sudan | dye using CDs derived from the
hydrothermal treatment of cigarette filters. The prepared system has a
LOD value of 950 nM, and satisfactory results were obtained when the

method was applied to Sudan | determination in food samples [97].

Similarly, Tartrazine is another food colorant or simply yellow
synthetic chemical that are widely utilised as a colouring agent in the
food business. Tartrazine reported to have very harmful effects to the

nervous and reproductive systems [98].

In 2015, Xu and his colleagues employed aloe to create
tartrazine-quenchable CDs. The as prepared CDs reacted with
tartrazine to create a complex, resulting in the quenching of
fluorescence. At a LOD of 73 nM, this fluorescent probe successfully
detected tartrazine in food samples (steamed buns, honey and candy)
[98]. Similar CDs from Russian olive were reported by Ghereghlou et
al. in 2021. The produced CDs utilised as tartrazine sensor with LOD
of 86 nM. Additionally, they have attempted to assess the sensing
system for the detection of tartrazine in real samples also [99].

In addition to the ones already described, there are a few more
CDs made from bioprecursors that have been used as fluorescence
sensors for various food additives; Table 2.3 summarises all the

interesting publications with details.
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Table 2.3: Green precursor based CDs for organic pollutant sensing

Precursor for CDs | Analyte species | LOD (nM) | Reference
Apple seeds 4-NP 13 [88]
Palm shell powder 4-NP, 79 (4-NP) [89]
and triflic acid DNP, 165(DNP)
TNP 82(TNP)
Celery leaves and 2-NP 39 (2-NP) [100]
glutathione 3-NP 43(3-NP)
4-NP 26(4-NP)

Sweet chestnut rose 2-NP 15.2 [101]
Shaddock peel and TNP 37.1 [102]
HCI
Walter’s dogwood 4-NP 175 [87]
leaves
Chitosan Glyphosate 0.002 [90]
Pork rib bones Dimethoate 64 [103]
Lycii Fructus Phoxim 40 [91]
Flavonoid from
ginkgo leaves

(@) N-CD-FLA Fenitrothion 0.36 [104]

(b) NS-CD-FLA Dithianon 0.28

(c) NSB-CD- Dinoseb 0.66

FLA

Feather, H,O, and Dichlorvos 3.8 [105]
NH;3
Jatropha fruits Chlorpyrifos 7.701 [106]
Japanese pagoda Glyphosate 51.75 [92]
leaves
Dried beet powder Amoxicillin 475 [107]
Plum Doxorubicin 120 [108]
Rose flower and Tetracycline 3.3 [94]
P20s
Crab shell Tetracycline 0.011 [96]
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Rice residue and Tetracycline 236.7 [109]
lysine Chlortetracycline 279.1
Terramycin 373.9
Tobacco Tetracycline, 5.18 [95]
Chlotetracycline 14
Oxytetracycline 6.06
Hawthorn powder Chlortetracycline 152.44 [110]
Cigarette filter Sudan | 950 [97]
Sugarcane molasses Sunset yellow 399 [111]
Tulsi leaves Malachite green 18 [112]
Bael patra fruit Allura red 607 [113]
Aloe Tartrazine 73 [98]
Lemon peels Tartrazine 200 [114]
Russian olive Tartrazine 86 [99]

4-NP: 4-nitrophenol; 3-NP: 3-nitrophenol; 2-NP: 2-nitrophenol; DNP:
2,4-dinitrophenol; TNP: 2,4,6-trinitrophenol

NB: Some values were recalculated for
corresponding units with respect to other reports.

uniformity in the

2.4 Biological applications of CDs derived from natural resources

Biogenic carbon dots are well established in the field of
biology, mainly due to its commendable biocompatibility and water
solubility. According to the literature, CDs majorly engaged in the
bioapplication including, bioimaging, drug delivery, anticancer agents,
antioxidant, photothermal and photdynamic therapy, chemotherapy and
gene delivery. Here we are going to discuss about the antioxidant
potential and in-vitro cytotoxic activity against cancer cell lines of
natural products derived CDs, both are found to be relevant to the

present works.
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Antioxidant activity of CDs

As said earlier, very less but sound evidences are available in
the literature dealing with the antioxidant potentiality of CDs. The
majority of the antioxidant activity was monitored using the DPPH
scavenging method, in which antioxidant activity was determined by

the visual colour change of DPPH caused by the addition of CDs.

The antioxidant activity of the green precursor derived CDs
was reported by Sachdev and Gopinath in 2015 from coriander leaves
and the prepared system exerts good level of antioxidant potential and
it was evaluated by the DPPH assay method [10]. Almost similar
studies was also reported by Chunduri and co-workers in 2016 and

they were used coconut husk for the synthesis of CDs [115].

Likewise, Rodriguez-Varillas et al. studied the antioxidant
activity of CDs from tomato. The team also uses the DPPH scavenging
assay for evaluating the antioxidant potential. The mechanism behind
the antioxidant activity of CDs was investigated by the research group
and it was accredited to the hydrogen donating capacity of the surface
functionalities associated in the CDs [116].

The antioxidant capability of the sulphur functionalised CDs
from turmeric were well studied by Roy et al. and the team used the
same DPPH method for the evaluation [117]. Likewise, CDs with
great antioxidant potential were also developed by Bhattacharya and
co-workers from the red onion peel. The antioxidant study of the
system was demonstrated through DPPH assay [118].
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A novel work was described by Guo et al. in which the red
pitaya peels were used for the synthesis of CDs and the antioxidant
potentiality of the same system was investigated through the DPPH
assay and reports a comparatively good antioxidant activity than the
standard ascorbic acid [119]. The same DPPH assay was utilized by
Rajamanikandan et al. in 2022 for the antioxidant activity studies of

the developed CDs from the pineapple peels [120].

Altogether, the literature describes the antioxidant potentiality
of the natural product derived CDs and opens up a more biocompatible
antioxidant moiety in the nano dimension. In the most cases the CDs
having higher activity than the corresponding precursor, the
comparative studies were found to be less in literature. However, the
mechanism behind the increased antioxidant capacity of CDs than the
precursor is still unclear and one of probable reason may be the

increased surface area to volume ratio.
In vitro cytotoxic activity of CDs

A compound's cytotoxic activity often denotes that the
substances under examination are hazardous to cells. When it comes to
normal cell lines, cytotoxicity is a sign of a substance's negative
effects, however when it comes to cancerous cell lines, cytotoxicity is

a sign of a substance's anticancer characteristics.

In vitro cytotoxic activities of CDs are pretty much available in
the literature. The Trypan blue exclusion and MTT assay [(3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium
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reduction assay] are the most widely used assays for the evaluation of
In vitro cytotoxicity.

Chen et al. conducted in vitro cytotoxic studies of six different
CDs derived from two species of bamboo, wood,stem and root of the
Chinese mahonia herb and two different pineapple roots through MTT
assay [121]. Similar to the above study orange juice derived CDs
cytotoxicity against Human colorectal carcinoma (HCT 116) and
human embryonic kidney (HEK 293) cell lines was evaluated by MTT
assay. The results reveal the cytotoxic potency of the prepared system

with good level of activity [122].

Using the human cancer cell lines PC3, MCF-7, and HT-29,
Arkan and team used the MTT techniques to assess the cytotoxic
potential of walnut CDs. Caspase-3 and Caspase-9 activation as well as
mitochondrial membrane potential (MMP) approaches were used to
investigate the mode of cell death in order to better understand the

mechanism of action [123].

Paul and Kurian used trypan blue exclusion method with
Dalton's Lymphoma Ascites cells (DLA) for the examination of in
vitro cytotoxicity of two CDs derived from jackfruit peel and tamarind
peel. The comparison of the two CDs shows that N-CDs from jackfruit
peel have more predominately anticancerous activity than that from the
tamarind peel [124].

Thus the cytotoxicity against cancer cell lines directly implies

the anticancer activity of the samples. Numerous reports on the
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cytotoxic activity of CDs are coming up and each claiming with
improved potentiality and wide applicability against different cell
lines.

2.5 Plant sources used in the present investigation

Five distinct pharmaceutically relevant biosources have been
employed to produce CDs in the current investigation. The subsequent
paragraphs provide a succinct explanation of the sources that were
used.

Mango ginger rhizomes

Mango ginger (Curcuma amada) (Figure 2.2) is a unique spice
with important pharamacological activities and is distinguished by its
mango flavour, which makes it appealing as a fragrant as well as for
other industrial and medicinal applications. It is originated in the Indo—
Malayan region and widely distributed in the tropics of Asia to Africa
and Australia. In India it is allocated in the wild and cultivated forms
[125].

Figure 2.2 Mango ginger rhizomes
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The significant constituents found in the rhizomes are starch,
curcuminoids (curcumin, demethoxycurcumin, bis-
demethoxycurcumin), terpinoids (difurocumenol, amadaldehyde and
amadannulen,), penolic compounds (gallic acid caffeic acid, ferulic
acid, gentisic acid and cinnamic acid) and essential oil (a-asarone and
B-myrcene). The therapeutic properties of the rhizome are primarily
due to the curcuminoids found in it [126]. Compounds like as
mangiferin  [(1,3,6,7) -Tetrahydroxy-2-[(2S,3R,4R,5S,6R) -3,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2-yl]-9H-xanthen-9-one]  [127],
several glycosides, alkaloids, flavanoids, steroids, and saponins, among
other things, had been isolated from therhizome extract
[126,128,129].

They were well known for a wide range of biological activities,
including antioxidant [130], antibacterial [131], antifungal [132],
antiinflamatory [133], platelet aggregation inhibitory [134], antiallergic
[135], enterokinase inhibitory [136], analgesic [137], antitubercular
[138], brine-shrimp lethal [139], hypotriglyceridemic [140],
biopesticidal [141], antitumor [142], and antiobesity and memory
impairment properties [143]. According to reports, the essential oil
extracted from the rhizome is high in pinene, ocimene, curcumene, and
linalool. It has been reported that the chemical composition and

bioactivities vary depending on the method of extraction [144].

Mango ginger appears to have high potential and has largely
gone unexplored in terms of bioactive phytochemicals. The available
literature on phytochemicals and bioactive divergent ingredients in
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mango ginger may contribute to its disease-fighting abilities and use.
Furthermore, it may provide scientific support for the bioactive

properties of mango ginger rhizome.

Mango ginger's introduction into the sphere of nano technology
was recently revealed. Chitosan-Tripolyphosphate nanoparticles were

created in 2021 using an ethanolic extract of this spice [145].

Wild lemon leaves

Figure 2.3 Wild lemon leaves

Wild lemon (Citrus pennivesiculata) may be the less explored
member from the Citrus species and is belonging to Rutaceae family
and it known to posses almost all the features of the other members
from the same family. The leaves of wild lemon (Figure 2.3) is an
interesting bioresources having different kind of phytochemicals like
acorbic acid, citric acid, alkaloids, steroids, flavonoids, phenols,

cardiac glycosides, tannins and terpenoids [146].

The studies on this leaves are very few in literature, it exhibits

antioxidant and antimicrobial activity in various solvent extracts.
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Presence of these phytochemicals may be responsible for the medicinal
value of this plant. Different extracts from leaves showed antibacterial
and antifungal activity. The antibacterial activity might be due to the
presence of active antimicrobial compounds in the plant. Plant based
antimicrobials have enormous therapeutic potential as they can serve
the purpose without any side effects that are often associated with

synthetic antimicrobial compounds [146].

As previously said, the exploration of this species and,

presumably, its materialisation has been overlooked in the literature.

Bilimbi fruit

Figure 2.4 Bilimbi fruits

Bilimbi (Averrhoa bilimbi) fruit (Figure 2.4) is a tropical fruit,
which is primarily utilized in traditional medicinal systems to cure
blood pressure, high levels of sugar in the blood and many infectious
diseases. Tropical and subtropical countries like Malaysia, Myanmar,

Indonesia, Thailand, Singapore, the Philippines, Sri Lanka, India,
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Bangladesh, etc. are known for their abundance of the bilimbi
(Averrhoa bilimbi). Kerala is well recognised for its adequate
abundance in India, and the Kani tribal traditional healers in the Tholu

hill region mostly use it for various therapeutic purposes [147].

The ability of this plant to operate as an antioxidant,
antibacterial, antidiabetic, hypotensive, antiinflammatory, and
hepatoprotective has been demonstrated through a variety of biological
activities, demonstrating the excessive value this plant possesses as
complementary and alternative medicine [147,148]. Although almost
all plant components have substantial pharmacological effects, the
majority of studies focus on the fruits and leaves [147].

Preliminary phytochemical analyses of the fruit extracts
showed the presence of terpenes, coumarin, thiamine, niacin,
flavonoids, tannins, bitter principles, essential oils, proteins, amino
acids, carbohydrates, proteins, and flavonoids. The fruits are also a
good source of oxalic acid and vitamin C [149,150]. The isolation of
2,4-dihydroxy-6-((4-methylpentyloxy) methyl) benzaldehyde from the

fruit extract has also been reported [147].

As per the reports, the bilimbi fruit extract also contains
specific volatile substances. Aliphatic acids, alcohols, and aldehydes
make up the majority of the volatiles. The main constituents included
hexadecanoic acid, nonanoic acid, (Z)-9-octadecenoic acid, 2-
furaldehyde, nonanal, (Z)-3-hexenol, octane tricosane, (E)-2-decenal,
(2)-9-pentacosene 2-furfural, and (Z)-9-tricosene. Several of the

compounds were discovered to be esters, with butyl and hexyl
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nicotinate having higher amounts than the rest [151,152]. There were
minuscule amounts of the remaining chemicals. The fruit gets its
distinctive fatty and green flavours from a group of C-9 chemicals
called nonanal, nonanoic acid, and (E)-2-nonenal. It is also thought
that the fruit's green tones are a result of the second-most prevalent
chemical, (Z)-3-hexenol [152].

The bilimbi fruit is well recognised for its biological
applications including antimicrobial activities; the aqueous and
chloroform extracts the bilimbi fruits exerts a positive antibacterial
activity against several microbes [153-155], antioxidant activities
[156,157]. Apart from this it act as hepatoprotective agent [158],
anticancer agent [159] and antithrombotic agent [160].

Aside from the above bioapplications, bilimbi fruit find
application from the material science sector. Based on the literature it
is used for the preparation various metal nanoparticles including gold
and silver nanoparticles [161], zinc oxide nanoparticles [162] and lead
oxide nanoparticles [163]. The direct materialisation of this amazing

natural resource is left out of the literature, nevertheless.
Sweet flag

Sweet flag(Acorus calamus) (Figure 2.5), a member of the
Acoraceae family and commonly used alone or in conjunction with
other herbs in Indian and Chinese traditional medicine, it has attracted
a lot of interest and is thought to be beneficial [164]. The plant, which
is native to India, Europe, Sri Lanka, Burma, Japan, China, Southern



95

Russia, Mongolia, and the Northern United States, is widely cultivated
throughout many temperate and sub-temperate regions of the world
[165,166]. The semi-aquatic and terrestrial habitat of the herbaceous
perennial plant has creeping rhizomes. Rhizomes have a citrus
fragrance, are heavily branching, pinkish or pale green in appearance,
and have a bitter flavour [166].

Figure 2.5 Sweet flag rhizomes

Many traditional and ethnomedicinal uses for the plant have
been documented over a lengthy period of time. It has been used for
thousands of years in various medical systems, including Ayurveda,
Unani, Siddha, Chinese medicine, etc., to treat a wide range of
conditions, including nervous disorders, appetite loss, bronchitis, chest
pain, colic, cramps, diarrhoea, digestive disorders, flatulence, gas,
indigestion, rheumatism, sedative, cough, fever, bronchitis,
inflammation, depression, tumours and haemorrhoids [164,167]. This
plant's rhizome has been given credit for a number of therapeutic

potentials.
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A number of active constituents from the rhizomes and
essential oils of sweet flag have been isolated and characterized. Of the
constituents,  alpha-asarone  (1,2,4-trimethoxy-5-[(E)-prop-1-enyl]
benzene) and beta-asarone (1, 2, 4-trimethoxy-5-[(Z)-prop-1-enyl]
benzene) are the predominant bioactive components. Aside from this,
there are various important phytochemicals including glycosides
(xanthone), volatile oil, sesquiterpenes, monoterpenes, flavonoids,
steroids, saponins, lignin, tannins, mucilage, alkaloid and polyphenolic
compounds [168,169]. Beside these, it also contains the other essential
oil such as calameon, calamen,calamine, calamenol, calamenone,
eugenol, camphene, pinene and asaronaldehyde, acorafuran [170].
Other compounds identified in the sweet flag rhizomes were 4-
terpineol, 2-allyl-5-ethoxy-4-methoxyphenol, epieudesmin, lysidine,
spathulenol, borneol, furylethyl ketone, nonanoic acid, 2,2,5,5-
tetramethyl-3-hexanol,  bornyl  acetate,  galgravin,  retusin,
(9E,12E,15E)-9,12,15-0ctadecatrien-1-ol, butyl butanoate, geranyl
acetate, sakuranin, acetic acid, camphor, isoelemicin, a-ursolic acid,
acetophenone, dehydroabietic acid, isoeugenol methylether, apigenin 4
,7-dimethyl ether, dehydrodiisoeugenol, linalool, elemicin, linolenic
acid , n-heptanic acid, calamendiol, tannins, starches, mucin, soft gums
and resins [164,171,172]

Various pharmacological activities of sweet flag rhizome has
been reported, such as sedative, CNS depressant [173], anticonvulsant,
memory enhancing [174], analgesic, antipyretic [175], antispasmodic
[176], cardiovascular [177], hypolipidemic [178], immunosuppressive
[179], antiinflammatory, antioxidant and neuroprotective [180],
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antidiarrheal [181], antimicrobial [182], antifungal [183]anticancer
[184,185] and antidiabetic [186].

Further to the pharmaceutical uses already described, this
resource was successfully introduced to the field of nanomaterials. The
synthesis of various metal nanoparticles using the extract's reducing
capacity is the subject of a few papers in the literature. The extract was
successfully used in the preparation of gold nanoparticles [187] and
silver nanopartcles [188]. However, the direct materialisation of the
resource was noticed to be lacking in the literature.

Long pepper

Long pepper (Piper longum) (Figure 2.6) is a traditional
medicinal plant that is a member of the Piperaceae family. It is
indigenous to the Indo-Malaya region and is found throughout the
tropical and subtropical world, including the Indian subcontinent, Sri
Lanka, the Middle East, and North America. The fruits are primarily
used as a culinary spice and preservative, but they are also a powerful
remedy in various traditional medicinal systems for cold, bronchitis,
cough, snakebite, and scorpion-sting, as well as a contraceptive [189].

There are numerous alkaloids and related substances in the
fruit, with piperine being the most prevalent. Other alkaloids and
related compounds include methyl piperine, pipernonaline, piperettine,
asarinine, pellitorine, piperundecalidine, piperlongumine,
piperlonguminine, retrofractamide A, pergumidiene, brachystamide-B,
a dimer of desmethoxypiplartine, N-isobutyl decadienamide,
brachyamide-A, brachystine, pipercide, piperderidine,
longamide, dehydropipernonaline piperidine, and tetrahydro piperine.
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Recent studies reveals that the fruit is also comprised with
1-(3',4’-methylenedioxyphenyl)-1E-tetradecene, 3-(3',4'-
methylenedioxophenyl)-propenal, piperoic acid, 3’,4'-di-hydroxy-
biabola-1, 10-diene, eudesm-4(15)-ene-1beta, 6-alpha-diol, 7-epi-
eudesm-4(15)-ene-1beta, 6beta-diol, guineesine, and 2E,4E-dienamide,
(2E, 4E, 8E)-N-isobutylhenicosa-2,4,8-trienamide, tridecyl-dihydro-p-
coumarate, eicosanyl-(E)-p-coumarate, and Z-12-
octadecenoicglycerol-monoester [190,191].

In addition to the aforementioned components, the fruit is also
said to contain lignans (a component of a class of plant compounds
with estrogenic and anticancer properties) such as sesamin, pulviatilol,
and fargesin. The fruit's essential oils are a complex blend.
Caryophyllene, pentadecane, and bisaboline are the three main
components, excluding the volatile piperine. Others include
dihydrocarveol, vitamins A and E, thujone, terpinolene, zingiberene, p-
cymene, p-methoxyacetophenone, and terpinolene [191].

Figure 2.6 Long pepper fruits

It has many uses and is frequently used as a strong
pharmacological agent. The pharmacological activity of long pepper
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has been the subject of numerous investigations in the literature,
including antimicrobial [192], antiplatelet [193], antidepressant [194],
mosquito-larvicidal [195], antiinflammatory [196], antifungal [197],
antifertility [198], antioxidant [199], anticancer [200], hepato-
protective [201], antihyperlipidaemic [202], immunomodulatory [203],
agents.

In addition to the biological activities already stated, the
reducing potential of the extract was employed for the extract-
mediated synthesis of a variety of metal nanoparticles, including silver,
copper, and nickel [204,205]. However the literature made a gap for
the direct materialization of the fruit.

In conclusion, the literature analysis on green precursor derived
CDs and natural resources raises the possibility of natural products
materialisation in to an extremely appealing luminous particles. This
process of value addition was found to be amazing, and it is exciting to
examine the material side applications of some selected
pharmaceutically relevant natural products as the only precursor
without the usage of any hazardous chemicals or sophisticated and
expensive instruments. The study of the exerting properties of natural
product produced CDs and their fluorescence based applications are
quite pleasing. The sensing applications against some selected
pollutants by these CDs are also enhancing the interest. Based on these
findings and understandings from the literature, the area for additional
study was defined and worked on. The experiments and analyses
carried out to attain the objectives are detailed in the following
Chapters.
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Chapter 3
MATERIALS, INSTRUMENTS AND
METHODS

This chapter list the materials, chemicals, and characterisation instruments used in
the study. The common methods employed are also briefly outlined.






125

3.1 Introduction

In this study, fluorescent CDs were prepared from five different
natural sources and successfully used for fluorescence sensing and
biological applications. The performance of CDs is heavily dependent
on their physiochemical properties, which are investigated using
various methods. The current chapter describes the materials used,
various analytical instruments used for the characterisation of CDs,
and some common methods being used in synthesis, fluorescence
sensing, fluorescence quantum vyield determination, fluorescence life
time measurements, real sample analysis, antioxidant activity and in

vitro cytotoxicity analysis.
3.2 Materials used
3.2.1 Plant sources

All the precursors for CDs synthesis were collected locally and

scientifically verified by an authorized taxonomist.

1. Mangoginger rhizomes (Cucuma amada) - Collected from
garden in the month of July

2. Lemon leaves (Citrus pennivesiculata) - Collected from garden

in the month of August

3. Bilimbi fruit (Averrhoa bilimbi) - Collected from garden in the

month of June
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4. Long pepper (Acorus calamus) - Collected from Kottakkal
Arya Vaidya Sala

5. Sweet flag (Piper longum) - Collected from Kottakkal Arya
Vaidya Sala

3.2.2 Chemicals

All the chemicals were of analytical grade and used without
further purification. Distilled water was used for all the purposes
throughout the whole work. Real samples for the analysis were
collected locally. The important chemicals used for the work is given
below (Table 3.1).

Table 3.1 List of chemicals used

Chemicals Suppliers/Manufacturers
Acetone NICE Chemicals Pvt. Ltd. India
Acid red APEE Chem, India
Alanine NICE Chemicals Pvt. Ltd. India
Aluminium sulphate Merck Specialities Pvt. Ltd. India
Anthracene Merck Specialities Pvt. Ltd. India
Ascorbic acid NICE Chemicals Pvt. Ltd. India
Aspartic acid NICE Chemicals Pvt. Ltd. India
Cadmium chloride Merck Specialities Pvt. Ltd. India
Cadmium nitrate Merck Specialities Pvt. Ltd. India
Calcium chloride Merck Specialities Pvt. Ltd. India
Chlorpyrifos Merck Specialities Pvt. Ltd. India
Chlorotetracycline Hil\_/ledia Laboratories Pvt. Ltd,
India
Chromium chloride Merck Specialities Pvt. Ltd. India
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Cobalt nitrate

Merck Specialities Pvt. Ltd. India

Copper sulphate pentahydrate

Merck Specialities Pvt. Ltd. India

Dialyisis membrane

HiMedia Laboratories Pvt. Ltd.
India

Dichlorvos

Merck Specialities Pvt. Ltd. India

Diethylthiocarbamte

Merck Specialities Pvt. Ltd. India

DPPH

Sisco Research laboratories Pvt.
Ltd. India

Ethanol

NICE Chemicals Pvt. Ltd. India

Ferric chloride

Merck Specialities Pvt. Ltd. India

Ferrous sulphate

Merck Specialities Pvt. Ltd. India

Florfenicol Merck Specialities Pvt. Ltd. India
Glucose Merck Specialities Pvt. Ltd. India

HiMedia Laboratories Pvt. Ltd.
Glyphosate

India

Lead nitrate

Merck Specialities Pvt. Ltd. India

Leucine NICE Chemicals Pvt. Ltd. India
Magnesium sulphate Merck Specialities Pvt. Ltd. India
Malathion Merck Specialities Pvt. Ltd. India

Manganese chloride

Merck Specialities Pvt. Ltd. India

Mercuric chloride

Merck Specialities Pvt. Ltd. India

Methyl red

APEE Chem, India

Nickel nitrate

Merck Specialities Pvt. Ltd. India

Oxytetracycline hydrochloride

Sisco Research laboratories Pvt.
Ltd. India

Phenol

NICE Chemicals Pvt. Ltd. India

Phenyl alanine

NICE Chemicals Pvt. Ltd. India

Potassium chloride

NICE Chemicals Pvt. Ltd. India

Potassium cyanide

NICE Chemicals Pvt. Ltd. India

Potassium dichromate

Merck Specialities Pvt. Ltd. India
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Pottasium bromide

Merck Specialities Pvt. Ltd. India

Pottasium iodide

NICE Chemicals Pvt. Ltd. India

Quinalphos Merck Specialities Pvt. Ltd. India
Quinine sulphate Loba Chemie Pvt. Ltd. India
Resorcinol NICE Chemicals Pvt. Ltd. India

Silver nitrate

NICE Chemicals Pvt. Ltd. India

Sodium carbonate

NICE Chemicals Pvt. Ltd. India

Sodium chloride

NICE Chemicals Pvt. Ltd. India

Streptomycin

HiMedia Laboratories Pvt. Ltd,
India

Sudan | APEE Chem, India
Sudan Il APEE Chem, India
Sudan I APEE Chem, India
Sudan IV APEE Chem, India

Sulfamerazine

HiMedia Laboratories Pvt. Ltd,
India

Tetracycline hydrochloride

Sisco Research laboratories Pvt.
Ltd. India

Urea

NICE Chemicals Pvt. Ltd. India

Valine

NICE Chemicals Pvt. Ltd. India

Zinc acetate

Merck Specialities Pvt. Ltd. India

Zinc chloride

Merck Specialities Pvt. Ltd. India

2-methylphenol

NICE Chemicals Pvt. Ltd. India

2-nitrophenol

NICE Chemicals Pvt. Ltd. India

3-methylphenol

NICE Chemicals Pvt. Ltd. India

3-nitrophenol

NICE Chemicals Pvt. Ltd. India

4-chlorophenol

NICE Chemicals Pvt. Ltd. India

4-methylphenol

NICE Chemicals Pvt. Ltd. India

4-nitrophenol

Merck Specialities Pvt. Ltd. India
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3.3 Instruments

Various spectroscopic and microscopic techniques were used to
characterize the prepared carbon dots in the present investigation and
some of them also used for the application studies. Brief descriptions

of the used instruments are given below.
3.3.1. Transmission electron microscope

Transmission electron microscopy (TEM) analysis have been
considered as the primary technique for the carbon dots, by providing
relevant information up on morphology, size distribution and
crystalline organization of the particles. Since TEM have high
resolution of ~ 0.1-0.2 nm, particles can be amplified millions of time
and can be used for revealing the ultra structure of the particles in the
samples [1]. Transmission electron microscope is a type of electron
microscope which is used in the TEM analysis. In the present work,
TEM images and selected area electron diffraction (SAED) pattern of
the samples were captured through JEOL JEM 2100 transmission
electron microscope, with point resolution of 0.23 nm and lattice
resolution of 0.14 nm with 200 kV of accelerating voltage using LaB6

electron gun.
3.3.2. Raman microscope

Raman spectra of the samples were used to identify the defects
present in the samples and roughly gives the idea of extend of
graphitisation and crystalline nature of the materials [2,3]. Raman

spectra of CDs in the present work were recorded by confocal WiTec
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alpha 300RA Raman Microscope, with 532 nm DPSS laser, maximum

power of 70 mW.
3.3.3. Fourier transform infrared spectrometer

Fourier transform infrared spectroscopy (FTIR) analysis was
used for the identification of surface functionalities associated with the
CDs. The FTIR spectra of all the samples in this study were obtained
using a PerkinElmer Fourier transform infrared spectrum instrument
with KBr pellet as a background and an average scan rate of 64 scans
in the 400 to 4000 cm™ range.

3.3.4. X-ray diffractometer

The crystalline/amorphous nature of the CDs can also be
revealed by X-ray diffraction (XRD) analysis. The XRD pattern of the
selected CDs were obtained from PANalytical X pert3Powder X-ray

diffractometer using CuKa radiation with wavelength of 0.15406 nm.
3.3.5 Dynamic light scattering instrument

Dynamic light scattering (DLS) analysis of CDs was performed
in order to determine the sample's average hydrodynamic diameter.
DLS analysis of selected CDs was performed using Malvern

Panalytical Zetasizer 7.13 instrument.
3.3.6 UV-Vis spectrophotometer

UV-Vis spectroscopy technique is used to explore the optical

properties of CDs. All the absorption studies of CDs were carried out
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using PerkinElmer UV-Vis spectrophotometer (Scan lambda 850) in
the scan range of 200-800 nm.

3.3.7. Fluorescence spectrophotometer

The luminescence behavioural studies and sensing applications
of all the CDs were executed with the fluorescence spectrophotometer.
In the present investigation, three different fluorescence
spectrophotometers were used for fluorescence-based analysis of CDs.
And they were (i) PerkinElmer FL-6500 fluorescence spectrometer
with a pulse Xenon lamp as an excitation source; (ii) Horiba Fluorolog
3 TCSPC instrument with a steady state excitation source of 450 W
Xenon arc lamp; (iii) Hitachi F-4600 fluorescence spectrophotometer
with a 150 W Xenon lamp as an excitation source. All the instruments
having the scan range from 200- 800 nm.

3.4 Methods
3.4.1 Synthesis of CDs

Microwave assisted pyrolysis was selected as the synthetic
method for the preparation of all the CDs systems in the present work
and were carried out using a domestic microwave oven (Haier
(HIL2001MFPH) 20 L, 700 W) as microwave source. Definite amount
of the precursor was weighed out and crushed or powdered depending
up on the nature, the crushed or powdered precursor was magnetically
stirred with hot distilled water and centrifuged. The obtained solution
subjected to microwave irradiation of appropriate watts and time. The

dry residue after microwave irradiation again magnetically stirred with
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distilled water, centrifuged and filtered. The obtained solution was
stored at 4 °C. Detailed procedure is included in relevant chapters,

under the Experimental part.
3.4.2 Sensing studies

All the prepared CDs were employed as a fluorescent sensor
against different species including aquatic pollutants and food
adulterants. In each case the fluorescence sensing method is almost
similar and the method of analysis is as follows: A fixed concentration
of quencher solution was introduced to the system using a micropipette
and the emission spectra were recorded after the incubation time.
Following that, the procedure was repeated with varying
concentrations of quenching species solution in stepwise fashion, and
the corresponding emission spectra were recorded at the same
excitation wavelength. The procedure is detailed in the relevant

chapters under the Experimental part.
3.4.3 Fluorescence quantum yield determination

Fluorescence quantum vyield of the prepared systems were
determined through standard method using quinine sulphate in 0.1 M
H,SO,4 (with quantum vyield of 54 %) as reference standard, using
equation (1)

M n 2
— Qg —cbs lcps 1
QCDS Q MS T]SZ ( )
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Where, Qcps and Qs indicates quantum yield of CDs and standard
reference, respectively. Mcps and Ms represent the slope obtained from
the linear curve from the graph drawn by integrated fluorescence
intensity and UV-Vis absorbance of CDs and reference standard,

respectively and n stand for the refractive index of the solvents.
3.4.4 XRD interlayer spacing calculations

The XRD pattern of the CDs is used for the crystalline
character evaluation of the systems. The interlayer spacing (d) value is

determined by Bragg’s equation (equation 2).
nA=2dsin® (2)

Where, A is the wavelength; n is the order of diffraction; d is

the interlayer spacing and 0 is the incident angle.
3.4.5 Fluorescence lifetime measurements

Fluorescence lifetime of bare CDs and CDs with analyte
species plays an important role in the study of sensing mechanism of
the CDs. The average fluorescence lifetimes of the samples were
determined from the decay profile of CDs by applying multi
exponential fit to the curve. The average lifetime values of each CDs

and CDs with analyte were calculated by the following equation [4].

% B.
Tavg :% (3)
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Where, tayq is the average lifetime of the sample, 7 is
the decay time components and B; is the relative amplitude of the
corresponding time and both were obtained from the exponential fit
data.

For the case of three exponential fit the equation (2) can be
written as follows.
_(rlx Bl)+(1:2 X Bz)+(1:3 X B3)

T, = 4
e B,+B,+B, @)

3.4.6 Real sample analysis

The real sample analysis was carried out using all the prepared
CDs with corresponding analyte (quenching species). Standard
addition method through spiking was adopted for the real analysis. The
common procedure for the real analysis is as follows; different
standard solution of analyte species was prepared. Finite amount of
this standard solution was added to pre-treated real samples. Later on,
the above solution was mixed with finite volume of CDs solution, after
the time of incubation, fluorescence of the mixture was monitored.
Subsequently, definite amount of analyte solutions were added to the
mixture and fluorescence spectrum was recorded in each addition [5].
The concentration of analyte in the whole of the solution was
determined using dilution formula. Detailed procedure is included in

relevant chapters.

The recovery % and error % of the analysis was calculated

from the obtained results using the following equations (4) and (5)
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Found amount of analyte

x 100 (5)
Added amount of analyte

Recovery %=

(Added amount of analyte )—( Found amount of analyte)

x100 (6)
Added amount of analyte

Error % =

3.4.7 Antioxidant activity- DPPH scavenging assay

Antioxidant potential of the prepared CDs were measured by
1,1-diphenyl-2-(2,4,6-trinitrophenyl)hydrazine (DPPH) free radical
assay with some sort of modifications [6]. For DPPH scavenging
assay, different concentrations of CDs solutions were added to finite
amount of 0.005% DPPH solution in ethanol. After shaking and
standing in dark for 30 minutes, scavenging activity was determined by
measuring absorbance at 520 nm using UV-Vis spectrophotometer.
Same procedure was used to determine the DPPH scavenging activity
of ascorbic acid taken as standard. Detailed procedure is included in
Chapter 9. The % of radical scavenging activity (S %) of the sample
was calculated from the decrease in absorbance at 520 nm, it is

calculated using the following equation.

A

A _
S0 ——control ” “sample @)

control

Where, Acontrot and  Asample are the absorbance of the blank and

absorbance of the test sample, respectively.
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3.4.8 In vitro cytotoxic activity — Trypan blue exclusion method

In vitro cytotoxicity of the prepared CDs and corresponding
extracts was carried out by the standard Trypan blue exclusion method
by using Dalton’s lymphoma ascites (DLA) cell lines as model.In
brief, the tumour cells aspirated from the peritoneal cavity of tumour
bearing mice were with phosphate buffered cell line (PBS). And the
cell lines were mixed with different concentration of CDs. These assay
mixture were incubated for 3 hour at 37 °C. After the incubation time,
the cell suspension was mixed with trypan blue solution and kept for
2-3 minutes and loaded on a haemocytometer. Dead cells take up the
blue colour of typan blue while live cells do not take up the dye.
Simultaneously a control was also performed with excluding the
sample solutions. The numbers of stained and unstained cells were
counted separately; detailed procedure is included in Chapter 9. The %

of cytotoxicity was calculated using the equation (8) [7].

Number of dead cells
(Number of dead cells)+( Number of livecells)

% of cytotoxicity = x100 (8)
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4.1 Introduction

As discussed in Chapter 2, mango ginger (Curcuma amada) is
a unique spice from the Zingiberaceae family. It has morphological
similarities to ginger, but when crushed, it emits a raw mango aroma.
Its pharmacological properties are well documented in the literature,
and the Ayurvedic medicinal system places a high value on this species
[1,2]. Even though the biological and pharmacological studies of this
spice were found to be very impressive, its materialization studies

based on its transformation in to nanomaterials are limited in literature.

The present work describes about the synthesis,
characterisation and application of CDs derived from the aqueous
extract of mango ginger rhizomes, by the aid of microwave energy. It
was chosen for a variety of reasons, including its ease of availability,
environmental friendliness, and low cost. As per the literature, it
contains a high concentration of water soluble phenolic acids, as well
as several other chemical constituents that make it suitable for the use
as a precursor in the synthesis of CDs [1]. These phenolic acids are
expected to carry a vital role in the formation of CDs. The as prepared
system is designated as MGCDs. The characterisation of the developed
system was carried out using different instrumental methods such as
TEM, Raman and FTIR. The fluorescent behaviour and other optical
properties were explored using UV-Vis and fluorescence

spectrophotometer.

The selective and specific interactions of several metal ions

with CDs, leading to the fluorescence alteration are well established in
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the literature. This specific metal ion interaction is highly dependent on
the nature of CDs. Therefore, the interaction of MGCDs with various
metal ions was investigated by monitoring the changes in fluorescence.
According to the findings, chromium(V1) had the greatest quenching in
the native fluorescence of MGCDs. As a result, additional research on
chromium(V1) was conducted.

Chromium (Cr) has acquired great economical importance on
account of its numerous industrial and agricultural applications.
Several chromium compounds are wused in leather tanning,
manufacturing of steel, magnetic tape, dyes, pigments, pesticides and
also find application as an industrial catalyst/oxidizing agent [3]. The
expansive usage of this metal leads to the chromium contamination
adversely effects the environmental system [4]. Out of two common
oxidation states of chromium, trivalent chromium is an essential trace
element in humans and animals, while hexavalent chromium
(chromium(V1)) compounds are responsible for the acute and chronic
toxicity of chromium [5]. International Agency for Research on Cancer
ranked it as No.1 carcinogen and exposure to air contaminated with
chromium(VI) and ingestion causes severe health issues including
respiratory illness, ocular damages, and chronic and allergic bronchitis
pulmonary tuberculosis [6]. According to WHO, the allowed level of
chromium(VI1) in drinking water should be below 50 pg/L [7].
Consequently it is essential to monitor the chromium(V1) especially in
water bodies since most of the industrial effluents are directly let in to

rivers.
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The observed quenching in fluorescence of MGCDs were
explored in detail and developed as a fluorescent probe for the sensing
of chromium(VI) in real water samples with acceptable level of
detection and satisfactory level of statistical parameters. The
experimental procedures and results are discussed in the following

sections.
4.2 Experimental
4.2.1 Synthesis of MGCDs

Microwave pyrolysis of aqueous extract of mango ginger
rhizomes was used for the synthesis of MGCDs. The complete

procedure of preparation is outlined below.

Mango gingers rhizomes were well cleaned using distilled
water. 10 g of these rhizomes were peeled, cut in to small pieces and
crushed using mortar and pestle. The pasty portion was added to 30
mL lukewarm distilled water and stirred with the aid of magnetic
stirrer for 30 minutes. The obtained solution filtered and placed in a
domestic microwave oven for 20 minutes at 695 W with intermittent
cooling in every 5 minutes. To the dry residue as obtained, 30 mL of
distilled water was added and filtered after 5 min of magnetic stirring,
resultant brown solution subjected to centrifugation for 10 minutes at
1500 rpm to remove large particles. The supernatant yellow - brown
solution was then dialyzed against distilled water for 48 hrs through a

dialysis membrane having molecular weight cut off 3000 Da.

The MGCDs so obtained were freeze dried and stored at 4 °C.
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The scheme of preparation is depicted in Scheme 4.1. Formation of
CDs was preliminarily confirmed by the fluorescence under UV light.

MGCDs give cyan blue fluorescence on irradiation with UV light.

1. Extraction

 ——

2. Microwave
treatment

1. Centrifugation

2. Dialysis
3. Freezedrying

Freeze dried

Mango ginger
BORNE MGCDs

Scheme 4.1 Synthetic route of MGCDs
4.2.2 Sensing of chromium(V1)

Sensing of chromium(VI) by MGCDs was carried out at the
excitation wavelength of 360 nm. The procedure adopted for the
analysis is as follows: 2 mL of the MGCDs solution were taken in the
cuvette and fluorescence spectra recorded and then a fixed
concentration of chromium(V1) solution was introduced to the system
with the help of a micropipette and recorded the emission spectra after
an incubation of one minute of time. Subsequently, the procedure is
repeated with varying concentration of chromium(VI1) solution in
stepwise and the corresponding emission spectra were recorded at the

same excitation wavelength.

The same procedure was followed for the selectivity studies, in

which 100 pL of 1 mM solutions of various ions (K*, Zn**, Na*, Mn?**,
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Ag', Cd*, Mg?, Pb?*, Ca*", AI**, Co®, Hg?*, Cr**, Ni**, Cu®, Fe**
and chromium(VI) to the MGCDs solution and fluorescence was

monitored as the same as above.

4.2.3 Real water analysis

Sensing of chromium(V1) in real water samples was carried out
using the standard addition method through spiking process.
Laboratory tap water and nearby bore well water was opted as real
water samples and all fluorescence measurements were performed
under the same experimental conditions as above. The procedure for
the analysis is as follows; water samples collected from the tap and
bore well were filtered and centrifuged at 1500 rpm for 20 minutes to
remove dust and impurities, if any. Then the samples were spiked with
different standard solutions of chromium(VI). Afterwards, the
fluorescence spectra of MGCDs along with this spiked water samples
were recorded. The spiking process used for the analysis is as follows;
10 pL of standard chromium(V1) solution was added to 1 mL of water
sample, then it is mixed with 1 mL of MGCDs solution, after one
minute of incubation time, the fluorescence spectrum was recorded.
Subsequently different amount of chromium(V1) solution was added to
the same mixture and intensity of emission was carefully monitored in

each case.

4.3 Results and discussion
4.3.1 Formation of MGCDs

CDs were prepared by the microwave pyrolysis of mango

ginger extract which is found to consist of several carbohydrates along
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with different types of phenolic acids like gallic acid, syringic acid, etc.
The exact mechanism of carbon dots formation from organic
compounds is still ambiguous [8]. The proposed mechanism belongs
to the bottom-up strategy, which includes pyrolysis of smaller
molecules to form products having nano dimensions through various
steps like condensation, polymerisation, carbonization and nuclear
burst to form the final products. The carbohydrates in the present
extract solution undergo hydrolysis, dehydration and decomposition in
presence of phenolic acids by the aid of microwave heating to form
simple molecules (generally furfural derivatives). These molecules up
on self-condensation and reactions with other reactive molecules in the
system resulting variety of polymeric products and the above
polymeric products finally undergoes condensation or aromatisation to
form carbon clusters, which up on nuclear burst gives out the water
soluble fluorescent CDs. All these reactions taking place by the use of

microwave energy in a short period of time [8-10].

4.3.2 Characterisation of MGCDs

Characterisation is an important part of the study since it gives
the idea about morphology and functionalities associated with
MGCDs. Different techniques such as TEM, Raman and FTIR used for
the material characterisation purpose. The details of the instruments

used are explained in Chapter 3.

TEM analysis

The transmission electron microscopy (TEM) analysis is the

primary analytical technique used to characterise the morphology and
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the size of MGCDs. The results shown in Figure 4.1 reveal that,
MGCDs having nearly spherical nature and the corresponding
histogram indicates that the size distribution is ranges from 3.6 nm to
9.7 nm. The lattice fringes in the high resolution TEM image of
MGCDs are not very clear and this observation indicates the poor
crystalline nature of MGCDs. Similarly, The selected area electron
diffraction (SAED) pattern of MGCDs is found to be fade and is

exclusive of bright spots which also imply poor crystallisation of the

sample [11].

Figure 4.1: (a, b and c): TEM images of MGCDs at different
magnifications (inset showing the particle size distribution histogram
(n=30); (d): SAED pattern of MGCDs
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Raman and FTIR spectral analysis

The Raman spectrum of MGCDs (Figure 4.2) displays two
broad peaks at 1349 and 1560 cm™ indicating D band and G band
respectively. The D band is corresponds to the vibration of carbon
atoms with dangling bonds in the termination plane of disordered
graphite or glassy carbon. The G band associated with the E;y mode
and is related to the vibration of sp® bonded carbon atoms in a two
dimensional hexagonal lattice. Besides, the broad nature of D and G
bands are in agreement with the poor crystalline and lesser
graphitization nature of MGCDs [12].

Fourier transform infrared spectrum (FTIR) (Figure 4.3) was
used to identify the surface functional groups present in the MGCDs.
Broad band at 3257 cm™ attributed to the O-H stretching vibration,
and the one at 1450 cm™ belongs to the C=C stretching of polycyclic
aromatic hydrocarbons and is appears to be small due to less polar
nature of the bond and a peak at 1279 cm™ and a medium band at 1036
cm™ assigned to the C—O stretching vibrations. In addition peaks at
1587 cm™ and 1400 cm™ is due to the asymmetric and symmetric
stretching vibration of COO™ [13]. Moreover a band at 2925 cm™ was
ascribed to the C—H stretching vibration and a small band at 776 cm™
arises due to C—H bending vibration [14]. These results implies that the
surface of MGCDs consist of C=C, C-O, -OH, and -COOH groups
[5]. As a whole the FTIR spectrum reveals that the surface of MGCDs
is enriched with hydrophilic groups like hydroxyl and carboxyl. These
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functionalities increase the solubility and stability of the system in

aqueous medium.
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Figure 4.3: FTIR spectrum of MGCDs
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UV-Vis spectral analysis

The UV-Vis spectroscopy analysis was used to explore the
optical properties of MGCDs. The UV-Vis absorption spectrum of
MGCDs was recorded, and is displayed in Figure 4.4. The spectrum
exhibit two peaks, the one peak at 203 nm and another at 280 nm. The
first one corresponds to m - ©* transition of C=C bonds and the latter
one is attributed to n - ©* transition of C = O bonds present in the
surface of MGCDs [15].
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Figure 4.4: UV-Vis absorbance spectrum of MGCDs

Fluorescence spectral analysis

Similar to UV-Vis spectroscopy analysis, optical features of
MGCDs are investigated through fluorescence spectrum analysis.
Fluorescence spectrum of MGCDs was recorded and the corresponding
spectrum is depicted in Figure 4.5 showing emission maxima at 442
nm when excitation wavelength of 360 nm was applied and the scan

range was from 370 nm to 600 nm.
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The excitation dependent emission behaviour of the system was
revealed from the excitation dependence studies. The studies were
conducted from 310 nm to 410 nm with 10 nm interval and the
resulting spectra are shown in Figure 4.6. Such a behaviour of the
MGCDs may attribute to the presence of different sized particles
(polydispersity) and different surface functional groups each
contributes different surface states in MGCDs [16]. The system shows
maximum intensity at 442 nm when it excited at a wavelength of 360
nm and these values selected as the emission and excitation

wavelength of MGCDs respectively for further studies.

MGCDs exhibits strong cyan blue fluorescence under UV light
of 365 nm and the photographs are shown in Figure 4.7 along with the
excitation and emission graphs. Figure 4.8 shows the photographs of
filter paper under day light and UV light written with the MGCDs

solution.
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Figure 4.5: Fluorescence spectrum of MGCDs
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Figure 4.6: Fluorescence excitation dependent emission spectra of
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Figure 4.7: Excitation and emission spectra of MGCDs (inset showing
photographs of MGCDs under normal light and UV light, displays
fluorescence.)
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Figure 4.8: Photographs of filter paper written using MGCDs solution
under day light and UV light

4.3.3 Fluorescence quantum yield and fluorescence stability of
MGCDs

Quantum yield (QY) of the MGCDs in water was determined
through the standard method as explained in Chapter 3, using quinine
sulphate (54 % in 0.1 M H,SQO,) as standard reference and the value of
QY was found to be 3.87 %.

The stability of the prepared system in freeze dried state was
found to be up to twelve months of time when stored at 4°C, while in
solution state the stability was reduced to three months of time after
wards the fluorescence was decreased gradually. This decay of
fluorescence over time may be due to the increase of particle size
through aggregation [17]. However stability of MGCDs solution was
found to be less when it placed in open atmosphere and some sort of
fungal infections were noticed after few days when it placed in open

air.
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Moreover, the influence of ionic concentration in the
fluorescence intensity of MGCDs was studied by adding different
concentration of KCI solution (ImM to 10 mM) to the system. The
spectra were recorded at each addition of KCI and fluorescence
intensity was carefully monitored. The resulting plot of fluorescence
intensity with concentration of KCI is displayed in Figure 4.9. The
fluorescence of the system almost unaltered in the whole range. This in
turn implies that the particles not aggregate at this range of ionic
strength, since such aggregation definitely reduce the fluorescence and
was missing here.

Fluorescence signal (arbitrary unit)

T T T T T T T
Blank 1mM 2mM 3mM 4mM 5mM 10mM
Concentration of KCI (mM)

Figure 4.9: Variation of fluorescence of MGCDs with different
concentration of KCl
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4.3.4 Selectivity studies

Several fluorescent investigations were carried out to examine
the potential of the system as a fluorescent sensing probe due to its
conspicuous fluorescence characteristics. In order to identify the
selective quencher that efficiently reduces the natural fluorescence of
MGCDs, the selectivity investigation was carried out. The study was
conducted by the fluorescence measurements of the MGCDs in
presence of different metal ions; those are commonly found in water as
pollutant. The relative fluorescence intensities were examined by
adding 100 pL of 1 mM solutions of various ions (K*, Zn**, Na*, Mn*",
Ag+, Cd2+, Mg2+, Pb2+, Ca2+, AI3+, C02+, ng+’ Cr3+, Ni2+, Cu2+, Fe3+
and chromium(V1) to the working solution.

The results of selectivity investigations are given in Figure
4.10, It is very clear that chromium(V1) exhibiting highest degree of
fluorescence quenching efficiency among the various metal ions.
However, small quenching was observed for Fe** is may be due to the
interaction of this metal with the surface functionalities of carbon dots
resulting fluorescence quenching. All the metal ions are likely to have
some sort of interactions with the surface hydroxyl and carboxyl
groups. According to previous reports in this area, Fe** exhibits greater
tendency to interact with the surface hydroxyl and carboxyl
functionalities of carbon dots [18]. Although chromium(VI) exerts
superior quenching efficiency, such superiority was not observed even
with Cr** ions. At the same time, rest of the metal ions shows slight
qguenching effect and can be negligible. It indicates the strong
selectivity of the fluorescent probe to the chromium(V1) detection.
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Figure 4.10: Relative fluorescence intensity of MGCDs in presence of
different metal ions (100 pL of 1 mM concentration) ( from 1 to 18:
blank, K*, Zn®*, Na*, Mn**, Ag*, Cd**, Mg®*, Pb**, Ca**, AI**, Co*,
Hg?*, Cr¥*, Ni?*, Cu®*, Fe*  and chromium(V1))

4.3.5 Sensing studies with chromium(VI)

The selectivity results show that chromium (VI) may strongly
quench the fluorescence of MGCDs; hence more sensing studies using
the quencher were carried out.

The studies were conducted by adding different concentration
of chromium(V1) (0 — 73.33 uM ) solution to the working system. It is
observed that, as the concentration of chromium(V1) increases the
fluorescence intensity of MGCDs found to be decreased gradually and
is clear from the Figure 4.11.

The sensitivity and relationship of the concentration of
chromium(V1) with fluorescence of the system was obtained from the
plot of fluorescence quenching ratio ((Fo— F)/Fo) with concentration of
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chromium(VI) and is given in Figure 4.12, where Fo and F are the
fluorescence intensity of the system without and with the presence
quenching moiety. It shows that the linear response of the system
towards the concentration of the quenching species was maintained in
the range of 0 pM — 33.33 uM with correlation coefficient R® of
0.9988. The limit of detection (LOD) was estimated to be 84 nM based
on 3o/slope method, where o is the standard deviation of the

measurements.

LOD value as well as the linear range obtained for the system
found to be comparable with the previously reported systems and are
listed in Table 4.1. It can be found that the present study exhibits
higher sensitivity, lower limit of detection and a moderate range of
linear response. Therefore the as prepared system can be employed for
monitoring chromium(V1) concentration in real water samples.

150000 =
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Figure 4.11: Steady decrease of fluorescence intensity on increasing
the concentration of chromium(VI) from 0 uM to 73.33 uM
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Figure 4.12: Plot of (Fo-F)/Fo with different concentration of
chromium(VI) (inset showing linear response of (Fo-F)/Fy with
increasing concentration of chromium(V1)

4.3.6 Determination of chromium(VI) in environmental water

samples

The practicability of the MGCDs as fluorescent probe was
investigated by applying the system to detect chromium(VI) in real
water samples by standard addition method. Results are shown in
Table 4.2. Chromium(VI) recovery in these samples ranged from
95.07 % to 102.70 % with relative error between 0.24 % to 4.92 %,
indicating good level of accuracy and precision in the method ( The
recovery and error percentages were found out using standard

equations and is given in Chapter 3).
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Table 4.1: Comparison of different CDs based fluorescent sensors for

chromium(VI)

_ _ LOD Linear
Sensing probe for chromium(V1) range Reference
(M) (M)

CDs synthesused from citric acid 0.2 1-10 [19]

and thiourea

CDs derived from shrimp cells 0.1 0-70 [20]

CDs synthesised from ammonium

citrate and cysteamine 0.11 | 0.35-126 [21]

hydrochloride

CDs synthesised from shallots 3.5 20-100 [22]

CDs derived from tulsi leaves 0.086 1.6 -50 [23]

CDs derived from lemon peel 0.073 2550 [24]

waste

CDs derived from flax straw 0.19 0.5-80 [25]

CDs syn?hesised from citric acid 416 5 _ 200 [26]

and glycine

CDs synthesised from citric acid

and re)(;uced glutathione 0.57 ) 1.92-230 [27]

CDs derived from mango ginger This
goging 0084 | 0-313 |

Table 4.2: Detection of chromium(V1) in different water samples

Water Added chromium(VI1) | Found Error | Recovery
sample (M) (HM) % (%)
0 NF - -
Tap water 2.03 1.93 4.92 95.07
4.05 3.87 4.44 95.55
5.92 5.88 0.68 99.32
0 NF? - -
Bore well 2.03 1.94 4.43 95.56
water 4.05 4.04 0.24 99.75
5.92 6.08 2.70 102.70

a: Not Found
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4.3.7 Mechanism of quenching

The mechanism behind the quenching of native fluorescence of
MGCDs by chromium(VI) was investigated. Generally fluorescence
quenching mechanisms are of five types; dynamic quenching
mechanism, static quenching mechanism, inner filter effect, Forster
resonance energy transfer (FRET) and photo induced electron transfer
(PET) [28].

In order to acquire insight of fluorescence quenching
mechanism, firstly the fluorescence decay spectra of the MGCDs and
MGCDs with chromium(VI1) were recorded since it can eliminate
several mechanism from the above list, and are given in (Figure 4.13).
The average lifetime of MGCDs and MGCDs+chromium(VI) were
calculated by the standard formula and is explained in Chapter 3, and
the values were found to be 2.18 ns and 2.14 ns respectively. This
small change indicates that there was no remarkable electron transfer
between MGCDs and chromium(VI). Since the resonance electron
transfer (RET) between donor and acceptor significantly changes the
average life time fluorescence of donor. So the chance of dynamic
guenching, FRET and PET can be excluded [15,28]. Then the further
investigation is focussed on the rest of two mechanisms that is static

quenching and inner filter effect.

In order to explore the quenching mechanism in detail, the UV-
Vis spectra of chromium(VI), MGCDs and MGCDs with
chromium(V1) were studied. The UV-Vis spectrum of MGCDs with

chromium(VI) matches with summed UV-Vis absorption spectrum of
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MGCDs and chromium(VI) as shown in Figure 4.14, it is clear that
there was neither absorption changes nor extra peaks formed in the
system when quencher was mixed with the MGCDs, indicates there
was no new compound formed on mixing, therefore the quenching was

not attributed to static quenching process [29].

Then the UV-Vis spectra of chromium(VI) (100 pM) was
recorded and compared it with the fluorescence excitation and
emission spectra of MGCDs. Surprisingly, it was found that the
absorption spectrum of chromium(V1) overlapping with the fluorescent
spectra of our system of study. This observation strengthens the chance
for quenching of fluorescence through inner filter effect (IFE). Figure
4.15 shows that chromium(VI) had a broad absorption at 258 nm and
358 nm while MGCDs shows a broad excitation at 360 nm with an
emission wavelength 442 nm. This effective overlap of excitation
spectrum of the system with absorbance spectrum of chromium(VI)
indicates that chromium(V1) can effectively shield the excitation light
for MGCDs and leads to the quenching of fluorescence [5,7,15]. For
further clarification the absorbance spectra of other metal ions
including Cr®* were also recorded; no one shows such spectral overlap

with the present system excitation spectra.
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Figure 4.15: Spectral overlap between absorption band of
chromium(V1) with excitation band of MGCDs and emission band of
MGCDs

From the above studies, it is concluded that the probable
mechanism for quenching is IFE and the fast response and higher
selectivity and sensitivity, exponential decrease of fluorescence

intensity were also are in line with IFE mechanism [30].

So as to prove this, two equations were used to calculate the
corrected fluorescence intensity (Fcor) Of MGCDs. The first equation
used to manifest the mechanism was the Lackowicz equation. It is the
simplest method for IFE correction of fluorescence so can be used to

find Feor and is depicted as equation (1).

F — Fobsd X10(Aex+Aem)/2 (l)

corr

Where Fopsq IS the observed fluorescence intensity with IFE, Feor S

the fluorescence intensity after removing IFE from Fqs and
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Acx (A= 360 nm) and A¢n (A= 442 nm) are the absorbance of system at
excitation and emission wavelength of fluorophore, respectively [31].

In addition to above equation, Parker equation was also used to
calculate Fcor and is shown in equation (2), because the former
equation is an approximation equation and does not consider geometry
parameters of the cuvette and these factors are included in Parker

equation and is more advanced.

e g L 23dA, e 235A,

X ———— X 2
corr obsd :L_:I_O—dAeX 1_10’5Aem ( )

Where Fopsg 1S the measured maximum fluorescence intensity and Feorr
is the corrected maximum fluorescent intensity after removing the IFE
from Fopsg, d is the pathlength of cuvette cell, s is the width or
thickness of excitation beam, g is the distance between the edges of
excitation beam to the cuvette edge along the direction of fluorescence
detection, Aex and Aen are the absorbance at excitation and emission

wavelength respectively.

There are two factors which used determine the role of IFE in
the quenching mechanism. The first one is the fluorescent suppression
efficiency (E) which is the parameter indicates the reduction of
fluorescence intensity by the addition of different concentration of
chromium(V1), and the second one is the correction factor (CF) which
is the ratio of Feorr t0 Fopsg-

Eobsa and Ecorr are the fluorescent suppression efficiency with

and without taking IFE to consideration and Fopsg 0 and Feorr, o are the
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observed and corrected fluorescence intensity at zero concentration of
quenching species. All the parameters were calculated using the
equations (3), (4) and (5) [29].

Eobsd =1- @ (3)
I:obsd,O

Ecorr =1- ﬁ (4)
corr,0

CF=1—feor (5)

obsd

From the value of CF and difference between fluorescent
suppressed efficiencies (Eopsa-Ecorr), the effect of IFE in quenching
mechanism can be evaluated. CF and Egpsq-Ecorr Values obtained from
two methods were found to be increased gently with increasing
concentration of chromium(V1), implies that the IFE was continuously
intensified as concentration of chromium(V1) increases, the suppressed
fluorescence efficiency due to IFE (Egpsg) always dominates and
contributes effectively to the quenching and increases with
concentration of quenching species, indicates that fluorescence
guenching of MGCDs with chromium(VI) is mainly due to IFE [32].
All the values were calculated by both Lackowicz and Parker equations
and are tabulated in Table 4.3 and Table 4.4, respectively (s = 0.1 cm,
g=0.4cm,d=1.0cm).
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sensing

mechanism by the MGCDs nanoprobe through fluorescence quenching

can be strongly attributed to IFE mechanism.

Table 4.3: Parameters used to calculate inner filter effect (IFE) of

chromium(VI) on fluorescence of MGCDs

based on Lackowicz

equation
Chrorr:l i '\u/lm (V1) A, Avn | Forsd | Feor | Eopeg | Ecor | CF? I?Eofji
0 0.0245 | 0.0014 | 1555 | 1602 0 0 1.0277 0
4.76 0.0412 | 0.0049 | 1361 | 1435 | 0.1248 | 0.1042 | 1.0514 | 0.0205
9.09 0.0601 | 0.0083 | 1287 | 1392 | 0.1723 | 0.1310 | 1.0777 | 0.0412
16.66 0.1026 | 0.0119 | 1122 | 1280 | 0.2784 | 0.2009 | 1.1346 | 0.0775
20 0.1271 | 0.0154 | 1071 | 1262 | 0.3112 | 0.2122 | 1.1783 | 0.0990

Table 4.4: Parameters used to calculate inner filter effect (IFE) of
chromium(V1) on fluorescence of MGCDs based on Parker equation

Chron;1 i I\lem(VI) A, A Fad | Foor | Eoped Eeur CE? EEO:(Ti
0 0.0245 | 0.0014 | 1555 | 1598 0 0 1.0277 0

4.76 0.0412 | 0.0049 | 1361 | 1431 | 0.1248 | 0.1045 | 1.0514 | 0.0203

9.09 0.0601 | 0.0083 | 1287 | 1387 | 0.1723 | 0.1320 | 1.0777 | 0.0403

16.66 0.1026 | 0.0119 | 1122 | 1273 | 0.2784 | 0.2034 | 1.1346 | 0.0750

20 0.1271 | 0.0154 | 1071 | 1252 | 0.3112 | 0.2165 | 1.1690 | 0.0947

4.4 Conclusions

In summary an agro-biomass derived CDs were synthesised

from mango ginger rhizomes through a completely greener route by

one step microwave pyrolysis method, devoid of any other chemicals,
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it was characterised by different methods. The excellent fluorescent
property of prepared CDs is explored for the sensing applications. The
studies clearly revealed that the prepared MGCDs can be executed as a
selective, sensitive and rapid label free chromium(V1) sensor in water
without any modifications. The sensing is based on fluorescence
quenching through inner filter effect (IFE), with limit of detection in
nanomolar range (84 nm) and maintained a linear response from 0 uM
— 33.33 uM. This selectivity of MGCDs towards chromium(VI) is
mainly due to the spectral overlap of excitation band of prepared
nanoprobe with the UV-Vis absorption band of chromium(VI) in

aqueous medium.

The sensing procedure illustrated in this work is simple, rapid
and economical. Moreover it is highly environmentally benign one
because no harsh chemicals were used in the entire processes, making
it more impressive and more eco-friendly. Lower limits of detection,
moderate linear range of detection, higher selectivity as well as
sensitivity and fast responses are some salient features of this piece of
work when compared to similar works reported in the literature. The
present system is also successfully employed for sensing of

chromium(V1) in real water samples with good recoveries.
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5.1 Introduction

As discussed in Chapter 2, natural products based carbon
dots recently received commendable importance than the other
organic precursor based systems. It is basically owing to its
nontoxicity, renewability, bioavailability, low-cost and greener
nature[1,2]. In the present work, a partially biowaste material,
wild lemon (Citrus pennivesiculata) leaves were used as

precursor for the synthesis of CDs.

It is well established that lemon fruit can be successfully
used for CDs synthesis [3]. By literature, the leaves of lemon and
lemon shares major of its constituents and possessing variety of
medicinal values [4], hence the materialization of this partially
wasting highly available precursor through completely greener

and facile method, imparting value addition to the precursor.

The present chapter dealing with the synthesis,
characterisation and application of CDs derived from this
partially biowaste material through microwave heating as the
method of preparation. The as prepared system is designated as
LLCDs and was characterised by transmission electron
microscopy, fluorescent, UV-Vis absorption, Fourier transform

infrared and Raman spectroscopic techniques.

From the selectivity studies of LLCDs with different
metal ions, anions, biomolecules, and antibiotics, a significant

quenching in the native fluorescence of LLCDs was observed
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with tetracycline antibiotic. Based on this observation further
studies was conducted with tetracycline.

Tetracycline has been considered as the most widely used
antibiotics; it belongs to broad-spectrum antibiotics and acts
effectively against both Gram-positive as well as Gram-negative
bacteria. Nevertheless, tetracycline absorption is comparatively
difficult for animal metabolism. So most them are excreted to the
nature as in the form of parental compound [5,6]. The
unrestrained uses of tetracycline and its releases to the nature
constitute major threat to environmental system. The tetracycline
excretion created by human as well as animals primarily pollutes
the water bodies, since most of such wastes finally reach to the
water system. Use as growth promoter in the farming fields
extremely enlarges the issue and the water sources near these
farms are highly affected. In spite of the fact that tetracycline is
not easily causes chronic toxicity in typical circumstances,
durable exposure to the tetracycline contaminated water has been
leads to acute toxicity in non-targeted beings [5]. These
antibiotic residues are heavily toxics to microbes and it can
accumulate in the different organs of the body and leads to
several diseases like, allergies, gastrointestinal diseases,
nephrotoxicity and severe reactions in central nervous system
and blood [7]. Hence, trace level detection of tetracycline in
water system is reckoned with significant importance for the

protection of health and environment.
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Based on the selective interaction of tetracycline with
LLCDs, a simple and cost effective analytical method was
proposed to detect tetracycline in water with satisfactory
parameters. The mechanism of quenching was also investigated
through various experiments. Furthermore, the same method has
been practically applied for tetracycline detection in natural
water resources with acceptable recoveries. The next sections

address the experimental approaches and results.
5.2 Experimental
5.2.1 Synthesis of LLCDs

LLCDs were prepared by a facile, one step microwave
pyrolysis method with aqueous extract of wild lemon leaves as

precursor. The entire preparation process is described below.

About 30 g of cleaned wild lemon leaves were crushed
with domestic grinder and then by mortar and pestle, it was
transferred to a beaker with 30 mL hot water and subjected to
stirring by the aid of magnetic stirrer for 30 minutes of time.
After filtration and centrifugation of 10 minutes, 30 mL of the
supernatant solution was exposed to microwave irradiation for
20 minutes at 500 W with periodic cooling in each 5 minutes.
The resulting dried residue was magnetically stirred for 5
minutes with 30 mL of distilled water and filtered off.
Afterwards, the as obtained solution was centrifuged at 1500 rpm

for 20 minutes. The clear pale yellow coloured supernatant liquid
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was then subjected to dialysis against distilled water for 48 hours
by a dialysis membrane with molecular cut off 3 KDa.

The solution emitting bright greenish blue fluorescence
under UV light denotes the formation of CDs. The obtained
solution was stored at 4 °C. The preparation of LLCDs is

depicted in Scheme 5.1.

Extraction 1. Microwave
treatment
y |—)

0,0
2. Centrifugation 999
3. Dialysis
Wild lemon leaves LLCDs
365 nm light

exposure

N

5.2.2 Detection of tetracycline

/

Scheme 5.1: Synthesis of LLCDs

Fluorescence behaviour of the CDs was studied by
recording the fluorescence spectra at excitation of 330 nm, with
emission maxima centred at 520 nm. The procedure for the
guenching studies on LLCDs with tetracycline is as follows: 2

mL of the LLCDs solution was introduced in to the quartz
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cuvette, fluorescence spectrum was recorded at an excitation of
330 nm. Afterwards a definite amount of tetracycline solution
was added by the aid of micropipette, after an incubation of 2
minutes the corresponding fluorescence spectrum was recorded.
The same procedure was repeated with different concentration of
tetracycline solution in ascending manner and fluorescence
spectra were recorded in every time at the same excitation

wavelength.

The selectivity studies on the system were carried out by
introducing 100 pL of 1 mM solutions of different foreign
substances including biomolecules (urea, glucose, ascorbic acid,
alanine, phenyl alanine, aspartic acid, leucine, valine), anions
(CI?, SO.%, NO3, CN', Br, I, CO3%), metal ions (K*, Zn**, Na*,
Mn%*, Cd**, Ca®*, Pb®*, Co®", Hg?*, Cu?*, Fe*") and antibiotics
(florfenicol, streptomycin and sulfamerazine) in absence and
presence of tetracycline to 2 mL of LLCDs. The selectivity
investigations also follow the same procedure of quenching
studies. The corresponding effect on fluorescence behaviour was
monitored by recording the spectra at an excitation wavelength
of 330 nm.

5.2.3 Environmental water analysis

Water samples were collected from the river and pond,
filtered to remove impurities and followed by centrifugation at
1500 rpm for 20 minutes of time. To detect the tetracycline in

real samples, pre-treated water samples were spiked with
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different concentration of standard tetracycline solutions and
were introduced to LLCDs solution. Briefly 10 pL of standard
tetracycline solution (498, 998, 1454 uM) was primarily added
to 1 mL of pre-treated water sample and then mixed with 1 mL
of the probe solution and after incubation of 2 minutes the
fluorescence spectrum of the probe with spiked sample was
recorded, again 10 pL of tetracycline solution was added to the
same solution and fluorescence was monitored the process was
continued till the total volume of added tetracycline was about
100 pL. The same procedure was followed for all the three
different concentrations of tetracycline in each environmental
sample. The fluorescence spectra of the probe with tetracycline
spiked water samples were recorded using the same instrument

and conditions as above.
5.3 Results and discussions
5.3.1 Formation of LLCDs

LLCDs were synthesised by the microwave heating of the
green wild lemon leaves. The water extract of the leaves contains
plenty of acids and several carbohydrates [4]. The exact
formation mechanism of carbon dots from organic compounds is
still obscure in nature. As per the proposed mechanism, the
microwave irradiation initiates the bottom-up synthesis of carbon
nano materials from the small molecules present in the extract.
In short, the microwave irradiation enables the carbohydrates in

the extract to go through a variety of chemical processes like



177

hydrolysis, dehydration, and decomposition. The polyphenolic
acids included in the extract, especially the precursor is enriched
with ascorbic and citric acids promote these processes. The
above reactions generally result in the formation of furfural
derivatives, which then go through a series of reactions,
including self-condensation and reactions with other reactive
molecules in the system, which result in the formation of various
products, some of which may go through a polymerisation
reaction. Condensation and aromatisation of these polymerised
products leads to the formation of carbon clusters, which are
then converted into fluorescent CDs by the cluster's nuclear
explosion. All processes are accelerated by microwave radiation
in a short amount of time. The acidic groups, and other
functional groups present in the precursor plays an important

role in the formation process [8,9].
5.3.2 Characterisation

The chemical as well as optical properties of the LLCDs were

explored using the following analysis.
TEM and DLS analysis

TEM images were directly utilised to detect the
morphology and particle size of the LLCDs. As seen in Figure
5.1 they possess almost spherical character and the average size
and particle size distribution of the prepared LLCDs was
determined through the dynamic light scattering (DLS) analysis
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and it was about 4.08 nm and 1.62 nm to 8.16 nm, respectively.
The corresponding curve was displayed in Figure 5.1(d). The
crystallographic nature of the LLCDs was primarily confirmed
from the SAED pattern. Since the SAED pattern having neither
clear design nor bright spots, implies that the prepared LLCDs
having very poor crystalline nature or it is nearly amorphous
[10].

Raman and FTIR spectral analysis

Raman spectrum of the LLCDs displayed in Figure 5.2,
exhibits two strong peaks. The band at 1339 cm™ representing
the D band whereas band at 1572 cm™ was attributed to G band.
Both the bands are found to be broader and this broad nature also
supports the poor crystalline as well as lesser graphitization
nature of the prepared LLCDs [11].

FTIR spectrum was used to reveal the surface
functionalities associated with the prepared LLCDs. As seen in
Figure 5.3, a strong broad band centred at 3274 cm™ is ascribed
to O-H stretching vibrations and small bands at 2918 cm™, 2825
cm™ representing C-H stretching where as one at 925 cm™
attributed to C-H bending vibrations [12]. A shoulder peak at
1632 cm™ could be ascribed to C=C stretching vibration, and
band at 1051 cm™ assigned to C-O stretching vibrations of
carboxylic as well as alcoholic functionalities. In addition, bands
at 1556 cm™ and 1401 cm™ was arises due to symmetric and

asymmetric stretching vibrations associated with COO™ [13]. The
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above results implies that LLCDs surface contains mainly —OH,
-COOH, C-O and C=C functionalities [14]. Thus the FTIR
spectrum disclose that LLCDs surface consists of hydroxyl and
carboxyl groups and being hydrophilic these groups also
contributes toward the water solubility and stability of the

system in water.
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Figure 5.1: (a): Transmission electron microscopy (TEM) image of
LLCDs; (b) : The selected area electron diffraction (SAED) pattern;
(c): TEM image at lower scale; (d): Dynamic light scattering size
distribution curve of LLCDs
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UV-Vis spectral analysis

The UV-Vis spectrum of the LLCDs (Figure 5.4) has
three shoulders at 207, 268, and 315 nm. The first two peaks
were ascribed to m-m* transitions of C=C bonds whereas the third
one assigned to n-m* transition of C=0 bonds present at the
surface of LLCDs [15]. Multi absorption transition modes may

be the reason for the weak and asymmetric shoulder peaks [16].
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Figure 5.4: UV-Vis absorbance spectrum of LLCDs

Fluorescence spectral analysis

The fluorescence spectrum of the LLCDs is shown in
Figure 5.5, exhibiting emission maxima centred at 520 nm when
excited at 330 nm. The present system shows excitation
dependent fluorescence behaviour and it was evaluated by
monitoring fluorescence spectra of the LLCDs recorded at
different excitation wavelength (300 — 410 nm). The results of
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the same were depicted in Figure 5.6. The variation in the
intensity and emission maxima of the LLCDs, when excited at
different wavelength may ascribed to polydispersity and surface
functionalities of LLCDs [17]. From the excitation dependence
study it is clear that the system possessing highest intensity when
excited at 330 nm and its emission spectra was centred at 520 nm
and these values are opted as excitation and emission wavelength
of the LLCDs, respectively. The corresponding excitation and
emission peaks were shown in Figure 5.7.

The prepared LLCDs showing bright greenish blue
fluorescence in UV lamp of 365 nm, and is given in the inset of
Figure 5.5.
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Figure 5.5: Fluorescence spectrum of LLCDs (inset shows
photographs of LLCDs solution under normal light (left) and UV

light (right))
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Figure 5.6: Excitation dependent spectra of LLCDs
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Figure 5.7: Excitation and emission spectra of LLCDs

5.3.3 Fluorescence quantum yield and fluorescence stability of
LLCDs

The fluorescence quantum yield (QY) of LLCDs was

found to be about 7.2 % as calculated by the standard method
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with quinine sulphate in 0.1 M H,SO, with 54% quantum yield
as standard. The method of calculation of QY was given in
Chapter 3.

The effect of storage time and conditions on fluorescence
stability of prepared system was studied. Figure 5.8 shows the
normalized fluorescence intensity of the system vs. time of
storage (sample was stored at 4 °C). The system has only
infinitesimal changes even after 10 weeks of time, revealing that,
it exhibits strong resistance against photo bleaching. The
intensity of the LLCDs were gradually declined as it was stored
at above 25 °C, however it is stable up to one week. The
instability at this temperature may attributed to increased
tendency for aggregation of particles, leads to particle size

increment [18].

Moreover, the system was subjected to continuous UV
irradiation to study fluorescence stability under UV light of 365
nm lamp inside the UV cabinet, and it was stable up to 2 hours

after that the fluorescence intensity was slowly reduced.

The fluorescence stability of as prepared LLCDs was also
investigated in variable ionic strength. The fluorescence intensity
of the LLCDs almost same in different concentration of KCI and
is shown in Figure 5.9, indicates that the system was stable at
higher ionic strength, and thus ensure that it can be applicable in
distinct ionic conditions. The obtained results suggested that, the

system exhibits admirable fluorescent stability.
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Figure 5.8: Variation fluorescence intensity of LLCDs with storage
time

0.8+

b
o
M

Fluorescence signal
(arbitrary unit)
(=]
-~

0.2+

0.0

Blank 2mM  4mM  6mM  SmM  10mM  25mM
Concentration of KCI (mM)

Figure 5.9: Variation of fluorescence intensity with ionic strength
(with different concentration of KCI)

5.3.4 Selectivity studies

In virtue of superior fluorescent behaviour of the prepared
system, it was tested whether it can be applied as a fluorescent
probe or not. To study the selectivity of the LLCDs, several
biomolecules, anions, metal ions and some of the antibiotics
which are widely used in aquaculture and veterinary farms
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including tetracycline were used for this purpose. The results of
the selectivity study reveals that the native fluorescence of the
present system significantly reduced by the addition of
tetracycline antibiotics. Interference studies were also conducted
to ensure this selectivity with tetracycline.

Relative fluorescence response of LLCDs in presence and
absence of tetracycline with these substances was given in
Figure 5.10. It clearly reveals that the fluorescence of the
LLCDs get reduced predominantly by the addition of
tetracycline. However Fe** and Cu?®* exerts small quenching
behaviour and is may be attributed to the interaction of these
metal ions with the surface functionalities of CDs and this
qguenching percentage is very small as compared with that of
tetracycline [19]. By the addition of Fe** and Cu®* about 19 %
and 12 % reduction in the native fluorescence of the probe was
observed, similarly florfenicol and streptomycin causes about 19
% reduction in fluorescence and this may be due to the hydrogen
bond formation with the surface functionalities [20]. But the
same time it is about 40 % in the case of tetracycline. All others
exert minute and negligible quenching effect. Even though, none
of these substances exerts significant interference in tetracycline
detection and is clear from the interference studies.

5.3.5 Sensing studies with tetracycline

Since the fluorescence of LLCDs selectively quenched by
the addition tetracycline, further sensing studies with tetracycline

were carried out.
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In addition to the above mentioned moieties, other
antibiotics belongs to tetracycline class were also tested and all
were shows similar quenching effects (Figure 5.11). Therefore,
tetracycline was opted as a representative of the tetracycline

antibiotic family.

The sensitivity of the system towards tetracycline was
studied by recording the fluorescence spectra of LLCDs with
different concentration of tetracycline solution (0- 42.86 pM).
The spectra showing quenching of fluorescence by addition of
tetracycline was displayed in Figure 5.12, the inset of the same
figure representing the LLCDs solution before and after the
addition of tetracycline, the fluorescence quenching is very clear
from the photographs.

Moreover, the fluorescence quantum yield of the LLCDs
solution with tetracycline was also determined by the same
method as used for quantum yield calculation and is found to be
2.5 % by using quinine sulphate as reference standard solution.
The decrease of fluorescence quantum yield of LLCDs from 7.2
% to 2.5 % by the addition of 42.86 uM of tetracycline solution,
indicate the formation of non-fluorescent species within the
system.

To study the relationship between fluorescence intensity
signals with concentration of quencher, a plot of Fo/F with
concentration of tetracycline in uM was plotted and was shown
in Figure 5.13, where Fo and F are the fluorescence intensity of
LLCDs and LLCDs with tetracycline, respectively. It reveals that
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the Fo/F ratio was proportionally increased with increasing
concentrations of tetracycline. This curve is found to be linear
from 0 to 27.27 puM of tetracycline with R?=0.9979.

The limit of detection (LOD) of the probe was calculated
from the linear part of the plot by considering S/N ratio as 3 by
using the equation 3o / x, where o is the standard deviation of the
measurements and « is the slope obtained from the linear
equation (Fo/F= 0.07242 C+tc + 0.9664) and it was about 0.42
MM. These parameters were found to be comparable with recent
reports, and some of the very recent works are tabulated in Table
5.1.
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Figure 5.10: Relative fluorescence intensity of LLCDs in absence
and presence of tetracycline with different foreign substances (from 1
to 30: LLCDs, urea, glucose, ascorbic acid, alanine, phenyl alanine,
aspartic acid, leucine, valine, CI™, SO4%, NO5, CN',Br,, I, COs%, K,
Zn**, Na*,Mn?*, Cd**, Ca®*, Pb**, Co®*, Hg*",Cu®*, Fe**, florfenicol,
streptomycin andsulfamerazine)
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Figure 5.11: Relative fluorescence response of LLCDs with
different tetracycline antibiotics (oxytetracycline, chlorotetracycline
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Figure 5.12: Steady decrease of fluorescence intensity with
increasing concentration of LLCDs (inset displays photographs of
LLCDs before (left) and after (right) the addition of tetracycline
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Table 5.1: Comparison of different CDs based sensors for tetracycline

detection
Sensing probe
for the Linear range
detection of LOD (uM) (M) Reference
tetracycline
CDs from 0.0385 3-40 [21]
resazurin and urea
CDs from egg 0.0323 0.1-200 [22]
white
CDs from red 0.36 0.5-30 [23]
beet pigment
CDs from citric 0.072 0.2-70 [24]
acid and D-
penicillamine
CDs from 0.045 0-100 [25]
pomelo peel
CDs from 0.56 1.88-60 [26]
Glutathione and
citric acid
CDs from wild 0.42 0-27.27 This work
lemon leaves
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On the basis of above study results, the present system
can be employed as magnificent candidate for detection of

tetracycline in environmental water samples.

5.3.6 Determination of tetracycline in environmental water

samples

With regard to the tetracycline activated fluorescence
quenching, LLCDs were successfully applied to detect
tetracycline in real water samples. River water from Nila river
and nearby pond water was selected as the environmental
samples for the analysis. The real water analysis follows
standard addition method. Fluorescence spectra of the water
samples were recorded after the pre-treatment without
tetracycline, then the samples were spiked with different
concentration of tetracycline in uM. Afterwards the fluorescence
spectra of the samples with LLCDs nanoprobe were recorded,
and fluorescence intensity in each measurement was carefully
monitored. Results from the analysis are given in Table 5.2 and
the recovery and error % of the analysis was calculated by the
standard equation (Given in Chapter 3) and values are ranging
from 95.56 to 101.96, and 0.97- 4.43, respectively. The obtained
recovery percentage is highly acceptable and more accurate and
the error percentages are less on comparing with similar assays
[16]. Hence, the good level of statistical parameters implies that
the suggested method may provide accurate and reliable results

in determination of tetracycline in water samples.
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Table 5.2: Detection of tetracycline in different water samples

Water Added tetracycline Found Recovery Error
sample (UM) (HM) (%) (%)
River 0 Not . .

water Found
2.48 2.37 95.56 4.43
4.97 4.80 96.57 3.42
7.23 7.37 101.93 1.93
Pond 0 Not . _
water Found
2.48 2.39 96.37 3.62
4.97 4.82 96.98 3.02
7.23 7.30 100.96 0.97

5.3.7 Fluorescence quenching mechanism

As stated earlier the natural fluorescence of LLCDs was
reduced by addition of tetracycline to the working solution after
an incubation of 2 minutes. A number of experiments were
carried out to investigate the underlying mechanism of this
qguenching. In general fluorescence quenching follows five major
mechanisms, named as inner filter effect (IFE), dynamic
qguenching, static quenching, Forster resonance energy transfer
(FRET) and photo-induced electron transfer (PET) [27].

Primarily, the chance of inner filter effect was
investigated. The present system and quencher does not follow
the essential condition for IFE; there no effective overlapping
between neither excitation, nor emission spectra of LLCDs with

absorption spectrum of tetracycline in water.
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To further explore the nature of quenching, the
fluorescence decay studies were conducted by recording decay
spectra of LLCDs without and with tetracycline. The results
were shown in Figure 5.14. The average lifetimes were
calculated (As per the equation given in Chapter 3) from the
above decay profiles and the obtained values were 7.80 and 7.62
ns, respectively. Reveals that the mechanism was not belongs to
FRET, PET or dynamic quenching, since all of them resulting
significant change in average lifetime [15,27].

Furthermore, investigation on quenching mechanism was
conducted by recording UV-Vis spectra of LLCDs, tetracycline,
LLCDs with tetracycline (LLCDs@TC). The results shown in
Figure 5.15, the summed spectrum does not match with the
LLCDs@TC spectrum. There are absorption changes to the
system on addition of tetracycline. Specifically, it was noted that
the tetracycline intensity at around 365 nm was altered and it
may be the result of the interaction between LLCDs with
tetracycline. Besides, there exists a small peak at around 388 nm
in the LLCDs@TC spectrum, which is not present in LLCDs or
tetracycline spectrum. These results could indicate the formation
of a ground state complex between LLCDs and tetracycline.

Altogether the sensing nature of the LLCDs with
tetracycline meets almost all criteria of static quenching
mechanism. As per the static mechanism, a non-fluorescent
complex will be formed when a ground state fluorophore (here
LLCDs) interact with a quencher. Finally, all the results from
above discussions guided to the fact that the mechanism behind
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the quenching of native fluorescence of LLCDs by tetracycline
mainly having static quenching nature [16].
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Figure 5.14: Fluorescent decay spectra of LLCDs and LLCDs
with tetracycline (LLCDs@TC)
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Figure 5.15: UV-Vis spectra of LLCDs, tetracycline, LLCDs
with tetracycline (LLCDs@TC) and summed spectra of LLCDs
and tetracycline (LLCDs+TC)
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5.4 Conclusions

In summation, a biogenic, highly fluorescent carbon dots
were synthesised by a truly greener methodology through a
single step microwave heating process. The nature based
precursor wild lemon leaves solely used as the source for the
preparation. The as obtained LLCDs manifested several
excellent features and were explored through various
characterisation methods. Investigation results display the
selective and sensitive interaction of LLCDs with tetracycline
antibiotic. The sensing of tetracycline via fluorescence
qguenching shows comparatively lower limit of detection (0.42
KM) and maintain a good linear response with concentration of
tetracycline.

The quenching was further examined by different
methods and finally ascribed to static fluorescence quenching
mechanism. Based on this, a simple and facile analytical method
was illustrated for the detection of tetracycline in water systems.
The synthesis as well as sensing procedures strictly follows
green chemistry protocols. The designing of label-free
fluorescent probe for the detection of tetracycline in aquatic
environment has been done without using any hazardous
chemicals or expensive instruments. The real water analysis
shows comparatively good statistical parameters. In short, a
highly fluorescent, biocompatible, label-free nanoprobe was
developed without any chemical reagents in an easiest way and
was successfully employed for tetracycline detection in
environmental water samples with good recoveries.
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6.1 Introduction

As previously stated, CDs from biomass and biowaste materials
recently received more appraisals. The present chapter deals with the
studies on the fluorescent CDs derived from the bilimbi (Averrhoa
bilimbi) fruit extract. Bilimbi is considered as an acidic fruit enriched
with several acids like oxalic and ascorbic acids, various nutrients and
numerous carbohydrates. It is considered as an excellent source of
antioxidants and minerals and it used as medicine for variety of
diseases in the indigenous system of medicine [3,4].

The precursor is selectively opted due to its high acidic content
and moreover, the direct materialisation of the extract to fluorescent
CDs is not reported yet. The acids present in the fruit extract believe to
play an important role in the facile formation of CDs. Especially the
presence of excess oxalic and ascorbic acid leads to fast formation CDs
from the precursor. Here, materialisation of this biomass is carried out
by the aid of greener microwave method, without using any other
chemicals. The as prepared CDs is named as BCDs.

From the selectivity study with different metal ions, it is found
that the fluorescence of BCDs greatly reduced by the addition of Cu(ll)
solutions, so the system was used for the sensing of Cu(ll) in aqueous
medium. The BCDs with Cu(ll) is designated as BCDs@Cu(ll). In the
light of interaction of Cu(Il) with some special functionalities, the non-
fluorescent BCDs@Cu(ll) was again tested for its sensing capacity.
Some pesticide molecules were selected for the fluorescence recovery
experiments. It is noticed that the fluorescence of BCDs@Cu(ll) is
enhanced by the addition of quinalphos solution. So, further
fluorescence sensing studies were focused with quinalphos.
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Quinalphos (O,0-diethyl-O-quinoxalinylphosphorothioate), is a

popular pesticide from the family of organophosphorus pesticides, is
frequently applied in different types of crops including rice, tea and
variety of fruits etc. [5]. Intoxication of this pesticide occurs through
many ways like inhalation, ingestion and skin absorption and all these
leads to several health issues such as hypernatremia, pancreatitis, renal
failure, weakness, low scoring memory and learning abilities [5,6].
Therefore, precise profiling of this pesticide has been very crucial to
ensure safeguarding of crops and appropriate pesticide managements.

BCDs with strong fluorescence was firstly used as selective
fluorescent turn-off probe for the sensing Cu(ll) and the resulting non-
fluorescent system (BCDs@Cu(ll) executed as the turn-on fluorescent
probe for the organophosphorus pesticide, quinalphos. The quinalphos
sensing is also carried out in real rice and tea samples with good
recovery percentage. The real samples are purposefully selected
because the content of this particular pesticide is frequently noticed in
rice and tea; the samples were collected from the local market of
Kerala, a popular consumer state in India. The next sections go into the
experiment's procedures and results.

6.2 Experimental
6.2.1 Synthesis of BCDs
BCDs were synthesised using a simple, one-step microwave

heating procedure with aqueous bilimbi fruit extract as a precursor.
This is a description of the full preparation procedure.

Bilimbi fruits were washed thoroughly with water and were cut
in to small pieces and crushed using mortar and pestle. The resultant
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fruit paste was transferred to a beaker with 30 mL of hot distilled

water, and it was magnetically stirred for 30 minutes of time.
Afterwards the solution was filtered, centrifuged and 30 mL of this
solution was placed in domestic microwave oven at 500 W for 20
minutes of time with frequent cooling in every 5 minutes. The as
obtained dry residue was magnetically stirred with 30 mL of distilled
water, filtered, centrifuged. Finally the solution was dialysed (dialysis
membrane with 3 KDa molecular weight cut off) against distilled water
for 48 hrs. The preparation is depicted in Scheme 6.1.

The resultant brownish solution of CDs exerts blue
fluorescence under UV light of 365 nm and the solution was stored at
4°C.

6.2.2 Cu(l1) and quinalphos detection

Cu(ll) and quinalphos sensing was carried out using
fluorescence spectra studies. Firstly the fluorescence spectrum of
BCDs solution was recorded at an excitation of 430 nm giving
emission maxima at 531 nm. The native fluorescence of BCDs was
quenched by the addition of different concentration of Cu(ll) solution,
and the resulting solution is designated as BCDs@Cu(ll). This
BCDs@Cu(ll) was utilised as the probe solution for the quinalphos
pesticide sensing.

The sensing probe was developed by the following procedure;
2 mL of BCDs solution was taken in the quartz cuvette and the
fluorescence spectra of the bare BCDs was recorded at 430 nm, then
different concentration of Cu(ll) solution was introduced to the system
by using a micropipette. The spectra were recorded after an incubation
time of 5 minutes using the same instrument and intensity of emission
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spectra were noted down in each addition and all spectra of were

recorded at the same excitation wavelength. As concentration of Cu(ll)
increases the intensity was gradually decreased.

The selectivity of BCDs towards Cu(ll) has been identified by
the selectivity study, which also follows the same procedure as above.
It involves the recordingof the spectra of BCDs with different metal
ions (Co(11), Ni(11), Hg(I), Pb(I1), AI(1IT), Cd(I1) and Fe(l11)).

The probe for quinalphos sensing have been developed by the
addition of definite concentration of Cu(ll) solution to the BCDs and
termed as BCDs@Cu(Il). Then quinalphos detection by the probe was
conducted as follows; about 2 mL of BCDs@Cu(ll) was taken in the
cuvette, fluorescence spectrum of the probe was recorded.
Subsequently different concentrations of quinalphos were added to the
probe solution by the aid of micropipette and were kept for 10 minutes
as incubation time and spectra were recorded by the same experimental
conditions as above. The intensity of emission spectra was monitored.

The fluorescence response of the probe in the absence and
presence of quinalphos with different pesticides such as glyphosate,
marathion, dichlorovos, chloropyrifos and diethylthiocarbamate were
screened to study the selectivity of the probe towards quinalphos. The
selectivity investigation follows the same procedure with same
concentration and experimental conditions as above.

6.2.3 Real sample analysis

To assert the practicability of the developed probe, the sensing
was carried out using real samples. Two different agricultural crops,
rice and tea were selected as real samples and were collected from the
local market. For this study rice and tea extract were prepared as
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follows; about 5 g of each samples were gently grinded and soaked in

hot distilled water for 2 hrs of time in two beakers. Later the mixture
was filtered and centrifuged. The resulting extracts were spiked with
different concentration of quinalphos solution, and were kept stand for
24 hrs. The spectra of the spiked samples with BCDs@Cu(ll) probe
were recorded at the excitation wavelength of 430 nm after an
incubation of 10 minutes. The detection was carried out by monitoring
the fluorescence response of the probe. The corresponding recovery
percentage was calculated in each case as per the standard equation
which is included in Chapter 3.

1. Microwave
treatment

)
2. Centrifugation

Extraction

3. Dialysis

Bilimbi fruit

Exposure to
UV light 365 nm

Scheme 6.1: Synthesis of BCDs
6.3 Results and discussion
6.3.1 Formation of BCDs

As mentioned in the previous chapters, the exact mechanism of
CDs formation is still unknown. Since the bilimbi extract consists of
plenty of acids and carbohydrates [3,4], the formation mechanism

majorly focussed on the carbohydrates. The proposed mechanism for
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the formation of CDs falls under the category of bottom-up synthesis,

which refers to the process of developing nano-dimensional particles
from smaller molecules through condensation, polymerisation,
carbonization, and nuclear fusion while being exposed to microwave
radiation. The acids presents in the extract, like oxalic acid plays an
important role in the initiation of hydrolysis and dehydration of
carbohydrates present in the extract by utilising the microwave energy.
Then the formation of water soluble fluorescent nano-materials,
through various reactions including, decomposition, condensation,
carbonization and aromatisation reactions on the dehydrated
carbohydrate products [7-9]. Time and energy used for the synthesis
was comparatively lesser on comparing similar reports and this may

attributed to the contents of the precursor.
6.3.2 Characterisation
TEM analysis

The TEM images (Figure 6.1) were used to examine the
morphology and particle size of the BCDs and were found to be nearly
spherical in shape (Figure 6.1(a)). The size distribution of the
particles, with an average size of 4.75 nm and a range of 1.89 to 7.0
nm, as determined by the corresponding histogram, is shown in Figure
6.1 (c). Another TEM image, with particle size markings was also
displayed in Figure 6.1 (d), both results reveals that the major
population particle size falls under 10 nm. The selected electron
diffraction pattern of the particle was used to examine the crystalline or

amorphous phase structure of BCDs. As shown in Figure 6.1 (b), it
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does not possess bright spots or clear well defined pattern indicating

that the crystalline nature of the BCDs is very poor [10].

Figure 6.1:(Q)TEM images of BCDs (b)SAED pattern of
BCDs(c)TEM image of BCDs at lower scale (inset: corresponding
histogram n=36) (d) TEM image with particle size markings

FTIR spectral analysis

Fourier transform infrared spectroscopy has been used to
identify the functional groups associated with the prepared BCDs and
the spectrum is displayed in Figure 6.2. Two bands at 3363 and 3268
cm™ were arising due to combined effects of O-H and N-H stretching
vibrations. A peak at 2930 cm™ is attributed to stretching vibration of
C-H, a medium band at 1719 cm™ was accredited to C=0 stretching. A
comparatively strong band appeared at 1625 cm-1 corresponds to



208
stretching vibration of C=C bond indicating the existence of aromatic

sp? clusters [9]. Asymmetric and symmetric stretching vibration of
COO  indicated by the two bands located at 1521 and 1436 cm™.
Bands at 1360 and 1026 cm™ was contributed by the C — N stretching
vibrations [9,11], whereas peak centred at 1208 cm™ attributed to the
stretching vibrations of C-O group. As a whole the spectral data
reveals that the surface of BCDs enriched with plenty of carboxyl,
hydroxyl and amine functionalities and these hydrophilic groups plays
a vital role in the excellent stability and solubility of the system in

aqueous medium.
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Figure 6.2: FTIR spectrum of BCDs

UV-Vis spectral analysis

The absorbance spectrum of BCDs exhibits a strong peak at

309 nm originated due to the n-m* transitions of C=0 bonds present in
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the BCDs [12], and the corresponding spectrum is shown in

Figure 6.3.
Fluorescence spectral analysis

The fluorescence nature of the BCDs was studied by the
fluorescence spectrum and its excitation dependence nature was
investigated by recording the spectra at different wavelength ranging
from 290 nm to 450 nm (Figure 6.4). The results reveals that the
system having excitation wavelength dependent nature, and this
behaviour may derived from the polydispersity and electronic
transitions of surface attached functional groups like C=C and C-NH
bonds. This implies that the fluorescence peak is adjustable with
excitation wavelength and it shows tuneable nature of the system.
Moreover, the full width half maximum of the fluorescence curve was
about 90 nm indicating that the range of size distribution of BCDs
comparatively narrow [11].

The excitation dependence study also reveals that the BCDs
shows maximum emission peak when excited at 430 nm and the
emission band is centred at 531 nm (Figure 6.5). These values were
selected as excitation and emission wavelength for further studies. In
addition, the prepared system exhibits strong bluish fluorescence under
UV light and the photographs of the BCDs in normal light and UV
light of 365 nm is shown in Figure 6.6 along with the fluorescence

excitation and emission graphs of BCDs.
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Figure 6.4: Excitation dependent emission spectra of BCDs from 290
nm to 450 nm
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Figure 6.5: Fluorescence spectrum of BCDs
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Figure 6.6: Excitation and emission spectra of BCDs (inset: BCDs at
normal light (left) and BCDs at UV light (right))

6.3.3 Fluorescence quantum vyield and fluorescence stability of
BCDs

The fluorescent quantum yield of the synthesised system was
about 3.4 %, determined by using quinine sulphate as standard with

quantum yield of 54 %. The stability of the prepared system was
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investigated with storage time. It was found to be stable up to nine

weeks of time at 4 °C and its stability is comparatively lesser in
atmospheric temperature and open atmosphere storage leads lesser
stability and kind of fungal infections are noticed over time. Under UV
light (365 nm) the system shows apparent stability up to 3 hours of
continues irradiation, after that fluorescence slightly reduced. The
fluorescence intensity of BCDs not shows any significant effect in
presence of different concentration of KCI solution. All these facts

reveals that the system have good stability features.
6.3.4 Selectivity studies on BCDs

Owing to the excellent fluorescence nature of BCDs, its
possibility of being act as fluorescence sensor was examined. For that
firstly the selectivity of the system was identified through the
fluorescence monitoring by the addition of different metal ions like
Co(Ill), Ni(11), Hg(11), Pb(11), Al(111), Cd(Il) Fe(lll) and Cu(ll). The
results of this selectivity study are given in Figure 6.7. The results
shows that the native fluorescence of BCDs is significantly reduced by
the addition of Cu(ll) ions. It reveals that the quenching efficiency of
Cu(ll) was comparatively higher than the other metal ions under
study. Besides to the selectivity study, the fluorescence response of
BCDs with Cu(ll) in presence of different metal ions were also
conducted for further clarification on selectivity and none of them
exerts significant interference in the detection of Cu(ll) (Figure 6.8).
This selectivity was believed to be due to the highest affinity of Cu(ll)
towards amino and hydroxyl groups for complex formation. This

ground state complex formation leads to the fluorescence quenching of
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BCDs. So the further sensing studies was conducted with Cu(ll).

6.3.5 Sensing studies with Cu(ll) on BCDs

The fluorescence property of the as prepared BCDs was utilised
for dual sensing purpose. Firstly, the fluorescence response of the
system with addition of different concentration of Cu(ll) solution was
studied. A gradual decrease in the native fluorescence of BCDs was
observed on increasing Cu(ll) concentration. This quenching of
fluorescence is shown in Figure 6.9, indicating the fluorescence

intensity of the emission peak centred at 531 nm decreased with Cu(ll).

The plot of Fo/F with concentration of Cu(ll) was shown in
Figure 6.10, where Fy and F was the fluorescence intensity of BCDs
before and after the introduction of Cu(ll). A good linear relationships
between relative fluorescence intensity and concentration of Cu(ll) was
maintained in the concentration range of 0-20 uM with linear equation
F/Fo= 0.06[Cu(1)]+0.97 with R?=0.9986. Limit of detection (LOD)
for Cu(ll) was calculated from this linear range and it was found to be
115 nM. LOD value and linear range of the present system with Cu(ll)
was found to be comparable with reports from the same field of

research in literature, and is listed in Table 6.1.
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Figure 6.8: Relative fluorescence intensity of BCDs with different
metal ions in the absence and presence of Cu(ll)
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Figure 6.10: Relative fluorescence intensity with concentration of
Cu(ll)
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Table 6.1: Comparison of different probes for Cu(ll) detection

LOD Linear

Sensing probe for Cu(ll) (M) range Reference
(HM)

Radish derived CDs 0.16 0- 10 [13]
GQDs from humic acid 0.44 1- 40 [14]
CDs from o-phenylendiamine
(OPD) 0.28 1-10 [15]
Glyoxylic acid-modified CDs
(GA-CDs) 0.21 0-10 [16]
Coal derived GQDs 0.29 0-8 [17]
Hydrophobic carbon dots (TO-
CDs) from triolein 0.21 0.5-10 [18]
CDs from peanut shell 4.8 0-5 [19]
Banana juice derived CDs 5 116?;223_ [20]
CDs from activated carbon 2.4 5-100 [21]
CDs?e_ntrenched ghltosan- _ 0.56 0.01 — 200 [22]
modified magnetic nanoparticles
CDs derived from Bilimbi fruit 0.115 0-20 This work

6.3.6 Selectivity studies on BCDs@Cu(ll)

On account to the fluorescence quenching by the addition of

Cu(ll) a new probe was developed from BCDs. As mentioned earlier

the probe was prepared by adding definite concentration of Cu(ll)

(33.33uM) to BCDs solution and termed as BCDs@Cu(ll).

The selectivity studies on BCDs@Cu(Il) was conducted with

different organophosphorous pesticides and out of them quinalphos

gives marked recovery of fluorescence to BCDs@Cu(ll) system.

Interference studies with these pesticides was also conducted by

monitoring the fluorescence response of BCDs@Cu(ll) in the presence
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of quinalphos, results of the same were shown in Figure 6.11. The

fluorescence enhancement was much higher for quinalphos on
comparing with others. So the further sensing studies was conducted
with different concentration of quinalphos.

6.3.7 Sensing studies with quinalphos on BCDs@Cu(ll)

Fluorescence response of BCDs@Cu(ll) with different
concentration of quinalphos (0-10.32 puM) was evaluated and the
corresponding spectra is shown in Figure 6.12. A significant
enhancement of fluorescence intensity was noticed with increasing
concentration of quinalphos. This fluorescence turn on behaviour is
clear from the figure. The relationships between relative fluorescence
intensity with concentration of quinalphos was linear from 0 to 10.32
UM range of quinalphos concentration and it is depicted in Figure
6.13, with linear regression equation F/Fo = 0.46[QP] + 1.09 (R? =
0.9977). Where F and F, are the fluorescence intensity of
BCDs@Cu(ll) after and before the addition of quinalphos,
respectively. The corresponding LOD was 510 nM based on 3o/slope
equation, where ¢ is representing standard deviation and slope is

obtained from the linear plot.

LOD value and linear range of the present system with
quinalphos were found to be comparable with earlier reports in
literature and were listed in Table 6.2. It was noted that the quinalphos
detection majorly reported by using metal and bimetallic nanoparticles,
on comparing with these probes the present system was much more

facial, time saving, less expensive and easy to perform. Besides, the
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present probe provides close limit of detection and satisfactory level of

linear range.

Photographs of BCDs, BCDs@Cu(Il) and BCDs@Cu(I1)+QP
under UV light of 365 nm is given in Figure 6.14. The recyclability of
the probe was tested by adding definite amount of Cu (Il) solution
again to BCDs@Cu(ll)+QP, the observed decrease in fluorescence
indicates the recyclability of the probe for multiple sensing of Cu(ll)
and quinalphos. Successive operation up to four measurements gave
satisfactory results. As the recycled probe is contaminated with the
analyte molecules, there is a slight decrease in the performance of the

system.

[ scDs@Cu(l)+P
Il BCDS@Cu(I)+QP+P

FIFg

1 2 3 4 5 6 7

Figure 6.11: Relative fluorescence intensity of BCDs@Cu(ll) with
different pesticides in absence and presence of quinalphos (1 to 7
representing BCDs@Cu(ll) without any pesticide, glyphosate,
marathion, dichlorovos, chloropyrifos, diethylthiocarbamate and
quinalphos
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Figure 6.13: Relative fluorescence intensity with concentration of
quinalphos
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Figure 6.14: UV cabinet photographs of BCDs, BCDs@Cu(ll) and

BCDs@Cu(l1)+QP at 365 nm

Table 6.2: Comparison of different probes for quinalphos detection

_ _ LOD Linear
Sensing probe for quinalphos range | Reference
(UM) (UM)

p-nitroanilinedithiocarbamate capped | 3.21 10 - [23]
gold nanoparticles (p-NA-DTC-Au 1000
NPs)
Trypsin-encapsulated Au-Ag 0.32 | 1-100 [24]
bimetallic NCs
2-amino-4-thiadiazoleacetic acid 0.048 | 0.5-3.5 [25]
anchored AuNPs
Cationic fluorescein as ion pair 0.27 X [26]
complex via spectrofluorometric
technique
CDs derived from Bilimbi fruit 0.510 | 0-10.32 | This work

x: Not reported

6.3.8 Analysis of quinalphos in rice and tea samples

The feasibility of the probe was assessed for the detection of

quinalphos in spiked rice and tea samples, where the quinalphos
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content was observed often. The illustrated procedure consists of

comparatively simple steps and follows standard addition method. The

samples were separately prepared and spiked with different

concentration of quinalphos (0, 4, 6, 8 pM) and were estimated

through aforementioned procedure. The results were given in Table

6.3, the recovery ranges of the quinalphos in rice and tea samples were

determined by standard equation (Chapter 3) and are found to be 95.25
— 97.83 % and 95.33 — 102.12 %, respectively. The corresponding

error percentages also show satisfactory levels of accuracy and

precision. These results manifested that the fabricated probe could be

employed to practical on- field samples.

Table 3: Determination of quinalphos in real samples

Added Found Recovery
Sample quinalphos Error(%o)
(HM) (%)
(HM)
. Not
Rice 0 found -- --
4 3.81 95.25 4.75
6 5.87 97.83 2.16
8 7.75 96.88 3.12
Not
Tea 0 found N N
4 3.87 96.75 3.25
6 5.72 95.33 4.66
8 8.17 102.12 2.12
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6.3.9 Probable sensing mechanism

In the present study two different fluorescence responses was
encountered. Firstly the fluorescence of BCDs getting reduced by the
addition of Cu(ll) and this quenching may attributed to non-radiative
ground state complex formation between Cu(ll) and surface

functionalities of BCDs.

FTIR data reveals that the surface contains hydroxyl, carboxyl
and amino functional groups. Cu(ll) is a ion with paramagnetic nature
possessing d® system with one unfilled d shell and this make it more
susceptible for electron or energy transfer through complex formation
with surface group of the nano sensor. Especially the amino group
present in the BCDs readily forms cupric amine complexes with Cu(ll)
and this may result in the fluorescence quenching. The chelation of
Cu(Il) with oxygen and nitrogen of the surface functionalities bring
them close proximity and this also facilitate the complex formation
leading to the decrease in fluorescence intensity [27]. This type of

quenching falls under the category of static quenching.

To further confirm the mechanism of quenching, absorbance
spectra of BCDs, Cu(ll) and BCDs@Cu(ll) was recorded. The
corresponding spectra were displayed in Figure 6.15. It is very clear
that the spectra of BCDs and BCDs@Cu(ll) has differences in
absorbance as well as wavelength. Additionally there is an extra peak
formation in BCDS@Cu(ll) spectra around 345 nm and it may
attributed to new complex formation, comprehensively all the obtained
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results leads to a conclusion that the quenching of native fluorescence

of BCDs by Cu(Il) follows static quenching mechanism.

This non-fluorescent complex was further utilised as a probe
for quinalphos sensing applications. When quinalphos was introduced
to the system a remarkable fluorescence increment was noticed and it

could be ascribed to the following.

The non-fluorescent nature of the BCDs@Cu(ll) was losses
gradually due to the release of BCDs from the complex. The
quinoxalinyl and phosphorothioate groups present in quinalphos have
been profound chelating ability to Cu(ll), therefore the quinalphos
addition rupture the non fluorescent BCDs@Cu(ll) complex and thus

resulting to the recovery of native fluorescence of BCDs [5].

The UV-Vis spectra of BCDs, quinalphos, BCDs@Cu(ll) and
BCDs@Cu(I)+QP (QP is quinalphos) were investigated to further
confirm the facts (Figure 6.16). The changes in the absorbance of
spectrum BCDs@Cu(ll)+ QP with that of BCDs@Cu(ll) and decrease
in absorbance of the newly formed peak by the addition of quinalphos
were clear from the spectral data, implies that the formed complex
somewhat disturbed by the addition of quinalphos and hence the BCDs

recovers its fluorescence.

In consideration of above results the sensing mechanism of the
prepared system attributed to static quenching followed by the
recovery of fluorescence through release of BCDs from the non-
fluorescent complex via competitive chelation of Cu(ll) with

quinalphos.
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Figure 15: Normalized UV-Vis absorption spectra of BCDs,
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Figure 16: Normalized UV-Vis absorption spectra of quinalphos (QP),
BCDs@Cu(ll), BCDs@Cu(l1)+QP and BCDs

6.4 Conclusions

In summary, a selective and sensitive dual sensor was

developed through a simple one step microwave heating process. The
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produced CDs (BCDs) characterised well and owing to the strong

fluorescent behaviour, it has been used as a fluorescent probe for the
sensing of Cu(Il) and quinalphos. In the presence of Cu(ll), the native
fluorescence of the system gets quenched due to the formation of
ground state, non-fluorescent BCDs@Cu(ll) complex. This turn-off
behaviour of the system was accredited to static quenching mechanism.
The fluorescence of the BCDs@Cu(ll) gets turn-on by the addition of
quinalphos and this fluorescence enhancement is due to the strong
chelating interaction between Cu(ll) and quinalphos, making the BCDs
free from the complex and regain its luminescence. The limit of
detection of Cu(ll) and quinalphos was found to be about 115 nM and
510 nM, respectively. Based on the simplicity and efficacy of the
illustrated method of detection, the BCDs@Cu(ll) probe was
successfully employed for quinalphos detection in real rice and tea
samples. The good level of precision and accuracy with recovery
percentage ranging from 95.25 % to 102.12 % are promising to use the

system for detecting quinalphos in commercial samples.
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7.1 Introduction

Synthesis of CDs from natural resources are gathering much
more attention due its merits over the hazardous chemical based CDs
and such merits are already discussed in Chapter 2. The present chapter
is designed in a fashion, which discuss about the synthesis,
characterisation and applications of CDs from pharmacologically
important natural precursor, sweet flag (Acorus calamus). Sweet flag
rhizomes widely accepted in Ayurvedic medicinal system and its
pharmacological importance are well studied and is discussed in
Chapter 2 [1]. However, to the best of our knowledge, its direct

materialisation is not reported till date.

Hereby, value addition was applied to the precursor by
converting it in to fluorescent CDs. This materialisation was
successfully completed with the aid of microwave irradiation without
using any hazardous chemicals or sophisticated experimental setups.
The CDs prepared is designated as SFCDs and was successfully
characterised by TEM, XRD, FTIR, Raman, UV-Vis and fluorescent

spectroscopic methods.

From the selectivity studies of SFCDs with different metal ions
and phenolic compounds those are commonly encountered as aquatic
pollutants, a specific and significant fluorescence quenching of SFCDs
was observed by the addition of 4-nitrophenol. So the further sensing

studies was majorly done with 4-nitrophenol.

4-Nitrophenol (4-NP) is an important and relevant aromatic
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compound, has been well recognised to play major role in the
manufacture of several industrial products, like agrochemical products,
explosives, textiles, leather, and pharmaceuticals, etc. [2,3]. These
products are very much essential for the well-being of the whole
society. However, the acute toxicity, lesser biodegradability, high
stability and intense water solubility of this compound make it as a
dangerous chemical contaminant, and U.S. Environmental Protection
Agency (EPA) enlisted it as priority pollutant and maximum accepted
level of this contaminant in drinking water has been restricted to be
below 0.43 pM [4]. In addition to use for the preparation of many
useful pharma chemicals including paracetamol, it is also get released
by widely used organophosphate pesticides like parathion, fenitrothion,
etc. and thus the reach of this pollutant to water bodies is pretty much
easier. Even at small level concentration, 4-NP can exerts its adverse
effect; this pollutant has been found to impart hazardous effects on the
health of all beings. The accumulation of 4-NP in human body results
severe health issues including nervous and ocular system

malfunctioning, cyto-embryonic and mutagenic disorders [4].

Based on the selective interaction of SFCDs with 4-NP, a
fluorescent probe was developed for the detection 4-NP. The
practicability of the probe was tested by employing the sensor towards
real water samples. The mechanism of this interaction was also
investigated. The methods and outcomes of the experiments are

covered in the following sections.
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7.2 Experimental
7.2.1 Synthesis of SFCDs

The aqueous extract of sweet flag rhizomes was used as the
precursor in a simple, one-step microwave pyrolysis procedure to
create SFCDs. The following describes the whole preparation

procedure.

About 10 g of dried sweet flag were magnetically stirred with
30 mL of hot distilled water for 30 minutes of time. The resultant
solution filtered and 30 mL of the solution was irradiated with
microwaves in a domestic microwave oven for 25 minutes at 500 W
with frequent cooling in every 5 minutes. The brownish dry residue
obtained was then stirred magnetically with 30 mL distilled water,
filterd and centrifuged for 15 minutes to remove large particles.
Besides, the resultant solution was dialysed with dialysis membrane of
3 KDa MWCO against distilled water for 48 hours. The preparation is
depicted in Scheme 7.1.

Then the as obtained yellowish brown solution was found to be

fluorescent under UV light and it is stored at 4 °C for further use.
7.2.2 Detection of 4-NP

The detection of 4-NP was carried out by measuring the
fluorescence intensity of the SFCDs in presence of different
concentration of 4-NP. In a typical assay, 2 mL of SFCDs solution was

taken in quartz cuvette and fluorescence spectrum of the solution
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measured. Afterwards different concentrations of 4-NP (0-14.28 uM)
solution were introduced to the system by the use of micropipette and
fluorescence spectra of the mixture were monitored after 1 minute of
incubation time. The intensity variation up on addition of 4-NP was

carefully noticed and recorded.

The same procedure was followed for the selectivity studies by
replacing 4-NP with other substances like metal ions (K*, Zn*, Na®,
Cd?*, Pb*, Ca**, Co*", Hg*", Cu®" and Fe**) and phenolic compounds
(phenol, resorcinol, 4-chlorophenol, 2-methylphenol, 3-methylphenol,

4-methylphenol, 3-nitrophenol and 2-nitrophenol).

1. Microwave

Extraction treatment

2. Centrifugation

3. Dialysis

SFCDs under
normal light

365 nm light
exposure

Scheme 7.1: Synthesis of SFCDs
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7.2.3 Real water analysis

The detection performance of the nanoprobe was practically
tested by implementing it for the detection of 4-NP in real water
samples collected locally (River water and tap water). River water
samples were collected from the nearby Nila River and the tap water
samples collected from the laboratory tap. The studies were carried out
using standard addition method through spiking process. Firstly, the
samples were filtered to remove large particles and then centrifuged for
20 minutes. 1 mL of this sample was spiked with 10 pL of standard
solution of 4-NP and it was added to 1 mL of SFCDs and after
incubation of 1 minute the fluorescence spectrum was recorded using
the same instrument and under the same experimental conditions used
for all other fluorescence studies. Then again 10 pL of the 4-NP was
added to the above mixture and fluorescence was monitored and the
same process was continued until the total added volume of 4-NP
reaches 100 pL. The intensity of fluorescence was carefully noted and
the calculations are done as per the standard equation as explained in
the Chapter 3.

7.3 Results and discussion
7.3.1 Formation of SFCDs

SFCDs were derived from the dried rhizomes of sweet flag by
microwave irradiation method. This microwave heating instigates the
formation carbon nano particles from the extract; consists with large
number of different organic molecules including eugenol acetate,
cineole, butyric acid, polyphenolic acids and ester of butyric acids,
several amino acids and carbohydrates [1,5]. : The constituents of the
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precursor plays vital role in the formation of carbon dots from the
extract. The proposed mechanism follows the bottom-up scheme,
which involves the formation of nano dimensional particles from
smaller molecules when subjected to pyrolysis. The mechanism
majorly consists of different steps including condensation,
polymerisation, carbonization and nuclear burst resulting into nano
products.

In brief, during the microwave irradiation, the carbohydrates
present in the extract undergo different chemical reactions such as
hydrolysis, dehydration and decomposition. These reactions are
facilitated by the polyphenolic acids present in the extract. In general,
the furfural derivatives were formed by the above reactions undergoes
cascade of reaction including self-condensation and reaction with other
reactive molecules in the system leads to the formation of different
products and these may get polymerised up on polymerisation reaction.
The condensation and aromatisation of these polymerised products
leads to the carbon cluster generation and finally the nuclear burst of
the cluster gives off the fluorescent carbon dots. All of the reactions
proceeds by the aid of microwave energy within a short duration of
time [6,7].

7.3.2 Characterisation

TEM analysis

Surface morphology, size distribution and average size of the as
prepared SFCDs were recognized from the TEM images and the
corresponding histogram (Figure 7.1). This reveals that the size

distribution fall under the range of 3.16 to 8.38 nm.
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XRD analysis

The XRD pattern of the system shows a broad diffraction peak
centered at 22.6°, which is generally the characteristics of
carbonaceous material with sp* disorders (Figure 7.2). The interlayer
spacing of the SFCDs was determined to be 0.37 nm in accordance
with the Bragg’s equation (Given in Chapter 3). This value is found to
be greater than that of bulk graphite (0.33 nm), implies that the
synthesised material was less crystalline. Besides, the increase in
interlayer spacing directly implies the increase of amorphous character
and is accredited to the co-existence of functional groups containing
oxygen and functionalities with amine groups [8].

(d)

Count

4

5 6 7
Particle size (nm)

Figure 7.1: (a, b,c) TEM images of SFCDs with different scale(d)
Histogram from (a) n= 15
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Figure 7.2: XRD pattern of SFCDs
Raman and FTIR analysis

Raman spectrum (Figure 7.3) of the SFCDs gives two bands
one at 1362 and 1584 cm™, indicating D and G bands respectively. The
D band is related to the vibration of carbon atoms with dangling bonds
in the termination plane of disordered graphite or glassy carbon. And it
IS representing the defects or disorder in the material since it arises due
to the activation of Ay symmetry mode which is generally “forbidden”
in perfect graphite. While the G band associated with the Ejg
symmetry mode of and is corresponds to the vibration of sp® bonded
carbon atoms in a two dimensional hexagonal lattice [9,10].
Furthermore, the broadness of the two peaks reveals the poor
crystalline behaviour and low graphitization, all these findings were in
line with the XRD results [9].

FTIR spectrum of the SFCDs (Figure 7.4) was used to identify
the functionalities associated with surface of SFCDs. A broad peak
centered at 3292 cm™ corresponds to stretching vibrations of O-H and
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N-H bonds. While small peaks at 2932 and 2831 cm™were attributed to
C-H stretching vibrations [8,11]. A strong band at 1082 cm™ associated
with the C-O stretching vibrations from alcoholic as well as carboxylic
groups in the surface of SFCDs. Comparatively strong band at 1578
cm™ was assumed to be contributed by the combined effect of C=C
stretching, N-H bending vibrations and COO™ asymmetric stretching
vibrations. The symmetric stretching vibration of COO™ gives rise to
the small band at 1405 cm™ [12]. Whereas peak at 1452cm™ assigned
C-N stretching vibrations [13]. Altogether the FTIR data reveals that
the surface of SFCDs contains various hydrophilic functionalities
including carboxylic, amino and hydroxyl groups. These groups
efficiently contribute to the prominent water solubility and stability of
SFCDs. This solubility and stability of SFCDs in aqueous medium
terribly expands its applicability as sensor in water samples.
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Figure 7.3: Raman spectrum of SFCDs
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Figure 7.4: FTIR spectrum of SFCDs
UV-Vis spectral analysis

The intriguing optical characteristics of the SFCDs were well
explored by the UV-Vis absorption spectra. As given in Figure 7.5,
there exits two absorption peaks around 227 and 304 nm, the former
one assigned to the « - * transition from the aromatic cores of SFCDs
and later one ascribed to the electronic transitions originating from the

non-bonding electrons of the functionalities present in the system.
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Figure 7.5: Normalized UV-Vis absorption spectrum of SFCDs
Fluorescence spectral analysis

The fluorescence spectrum of SFCDs is presented in Figure
7.6. SFCDs exhibits excitation dependent emission behaviour, as the
excitation wavelength alters emission wavelength as well as emission
intensity also changed and this behaviour of the system may attribute
to the polydispesity and surface emissive traps [8]. The fluorescence
spectra with excitation wavelength ranging from 325 to 435 nm with
interval of 10 nm are given in Figure 7.7. From the excitation
dependence studies, it reveals that SFCDs possessing highest emission
intensity when excited at 365 nm and it was centered at 441 nm. So
these values were selected as the excitation and emission wavelength
of the present probe for further studies. The system shows yellowish

brown colour under normal light but having greenish blue fluorescence
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under UV light of 365 nm. The photograph of the same is given in the

inset of Figure 7.8 along with excitation and emission spectra.

Figure 7.6: Fluorescence emission spectrum of SFCDs
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Figure 7.7: Excitation dependent emission spectra of SFCDs from 325

to 435 nm
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Figure 7.8: Excitation and emission spectra of SFCDs (inset: SFCDs
at normal light(left) and SFCDs at UV light(right))

7.3.3 Fluorescence quantum yield and fluorescence stability of
SFCDs

The fluorescence quantum yield of the SFCDs was determined
to be about 5.4 % by standard method with quinine sulphate as

reference standard

As in the previous cases the fluorescence stability of the system
was more than six months at 4 °C and it gets reduced at higher
temperature. The photo-stability of the system was tested by placing
the solution under UV light of 365 nm for one hour shows no
significant fluorescence reduction implies that the system exhibits

good level of photo-resistance
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7.3.4 Selectivity studies

To investigate the possibility of the system as fluorescent
sensing probe on account to its prominent fluorescence behaviour,
various fluorescent studies were performed. The fluorescence
responses of the probe with different metal ions (K*, Zn?*, Na*, Cd*",
Pb*, Ca*, Co®, Hg*, Cu®" and Fe*") and different phenolic
compound (phenol, resorcinol, 4-chlorophenol, 2-methylphenol, 3-
methylphenol, 4-methylphenol, 3-nitrophenol, 2-nitrophenol, 4-NP)
were recorded results are depicted in Figure 7.9 and 7.10,
respectively. The results show that 4-NP exhibits significant

fluorescence reduction.

As shown in Figure 7.10, among the isomeric mono
nitrophenols, 3-nitrophenol shows negligible effect on fluorescence.
4-NP displays highest fluorescence quenching efficiency with 32 %
reduction in fluorescence followed by 2-nitrophenol, having only
12 % fluorescence reduction. This confirms the selectivity of the probe
towards 4-NP.

The major reason for this selectivity of 4-NP than the other two
mononitrophenols is the comparatively stronger interaction of the
SFCDs with the 4-NP. The strong acidic nature of the species over the
other two plays vital role in the stronger interaction with the surface
functionalities of the SFCDs. Stronger electron withdrawing effect of
the nitro group in the 4-NP make it more acidic. The electron rich
amino groups present in the SFCDs surface interact with the 4-NP and

leads to fluorescence quenching [14].
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To further ensure the selectivity of the probe, the interference
studies were conducted by Fe** and 2-nitrophenol along with 4-NP,
since these two species are showing some amount of quenching
efficiency on comparing others, and the result displayed in Figure 7.10
shows that these foreign species does not exerts any significant effect
in the sensing of 4-NP. The fluorescence reduction of SFCDs by 4-NP
is about three fold higher than the case of 2-nitrophenol and may be
due to this it does not exerts much effect in the sensing performance of
SFCDs towards 4-NP, similar in the case of Fe**where the reduction in
fluorescence of SFCDs is about 20 % as compared to 4-NP. Moreover,
the presence of 2-nitrophenol in water resources was comparatively
lower than that of 4-NP and this may be due to its lower solubility in

water.

1.0 4

FIF

0.8 4

1 2 3 4 5 6 7 8 9 10 11 12

Figure 7.9: Relative fluorescence intensity of SFCDs with different
metal ions(1 to 12 representing Blank, K*, Zn?*, Na*, Cd**, Pb**, Ca*",
Co?*", Hg*", Cu®*, Fe*"and 4-NP)
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Figure 7.10: Relative fluorescence intensity with different phenolic
compounds (1 to 12 representing phenol, resorcinol, 4-chlorophenol, 2-
methylphenol, 3-methylphenol, 4-methylphenol, 3-nitrophenol, 2-
nitrophenol, 4-NP, 4-NP with 2-nitrophenol,4-NP with Fe* and 4-NP
along with Fe** and 2-nitrophenol)

7.3.5 Sensing studies with 4-NP

To explore the sensitivity of 4-NP towards the system,
fluorescence studies with different concentration of 4-NP were
performed. The fluorescence spectrum of the bare SFCDs was
recorded initially and then different concentration of 4-NP was
introduced to the system. The corresponding fluorescence spectra were
monitored after incubation time of 1 minute, after optimisation by trial
and error method. Figure 7.11 clearly reveals the gradual decline of
fluorescence intensity of the system by the addition quenching species.
As the concentration of quencher increases the intensity fluorescence

decreases.
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The quenching behaviour follows linear relationships with
concentration of the quencher from 0 to 14.28 puM. The linear plot of
relative fluorescence intensity with concentration of 4-NP was
displayed in Figure 7.12. The LOD was found to be 0.207 uM (28.79
ng/mL) and it was calculated by the standard equation 36/k, where o is
the standard deviation and « is the slope of linear plot obtained from
the linear equation Fo/F = 0.0629 [4-NP] +0.9889. The LOD value and
other statistical parameters obtained for this system was comparable
with the recent reports in literature and some of them are enlisted in
Table 7.1. Moreover, the detection limit is lesser than the accepted
level (60 ng/mL) of 4-NP in drinking water by US EPA [8], indicates

that the probe developed can be implemented to the real water analysis.

200000

150000 =

100000 =

Fluorescence intensity (arbitrary unit)

50000 =/

400 450 500 550 600
Wavelength (nm)

Figure 7.11: Fluorescence emission spectra with increasing
concentration of 4-NP (inset shows the photographs of SFCDs (left)
and SFCDs with 4-NP(right) under normal and UV light)
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2.0
n
1.8 = F, /F = 0.0629 [4-NP] +0.9889
R? =0.9970
0 2 4 8 12 14 16

4-Nitrophenol (uM)

Figure 7.12: Linear relationships between relative fluorescence with

concentration of 4-NP

Table 7.1: Comparison of different sensors for 4-NP detection

. LOD | Linear range
Sensing probe Reference
P (uM) (uM)

N doped oxidized CDs 2 2.0-100 [4]
Chromium(l1l)-doped CDs 0.27 0.8 —150 [15]
Nitrogen-doped CDs (N-CDs) 0.201 05-70 [16]
Boron and nitrogen co-doped
CDs (B,N-CDs) 0.2 0.5-60 [17]
polymer CDs (PCDs) 0.26 0.5-60 [18]
B-cyclodextrin-capped ZnO
quantum dots 0.34 1.0-40 [19]
CDs derived from sweet flag 0.207 0-14.28 This work
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7.3.6 Detection of 4-NP in real samples

To validate the practicability of this sensing method, SFCDs
were used for the detection of 4-NP in river and tap water samples by
standard addition method. The pre-treated water samples were spiked
with standard 4-NP solution and then mixed with SFCDs probe. The
mixtures were incubated for 1 minute. Afterwards, fluorescence
spectrum of the mixture was recorded at excitation of 365 nm.
Subsequently, different concentration of 4-NP was added, fluorescence
spectra were monitored and recovery and error percentages were
calculated (Equation is given in Chapter 3). The results obtained are
tabulated in Table 7.2. As given, the recovery percentage ranges from
94.80 to 97.20 %.

Table 7.2 Detection of 4-NPin different water samples

Water Added 4-NP Found Error Recovery
sample (LM) (M) % (%)
0 Not i i
River found
Water 0.2 0.1940 3.10 96.90
0.4 0.3888 2.80 97.20
Not
Tap Wat 0 found i i
ap vater 0.2 0.1896 5.20 94.80
0.4 0.3836 4.10 95.90

7.3.7 Fluorescence quenching mechanism

The sensing mechanism behind the selective sensing of 4-NP

by the fabricated nanoprobe was thoroughly investigated. In general
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fluorescence guenching mechanism can be of four main types, namely
static quenching mechanism, dynamic quenching mechanism, IFE and

FRET (Forster resonance energy transfer) [20].

The fluorescence decay studies of SFCDs without and with the
quenching species helps to reveal the possible mechanism. The results
of the same is shown in Figure 7.13, The average lifetime of SFCDs
was determined by standard equation (Given in Chapter 3) and found
out to be 6.891 ns and that of SFCDs@4-NP was 6.783 ns, indicates
that there is no significant change in the life time of SFCDs by the
addition of 4-NP. This result excludes the chance of dynamic and
FRET quenching mechanism from the list [20,21].

Then the quenching may follow static quenching mechanism
or IFE mechanism. To reveal this the possibility of complex formation
between 4-NP and amino group in the surface of SFCDs was
investigated. The electron deficient 4-NP due to strong electron
withdrawing effect of nitro group at the para position interacts
effectively with the electron rich amino group in the surface of SFCDs
results in the formation of Meisenheimer complex. This complex
formation may leads to the fluorescence quenching through electron

transfer induced fluorescence quenching [8].

To furthermore confirming the complex formation, UV-Vis
spectra of 4-NP, SFCDs and SFCDs with 4-NP (SFCDs@4-NP) were
recorded. As seen in Figure 7.14, the absorbance spectrum of
SFCDs@4-NP differs from that of SFCDs and 4-NP. Besides, the
experimental spectrum of 4-NP with SFCDs was different from the
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theoretical spectrum, indicates the presence of effective interaction
between the 4-NP and SFCDs. Moreover, there is an extra peak
centered at 459 nm in absorbance spectrum of SFCDs@4-NP and it is
not present either in the spectrum of SFCDs, 4-NP, or theoretical
spectrum of SFCDs+4-NP. Therefore, the new peak in the absorbance
spectrum of SFCDs@4-NP may be accredited to the complex formed
between the quencher and surface functional groups of SFCDs.
Additionally, the quenching effect was also determined by using the
Stern-Volmer equation (equation (1)), from the linear plot of relative
fluorescence response with concentration of quenching species, by

linear regression with fixed intercept at 1.

[

?OZKSVX[Q]JA‘: KqXTOX[Q]—HL (1)

Where, F, is the fluorescence intensity at zero quencher
concentration, F is the fluorescence intensity at definite concentration
of quencher, [Q] is the concentration of quencher, K, is the Stern-
Volmer constant, Ky is the quenching rate constant and 1o is the
average life time. The value of K, for this probe was determined to be
8.96 x 10" M™S™ greater than the highest value of dynamic quenching
effect is about 1.0 x 10*° M™S™. These finding leads to the conclusion
that the mechanism of 4-NP sensing by the system was majorly by the
ground state complex formation by the introduction quencher to the
fluorescent system. This type of quenching generally belongs to static

guenching mechanism.
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To test the role of IFE in the quenching mechanism the UV-Vis
spectrum of 4-NP was compared with the excitation and emission
spectrum of SFCDs. The UV-Vis spectrum of 4-NP consists of two
major peaks one at 315 nm accredited to 4-NP and another one
centered at 400 nm originates due to the respective phenolate ions,
being acidic 4-NP easily forms corresponding phenolate ions in water
medium [22]. Surprisingly, as seen in Figure 7.15, there is slight
overlap between the absorbance peak at 400 nm with both excitation
and emission spectrum of SFCDs, so IFE can also contributes to the
fluorescence quenching of SFCDs by 4-NP. Therefore, the underlying
mechanism of the fluorescence quenching of present system by 4-NP is

a combination of static quenching mechanism and slight IFE.

l = SFCDs
SFCDs@4-NP
) t}
5 ' i
8 |
!
]
_.l S S DS GED SEED TENEES ® -
0 20 40 60 80 100 120

Time (ns)

Figure 7.13: Fluorescence life time decay curve of SFCDs with and
without 4-NP
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Figure 7.14: Normalized UV-Vis absorption spectra of SFCDs, 4-NP,
SFCDs@4-NP and SFCDs+4-NP
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Figure 7.15: Spectral overlap of excitation and emission spectra of
SFCDs with absorbance spectrum of 4-NP
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7.4 Conclusions

In summary, a pharmacologically relevant bioprecursor was
successfully converted to highly fluorescent carbon dots through facial,
cost-effective and simple pathway by truly following green strategies
and protocols. Synthesis through microwave irradiation without using
any hazardous chemicals or complicated instruments adds more
environmental benign colour to the system. The selective interaction of
the nano probe with 4-NP with quenching of native fluorescence of the
system was utilised to design and fabricate fluorescent sensing tool for
the detection of 4-NP. The developed sensor exhibits micromolar level
of detection limit and keeps linearity relationships with the
concentration of quencher. The quenching mechanism underlying this
sensing was thoroughly investigated and attributed to the combination
effect of static and IFE mechanism. Moreover the probe was applied to
real water analysis to test the potentiality of the tool. The recovery
percentage and other parameters give highly acceptable levels, implies
that the system can be used as a promising tool for the sensing of 4-NP
in natural water systems. Importantly, the proposed method not only
gives value addition to the precursor but also give rise to a sensing
platform for the detection of aquatic pollutant in natural water

resources.
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8.1 Introduction

CDs derived from biobased precursors received greater
importance in the past two decades and several reports were coming
out from this area [1-9]. Greater bioavailability, very low level of
toxicity or null toxicity, renewability, greener nature and low —cost are
the key features behind this attractive attention [1,10-14]. Here, a
traditionally important medicinal fruit, long pepper, was opted as the

precursor for the preparation of CDs.

Long pepper (Piper longum) is well renounced for its medicinal
applications and Ayurveda gives pretty much importance to this fruit
and it included in several Ayurvedic medicines as a major constituent
[15]. The pharmacological activities and applications of this is
explained in Chapter 2. However, its materialisation scope was not yet

reported.

In the present study, materialization of the long pepper in to
fluorescent CDs using microwave energy was designed and executed
for the first time and thereby giving value-addition to the precursor.
The as prepared long pepper derived CDs is abbreviated as LPCDs.
Characterisation of the present system was carried out to explore the
physiochemical properties associated with the LPCDs through
different analytical methods including TEM, XRD, Raman, FTIR, UV-
Vis and fluorescence spectroscopic techniques.

From the investigation for the utilisation of the prepared system
as a fluorescent probe, effects of fluorescence intensity of the system
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with different food colouring agents was carried out, the results
indicates that the native fluorescence of LPCDs is selectively reduced
by the interaction with Sudan | dye. Therefore further sensing studies

were conducted with Sudan |.

Sudan | is a red coloured azo dye and one of the most widely
used colouring agent in various industries. Both natural and synthetic
colorants were considered as the major class of food additives in world
wide. In food industry, the acceptance for synthetic alternatives much
more due to the excellent colouring capability, extreme level of
stability, good water solubility and low cost. Beyond all these
advantages, it is very essential to consider the higher level of toxicity
associated with them [16]. For the case Sudan | the conjugated azo
group present in the structure of made it highly carcinogenic and cause
potential health problems, including gene mutation, liver and bladder
cancers [17] and is listed as category 3 carcinogen by International
Agency for Research on Cancer (IARC) so its uses in food products
prohibited by all most all countries worldwide [18]. Unfortunately
Sudan I is still used in various food products by illegal route,
especially in chilli powder, red chilli sauce and tomato sauce to
increase the colour appeal of the products. So it is highly required to
monitor the presence of such carcinogenic moieties in food products to

ensure food safety and public health.

Based on this selective quenching in fluorescence of LPCDs by
this carcinogenic dye Sudan I, which is frequently reported as food
adulterant in different food products, a fluorescent probe was
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fabricated. And the fabricated probe employed for the detection of
Sudan I in real chilli powder samples, where it is frequently reported as
adulterant. The next parts go into the experimentation techniques and

results.
8.2 Experimental
8.2.1 Synthesis of LPCDs

Aqueous long pepper extract was used as a precursor in a
straightforward, one-step microwave heating technique to synthesise
LPCDs. The entire preparation process is described in the
next paragraph.

About 10 g of long pepper was weighed out and grinded into
fine powder form by the use of mortar and pestle and allowed to soak
in 50 mL of distilled water for 2 hrs. Afterwards, the whole solution
was magnetically stirred for 30 minutes, and then it was filtered. 30
mL of the filtered solution was subjected to microwave treatment at
500 W for 15 minutes of time. The irradiation time and power of the
synthesis was optimised through different trial and error methods, the
fluorescence of the system was thoroughly monitored at definite time
intervals and at different irradiation power to find out the best result
with minimum time and lesser energy. The dry sticky type residue was
mixed with about 30 mL of distilled water, after thorough shaking
followed by 30 minutes magnetic stirring, the dark brown solution as
obtained was filtered, centrifuged and dialysed against distilled water
for 48 hours using dialysis membrane with MWCO of 3 KDa. The
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preparation steps are depicted in Scheme 8.1.

The as prepared LPCDs exhibits fluorescence under UV light
and are stored at 4 °C.

8.2.2 Detection of Sudan |

The fluorescence based detection of Sudan | dye was
performed as follows: 1 mM solution of Sudan | was prepared in
ethanol. 2 mL of LPCDs solution with 1 mL of ethanol was used as
the control for the whole measurements. Emission spectrum of the
control was recorded at an excitation wavelength of 370 nm with
emission maxima 455 nm. Afterwards different concentration of
standard Sudan | in ethanol solution was introduced to the 2 mL of
sensing probe solution and was kept in room temperature for about 15
minutes as incubation time. Incubation time of the process was
optimised by trial and error method, and a best result obtained at 15
minutes and was selected as the incubation time for the analysis. The
spectra of LPCDs solution with different concentration of Sudan | were
recorded after the incubation time at an excitation of 370 nm with the
same instrumental settings as used for the control. The intensity

variations in each addition were carefully monitored.

The same procedure was followed for selectivity testing by
replacing Sudan | with different substances including commonly
encountered food colorants methyl red, allura red, acid red along with
other Sudan dyes (Sudan II, Il and 1V), some metal salts (NaCl,
MgCl,, CaCl,, KCI and ZnCl,) and glucose.
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1. Microwave treatment
Extraction
2. Centrifugation

—
3. Dialysis

LPCDs under
normal light

UV light
(365 nm)

Long pepper LPCDs under
UV light

Scheme 8.1: Schematic representation of preparation steps and UV
cabinet photograph of LPCDs

8.2.3 Real sample analysis

Chilli powders were opted as the testing samples, since Sudan
dyes were possibly added as an adulterant to it to increase the colour
appeal. The testing samples were obtained from the local market in
Kerala, India. The pre-treatment of the samples were carried out as
follows; about 3 g of chilli powder was added with different
concentration of finely powdered Sudan | dye in 3 different beakers,
after thorough mixing 30 mL of ethanol was added. The mixture was
magnetically stirred for 15 minutes and then it was centrifuged and

filtered. The filtrate solution was collected and was subjected for the
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determination. Similarly a blank chilli powder sample was also
prepared without Sudan | dye by the same procedure as above. The
detection was conducted at room temperature and briefly, 2 mL of
LPCDs solution was spiked with these pre-treated samples and shaken
well, then it was allowed keep for 15 minutes as incubation time.
Afterwards fluorescence spectra were recorded at room temperature at

an excitation wavelength of 370 nm.

8.3. Results and discussion
8.3.1 Formation of LPCDs

By the aid of microwave energy LPCDs were synthesised from
matured long pepper (Piper longum) fruit within a short period of time.
Long pepper, a member of Piperaceae family and widely distributed in
tropical region of the world, especially in India and Sri Lanka.
Phytochemicals present in long pepper includes several alkaloids,
esters and alcohols like dihyrocarveol [15]. These small molecules are
converted into nano dimensional carbon materials by utilising the
microwave energy through bottom-up synthetic route. The formation
of fluorescent carbon dots involves various steps including
condensation, polymerisation and carbonization of the condensed
products and finally the nuclear burst of the resulting products. The
functional groups present in the precursor believed to be plays a key
role in the CDs formation [19,20].

8.3.2 Characterisation

The analysis below was used to investigate the chemical and

optical characteristics of the LPCDs.
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TEM analysis

Particle morphology and size distribution of LPCDs were
investigated by TEM and as shown in Figure 8.1, major population of
the particle size falls within the range of 3.2 to 8.7 nm, which revealed
from the histogram based on the TEM results. Besides, spherical nature
of the particles was also confirmed from the TEM images. The selected
area electron diffraction (SAED) pattern given in Figure 8.1 (b) is
devoid of bright spots or circles, and are fade in nature indicates the

poor crystalline behaviour of the LPCDs.

Count

3 4 5 6 7 8 9
Particle size (nm)

Figure 8.1: (a,c,d) TEM images of LPCDs (inset showing histogram
n=30) (b) SAED pattern of LPCDs
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XRD analysis

The X-ray diffraction (XRD) pattern of the LPCDs (Figure
8.2) the pattern exhibiting a single broad peak with 26 = 23.41 °, which
is the characteristics of carbon based material having plenty of sp?
disorder. The interlayer spacing was calculated by Bragg’s equation
(Given in Chapter 3) and is of 3.76 A larger than the spacing of
graphite, which is about 3.3 A, this results also stipulates that the

material is less crystalline [7].
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Figure 8.2: XRD pattern of LPCDs

Raman and FTIR analysis

The Raman spectrum of the LPCDs (Figure 8.3) giving two
broad bands centered at 1351 cm™ and 1568 cm™. The former one is
attributed to the D band whereas the latter one corresponds to G band.

Both bands are observed to be wider, and this wider nature supports
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the produced LPCDs' poor crystalline and lower graphitization nature

[7].
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Figure 8.3: Raman spectrum of LPCDs

The FTIR spectroscopy was used to demonstrate the surface
functionalities associated with LPCDs and the spectrum is given in
Figure 8.4. A broad peak centered around 3277 cm™ was attributed to
O-H stretching vibrations, whereas a small band at 2934 cm™ was
attributed to the in-plane deformation vibration associated with C-H
group [17]. A strong band at 1560 cm™ was believed to be arises due to
the combined effect of symmetric stretching vibrations of COO™ and
stretching vibration of C=C bond. Moreover a medium band at 1402
cm™* was ascribed to the asymmetric stretching vibration of COO™ [21].
Band at 1047 cm™ was attributed to the stretching vibration of C-O
bond associated with alcoholic and carboxylic functionalities. These
characteristic bands signify the presence of plenty of hydrophilic
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functionalities such as hydroxyl and carboxylic groups at the surface of
LPCDs, which in turn plays a key role in the solubility of LPCDs in

aqueous medium.
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Figure 8.4: FTIR spectrum of LPCDs
UV-Vis spectral analysis

UV-Vis absorbance spectrum of the LPCDs shown in Figure
8.5, having two shoulder peaks one is centered at 295 nm corresponds
to m-m* transitions majorly contributed by the aromatic parts in the core
of LPCDs. Whereas another peak at 349 nm accredited to n-m*
transition associated with the electronic transition of non-bonding

electron present in the hetero-atoms present in the LPCDs.
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Fluorescence spectral analysis

The fluorescence spectrum of the LPCDs gives emission
maxima at 455 nm, under optimum excitation of 330 nm and is given
in Figure 8.6. Moreover, order to investigate the dependence of
excitation wavelength on emission spectrum, the fluorescence spectra
were recorded by altering the excitation wavelength from 310 nm to
400 nm with an interval of 10 nm, the emission maxima of the spectra
shows a red shift up on increasing excitation wavelength (Figure 8.7).
These results reveals that the LPCDs exhibits excitation wavelength
dependent emission behaviour, the giant red-edge effect was believed
to be the reason behind this characteristics [16]. The intensity of
emission peaks shows maximum value at an excitation wavelength of
330 nm and it was opted as the excitation wavelength for the whole

studies.
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Figure 8.5: UV-Vis absorbance spectrum of LPCDs
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Figure 8.6: Fluorescence emission spectrum of LPCDs
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8.3.3 Fluorescence quantum vyield and fluorescence stability of
LPCDs

The quantum yield of the LPCDs was determined and it was
found to be 4.3 % by using standard equation (Given in Chapter 3) by

taking quinine sulphate as reference standard.

The LPCDs solution at 4 °C was found to be stable up to 6
months of time. Up to this time the analytical performance of the
system was not altered. However, after 6 months the fluorescence
intensity degraded gradually, and it may be due to particle aggregation
over time. These aggregations insert small changes in sensing
performance of the probe after this stable period. At room temperature,
in enclosed container the stability of LPCDs solution was reduced
roughly to 1 month but at open atmosphere, the stability was further
reduced to one week. The system was found to be fairly reproducible
under the same experimental conditions. The photostability of the
system was also highly commendable; that on exposing UV light of
365 nm up to one hour does not alters its fluorescence properties

significantly.
8.3.4 Selectivity studies

In order to evaluate the selectivity of the LPCDs the
fluorescence spectra of the probe with different substances including
commonly encountered food colorants methyl red, allura red, acid red
along with other Sudan dyes (Sudan Il, 1l and V), some metal salts
(NaCl, MgCl,, CaCl,, KCI and ZnCl,) and glucose were recorded. The
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relative fluorescence response was displayed in Figure 8.8. Sudan
dyes have comparable quenching efficiency, while it is negligible for

other substances.

7 8 9 10 11 12 13 14

Figure 8.8: Relative fluorescence of LPCDs with Sudan I and different
interfering substances and other Sudan dyes (1 to 14 represents
LPCDs, glucose, methyl red, allura red, acid red, NaCl, MgCl,, CaCly,
KCI, ZnCl;, Sudan 1V, Sudan 111, Sudan Il and Sudan 1)

8.3.5 Sensing studies with Sudan |

The effects of Sudan | on the fluorescence of LPCDs were
comprehensively analyzed by monitoring the fluorescence spectra after
introducing different concentration of Sudan | to the system. The
fluorescence intensity of the emission peak at 455 nm significantly
reduced by the addition of Sudan I. Figure 8.9 shows the gradual
decrease in the fluorescence intensity of LPCDs with increasing
concentration of Sudan I from 0 to 27.27 uM. With this concentration
range about 75 % of the native fluorescence intensity of LPCDs was
guenched. The whole fluorescence quenching process was visible to

naked eye under UV irradiation of 365 nm and the photograph of the
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same is given in the inset of Figure 8.9.

Moreover, a good linear relationship was maintained between
relative fluorescence intensity (Fo/F) with concentration of Sudan | in
the whole range from 0 to 27.27 uM. The Stern-Volmer equation was
obtained by applying linear fit to the plot with intercept at 1, (Fo/F =
0.08116 [C] + 1, where [C] is the concentration of analyte). The limit
of detection (LOD) was found to be 0.92 uM, it was determined from
the above equation by the 3o/slope method, where o is the standard
deviation of the measurements. The corresponding plot is given in
Figure 8.10.

The sensing performance of the system is comparable with
reports from literatures and is given in Table 8.1. The proposed system
exerts good level of detection parameters, on comparing with similar
reports from this area. Even though there are reports with lower limit
of detection than the proposed system, the present system was found to
be greener, completely devoid of hazardous and expensive chemicals
or solvents, time saving, less expensive and easy to perform, which are

the major features of the presented work.
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Figure 8.9: Fluorescence emission spectra with increasing
concentration of Sudan I (inset shows the photographs of LPCDs (left)
and LPCDs with Sudan I(right) under UV light)
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Figure 8.10: Linear relationships between relative fluorescence with
concentration of Sudan |
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Table 8.1: Comparison of different sensors for Sudan | detection

LOD Linear
Sensing probe for Sudan | range | Reference
(uM) M
(M)
Carbon quantum dots from cigarette 2.40 —
filters 0.95 104.0 [16]
;:Ca::jbon dots from lignin and sulfuric 0.12 040 [17]

Rubber tires and ammonium

persulphate derived carbon dots 0.62 0.5-60 [22]

Triphenylamine functionalized 0.36 0.48 - [23]
polyhedral oligomericsilsesquioxane ' 29.84
Carbon dots derived from long

0.92 | 0—-27.27 | Thiswork

pepper

8.3.6 Analysis of Sudan I in chilli powder

The practicability of the developed method using the prepared
probe was tested by employing the system for Sudan | detection in
commercial chilli  powders. As mentioned earlier, known
concentrations of Sudan | were added to the sample and determined as
per the procedure, the corresponding results were shown in Table 8.2.
The recovery percentage for this sample analysis falls in the range
from 93.51 % to 103.83 %.




Table 8.2: Detection of Sudan I in chili powder
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p(c):vcgér Added Sudan | | Found Rec(?very Error (%)

Samples (HM) (HM) (%)

Sample 1 0 NF? -- --
2 1.92 96.00 4.00
4 3.79 94.75 5.25
6 6.23 103.83 3.83

Sample 2 0 NF -- --
2 1.87 93.80 6.2
4 3.86 96.50 3.5
6 5.69 94.8 5.16

Sample 3 0 NF -- --
2 1.94 97.00 3.00
4 3.74 93.51 6.5
6 5.94 99.00 1.00

a: NOT FOUND

8.3.7 Fluorescence quenching mechanism

Generally the fluorescence quenching can be accomplished

through charge transfer and energy transfer. The first type mechanism

is arises by the transfer of charge between the fluorophore and the

guencher moiety, the second one resulted through the absorption of

fluorescence by the quenching species. For the most part, fluorescence

quenching of CDs by organic compounds feasibly explained through

energy transfer mechanism [16,17].

The energy transfer based quenching could be happen only

when there is sufficient overlap between either excitation or emission

spectrum of the fluorophore with absorbance spectrum of the quencher.
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This type of quenching can be either inner filter effect (IFE) or Forster
resonance energy transfer (FRET). An essential condition for the
FRET quenching mechanism was the energy absorption or simply
absorbance spectrum of the quencher acts as acceptor, should be
overlapped by the energy emission spectrum of the fluorophore as

donor.

In this piece of work, donor of energy was the LPCDs, while
acceptor of energy was the Sudan | dye. By the irradiation of UV light,
LPCDs will give rise to resonance energy then the transfer of this
energy take place between the donor and the Sudan I molecule once
they were close to each other [17].

To confirm this, the absorbance spectrum of the Sudan | and
emission spectrum of the LPCDs were scanned. The emission spectra
of LPCDs having a fluorescence maximum centered at 455 nm with
excitation of 330 nm, at the same time the maximum absorbance of
Sudan | dye is located at the 480 nm, and the two spectra overlapped
effectively, the spectral overlap between these two is given in Figure
8.11.

Due to structural similarity, other Sudan dyes having the
absorbance maxima near to 480 nm also exerted some quenching in
fluorescence as shown in Figure 8.8 and it can be attributed to the
small spectral overlapping of the absorbance spectrum of the quencher
with emission spectrum of the probe [24]. From previous reports there

exists a red shift of absorbance maxima from Sudan | to IV [24], and
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hence a decrease in the extent of spectral overlapping from Sudan I to
IV which is reflected in their quenching efficiency.

The present study mainly focuses on the sensing of Sudan | as
it is most commonly reported in commercial chilli powders than the
other Sudan dyes, probably due to its lesser price and availability than
others. The extent of spectral overlap affects the efficiency of energy
transfer between these two moieties. There is substantial amount of
overlap between emission spectrum of LPCDs with absorbance
spectrum of Sudan I. So from the above discussed results the

quenching mechanism may be attributed to FRET or IFE.

To distinguish them, the fluorescence life time decay curve of
the sample with and without Sudan | was recorded and the average life
time of LPCDs and LPCDs with Sudan | was calculated (Equation is
given in Chapter3) and found to be 3.11 ns and 1.64 ns, respectively.
The results were displayed in Figure 8.12. There is a significant
decrease in the fluorescence life time of the sample by the addition of
Sudan 1. Since efficient spectral overlap between emission peak of
donor and absorbance peak of quencher and significant decrease in
fluorescence life time by the addition of quenching moiety are the
essential requirements for the FRET mechanism of quenching to be
happening. Therefore, the obtained results suggest that the mechanism
behind this fluorescence quenching of LPCDs with Sudan | can be
attributed to FRET. The maximum fluorescence energy transfer

efficiency of the system with Sudan | was calculated by the equation

(1) [25].
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Ezl—% Q)
Where, E representing fluorescence energy transfer efficiency, Fp and
Fpo' are the integrated fluorescence intensity of the LPCDs in the
presence and absence of the quencher, respectively. The value was
determined as 72.96 %. Comparatively good value of fluorescence

energy transfer efficiency further confirms the FRET mechanism.
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Figure 8.11: Spectral overlap of emission spectrum (blue line) of
LPCDs with absorbance spectrum (red line) of Sudan |
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Figure 8.12: Fluorescence life time decay curve of LPCDs with and
without Sudan |

8.4 Conclusions

In summary, a widely available biomass, long pepper was
successfully converted to fluorescent carbon dots through microwave
pyrolysis, without using any harsh chemicals. Various characterisation
methods were utilised to inspect the properties associated with LPCDs.
The as synthesised LPCDs with excellent photo-luminescent properties
selectively interact with Sudan | dye resulting the quenching of native
fluorescence of LPCDs was made to propose it as a fluorescent turn-
off probe for Sudan 1. The sensing of Sudan | follow FRET mechanism
and it was found out from various experimental investigations. The
sensing methodology was extremely simple and cost-effective with
good level of statistical parameters such as limit of detection of 0.92

MM and linear range from 0 to 27.27 uM. On regard to this, the sensing
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method was implemented for the sensing of Sudan | in commercial
chilli powder, where the presence of Sudan | dye was reported
frequently in past few years. The results obtained are promising to
fabricate a reliable fluorescent probe for the detection of the food

adulterant Sudan | in different food products.
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Chapter 9
BIOLOGICAL STUDIES ON
LPCDs AND SFCDs

Antioxidant activity-DPPH In vitro cytotoxic activity -
method Trypan blue exclusion method

The antioxidant and in vitro cytotoxic properties of LPCDs (long pepper derived
CDs) and SFCDs (sweet flag derived CDs) are discussed in this chapter.
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9.1 Introduction

CDs have long been known to have biological applications, and
scholarly research firmly supports this claim [1-6]. The great
biocompatibility, water solubility, and improved surface functionalities
of CDs were thought to make this application conceivable [1,6]. Also,
each precursor employed in the current study to make CDs had
favourable pharmacological characteristics, which strongly prompted
to evaluate the biological effects of all the CDs and extracts they had

produced.

This Chapter focuses on the CDs' antioxidant and in vitro
cytotoxic properties, particularly those of LPCDs (long pepper derived
CDs) and SFCDs (sweet flag derived CDs), because these CDs

produce effective outcomes.

Antioxidants are substances that can prevent other molecules
from oxidation. It can effectively interact with and neutralise free
radicals, and prevent the oxidative mechanism that leads to damage
cells. The therapeutic value of antioxidants for treating oxidative
stress-related illnesses such as cancer, diabetes mellitus, and
neurodegenerative disorders has recently gained a lot of attention [7].
In a similar fashion, using biocompatible antioxidant materials that

might have therapeutic applications is given significant weight.

One of the most often used methods to assess the antioxidant
activity is the DPPH (1,1-diphenyl-2-(2,4,6-trinitrophenyl)hydrazine)
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based test. It is a simple and fast method to evaluate a compound's
antioxidant potential.

DPPH is a well known radical to monitor chemical reactions
involving radicals and it is a nitrogen-containing free radical with a
long half-life that turns yellow when it interacts with an antioxidant.
When a DPPH solution with a strong absorption at 520 nm is mixed
with a substance that can donate a hydrogen atom (AH), the reduced
form of DPPH is formed, which can be monitored by measuring the
absorbance at 520 nm. Lower absorbance at 520 nm represents higher

DPPH scavenging activity [8].

The percentage of DPPH radical scavenging activity of sample
was calculated from the decrease in absorbance at 520 nm. The
oxidized and reduced form of DPPH is given in, Figure 9.1, AH

indicates the sample with antioxidant potential.

AH A
O,N NO@ \-/‘ 05N No;2
?
N _~N
" )
NO,

NO,

Figure 9.1: Oxidised and reduced form of DPPH

In vitro cytotoxicity is the term indicating the viability of the
cells with the testing samples. For the case of cancerous cell lines the
term cytotoxicity directly indicates the anticancer activity of the testing
samples. MTT assay and trypan blue exclusion method are the widely
used methods for the assessment of in vitro cytotoxicity [9-11].
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The increasing incidence and mortality of cancer have made it a
major health burden worldwide. So the search on anticancer products
receives paramount importance. Due to their distinct optical
characteristics and inherent theranostic qualities, CDs have been
acknowledged as viable prospects in nanotheranostics for anticancer
applications for concurrent bioimaging and other therapies [12].

Here, we assess the anticancer efficacy of the selected CDs
systems using Dalton's Lymphoma Ascites (DLA) cell lines using the
simplest trypan blue exclusion approach. In which the cytotoxicity was
determined through the addition of trypan blue dye, since only dead
cell lines can absorb the blue colour of the dye. This makes it possible
to count both live and dead cells after the cell line interaction with
testing samples.

9.2 Experimental
9.2.1 Antioxidant activity-DPPH method

The antioxidant activity of the all the CDs and extracts were
carried out through DPPH radical scavenging assay. The common
procedure adopted for the assay is described as follows:

Standard solution of DPPH (0.3 mM) was prepared in ethanol
and kept under dark for 30 minutes. Then add about 370 pL of this
DPPH solution in to test tubes containing different concentration of
CDs and extracts (20, 40, 60, 80, 100 pL). Made up all the solutions in
the test tubes to 2 mL and kept under dark for 30 minutes of time as
incubation time at 37 °C. A blank solution was also prepared by
avoiding the test samples. After the incubation period, each solution
was tested for absorbance at 520 nm since pure DPPH has an obvious



288

peak that is almost at this wavelength. The absorbance studies were
conducted using UV-Vis spectrophotometer. Same procedure was used
to determine the DPPH scavenging activity of ascorbic acid taken as
standard. The scavenging percentage (S %) and effective concentration
of test samples for achieving 50 % of scavenging (ECsy) were
calculated from the absorbance data, the equation for the S % value
calculation was incorporated in Chapter 3.

9.2.2 In vitro cytotoxicity — Trypan blue exclusion method

The in vitro cytotoxicity of the CDs and extracts were analysed
through the Trypan blue exclusion method using DLA as the model
cell lines. This is a standard procedure; the assay was conducted as
follows:

The tumour cells were aspirated from the peritoneal cavity of
tumour bearing mice were washed thrice with phosphate buffered
saline (PBS). Viable cells suspension was added to tubes containing
various concentrations of the test samples (10, 20, 50, and 100 pL) and
the volume was made up to 1 mL using PBS. These assay mixtures
were incubated at 37 °C for 3 hours of time. After that the cell
suspension was mixed with 100 uL of 1 % trypan blue solution and
kept aside for 2-3 minutes. Then it was loaded on a haemocytometer
for cell counting process. Dead cells in the suspension take up the blue
colour of typan blue dye where as the live cells do not. The numbers of
stained and unstained cells were counted separately. From these
numbers the cytotoxicity of the samples were evaluated as % of
cytotoxicity. The equation for the % of cytotoxicity was given in the
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Chapter 3. Similarly, a control was also conducted by the same
procedure and the control tube contained only cell suspension.

9.3 Results and discussion
9.3.1 Antioxidant activity of LPCDs and SFCDs

As mentioned earlier, the antioxidant activity of the selected
CDs and their corresponding extracts are going discuss here.

LPCDs (long pepper derived CDs) and SFCDs (sweet flag
derived CDs) gives the better results out of all prepared CDs. For
comparative studies, the antioxidant screening of the corresponding
precursor extracts were also conducted. In both case, the radical
scavenging percentage, S % of the CDs were found to be higher than
that of corresponding extracts LPE (long pepper extract) and SFE
(sweet flag extract). The results of DPPH assay was tabulated in Table
9.1.

As the concentration of samples increased the DPPH free
radicals scavenging activity also get increased. However, their activity
is found to be varied depending on the physiochemical properties of
the samples. LPCDs and SFCDs showed 85.71 % and 88.09 % free
radical scavenging activity. The comparison of S % value of the graph
is given in Figure 9.2.

The effective concentration of the test samples for acquiring 50
% of scavenging activity, the ECsy values were found out from the
above graph by extrapolation and are depicted in Figure 9.3. Lower
ECso values signify samples with more antioxidant potential. The
lower ECso value from the tested samples is displayed by SFCDs.



290

Therefore, SFCDs have the highest level of antioxidant capacity and it
may be due to the existence of the activity of pharmacological
constituents in the CDs from the precursor. Its comparatively higher
activity than the SFE may be attributed to its nanodimensionalities.

Table 9.1: DPPH assay results

Volume Absorbance of Absorbance of S%
(uL) control sample
Ascorbic acid
20 0.84 0.64 23.8
40 0.84 0.532 36.66
60 0.84 0.416 50.47
80 0.84 0.328 60.95
100 0.84 0.236 71.9
LPE
20 0.84 0.69 17.85
40 0.84 0.45 46.42
60 0.84 0.32 61.90
80 0.84 0.25 70.23
100 0.84 0.17 79.76
SFE
20 0.84 0.61 27.38
40 0.84 0.42 50.00
60 0.84 0.30 64.28
80 0.84 0.21 75.00
100 0.84 0.15 82.14
LPCDs
20 0.84 0.514 38.81
40 0.84 0.348 58.57
60 0.84 0.25 70.23
80 0.84 0.16 80.95
100 0.84 0.12 85.71
SFCDs
20 0.84 0.455 45.83
40 0.84 0.289 65.59
60 0.84 0.223 73.45
80 0.84 0.136 83.89
100 0.84 0.1 88.09
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Figure 9.2: DPPH scavenging activity of ascorbic acid, LPCDs,
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9.3.2 Mechanism of DPPH scavenging by CDs

The exact mechanism of DPPH scavenging by CDs has not yet
been identified [13]. Here, a possible mechanism is described based on

the research that is currently accessible.
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The generation of hydrogen donation and radical adducts may
all play a role in the DPPH scavenging mechanism in nanocarbon-
based materials [14-16]. It is well known that carbonyl and hydroxyl
groups are typically found on the edges of CDs. Due to their positions;
they may exhibit additional covalent bonding-like defects [16,17].
Earlier studies noted that the many functional groups at CDs' edge sites
mostly hydroxy and carboxyl groups were the source of their high
hydrogen donor activity [16,18].

According to the FTIR study, both CDs (LPCDs and SFCDs)
systems have hydroxyl, carboxyl, and amino groups on their surfaces.
The DPPH free radical (DPPHe¢) was converted to DPPH-H by
absorbing He from the CDs. Any of the functional groups on the
surface of CDs can donate this He, and the resulting unpaired electron
in the CDs can subsequently be delocalized via resonance within their
aromatic domains of the CDs [13].

Rather than surface functional sites, most investigations
concluded that radical adducts originated at sp® sites [16,19].
Altogether, the main processes for DPPH scavenging of CDs are
hydrogen donation and adduct formation. Different kinds of surface
oxygen groups showed various scavenging strategies. Higher
antioxidant activity is seen in CDs with hydroxyl or carbonyl surface
functionalities [16].

9.3.3 In vitro cytotoxicity of LPCDs and SFCDs

In the current work, anticancer efficacy of CDs in DLA tumour
cell lines is examined in vitro. Swiss albino mice were chosen, and

intraperetonial injection was used to sustain the cells in vivo. Saline
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was used to aspirate DLA cells, which are converted into tumour cells.
For the analysis, four different CD concentrations (10 pL, 20 pL, 50
ML, and 100 pL) were chosen. The identical analysis was carried out

using precursor extracts following the same steps.

Treatment with both CDs systems resulted in noticeable
decrease in the number of live cells. As the volume of the CDs
increases, the number of dead cells also increases indicating the
concentration dependent effect of CDs towards the cancer cells. It also
implies the anti-proliferative activity of CDs against tumour cells [11].
The dead cells get stained by the addition of trypan blue dye and there
by dead cells and living cells can be counted using the
haemocytometer [20,21]. From the number of dead cells and total cells
the % of toxicity can be found out using the equation as mentioned
before. The results of the study were tabulated in the Table 9.2 and
9.3.

At a concentration of 100 puL of LPCDs from LPE, destroy only
38.25 % where as for SFCDs 36.86 %. This proves that the
anticancerous activity is more predominant with LPCDs from long
pepper compared to SFCDs. This is the first report on the activity of
sweet flag and long pepper derived CDs against DLA tumour cells.

On comparison with parent extracts LPE (100 uL) exerts 23.28
% of cytotoxicity which lower than the LPCDs system in the same
conditions. Similarly cytotoxicity % of SFE is 20.52 % and this value
was also lower than the corresponding SFCDs system. This increment

in anticancer activity of CDs systems on comparing with precursor
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extract may be attributed to the increased activity of the active sites by
the transformation in to nano forms. The CDs' excellent antioxidant
capabilities and existence of pharmacologically active groups even
after materialisation treatment might be the cause of their antitumor
effects. The prevalence is unpredictable and it can be dependent up on
several factors including type of extraction, reaction conditions and
post reaction treatments. There is still some mystery about the precise

cause of CDs' notable anticancer action.

Table 9.2: In vitro cytotoxic activity of LPE and LPCDs

Drug concentration(uL) % of cytotoxicity
LPE LPCDs
10 5.23+0.7 10.59 £0
20 7.89+1.2 15.39+0
50 10.83 +1.2 23.29 +1.6
100 23.28 £1.5 38.25+1.4

Table 9.3:1n vitro cytotoxic activity of SFE and SFCDs

Drug concentration(uL) % of cytotoxicity
SFE SFCDs
10 6.23 £0.5 10.25 0.4
20 8.24+0 12.59 £0.7
50 15.29 +12 22.75+0.14
100 20.52 +17 36.86 +1.5
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9.4 Conclusions

The antioxidant activity of the prepared CDs systems and
corresponding extracts were studied by DPPH assay and results
indicate that CDs possessing excellent antioxidant activity with lower
ECso value than the respective precursors. The in vitro cytotoxicity
activity with DLA cell lines shows that the cytotoxicity increases with
concentration of CDs and both are exerts good level of performance
than the corresponding extracts. It may be due to the combined effect
of existence of pharmacological activity from the precursor and nano
dimensional size. The produced CDs' in vitro cytotoxicity and
antioxidant activities lay the door for a more thorough investigation of
the biological applications of CDs systems as future work.
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Chapter 10
CONCLUSION AND
RECOMMENDATION

In this chapter, concluding remarks and future scope of the present study has
been discussed
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10.1 Conclusions

In the present work, synthesis of five different CDs
systems were accomplished through ecofriendly microwave
assisted synthesis from natural resources without using any
hazardous chemicals or sophisticated instruments. The adopted
synthetic method is extremely simple with comparatively
effortless separation process thereby saving energy and time.
And moreover, the entire process strictly follows the green
protocols make the current work more environmental friendly.
The synthesised CDs revealed excellent fluorescent properties
which made them amenable for the fabrication of fluorescent
nano sensor. Significant conclusions can be outlined in light of

the experimental results.

The five systems were well characterised and depending
up on the properties associated with them each CDs was
fabricated as fast responsive, and economical fluorescent probe
for the selective detection of different aquatic pollutants and

food adulterants, with good level of statistical parameters.

The first system designated as MGCDs prepared from the
unique spice mango ginger and is effectively used as a
fluorescent sensor against toxic aquatic pollutant, hexavalent
chromium in agueous medium. The LOD and linear range of the
detection was comparable with the recent reports from the area.
Real sample analysis was also successfully carried out by this

probe. Apart from this the fluorescence quenching mechanism
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behind this sensing was investigated with different methods and
accredited to inner filter effect (IFE).

The second system is LLCDs synthesised from the leaves
extract of wild lemon and the fluorescence of the system utilised
for the fabrication of tetracycline sensor in water. The sensing is
based on the selective interaction of LLCDs with tetracycline
leads to the fluorescence quenching. The real environmental
water samples analysis was also worked out with good results.
Besides, the mechanism of the fluorescence quenching was also

examined and ascribed to static quenching mechanism.

The third one is an interesting piece of work and it is
named as BCDs, synthesised from bilimbi fruit extract for the
first time. The BCDs was used for multiple sensing purposes.
Primarily, it is designed as a Cu(ll) sensor in water medium
based on the fluorescence quenching. And this BCDs with Cu(ll)
(designated as BCDs@Cu(ll) was again used as a sensor against
quinalphos pesticide by the fluorescence recovery method and
the mechanism of quenching as well as fluorescence recovery
was studied and attributed to static quenching. The real sample
quinalphos analysis was also conducted with rice and tea

samples with good results.

The next work is based on the CDs from sweet flag
rhizomes and is abbreviated as SFCDs. This fluorescent CDs
system was designed and executed as 4-NP sensor in water based
on the special interaction of SFCDs with 4-NP. The LOD and
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linear range of the detection was comparable with the recent
reports from this area. Real sample analysis was also employed
with good results. The mechanism of sensing by fluorescence
guenching was thoroughly investigated with available techniques
and finally attributed to combination of static and IFE

mechanism.

The last system was prepared from long pepper for the
first time, designated as LPCDs. The fluorescence of this system
was used for the development of nano sensor against Sudan I, a
carcinogenic dye commonly encountered as food adulterant.
Real sample analysis was also conducted with chilli powder
samples. The mechanism behind the fluorescence quenching was
accredited to FRET.

Apart from the above fluorescence based applications, the
systems were also subjected for the evaluation of biological
properties like antioxidant and in vitro cytotoxicity against DLA
cell lines. The better results were obtained for the last two

systems.

In summary, five different natural products were
successfully transformed in to fluorescent nanoparticles.
Through this direct materialisation, a value addition was also
incorporated. The entire process of preparation was simple,
economical and completely greener. And all the systems are

successfully employed as sensors against different pollutants.



302

10.2 Recommendations

Other further works were also planned, taking into account the
promising future of CDs in numerous fields. The present preparation
strategies can be extended to commercialisation of the fluorescent

probes. The following list includes a few of the possible thrust zones.

> The biological studies of the prepared systems are at pioneer
stage and is planned to explore more with many other methods
like, bioimaging, in vivo anticancer studies, photo therapy, drug
delivery etc.

> New methods can be developed to increase the fluorescence

quantum vyield and stability.

> As the surface of CDs contains a wide range of functions,
precise labelling with certain specific molecules can increase

the selectivity of sensing.

> The photocatalytic activity of CDs can be extended for the
degradation of several pollutants.



