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ABSTRACT

Presently, the combination of carbon quantum dots (CQDs) and metal oxide nanostructures in
one frame are being considered for the sensing of purine compounds. In this work, a
combined system of CQDs and MnQO2 nanostructures was used for the detection of anticancer
drugs — 6-Thioguanine (6-TG) and 6-Mercaptopurine (6-MP). The CQDs were synthesized
using bottom-up approach through microwave synthesizer and the MnO2 nanostructures
(nanoflowers and nanosheets) were synthesized using facile hydrothermal technique. The
CQDs exhibited excellent fluorescence emission at 420 nm when excited at 320 nm
wavelength. When combining CQDs and MnO> nanostructures, quenching of fluorescence
was observed which was attributed to fluorescence resonance energy transfer (FRET)
mechanism, where CQDs act as electron donor and MnO; nanostructures act as acceptor.
This fluorescence quenching behaviour disappeared on the addition of 6-TG and 6-MP due to
the formation of Mn-S bond. The detection limit (LOD) of 0.01 uM for 6-TG and 6-MP was
achieved with the linear range of concentration of 0-50 uM using both MnO2znanoflowers
(NF) and nanosheets (NS). Moreover, the as-prepared fluorescence-sensing technique was
successfully employed for the detection of bio-thiol group in enapril drug. Thus a facile,

costeffective and benign chemistry approach for biomolecule detection was designed.

Key words:
Carbon quantum dots, MnOz, nanoflowers, nanosheets, 6-Thioguanine, 6-Mercaptopurine,

fluorescence turn off — turn on.
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CHAPTER 1
INTRODUCTION

1.1 Nanoparticles

1.1.1 Overview

Nano, like milli, micro, pico, and so on, is a prefix used in front of a macroscopic unit to
change its value by orders of magnitude. Nano means one billionth, or 10°. Thus, one
nanometre is one billionth of a metre [1]. Figure 1.1 given below illustrates the scale to

represent different dimensions.

Im 10!'m 10Z2m 10°m 10*m 105m 10°m 10"m 108m 10‘1°m

| | | | | | | | |
metre millimetre micrometre nanometre

Figure 1.1 A Scale to Represent Different Dimensions.

In science and technology, it implies studying and employing matter with the smallest
dimensions ranging from a few nanometres to less than 100 nanometres. These materials
which have sizes in the range of 1-100 nm are known as nanoparticles. Nanoscience and
nanotechnologies comprise a range of techniques and stretch across the whole variety of
science fields, touching medicine, physics, engineering and chemistry. They are widely
known to be highly beneficial in areas as diverse as drug developmentwater
decontamination, information and communication technologies, and the production of
stronger, lighter materials. In chemistry, this range of sizes has generally been associated with
colloids, micelles, polymer molecules, phase-separated regions in block copolymers, and
similar structures—typically, very large molecules, or aggregates of many molecules [2]. Due
to the intermediate sizes of nanoparticles in between those of individual atoms (and
molecules) and those of bulk solids, they fail to obey both of the absolute quantum chemistry
and the laws of classical physics. The size of the particle reduces leading to increase in
surface-to-volume ratio. Also, the properties of a nanoparticle are sensitive to the size of
these particles. The effect specific to the small size of nanoparticles is called the quantum size

effect (QSE) [3] which allows to synthesize particles and designs with a variety of properties.



1.1.2 Synthesis Strategies

There are two general approaches to the synthesis of nanomaterials and the fabrication of
nanostructures: “Top-down” and “Bottom-up” approaches. As the names suggest, the top-
down approach implies going from larger to smaller and the bottom-up approach involves
going from smaller to larger. In top-down approach, bulk-material (macroscopic) is
fragmented into fine particles progressively and in bottom-up approach, atoms and molecules
are combined together to synthesize nanoparticles. The bottom-up approach yields
nanomaterials with lesser imperfections, homogenous chemical-composition, fewer
impurities, and materials with a fine size-distribution. The top-down method typically leads
to the formation of smaller fragments or materials with an extensive size-distribution which is
actually the main drawback of this approach. Therefore, the bottom-up method is
significantly modest and specific for preparation of nanomaterials with size < 100 nm, and
the top-down method is favoured for the preparation of thin-films and nanomaterials > 100
nm [4]. A schematic representation of the “Top-down” and “Bottom-up” methods is shown in

Figure 1.2.

Top-down Approach

(Bulk material)

(Small Fragments)

(Nanoparticles)

(Clusters)

(Atoms)

Bottom - up Approach

Figure 1.2Schematic Representation of "Top-down" and "Bottom-up" Approaches.



1.2 Carbon Quantum Dots (CQDs)
1.2.1 Overview

Quantum Dots (or QDs) are actually the semiconductor nanocrystals. They are prepared from
atoms of groups I1-V1 or I11-V in the periodic Table. The quantum dots have comparatively
smaller exciton Bohr radius (EBR) than the bulk material. In the last few years, developments
have been made in the nanoparticles for applications in the fields of biology and medicine.
The significant research in the production of fluorescent quantum dots with high yields,
complex surface-chemistry, water-solubility, bio-compatibility and eco-friendliness has
helped greatly in the sensitive sensing of bio-molecules. Latest progresses have presented
quantum dots for intracellular-imaging, nano-drugs for various specific therapies, syndrome
monitoring, sensing and analysis. Interestingly, these were actually discovered accidently in
2004 by Xu et. al when this group was purifying single-walled carbon nanotubes. These
carbon quantum dots then triggered much concern as potential competitors to conventional
semiconductor quantum dots [5]. In addition to their comparable optical properties, CQDs
have the desired advantages of low toxicity, inexpensive and relatively simpler routes of
synthesis [6]. The chemical structure of CQDs is shown in Figure 1.3 and the fluorescence
spectrum of CQDs has been illustrated in Figure 1.4.

Figure 1.3 Chemical Structure of CQDs [7].
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Figure 1.4 Fluorescence Spectra of CQDs.
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1.2.2 Applications of Carbon Quantum Dots

Chemical

Sensing Blosensing Bioimaging

Photocatalysis| Nanomedicine

Figure 1.5 Applications of CQDs.
Chemical Sensing

CQDs have been used extensively to detect various chemical compounds as well as metal
ions such as DNA, phosphate, thrombin, nitrite, glucose, Iron(I11), Hg2?*, etc. by analysing

the change is fluorescence intensity under external physical or chemical conditions [8].
Biosensing

CQDs being highly soluble in water, flexible in surface modification, benign, biocompatible,
cell permeable and highly stable along with the fascinating property of exhibiting excitation-
dependent multicolour emission, have been exploited greatly as biosensors for the detection

of glucose, cellular copper, POs*, Fe3*, nucleic acids, etc[8].
Bioimaging

CQDs have numerous benefits such as excellent optical properties and photostability. Also,
carbon is benign and eco-friendly. These qualities make them significant substitutes to
conventional semiconductor quantum-dots to monitor biological systems both in vitro and in

vivo [7].
Photocatalysis

Over the past few vyears, photocatalysis has attracted significant attention as greener
substitutes in organic synthesis. Because of sunlight being an efficient and unlimited energy
resource, huge concern towards the photocatalyst processes has been observed. But, the

organic compounds and moieties are affected poorly due to high energy of UV and short



wavelength of Visible light. The ability to undergo exchange of energy with the CQDs and
availability of light of longer wavelength offers a tremendous prospect for these to be used in

the photocatalysis[7].
Nanomedicine

CQDs are considered in nanomedicine because they are absolutely benign for animals and
therefore are well exploited for carrying out the studies in-vivo. This has been demonstrated
by in-vivo toxicity studies in mice, whereby the mice were injected with CQDs and observed

after a month. None of the organs and internal functions got damaged or affected in any way

[7].

1.3 MnO;, Nanostructures

1.3.1 Overview

The arrangement of fluorescent materials and other functional nanomaterials in one matrix
have been broadly employed in the assembly of efficient sensors. Nanomaterials, such as
gold nanoparticles, silver nanoparticles, graphene oxide [9, 10], molybdenum sulphide [10],
gold nanoparticles [11], and silver nanoparticles [12] are good fluorescence-quenchers and
have already been employed to improve fluorescent sensors for sensitive recognition of
various analytes[12-14]. Manganese dioxide (MnO2) NS and NF have high specific surface
area and relatively better light-absorption and fluorescence-quenching capabilities. They have
attracted considerable concern in emerging “turn off — turn on” fluorescence-sensing
detectors [15, 16]. In present work, CQD-MnO- system has been used as a newly designed
analytical tool for the efficient, selective and relatively faster detection of 6-TG and 6-MP.

CQDs derived from ascorbic acid are very inexpensive and eco-friendly probe.

1.3.2 Different Shapes of MnO2 Nanostructures

Till date, several developments have been made to synthesize MnO> nanostructures having
different morphologies. The fluorescence quenching behavior of MnO; has been expected to
be strongly influenced by a variety of factors including the morphologies of these
nanostructures such as nanoflowers, nanosheets and nanospheres. The number of active sites
and surface area of non-spherical nanostructures is known to be higher than those of spherical

nanostructures.



1.4  Forster Resonance Energy Transfer (FRET)
FRETis a distance-dependent interaction between the electronic excited states of two
molecules wherein overlapping between the emission spectrum of a donor molecule and the
absorption spectrum of an acceptor molecule takes place. This phenomenon is also known as
Fluorescence Resonance Energy Transfer. The acceptor may not be fluorescent. There is no
involvement of emission of light (and photon) during resonance energy transfer. The extent
of energy transfer is dependent on the distance between the donor and acceptor, and the
extent of spectral overlap. The spectral overlap (Figure 1.6) is described in terms of the
Forster distance (Ro). The rate of energy transfer kt(r) is given by:

1 (Rg\°

kp(r) = — (—)
Tp\r

where ‘r’ is the distance between the donor and acceptor and ‘tp’ is the lifetime of the donor

in the absence of energy transfer.
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Figure 1.6 Spectral Overlap for Fluorescence Resonance Energy Transfer [18].

The efficiency of the FRET process depends on the inverse sixth power of the distance

between the donor and acceptor pair (r) and is given by [17]:

E=_Ro

- 6 6
R0 +7r

1.5 Thioguanine&Mercaptopurine

Purine compounds play significant roles in human cell metabolism and are used in several
cancer—treating medicines. 6-Thioguanine (6-TG) and Mercaptopurine (6-MP) are purine
compounds used for the treatment of cancer such as acute lymphoblastic leukemia[19].
However, the concern of their dose is of critical significance, that is, the under-dosage will be
unsuccessful in the cure of disease and quite adverse effects like bone marrow suppression

and liver problems may be caused by their over-dosage [20]. Therefore, biosensors for 6-TG



and 6-MP detection have attracted considerable attention over the last few years. Recently,
numerous techniques have been developed for the detection of these purine compounds such
as fluorescence [20, 21], high performance liquid chromatography [22-26], electrochemical
methods [27-29], surface-plasmon resonance [30].Most of these techniques have
disadvantages of being tedious, labor-intensive, sophisticated instrumentation, or costly
reagents, which limit their practical applications [31].

Hence, fluorescence sensors have been developed for the detection of these purine
compounds and are being considered significantly, now-a-days.

jesiee

6-Thioguanine 6-Mercaptopurine

1.6  Fluorescence Turn Off — Turn On of Carbon Quantum Dots

The CQDs exhibit high fluorescence intensity as discussed before. However, with increasing
concentration of MnO2 nanostructures, the PL intensity of these CQDs decreases gradually.
This phenomenon of quenching of fluorescence of CQDs by MnO2 nanostructures is termed
as Fluorescence turn-off. Interestingly, on addition of 6-TG (and 6-MP), the PL intensity
shows an increase and it keeps on increasing with increasing concentration of these
biomolecules. The process of restoration of fluorescence of CQDs by biomolecules is known
as Fluorescence turn-on. The fluorescence turn off — turn on phenomena has been illustrated

through the simple diagram in Figure 1.7,

—> CQDs Fluorescence

turn-on
Tice 6-TG or 6-MP .,
i —_—

Fluorescence £
H turn-off E

P 50 @0 3% w00 450 %0 %0 @0

3% 400 450
Wavelength (am) Wavelength (am)

4% 50 550 €00 e 0
Wavelength (am)

Figure 1.7 Fluorescence Turn Off - Turn On of CQDs.



CHAPTER 2

LITERATURE REVIEW

As discussed before, the detection of 6-TG and 6-MP has attracted a lot of attention in the

past few years and are being used as anti-cancer drugs. The estimation of the quantities of

both of these drugs during the course of injection into the body is very crucial. Therefore,

numerous detection techniques have been designed till date. Some of these methods and

designs have been discussed below in Table 2.1.

Table 2.1 Some of the techniques and designs developed till date.

S.No. Group Detection; Description Reference
(Year) Technique
1. Shenetal. | 6-MP; Fluorescent AuNPs assembled with 6-MP
(2005) Fluorescence themselves and thus their fluorescent [32]
intensity increased remarkably due to
aggregation of these NPs.
2. Wangetal. | 6-TG; They had fabricated a film consisting of
(2006) Surface dsDNA over 2-aminoethanethiol self-
Electrochemical assembled monolayers film modified [26]
technique based on | gold electrode by electrostatic adsorption
dsDNA film | and  utilized  [Fe(CN)s]**  and
modified electrode. | [Co(bpy)s]*** to examine the contact
between dsDNA and 6-TG.
3. Zhang et al. | 6-MP;  Molecular | This optical fibre sensor modified 6-MP
(2008) Imprinted Polymer | by carrying out its oxidation to form a [33]
(Fluorescence) compound which exhibited fluorescence.
4. Chenetal. | 6-MP; Fluorescent AuNPs were stabilized by
(2012) Fluorescence biomacromolecules.  With  variable
concentration of 6-MP, variety of colors [34]

were observed under the UV-lamp.




Du et al.
(2012)

6. Bi et al.
(2013)
Amjadiet al.
(2014)

8. Malehet al.
(2015)

9. Tian et al.
(2016)

6-MP; CRET

6-TG; LSPR

6-TG;

Fluorescence

6-MP; Differential

Pulse Voltammetry

6-TG; SERS

Chemiluminescent bis(2,4,6-
trichlorophenyl) oxalate (TCPO) — H20>
— fluorescein acted as donor and AuNPs
acted as acceptor. CRET resulted in
quenching of CL of the TCPO — H20, —
fluorescein reaction which was again
restored in the presence of 6-MP. The
restoration of CL was complemented by a
change in color and optical properties.
Interaction between 6-TG and AuNPs led
to the shift in the LSPR spectrum.
Fluorescent harmine acted as donor and
AgNPs acted as acceptor. FRET resulted
in quenching of fluorescence. However,
on addition of 6-TG, the fluorescence got
restored due to the adsorption of these
bio-molecules over AgNPs.

Utilized DNA over a pencil graphite
electrode which was modified with
polypyrrole and functionalized
multiwalled carbon nanotubes.
Differential Pulse Voltammetry was used
to detect the interaction of 6-MP and
dsDNA.

AgNPs — coated silicon wafers used as

the substrate

[35]

[28]

[21]

[36]

[37]

Most of these techniques have disadvantages of being tedious, labor-intensive, sophisticated

instrumentation, or costly reagents, which limit their practical applications [31]. However, in

the present work, simple and cost effective methods have been designed for quick and

sensitive determination of these purine compounds. Moreover, this fluorescence turn off —

turn on technique can be used for both qualitative as well as quantitative detection of these

anti-cancer drugs.




CHAPTER 3
METHODOLOGY

3.1 Materials and Reagents

All reagents used were of analytical reagent grade and were used without any advanced
refinement. Ascorbic acid (99%, lobachemie) was used without further purification.
Kollicoat-IR (MW 45000Da) was gifted from BASF which was used as stabilizing agent in
the synthesis of CQDs. Potassium permanganate and potassium chloride purchased from
CDH private limited were used to synthesize the manganese dioxide NS and NF. Ultrapure
deionized water obtained from Millipore (Resistance: 18 MQ) was used for preparation of all

reagents and cleaning of glass wares.

3.2 Synthesis of Carbon Quantum Dots

Water soluble CQDs were synthesized by dissolving ascorbic acid and kollicoat (1:1, w/w%)
with continuous stirring. After 30 minutes, the sample (5 mL) was transferred into a glass
reaction vessel and subjected to microwave heating at 130°C for 30 minutes at 300 W power
with a Multiwave-3000 microwave reaction system (Anton Paar, USA). The formation of
CQDs was confirmed with the change in the color of sample from colorless to pale yellow.

The scheme for the synthesis of CQDs has been illustrated in Figure 3.1.

1. Kollicoat, H,O
(Stirred for 20 minutes)

’
2. Heated in microwave at - -

130°C for 30 minutes

Ascorbic Acid =

Figure 3.1 Scheme for the Synthesis of CQDs.

3.3 Synthesis of MnO2Nanoflowers and Nanosheets

The hydrothermal method was used to prepare the MnO2 NF and NS. At first, KMnOs and
KCI were dissolved in 40 mL distilled water in different parts (n(KMnO4):n(KCI) = 3:1 and
1:3). The aqueous solutions were stirred continuously for 10 minutes to mix at room
temperature. A 50 mL Teflon-lined stainless-steel autoclave was taken and the resultant

solution was transferred into it followed by heating to 160°C for 12 h. The autoclave was

10



eventually cooled down to the room temperature. The dark precipitates finally obtained were

used after washing with distilled water and ethanol thoroughly and drying at 60°C for 12 h.

3.4 Instrumentation

Electronic excitations of CQDs and MnO2 NF and NS were analysed using a UV-Vis
spectrophotometer (Analytik Jena, Specord, India) and fluorescence spectrophotometer
(PerkinElmer LS-55, USA) using an excitation wavelength ranging from 260-320 nm. The
XPS spectra of the catalysts were measured using XPS spectrometer (KRATOS Axis 165,
Shimadzu, UK) with Mg Ka radiation 1253.6 eV at 75 W. The morphology and composition
as synthesized MnO> NF were analyzed by scanning electron microscope, transmission
electron microscope and Oxford INCTA energy dispersive X-ray (EDX) spectrometer. Phase
identification was made with a X-ray diffractometer (PanalyticalX’Pert PRO, India) using Cu
Ka (A = 1.540 A) as the radiation source. Particle size distribution and zeta potential was
determined by dynamic light scattering method (DLS, Zetasizer, Malvern). The surface area
of these NS and NF were compared through BET surface area analyser of Autosorb-1,

Quanta chrome instruments, USA.

3.5 Detection Procedure

For the detection of 6-TG and 6-MP, different concentrations of respective moieties were
mixed with 46 mM MnO2@CQDs’ solution in a series of 3 mL glass cuvettes. The FL

spectra were obtained after shaking for one minute at room temperature.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1Characterization of Carbon Quantum Dots and MnO; Nanostructures

The UV-Vis absorption of CQDs and MnO2 NF and NS were studied to investigate their
optical properties. The UV-Visible absorption spectra of CQDs displayed in Figure 4.1.1
showed two absorption bands (Amax) at 245 nm and 350 nm plausible due to T — ©* transition
of the C = C bond and n — w* transition of the C = O respectively [38]. The UV-Visible

absorption spectra of MnO2 NF and NS displayed in Figure 4.1.1 showed two absorption
bands Amaxat 214 nm and 275 nm.

( —8— CQDs
2.0 4 —&—NF
—A—NS
CQDs +NF
—&—CQDs +NS
~ 1.5
S
g
]
=
= 1.0
S
)
w
=
<«
0.5 1
0.0 T T |
200 300 400 500 600 700

Wavelength (nm)

Figure 4.1.1 UV-Visible Absorption Spectra of CQDs, MnO2 NF, MnO2 NS, CQDs@NF
and CQDs@NS.
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The emission spectrum of CQDs at different excitation wavelengths is shown in Figure 4.1.2.
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Figure 4.1.2 Emission Spectrum of CQDs at different Excitation Wavelengths.

X-Ray diffraction patterns of NF (Figure 4.1.3) show that the NF could be wellindexed to
tetragonal MnO: as per the reference data JCPDS 24-0735.

(200)
]
&
= (110)
=
(310)
(220)
NF VT O o
1 1 1 1 1
20 30 40 50 60 70 80
20 (degrees)

Figure 4.1.3 XRD Spectra of MnO2 NF.
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The MnO2 NS were found to have greater surface area, pore volume and pore diameter than
MnO2 NF as shown in Table 4.1. Figure 4.1.4 represents the BET Noadsoprtion-desorption
curves for MnO2 NF and NS. These curves exhibited the Type-I1 classification which depict
that these show large deviations from Langmuir model of Adsorption and the intermediate

flat region corresponds to monolayer formation [39].

Table 4.1 Comparison of MnO2 NF and NS through BET Surface Area Analyser.

Adsorbed Volume (em’g”)

NS

BET surface area=11.1 m’g"

Pore volume = 0.059 cm’ g
Pore diameter = 22.16 nm

BET surface area = 10.6 m’g’

Pore volume = 0.058 cm’ g’
NF Pore diameter = 21.32 nm

0.0

0.2

0.4

p/p,

0.6 0.8 1.0

Figure 4.1.4 BET N2 Adsorption-Desorption Curves for MnO2 NF and NS.
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The average hydrodynamic size has been found to be 7 nm for CQDs (Figure 4.2(a)). While
the participation of MnOznanostructuresleads to agglomeration resulting in the increase of the
size distribution up to 7.6 nm (Figure 4.2(b) and Figure 4.2(c)).

(a) (b)
7 CQDs (7.0 nm) MnO2 NF@CQDs (7.6 nm)

Counts (s)
Counts (s)

T T T T E T T T
0 10 20 30 40 50 10 20 30 40

Hydrodynamic Size (nm) Hydrodynamic size (nm)

(c) 10004 (d) —=—CQDs
MnO2 NS@CQDs (7.6 nm)

—&—CQDs + MnO, NF
CQDs + MnO, NS

Counts (s)
Intensity (a.u.)

i I Q I . w - L
10 20 30 40 350 400 450 500 550 600
Hydrodynamic size (nm) Wavelength (nm)

Figure 4.2 DLS Spectra for (a) CQDs, (b) MnO2 NF@CQDs, (c) MnO2 NS@CQDs,
(d)Emission Spectrum of CQDs, MnO2 NF@CQDs and MnO2 NS@CQDs

The zeta potential value for CQDs, MnO2, NF@CQDs and MnO2 NS@CQDs were observed
to be -0.912 mV, -2.24 mV and -0.141 mV respectively which confirm the negative charge
on their surfaces.
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XPS measurements were performed to determine the composition of CQDs. As shown in
Figure 4.3.1 and Figure 4.3.2, the C 1s (285.31 eV) and O 1s (532.97 eV) peaks are the two

major elements observed for CQDs.

Cls
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Figure 4.3.1 XPS Survey of CQDs.
(285.31 eV) Cls (532.97 eV) O1s
(a) (b)
El F
& &
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Binding Energy (eV) Binding Energy (eV)

Figure 4.3.2 (a) C 1s and (b) O 1s Spectrum of CQDs.
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The surface morphology and distribution of MnO2 nanostructures over CQDs have been
determined by HRTEM, SEM,EDS analysis and color mapping. The SEM observations
(Figure 4.4), EDS analysis (Figure 4.5) clearly display the successful formation of MnO>
nanostructures. The HRTEM image of MnO2NF (Figure 4.7) displays the flower structures of
MnO., Figure 4.6 displays MnO2 NS images with lattice spacing of 0.40 nm. Moreover, the
attainment of the CQDs — MnO. composite is observed in elemental mapping (Figure 4.8),
which clearly shows that the CQDs are well combined on the surface of MnO:
nanostructures.

SEl  15kV WD11mm  SS40 x22,000 1pm — SEI  15kV WD11mm  SS40 x10,000 1pm S—
SAl Labs, Thapar Univ, Patiala G.Mourya 18 May 2017 SAl Labs, Thapar Univ, Patiala G.Mourya 18 May 2017

Figure 4.4 SEM images of MnO2 NF at different magnifications.

Element | Weight | Atomic

L 4 L 1
{ 2 3 1 5 3 7 8 9 10 11 12 13
JFul Scale 3503 cts Qursor: 0000 eV,

Figure 4.5 EDS of MnO2 NF.
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Figure 4.6 HRTEM images of MnO2 NS.

£ix @ 2

Figure 4.7 HRTEM image of MnO2 NF.

Figure 4.8 Elemental Mapping of MnO2 NF@CQDs for (a) C, (b) O and (c) Mn.
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4.2 Fluorescence Turn-Off of Carbon Quantum Dots by MnO:

Nanostructures

The confirmation for the reduction of MnO2 by CQDs was observed by the fluorescence
quenching. Initially the CQDs showed very high fluorescence which is attributed to the
radiative recombination of electrons and to the confinement of holes over the surface of these
CQDs. By the interaction of CQDs with MnO»,the electrons and holes are trapped and thus,
they become less available for the radiative recombination which ultimately leads to PL
quenching. With the increasing concentration of MnO2 NF and NS, the fluorescence intensity
of CQDs decreases considerably, demonstrating an efficient quenching procedure
Fluorescence quenching data are usually represented by Stern-Volmer equation which gives
the plot between Fo/F vs. concentration of the quencher and is represented as:

Fo/lF = 1+Ksv [Q]

Here, ‘F’ and ‘Fo’ are the fluorescence intensity of CQDs in the presence and absence of
quencher [Q], ‘Ksv’is the Stern-Volmer constant (M) [17]. The plot is represented in Figure
4.9.1 and Figure 4.9.2 and the corresponding value of Ksy is calculated to be 2.8x10* M for
NF and 1.9x10** M for NS indicating high quenching efficiency.

13

12 - .\+
11

10 +

F,/F

5 T T T T T T
15 20 25 30 35 40 45 50

MnO, NF (mM)

Figure 4.9.1 Stern-Volmer Plot for the Quenching of CQDs Fluorescence at various

concentrations of MnO2 NF.
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Figure 4.9.2 Stern-Volmer Plot for the Quenching of CQDs Fluorescence at various

concentrations of MnO2 NS.

4.3Photostability of Carbon Quantum Dots

Before carrying out the practical application for the sensing of 6-TG and 6-MP, the stability
of CQDs was done by the UV (125 W Hg arc) and visible light (CFL 60 W) irradiation for 60
minutes and no change was observed in the fluorescence intensity signifying the good
photostability.

4.4Kinetic Study (Testing at Different Time Intervals)

The fluorescence intensity decreased significantly with increase in the incubation time. The
kinetic study was performed for MnO2 NF and NS upto the incubation time of 12 h as shown
in Figure 4.10.1 & Figure 4.10.2. 12 h was selected as optimum time for the interaction of
MnO2 NF and NS with CQDs which remains stable afterwards.
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Figure 4.10.1 Kinetic study to optimize time for the interaction of MnO2 NF (12 h).
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Figure 4.10.2 Kinetic study to optimize time for the interaction of MnOz2 NS (12 h).

4.5

Fluorescence Turn-On Detection of 6-TG

On addition of 6-TG, both, MnO2 NF and NS, exhibit turn-on behaviour in fluorescence.

There was no change in the fluorescence intensity and position of the peak of CQDs on

addition of 6-TG to the CQDs solution, which indicates that two of these did not interact. The
MnO2 NF@CQDs and NS@CQDs exhibit fluorescence turn-on property on adding 20 mL6-
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TG at each time as shown in Figure 4.11.1 & Figure 4.11.2 respectively, which indicated that

with the small addition (20 uL) of 6-TG even, significant change in the fluorescence intensity
was observed.

1000

-— CQDs

800

600
20 pL addition of 6-TG

400

Intensity (a.u.)

2004 MnO, NF @ CQDs

T T
450 500 550 600

Wavelength (nm)

T
350 400

Figure 4.11.1 Emission Spectrum of MnO2 NF@CQDs after addition of different
concentrations of 6-TG.
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Figure 4.11.2 Emission Spectrum of MnO2 NS@CQDs after addition of different

concentrations of 6-TG.

An exponential relationship between the (F/Fo) against the concentration of 6-TG was also
obtained in the range of 0-50 uM with the correlation coefficient of 0.9961 with MnO2 NF
(Figure 4.12.1) and 0.9917 with MnO2 NS (Figure 4.12.2). This fluorescence turn-on

22



behaviour was due to the interaction of 6-TG with MnO. nanostructures via Mn-S bond,
which leads to aggregation of nanostructures. The detection limit (3o/s) for 6-TG was found
to be 0.015 uM with NF and 0.015 pM for NS, where ‘G’ represents the standard deviation of

five blank measurements, and ‘s’ is the slope of the calibration curve.

1.0
081 R*=0.9961
LOD = 0.015 uM
0.6 -
m:
=
0.4 -
0.2 -
00 1 1 T 1 1 ]
0 10 20 30 40 50
6-TG (pmol LY

Figure 4.12.1 Exponential relationship between the F/Fo against the concentration of 6-

TG in the range 0-50 pM with the Correlation Coefficient of 0.9961.

1.0

0sd R'=09917
LOD = 0.015 pM

0.6

F/F,

0.4+

0.2+

0.0 T
0 10 20 30 40 50
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Figure 4.12.2 Exponential relationship between the F/Fo against the concentration of 6-

TG in the range 0-50 pM with the Correlation Coefficient of 0.9917.
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4.6 Fluorescence Turn-On Detection of 6-MP

On addition of 6-MP, both, MnO2 NF and NS, exhibit turn-on behaviour in fluorescence.
There was no change in the fluorescence intensity and position of the peak of CQDs on
addition of 6-MP to the CQDs solution, which indicates that two of these did not interact. The
MnO2 NF@CQDs and NS@CQDs exhibit fluorescence turn-on property on adding 20 mL6-
MP at each time as shown in Figure 4.13.1 & Figure 4.13.2 respectively, which indicated that

even with the small addition (20 uL) of 6-MP considerable change in the fluorescence
intensity was observed.

1000 ~

800

600 ~

20 pL addition of 6-MP
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2001 MnO, NF @ CQDs

T T T T
350 400 450 500 550 600

Wavelength (nm)

Figure 4.13.1 Emission Spectrum of MnO2 NF@CQDs after addition of different

concentrations of 6-MP.
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Figure 4.13.2 Emission Spectrum of MnO2 NS@CQDs after addition of different
concentrations of 6-MP.
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An exponential relationship between the (F/Fo) against the concentration of 6-MP was also
obtained in the range of 0-50 uM with the correlation coefficient of 0.9945 with MnO2 NF
(Figure 4.14.1) and 0.9989 with MnO2 NS (Figure 4.14.2). This fluorescence turn-on
behaviour was due to the interaction of 6-MP with MnO; nanostructures via Mn-S bond,
which leads to aggregation of nanostructures. The detection limit (36/s) for 6-MP was found
to be 0.014 uM with NF and 0.012 uM for NS, where ‘c’ represents the standard deviation of

five blank measurements, and ‘s’ is the slope of the calibration curve.

1.0

R’ =0.9945
LOD = 0.014 uM

0.8 4

F/F,

0 10 20 30 40 50

6-MP (pmol L

Figure 4.14.1 Exponential relationship between the F/Fo against the concentration of 6-
MP in the range 0-50 pM with the Correlation Coefficient of 0.9945.
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R’ =0.9989
084 LOD=0.012 uM
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Figure 4.14.2 Exponential relationship between the F/Fo against the concentration of 6-
MP in the range 0-50 pM with the Correlation Coefficient of 0.9989.
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4.7Mechanism for Fluorescence Turn Off - Turn On Detection of 6-TG and
6-MP by Carbon Quantum Dots

As shown in Figure 4.2(d) the fluorescence intensity of CQDs was quenched by 93% with the
interaction of MnOxforming MnO> NF@CQDs and NS@CQDs. The quenching of
fluorescence exhibited by CQDs due to MnO nanostructures is mainly plausible because of
Fluorescence Resonance Energy Transfer (FRET) phenomenon. This quenching behavior
may also be due to the electron-transfer and inner-filter effect [33]. As shown in Figure 4.15,
the fluorescence emission spectrum of CQDs (Aem = 420 nm) overlap with the absorption
spectrum of MnO2 nanostructures (Amax= 275 nm). As inferred from the observations, a FRET
mechanism is likely to occur in the MnO2-CQDs probe where CQDs act as donor and MnO-
nanostructures act as acceptor. Consequently, effective quenching of CQDs’ fluorescence
takes place. However, on addition of 6-TG and 6-MP, the Mn-S bond is expected to form

which leads to regaining of fluorescence intensity of CQDs.
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Figure 4.15 Overlap of Absorption Spectrum of MnO2 Nanostructures with the
Emission Spectrum of CQDs (inset).
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The principle of the method is explained in Figure 4.16.

o
6-TG 6-MP GLU CYS  Enapril
Biomolecul

Figure 4.16 Proposed Mechanism for Fluorescence Turn Off — Turn On of CQDs.

4.8 Analytical Application

To promote the relevance and applicability of MnO,@CQDs as biosensor for pharmaceutical
utility and in biological industries, the whole scheme was performed for several biomolecules
and Enapril tablets. Enapril tablets contain Enalapril Maleate as an active ingredient and are
generally used for treating high blood pressure and heart failure. The results recommended
that the MnO,@CQDs composite is suitable for thiol containing biomolecules, as shown in
Figure 4.19. The amino acids which do not contain free thiol groups aren’t capable of
exchanging the CQDs from the surface of MnO2 nanostructures. The enhanced fluorescence
intensity with the addition of 20 uL Enapril at each time is as shown in Figure 4.17.1 and
Figure 4.17.2.

27



1000

800

20 pL addition
of Enapril

600

400

Intensity (a.u.)

MnO, NF @ CQDs
200

) ¥ b T \d T ® T
350 400 450 500 550 600
Wavelength (nm)

Figure 4.17.1 Emission Spectrum of MnO2 NF@CQDs after addition of different

concentrations of Enapril.
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Figure 4.17.2 Emission Spectrum of MnO2 NS@CQDs after addition of different
concentrations of Enapril.

The turn-on fluorescence is linearly dependent upon the concentration of enapril with
correlation coefficient of 0.9917 and observed LOD is 0.016 uM (Figure 4.18.1) for MnO
NF. Similarly, the turn on fluorescence is linearly dependent upon the concentration of

enapril with correlation coefficient of 0.9909 and observed LOD is 0.011 uM (Figure 4.18.2)
for MnO2 NS.
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Figure 4.18.1 Exponential relationship between the F/Fo against the concentration of

Enapril in the range 0-50 pM.
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Figure 4.18.2 Exponential relationship between the F/Fo against the concentration of

Enapril in the range 0-50 pM.
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Figure 4.19 Comparison of F/Fo values for different biomolecules with (a) MnO2
NF@CQDs and (b) MnO2 NS@CQDs.
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Comparatively, this method is better than those previously reported techniques and
biosensors (Table 4.2 and Table 4.3). This suggests that the composite is highly beneficial for

the usage as a fluorescence sensor for thio-biols.

Table 4.2 A Comparative Study for the Performance of Optical Sensors for 6-

Thioguanine.
Biosensor Method Linear Range Reference
(M)
Gold nanorod LSPR 0.02-10 0.015 [28]
Gold nanosphere LSPR 0.05-0.5 0.022 [28]
Silver NPs SERS 0.1-15.0 0.065 [37]
[Co(bpy)s]?*3* SWvV 0.4-22 0.008 [26]
[Fe(CN)s]3/+ DPSV 11-11 0.2 [26]
Silver NPs Fluorescence  0.015-0.75 0.009 [21]
MnO2 NF Fluorescence 0.0-50.0 0.015 Present Work
MnO2 NS Fluorescence 0.0-50.0 0.015 Present Work
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Table 4.3 A Comparative Study for the Performance of Optical Sensors for 6-

Mercaptopurine.

Biosensor Method Linear Reference
Range (uM)
MIP Fluorescence 0.06 — 39.2 0.019 [33]

Multiwall carbon DPA 0.2-100 0.08 [36]

nanotubes

Gold NPs Fluorescence 0.1-120 0.019 [34]

Gold NPs Chemiluminescence 0.009 — 18 0.006 [40]

Silver NPs Fluorescence 0.06-0.3  0.048 x 102 [32]

MnO2 NF Fluorescence 0-50 0.014 Present Work

MnO:2 NS Fluorescence 0-50 0.012 Present Work
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CHAPTER 5
CONCLUSION

In present work, we have successfully demonstrated the biosensor for the turn off — turn on

fluorescence of CQDs. The CQDs were synthesized by the simplistic and cost-effective
approach using ascorbic acid as precursor. The interaction of MnO. with CQDs leads to
fluorescence quenching due to FRET mechanism where CQDs act as donor and MnO:
nanostructures act as acceptor. The fluorescence intensity was regained by using 6-TG via
formation of Mn-S bond. A thorough analysis into the development of fluorescence turn off -
turn on of CQDs was done for enapril tablets which furnished positive response. This assay
was also investigated for different other biomolecules to increase its utility in pharmaceutical
industries. The proposed mechanism for the turn off — turn on fluorescence of CQDs was also

elaborated in this work.
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