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ABSTRACT

Quantum dots are fluorescent materials. These are of very interest because of their unique optical
properties. Light emitting behavior of these QDs can be tuned because of quantum confinement
effect. Fluorescent behavior of QDs make them useful in biological fields like cell, tissue
imaging. This thesis includes synthesis, characterization, processing and testing of QDs for
imaging in visible and NIR range. We have synthesized visible CdSe, ZnS, CdSe/ZnS and NIR
CdTe QDs. After this we have processed surface of these prepared QDs by different polymeric
materials and silicates. These prepared materials were tested for their toxic effects toward human
kidney cell line (HEK-293).

1% chapter

This chapter introduces about visible, NIR QDs and core shell structures and also includes steps
which should be addressed before applying these QDs for bio-applications such as different
methods of processing of QDs.

2" chapter

This chapter provides detailed information about synthesis methodology for QDs and their
encapsulated structures and characterization.

3" chapter

Chapter 3 includes the results obtained for CdSe stabilized by 2-Mercaptoethanol (2-M.E.) and
their polymer encapsulated structures.

4" chapter

Chapter involves XRD, TEM, EDX, PL and FTIR results obtained for ZnS1 and ZnS2 and
CdSe/ZnS1 and CdSe/ZnS2 structures.

5™ chapter

Chapter 5 contains results acquired for CdTe (NIR QDs) stabilized by 3-Mercaptopropionic acid
(3-MPA) and their polymer encapsulated structures.

6" chapter

This chapter involves results of toxic effect of CdSe QDs and CdTe QDs and antimicrobial
behavior of CdSe and CdTe based nanostructures.

7" chapter

Finally chapter 7 described the overall conclusion of thesis.
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CHAPTER-1

INTRODUCTION TO FLUORESCENT BIOCOMPATIBLE

VISIBLE AND NIR QUANTUM DOTS
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Chapter-1 Introduction

1.1 Introduction

Decisive quality of quantum dots (QDs) such as size, optoelectronic and chemical properties as
compared to bulk semiconductor material result in wide spectrum of applications in biological
systems especially when compared with organic dyes. In addition to this QDs should be water
soluble and should have less toxicity to use them for biological applications. For this purpose we
aimed to synthesize hydrophilic visible and near infra red (NIR) QDs using wet chemical
aqueous route. After synthesis, studies of structural, elemental and optical properties of QDs give
real insights. Based on results specifically optical chattels of these QDs, they can be used as
prepared or may need surface modification to overcome expected drawbacks if found such as
poor optical properties and toxicity towards biological cells. Therefore, this thesis work devoted
to improve optical properties along with stability and to eliminate toxic effects via certain
modification processes such as encapsulation with bio friendly agents. However, before all of
these studies the basic introduction to QDs, basic science behind QDs, types of QDs, synthesis
methods for QDs, applications of QDs, introduction to the problem and aims and objective of the

thesis are being presented in this chapter.
1.1.1 Quantum dots: small wonders

QDs are a kind of nanocrystals attracting a great deal of attention due to their confinement based
characteristics. In quantum dots electrons and holes are confined three dimensionally with in
Bohr exciton radius. The size of QDs is on nanometer scale and as of this tiny size of QDs they
comprise discrete electronic energy which results in special optical properties [1]. Key
characteristics of QDs such as size, optoelectronic properties as compared to bulk semiconductor
material result in wide application in biological system especially when compared with organic
dyes. These QDs have advantages over traditional organic dyes because of high quantum yield ,
narrow and tunable emission spectra, and photostability [2]. Due to all these properties QDs are
considered as potential candidates for labeling, tracking and as luminescent probe in biology [3,
4]. These QDs have narrow excitation and tunable emission spectra in wide range of
wavelengths, along with narrow Full width at half maximum value (FWHM) [5, 6]. By changing
elemental composition of QDs they can emit from the ultraviolet to the NIR region in a quite

easy mode. QDs have high fluorescence quantum yields. CdSe QDs have fluorescence intensity




Chapter-1 Introduction

about 20 times than that of rhodamine molecule. The intensity is about 100-10,000 times as
compare to standard organic dyes [7, 8]. On the basis of these features QDs tender new prospect
in the analysis field. This integrated property of nanomaterials with molecular biology results in
development of new research area of nanobiotechnology. Different applications of QDs in

biology are the major forerunner of nanotechnology [9].

Generally two major approaches could be used to synthesize QDs. One approach is
organometallic route and the one is aqueous route [10-12]. Quantum dots synthesized by
organometallic route are hydrophobic in nature and cannot be used directly for biological
applications. Thus to use these QDs for biological application they require post treatment with
some hydrophilic ligands [13]. This method of post treatment is time consuming, difficult and
QDs obtained by this method are often allied with several drawbacks like low quantum emission
efficiency and limited stability. However, the aqueous synthesis route for QDs is simpler, cost
effective and environment friendly. In earlier reports major drawback related to QDs synthesized
by aqueous method was their low luminescence intensity and poor properties. But this limitation
of these QDs could be improved by using different strategies like encapsulation by different
polymers and silanes [14]. On the basis of optical properties usable in different state of affairs,

we are going to discuss about visible and NIR QDs in this section.
1.1.2 Visible quantum dots

Bulk level of material has even physical properties inconsiderate of the size of material. But at
nanoscale theory is totally different. Properties of nanomaterials like optical properties changes
as size come close to nanoscale. QDs show emission from visible to NIR range. Visible QDs
show emission under excitation which is visible to human eyes. This emission wavelength of
QDs is not only reliant upon material but also upon size of QDs. Smaller size QDs emit close to
blue end while larger size QDs emit close to red end. QDs having emission in the visible region

have deprived tendency to transmit visible light through deep tissue in living animal.

Visible 11-VI group QDs like CdSe and CdSe/ZnS QDs have been deemed in
multipurpose photonic applications like optical fiber amplifiers, solar cells, LED because of their
brilliant and exceptional emission profiles. These visible QDs have also been utilized as optical

temperature probes as well as in the fields of medicine and biology [15]. In deep tissue imaging
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scattering and light absorption tendency of tissues like hemoglobin, proteins, and water reduces
the fluorescence signal. This hampers use of visible QDs in biological field [16]. But NIR
emitting QDs provides a clear window for animal tissues. Upcoming section provides detailed
advantages of NIR QDs.

1.1.3 Near infrared (NIR) quantum dots

Fluorescence is one of the most commanding and flexible tool for biological research. QDs are
of great interest in biomedical research for their many extreme features as compared to
conventional fluorophores. NIR light having wavelength longer than 650 nm and really escalate
the ability of fluorescence in biomedical applications [17, 18]. Organic dyes emitting in NIR
found on Alexa, Cyanine fluorophore sequence are available for mark tissues, cells systems in-
vivo [19]. These fluorescent dyes have some drawbacks such as low quantum yield, rapid
photodegradation, broad emission and narrow excitation etc. These drawbacks bound their
application in biological field. In comparison to these NIR organic dyes, fluorescent QDs as
innovative optical probes have fascinated wide interest in biology and chemistry area. Owing to
quantum confinement, these QDs boast numerous divergent optoelectronic characteristics as
compared to standard conventional flourophores like high photostability of QDs, and long
lifetime excited-state [20, 21].

NIR QDs have more important role in deep tissue detection in contrast to visible QDs
Even though NIR QDs have low quantum yield (QY) than visible QDs. But these NIR QDs after
surface modification become more fluorescent than other fluorophores like dyes with emission in
NIR [22]. These NIR emitting QDs can be utilized for in-vivo applications because this is the
range of spectrum for negligible absorption of blood and tissue, however still measurable by
instrument. Thus NIR QDs emit at 700-1000 nm avoid or minimize problem of endogenous

fluorescence of tissue. Here these are few advantages of NIR emitting QDs [23].

1. These NIR emitting QDs are able to absorb visible and near-infrared photons. This feature of

QDs helps in improvement of solar cells efficiency.

2. Emission of these QDs can be tuned completely for the telecommunications wavelength.
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3. These NIR QDs provide emission in biological diagnostic window (700 to 1100) where
scattering of light by tissues is negligible as compared with UV-visible emitting QDs. Thus due
to less absorption and minimal autofluorescence these QDs can be utilized for bio-imaging.

Figure 1.1 illustrates QDs showing size dependent narrow excitation and broad emission.

EXCITATION

QD705 QD620 QD580 QD530 QD470
£ Visible

QDs Emission(nm)

NIR

Figure 1.1: Size dependent narrow excitation and broad emission in QDs

1.1.4 Core-shell structures

Core-shell is a biphasic material which is prepared of an inner core and an outer shell
component. These particles show inimitable properties arising from the amalgamation of core
and shell material. These core-shells are designed in the mode so that the shell material can

meliorate the reactivity, thermal stability, or oxidative stability of the core material.
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Core-shell structures mostly being synthesized by solution methods. This solution
method entails two steps. First step is synthesis of core structure and second step is shell
formation. Gas-phase techniques of synthesis subsist and this generally involves chemical vapor
deposition (CVD) or pulsed laser deposition (PLD) [24]. Nevertheless, these methods also
engross multiple steps. In this method shell material is deposited on previously produced core
structure, and this also use substrates [25-27]. Mechanisms of development have been examined

for these techniques [28].

QDs have lots of ligand and atoms present on their surface owing to their very eminent
surface to volume ratio. These kinds of surface states possibly affect structural and optical
behavior of QDs. In literature there are several studies on effect of surface states on optical
properties specifically. Optical properties of QDs could be improved by modification of surface
of QDs. Surface defects like dangling bonds are the surface related trap states and these cause
nonradiative recombination and finally result in new emission band. The outstanding potential
behind the formation of core-shell structure was to improve the surface properties of QDs. This
surface modification of QDs leads to enhancement in excitonic emission because this leads to
blocking of nonradiative e-h pair recombination at traps. These surface modifications also
improve the photostability of QDs.

The type of property we require after shell formation totally depend upon the kind of
material we selected for shell formation. Here we are discussing two categories of core-shell
structures based on alignment of valence band with conduction band [29]. In type-1 core-shell
structure a given semiconductor material is coated with another kind of semiconductor material
and band gap of this coated materials is larger than core material. In type-1 both charge carrier
electron-hole pair are confined to core. By formation of type-l core-shell structure we can
improve the fluorescence efficiency and prevent the core material by degradation. In type-I1I
core-shell structure electrons and holes are located in core material and shell material
respectively. Figure 1.2 represents schematic representation of type-l1 and type-Il core-shell

structures.
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Figure 1.2: Schematic illustration of (a) type-I and (b) type Il core-shell structures
1.2 Basics of quantum dots
1.2.1 The exciton

An exciton is bound position in which an electron and a hole are bound together by electrostatic
forces. An exciton is formed when a photon incident on a semiconductor, electron get excited
and reach the conduction band, this leaves behind a hole in the valence band (Figure 1.3).
Electron and hole form a bound state having some less energy than the unbound electron and
hole. This bound state is called an “exciton”. Effective exciton Bohr radius ag is the distance
between electron and hole pair. If the size of semiconductor QDs is smaller than its Bohr exciton
radius evidently confinement effect gets started. Ultimately this confinement effect results in size
reliant optical properties of QDs. Electronic parameters of quantum dots used in this thesis have

been given in table 1.1.
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Table 1.1: Electronic parameters of quantum dots

Material Name Band gap [Eq (eV)] Bohr exciton radius (nm)

CdSe 1.74 5.4
CdTe 1.54 6.8
ZnS 3.54 2.8
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Figure 1.3: Formation of exciton (bound hole-electron pair)
1.2.2 Quantum confinement effect

Quantum confinement is the most admired effect in the nanotechnology. This occurs because of
alteration in the atomic structure which directly influences the energy band structure. As the
particle sizes of semiconductor is near to or lower than the bulk semiconductor Bohr exciton
radius at that time quantization effects become significant. This confinement effect makes
material properties size dependent. Figure 1.4 presents schematic representation of quantum

confinement and electronic energy states in bulk semiconductors, quantum dots, and molecules.
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Figure 1.4: Schematic representation of quantum confinement and electronic energy states in bulk semiconductors,

guantum dots, and molecules

Bohr radius for a particle is described as
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Where ¢ is bulk optical dielectric coefficient, ¢y is permittivity in the vacuum, e is elementary

charge and m/*can calculate as
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Where me*and my*are electron and hole effective masses.
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In small QDs confinement effect originate due to spatial confinement of electrons in the
crystallite boundary. Unique optical properties of QDs arise due to quantum confinement effect
[30]. Band gap of quantum dots changes with size and this totally depends upon the confinement
regime. Confinement regime is how the size of the quantum dot in comparison with the exciton

Bohr radius.

If radius of quantum dot is on identical order of magnitude like exciton Bohr radius, then
it is in the “weak confinement regime. Quantum dot is said to be in the “strong confinement
regime”, when it is smaller than the exciton Bohr radius. So it could be said that the inimitable
characteristics of quantum dots are due to size regime in which they subsist. These QDs form the
continuous valence and conduction bands separated by a forbidden zone in contrast with bulk

semiconductor [31].

The confinement of exciton in very smaller space leads to quantized, discrete energy
levels in QDs. In case of bigger quantum dots band gap is smaller and continuous its electronic
structure is. On the basis of quantum confinement along different dimensions we can divide
quantum confined structure into three types quantum well, quantum wire and quantum dots. In
QDs, confinement of charge carrier takes place in all the three proportions and the electrons

shows a discrete atomic-like energy spectrum (Figure 1.5).

Formation of quantum wires occurs when motion of charge carrier is confined in two
dimensions. In quantum wells movement of charge carriers is confined in single plane and
movement of these carriers is free in two-dimensions. Density of electronic states is high near to
conduction and valence bands edges compared with bulk semiconductors and thus a high
concentration of carriers participate in band-edge emission [32]. This concludes that more
discrete energy levels arise on the confinement of dimensions. When the size of QDs is larger
than it absorb photon of less energy that is closer to red end and as the size of QDs decreases
they absorb photon of high energy that is towards blue end. This clarifies how the quantum

confinement effect affects the optical properties of QDs.
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Figure 1.5: A schematic of the degree of confinement for quantum well, quantum wire and quantum dot with

Quantum Dots (QD) 0-D

comparison to bulk

1.2.3 Fluorescence in QDs

Fluorescence is the emission of light by semiconductors on absorption of light. It is a mode
of luminescence. In the majority of the cases, wavelength of emitted light is high as compared to
absorption light consequently of lower energy. Excellent optical properties of QDs like broad
absorption spectra, narrow or size-tunable emission, high quantum yields and high resistance to
photo bleaching make these QDs beneficial over conventional fluorophores for biosensing
purposes. These size tunable optical properties of QDs take place due the quantum confinement
effect [33]. As the size of QDs decrease band energy gets increased and this results in blue shift
in absorption and emission edge. As a result, different sized QDs of same composition can show
fluorescence at different wavelengths. Thus it is feasible to alter optical properties from visible to
NIR range based upon size. This brilliant optoelectronic feature of QDs makes them useful in

highly sensitive bioanalytical assays [3].
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Literature survey revealed that colloidal QDs like ZnS, CdTe, CdSe, lead based PbS and
PbSe, InAs covers whole range starting from UV to Infrared. Due to broad absorption spectra
these QDs emanate a variety of colors e so these QD have great prospective in molecular
imaging. As compare to dyes these QDs are highly stable, photoresistant, less photodegradation

and better brightness. QDs are greatly brilliant probes in NIR region above 700 nm.

Fluorescent NIR QDs having emission in range 1000-1400 nm are valuable for non-
invasive deep-tissue imaging of breast tumor, blood vessels of living mice [34-37]. These NIR
QDs act as fluorescent probes to evaluate pathological state of cerebral blood vessels [38]. As we
have discussed above quantum dots must emit approximately in NIR range to minimize the
problem of tissue endogenous fluorescence. But the major drawback related to these fluorescent
QDs is their toxicity and instability and it is tremendously essential to passivate surface of these

QDs to make them nontoxic [39].
1.2.4 Defect states in QDs

Defect states of QDs are major root that affects the performance of QDs [40]. In semiconductors
defects are introduced due to vacancies created by zinc and sulfur in ZnS, Cd and Se in CdSe
etc., impurities, interstitial site defects and dangling bonds present on surface of QDs. These
defects originate the energy states within the QDs band gap. These trap states capture charge
carriers from electronic states and diminish the mobility of charge carriers across QDs. Non-
radiative recombination of photogenerated charge carriers at trap states results in quenching of

photoluminescence of QDs [41].

In literature trap emission was also observed in thiol stabilized QDs because of hole
scavenging property or hole acceptor property of thiol functionality or sulfide ions and these
studies were focused on fluorescence intensity. Trapping of the charge carriers at a defect or
surface state (trap states) is a quicker process, which can powerfully contend with radiative
recombination and results in quenching of exciton emission [42]. Schematic representation of
band edge emission and defect emission is presented in Figure 1.6. These defects originated
energy states if lies close to band edge either conduction band or valence band then are called as

shallow traps. If energy states lies close to middle of band gap then are named as deep traps.

12
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Figure 1.6: Schematic representation of band edge emission and defect emission

1.3 Surface modifications of quantum dots for improved luminescence and

viability
1.3.1 Toxicity of QDs

Fluorescent QDs like CdSe, CdTe, PbSe and PbS are made up of toxic cadmium or lead
components. Toxicity of QDs is previously reported to get affected by size of QDs and charge of
QDs. Concentration of QDs and coating layer of QDs with some other factors like oxidation and
stability have been reported as contributing factors which affect toxicity. [43]. Few research
groups reported high toxicity of CdSe QDs toward cultured cells under prolonged UV
illumination. They find out that uncoated CdSe QDs were toxic due to liberation of Cd®* [44].
This toxicity of QDs is because of lysis of semiconductor particles on UV irradiation. Cadmium
and lead ions leached out from the QDs are harmful to cells [45]. Thus coating of these QDs by
biocompatible layer is direct way to make them biologically inert and nontoxic. Materials for
coating of QDs ought to be nontoxic like some organic molecules and polymers (e.g., PEG).
These nontoxic materials may be inorganic layers of ZnS and silica [46-48]. Literature survey
exposed that mercaptopropionic acid, mercaptoacetic acid, 2-aminoethanethiol and 11-
mercaptoundecanoic encapsulated QDs are more toxic than silica coated QDs. Surface coating of

QDs affects the uptake extent and in turn inclined the intracellular cytotoxicity [49]. Use of these
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polymer and silica encapsulated QDs in several biomedical detection and imaging applications
do not show evidence of toxic effects [50, 51]. Thus to reduce toxicity of QDs their surface

passivation is best strategy.
1.3.2 Need for functionalization (solubilization) of QDs

In order to use these fluorescent QDs for biological studies it is necessary that these QDs should
be safe, water-soluble and biocompatible. Mostly the QDs are synthesized by organometallic
route using organic solvent at high temperature. These QDs synthesized by organometallic route
require surface modification to become water soluble. This method is problematic and having
several drawbacks. So to avoid this post treatment method it is better to synthesize QDs directly
in aqueous route. But literature survey revealed that QDs synthesized by aqueous route posses
low luminescence intensity and poor optical properties. Surface passivation of these small QDs
by appropriate materials makes them biocompatible along with improved optical properties.
Thus surface modification is essential for QDs to utilize them in various biological applications.
Here next section important strategies for QDs surface modification for bio related applications
are being presented: (1) Silanization of QDs by forming layer of silica on QDs surface (2)
Ligand exchange and (3) Amphiphilic polymer encapsulation [52-54]. Figure 1.7 shows graphic

depiction of surface functionalization of QDs.
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Figure 1.7: Schematic representation of surface functionalization of QDs
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1.3.3 Strategies for QDs surface modification
1.3.3.1 Silanization

Covering of QDs surface by silica layer is most preferred approach to make these QDs
biocompatible and nontoxic for latent cancer diagnostics and therapeutic allied biomedical
applications [55, 56]. This strategy of surface covering is also called surface silanization [57]. In
this approach cross linking of trimethoxysilane groups occurs by the arrangement of siloxane
bonds. Most regularly employed silanes are polyethylene glycol (PEG)-silane, phosphosilanes
and aminopropylsilanes (APS) [58, 59]. These silica encapsulated QDs are very stable as the
silica shells be vastly cross-linked. Silanization is favored because of its less toxicity in
comparison with other ligands [60, 61]. The majority of information of silica coated process is

limited up to the cytotoxicity assessment [62-64].

Numerals of information regarding silica coated nanoparticles have been dedicated to
silica coating by aqueous synthesis method [65, 66]. Silica encapsulated systems are also very
useful for biosensing and electronic applications. Silica shell formations on core QDs provide
good biocompatibility by confiscating the toxic effect of the precursor [67]. Encapsulation of
silica on core QDs can be done by two established method one is known as “Stober” approach.
In this method QDs by replacing the native ligands with 3-mercaptopropyltrimethoxysilane
(MPS) or 3-aminopropyltrimethoxysilane (APS) are relocated in polar solvents (a mixture of
water and ethanol). As prepared QDs possess broad size distribution along with nucleation sites
for the nucleation, a good dispersion of QDs into water, and increased quantum yield [68].The
second approach is the reverse microemulsion and this approach is able to overcoat hydrophobic
QDs directly with a silica layer. This results in enhancement in mechanical stability and photo
stability of QDs and prevents them from oxidation [69]. Previously Murase et. Al. synthesizes

luminescent CdTe — silica particles by this method [70, 71].
1.3.3.2 Ligand exchange

Ligand exchange approach is applied when a semiconductor nanocrystal is synthesized in
solution. Hydrophobic ligands like TOPO make QDs hydrophobic and insoluble in polar solvent.

These kinds of nanocrystals are only soluble in non polar solvent. So ligand exchange is an
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approach that is developed to address such kind of solubility issue. In ligand exchange method
ligands present on QDs surface can be replaced with the ligand of choice. This method mostly
involve the functional groups which has high affinity with surface of quantum dots like sulfur
and phosphorous. Mostly those functional groups are preferred which have property of interest.
Thiol groups are generally preferred due to their high affinity with QDs surface [72]. Previously
Puzder et al studied interaction of CdSe QDs surface with phoshphine oxide, phosphine acid and
confirmed that interaction was between oxygen atom of ligand and cadmium atom of CdSe QDs
[73]. Literature survey also revealed that ligands were helpful in achieving enhanced property of
CdSe QDs. More efforts have now concentrated on surface modification of QDs with ligands

that incorporate high degree of functionality for biological application.
1.3.3.3 Polymer coating of QDs

Coatings of QDs by polymeric material are unique best methods to promote QDs stability and reduce
toxicity. Most of the polymers are biocompatible and are mainly used to sustain long-term colloidal
stability of solution dispersed QDs. This polymer coating also results in some additional functional
groups on QDs surface which further used in chemical derivatization of the QDs. Polymer coating of
QDs is necessary to make them stable; water soluble and biocompatible. This strategy involves
hydrophobic —hydrophobic interaction. Here hydrophobic part of QDs surface ligand interacts
with hydrophobic ligand of amphiphillic polymer and phospholipid. During polymerization
process the reaction takes place between QDs and polymer makes QDs stable. Different kinds of
polymeric material were employed in literature to modify QDs such as imidazole modified linear
PEG, PAL (poly allyl amine), hyperbranched polyethylene imine (PEI). Chitosan a hydrophilic,
nontoxic, biocompatible natural polymer has also been used for coating. The capping method of
polymer on QDs generate more compact polymer QD hybrid. With better biocompatibility and
lower toxicity polymer is one of the best coating material that make QDs water soluble and

provide them biocompatible functionality [74].
1.3.4 Bio-conjugation

To facilitate QDs for biological application it is necessary to link these QDs with some bio-
molecules like avidin, peptides, proteins and antibodies. These bio-molecules should be attached

to QD’s surface without any damage to properties of molecules. Most common method for bio-
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conjugation is by mean of cross-linker. Primary amine present on bio-molecule can be linked
with  —COOH group present on encapsulating layer of QDs wusing 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) [75] and 4-(N-maleimidomethyl)-
cyclohexanecarboxylicacid N-hydroxysuccinimide ester (SMCC) [76]. CdSe, ZnS, CdS and
CdTe semiconductor nanocrystal capped by group like mercaptoethanol, mercaptopropionic acid
and cysteine residue etc mostly bear —SH contains sulfhydryl. Thus these QDs can be bind to
bio-molecules bearing same group [77, 78]. Bio-molecule oligonucleotide gets adsorbed on
water soluble QDs. Adsorption depends upon temperature, pH and ionic strength. With broad
range of bio-conjugation methods available now it’s possible to conjugate nanoparticles with
nucleic acid, peptides, carbohydrates, proteins and lipids [79-81]. Thus these bio-conjugated

QDs now can be used as fluorescence markers to label structure and molecules in cell.
1.4 Quantum dots synthesis methods

These days to synthesize nanoparticles with great diversity which are made of different materials
and are also different in their shape, size and elemental composition is promising. It’s also
possible to synthesize nanoparticles which have different physical or chemical properties.
Synthesis of QDs is possible in solvents like aqueous and non-aqueous solvents. Amphiphilic
QDs show dispersion in both kinds of solvents. In general, surfactants which attach to surface of
QDs were involved in their synthesis. Surfactant stabilizes nuclei and nanoparticles against
agglomeration by a repulsive force. Surfactants are helpful in controlling QDs growth by
controlling rate of reaction, final size or geometric shape. Nanoparticle’s growth mechanism
determines size and shape distribution of nanoparticles. Knowledge of growth mechanism gives
opportunity to keep control on preparation of required nanoparticles [82]. Growth mechanism is
complex and depends on many factors like temperature, viscosity, pH and concentration of
medium etc.)[83]. Conditions determined for QDs growth are changed in accordance with
method of preparation [84]. The synthesis of QDs can be achieved mainly by two well known
approaches (i) top-down approach and (ii) bottom-up approach using different techniques
(Figure 1.8). Both the approaches are beneficial or required depends on diverse targeted

outcomes.
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Figure 1.8: Synthesis approaches and methods for QDs

1.4.1 Top-down approaches

As the name suggests top-down approach involves thinning of bulk material or macroscopic

initial structure into small QDs. Different kind of lithographic techniques are commonly used to

attain QDs of diameter ~30 nm. Some drawbacks are incorporation of impurities into the QDs

and structural imperfections.

In this process, quantum dots of size ~ 30 nm are to be formed from bulk semiconductor

materials with the help of electron beam lithography, focused ion or laser beams, reactive-ion or

wet chemical etching techniques. To obtain quantum dots of specific packing geometries with

particular shapes and sizes a series of experiments on quantum confinement effect are required

however, these fabrication processes suffers from structural defects and incorporation of various

impurities during its long synthetic pathways.

18

——
| S—



Chapter-1 Introduction

1.4.1.1 Electron beam lithography

In electron beam lithography (EBL) technique scanning of focused beam of electrons is carried
out to draw designed shapes on a surface which is covered by an electron sensitive film named as
resist. Resist material is made of a polymeric compound. Resist of long chain polymer with high
molecular weight (~105 units) is referred as negative tone while small chain polymeric resist are

described as positive tone.

Exposure of negative resist to electron beam promotes polymerization of the chain
length however chain length reduction takes place in case of positive resist. The electron beam
exposure alters the solubility of the resist. This permits the particular elimination of either the
bare or enclosed regions of the resist by plunge it in a solvent. This process is developing

process.

The purpose of this whole process is to produce very tiny structures in the resist that can
afterward be transferred to substrate material by etching. Electron beam sources are hot
lanthanum hexaboride for lower-resolution systems while higher-resolution instrument use field
electron emission sources like heated W/ZrOz2 for lower energy spread and improved brightness.
Main benefit of electron-beam lithography is that it proffers a great degree of flexibility in
nanostructured systems (QDs, wires or rings). EBL technique is expensive, complicated as

compare to other methods.
1.4.1.2 Etching

Etching is a technique which plays significant role in processes like nanofabrication. In case of
dry etching, reactive gas is introduced into an etching chamber. Radio frequency voltage is

applied to produce plasma, this lysis of gas molecules to reactive trash.

High kinetic energy fragmented species hit surface and leads to formation of a volatile reaction
product. When ions are energetic species, this method is termed reactive ion etching (RIE) [85].
This has also been used for production of close-packed arrays for testing of lasing in QDs [86].

Etching technique has some limitations like some of gases are toxic and corrosive.
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1.4.1.3 Focused ion beam

In FIB beam from molten metal source (e.g., Ga, Au/Si/Be, or Pd/As/B) is employed to sputter
semiconductor substrate. Size and shape of QDs depends upon size of ion beam. FIB technique
is used for material deposition from a precursor gas. But this is a sluggish process requires
exclusive equipment and cause damage of surface. Previously I11-V and 1I-VI QDs with particle
sizes 30 nm has been synthesized by this approach [87]. The disadvantage of FIB technique is

that it leads to extensive damage of substrate.
1.4.2 Bottom-up approach

Bottom up approach as the name suggest is the approach starts from bottom (smaller) and reach
to top (up). In this approach material components at atomic level by self assembly lead to
formation of nanostructure. To synthesize QDs by this a numeral of diverse self-assembly
techniques have been used. We are going to discuss some synthesis methods which come under

bottom up approach.
1.4.2.1 Wet-chemical approaches

This method involves synthesis of nanomaterials from polar and nonpolar solvents. It is a kind of
conventional precipitation method and nucleation and growth steps are involved in this method.
QDs of desired shape, composition and size can be achieved by varying the synthesis parameter
like temperature, Ph etc. Nucleation possibly will be classified as homogeneous nucleation,
heterogeneous nucleation or secondary nucleation [88]. As solute atoms unite and achieve a
decisive size without the help of pre-existing solid line that kind of nucleation referred as
homogeneous nucleation. The size, shape and composition of the QDs synthesized by wet
chemical method can be varied by varying reaction parameters like temperature, stabilizers,
precursor’s concentration and solvent. Some common wet chemical methods are briefly

discussed below.
1.4.2.2 Sol-Gel process

Sol-gel technique has been utilized to produce nanomaterials include QDs since long time.

Synthesis of oxide nanoparticles is well reported by this method. In this method preparation of
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sol (dispersion of nanoparticles in solvent by Brownian motion) was carried out by using metal
as a precursor (usually acetates, nitrates and alkoxides) in acidic and basic media. Main leading
step involved in sol-gel method are hydrolysis, condensation and growth. First step is hydrolysis
of metal precursor pursue with condensation to form sol and with growth polymerization process
to form gel. Low processing temperature, adaptability, and elastic rheology permit simple

shaping and embedding. These are main advantages of sol-gel techniques.

Both organic and inorganic kind of materials can be used in this method. Wide size
distribution and large number of defects are the main disadvantage of this synthesis technique.
Previously 11-VI, IV-VI QDs like CdS [89], ZnO [90-93], PbS [94] have been synthesized by sol
gel method. As compared to our wet chemical aqueous route this method have drawback like

long processing time, high cost of starting materials, complex procedure etc.
1.4.2.3 Microemulsion method

Room temperature synthesis of QDs can be carried out by Microemulsion method. Normal
microemulsion (oil-in-water) and reverse microemulsion (water-in-oil) are types of this method.
As an alternative of water other polar solvents can be used in this method. The reverse micelle
process is popular and can be attained with help of surfactants, like cetyl trimethyl-ammonium
bromide (CTAB) and sodium dodecyl sulphate (SDS) to disperse water droplets in n-alkane.
Because of the presence of surfactant many minute droplets named as micelles get created in
continuous oil medium. Micelles are stable thermodynamically and work as ‘nanoreactors’.
Vigorous mixing leads to a constant reactant exchange because of dynamic collisions. Major
advantage of this method is narrow distribution of size of QDs while low yield, amalgamation of

impurities or defects is main disadvantages.

QDs like CdS [95], CdS:Mn/zZnS [96-99], ZnS/CdSe [100], CdSe/zZnSe [101], ZnSe
[102] and IV-VI QDs have been prepared by this approach [103]. Microemulsion methods have
some limitations over wet chemical aqueous route like high concentrations of surfactant required
to stabilize droplet of microemulsion. Environmental parameters like pH and temperature

influence stability of microemulsion.
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1.4.2.4 Hot-solution decomposition process

Hot solution decomposition process involves synthesis of QDs by high temperature pyrolysis of
organometallic compounds and this method was first discussed by Bawendi and co-workers in
1993. Procedure involve mixing of starting materials like alkyl, acetatecarbonate, oxides
[104,105] of Group Il with Group VI elements like phosphene or bis(trimethyl-silyl). Initially
coordinating solvent like tri-octyl-phospine oxide (TOPQ) at ~ 300 ° C temperatures degassed

and dried under vacuum in a three-necked round flask.

After that Cd-precursor and tri-n-octyl-phospine selenide is injected with stirring at that
temperature, which results in homogeneous nucleation for the formation of quantum dots, with
the successive growth through ‘Ostwald ripening’. Stabilization of quantum dot dispersion by
coordinating TOPO solvent (purity ~90%) helps in improvement of passivation of the surface,
and hand over an adsorption hurdle to slow growth of QDs. Thus purity of coordinating solvent
also play role in controlling size and shape. Sufficient thermal energy provided by this method
anneals defects and results in mono dispersed QDs. Limitation of this method is its higher cost,
high temperature, poor dispersions in water and toxic nature of some of the organometallic
precursors. This technique earlier extensively used to produce I11-V1 [106-108], IV-V1 [109] and
111-V QDs [110].

1.4.3 Other synthesis method
1.4.3.1 Hydrothermal synthesis

Hydrothermal synthesis method of QDs involves temperature and pressure controlled aqueous
solution crystallization of inorganic salts. As the temperature, pressure is decreased inorganic
compounds solubility usually reduces leading to crystalline precipitates. By this method QDs of
dissimilar shapes and sizes be able to be attained by changing reactants, reaction time, pressure
and temperature. CdTe/CdSe quantum dots having luminescence in near-IR region (from 620 to
740 nm) have been prepared by this method. The high-quality quantum dots synthesized by
hydrothermal method can be found in CdTe [111-113], CdTe/CdS core/shell [114], CdTe/CdSe
core-shell [115], and CdTeS alloyed [116] systems. This synthesis method requires high cost
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autoclave and observation of growing crystal is impossible during growth period while aqueous

route involves simple beaker chemistry.
1.4.3.2 Organometallic route

Organometallic route is one of the simple synthesis route for the making high-quality nearly
monodisperse QDs. In this route hot coordinating solvent TOPO (tri-n-octylphospine oxide)
trioctylphosphine (TOP) or hexadecylamine (HDA) ~300°C injected with organometallic
reagents like volatile metal alkyl (dimethylcadmium) or metallic oxide (e.g. CdO) and a
chalcogen source say tri-noctylphospine selenide (TOPSe). This process is followed by

homogeneous nucleation and growth to form QDs.

Growth of QDs through Ostwald ripening and in Ostwald ripening smaller QDs
disappears forming larger QDs because larger QDs are thermodynamically favored. QDs
synthesized through organometallic route are hydrophobic but these QDs posses 20-60%
quantum yields (QY) in contrast to QDs produced by aqueous route whose yield is below 30 %.
Size of QDs is dependent on reaction time and temperature [117-119]. Most complex and

tiresome steps are involved for production of high-quality QDs by organic solution route.

To make complex of hydrophobic capping agents with precursor require high
temperature (~300°C) to liquefy the hydrophobic capping agents. Biocompatibility and
environment friendly nature of the QDs synthesized by this route is negligible. Thus post
treatment of QDs synthesized by organometallic route is must to make them soluble in water and

to make them biocompatible (Figure 1.9).

As these water soluble QDs can be used for many applications. These QDs are highly
active because of their high surface to volume ratio. This high reactivity of these QDs affects
their optical, physical and chemical properties. So surface of QDs should be passivated with
different materials having inert chemical properties [120]. To avoid all these steps the most
suitable method to synthesize hydrophilic QDs is to synthesize QDs directly in aqueous route

and next section is presenting the same in an elaborative way.
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Figure 1.9: Synthesis steps to make QDs structures applicable in biology
1.4.3.3 Aqueous route

QDs synthesize by aqueous route have brilliant biocompatibility, stability (generally more than 2
months) [121-123]. As compare with other synthesis methods QDs synthesized by aqueous
route are mostly favored because of their superior reproducibility, cost effectiveness, non toxic
and environment friendly nature [124]. Precursors which are easily dissolving in water are used
these mostly includes heavy metals nitrates, chlorides and acetates. Chalcogen precursors like
NaHSe, Na,SeO; can be freshly synthesized prior to using in reaction procedure [125-127]. Most
of these chalcogenide sources are unstable so synthesis could be carried out in inert environment.
But Na,SeOs is air-stable and reactions involving this can be performed in air. Capping agent is
required in this route to stabilizing size of QDs and capping agent which contains sulfhydryl and
carboxyl functional groups are mostly preferred. Thioglycolic acid (TGA) [128],
mercaptosucinnic acid (MSA), mercaptopropionic acid (MPA), glutathione (GSH) [129], and L-

Cysteine (Cys) are the most commonly used capping agents in aqueous route. [130] Sulfhydryl
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group of these capping agents coordinate to QDs, whereas the carboxyl group stabilizes colloidal

QDs and also be essential for further surface modification for various applications.

The QDs synthesized in aqueous route are compatible with water and due to
biocompatibility these are mainly the centre of attraction for biological applications. As
compared to the organic-based synthesis QDs synthesized by aqueous route are less expensive,
less toxic and environmental friendly. But regrettably QDs prepared by aqueous route has quite
low quantum vyield and large size distribution in contrast with QDs synthesized by organic
approach. Some different kind of extra post-synthesis treatments like surface modifications,
selective photochemical etching can be further use to improve quality of QDs. Here these are few
reports about aqueous synthesis of QD in CdSe [131], CdTe [132,133], CdTe/CdS [134],
CdTe/ZnTe [135], CdTe/CdSe [136], ZnS [137], ZnSe and Znl xCdxSe alloyed [138], and
ZnSe(S) alloyed [139] by aqueous route.

1.5 Literature review

1.5.1 CdSe and their core-shell structures

Chuanxin Zhai et al in 2011 reported about biocompatible CdSe, CdSe/CdS core—shell QDs
synthesis process. This synthesis was carried out by cost-effective and atmosphere friendly
polyol method. Poly (acrylic acid) (PAA) was used as capping ligand and synthesis was carried
out at 240°C. PL studies confirmed that peak appeared around 650 nm was due to defect
emission was completely removed after formation of CdS layer on CdSe QDs. This enhanced
fluorescent quantum yields of band to band emission up to 30%. In addition, the emission peak
got tuned from 530 nm to 630 nm for CdSe/CdS. This small size, water soluble QDs with high-
quality monodispersity and intense PL emission illustrate elevated attainment as fluorescent cell
labels in vitro. MTT assay (3-(4, 5-dimethylthiazol)-2-diphenyltertrazolium bromide) was used
to carry out viability testing of QDs-labeled 293T cells. Obtained results show adequate (>80%)
biocompatibility [140].

Prashant K Sharma et al in 2010 synthesized CdSe QDs using cytosine as capping agent
and found a size reliant blue shifted absorption with superior luminescence. This improved

luminescence was attributed to surfactant arbitrated passivation of defects. On the basis of these
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results authors were expecting improved bio-compatibility of prepared material QDs for bio-
imaging applications. This cytosine capped CdSe QDs may be one of wanted ingredient for

imaging in bio and bio-sensors following the bioconjugation of the nanocrystals [141].

Markus Garbolle et al in 2008 explored the relationship between the ZnS shell thickness,
QDs stability and fluorescence quantum yield. For measurement of stability they have developed
a shell quality test. It was observed that ZnS shell qualitatively control optical properties,
stability of CdSe QDs. This research group develops a thiophenol test to evaluate shell quality.
To perform this test reaction of CdSe core was carried out with thiophenol radicals produced on
exciting thiophenol. Upon UV illumination unshelled CdSe undergoes a total loss of

luminescence as compared to shelled CdSe [142].

Viet ha Chu et al (2012) studied optical properties of aqueous soluble CdSe/CdS QDs
prepared by using sodium citrate as surfactant through aqueous route. These monodispersed QDs
were having strapping luminescent emission intensity. It was concluded that emission peak
position of QDs can easily be tunable for a wide range from 555 nm to 615 nm by altering
synthesis conditions. PL results clarify that intensity of emission peak was strongest at pH 8 to
8.5. The CdSe/CdS QDs include high photostability and this was nearly unchanged later than

several months [143].

S. Mathew et al (2014) described the synthesis of CdSe/ZnS QDs by microemulsion
technique. On excitation of 532 nm new emission band appear around 745 nm. This means that
there is creation of deep trap in CdSe QDs. In this paper it is clearly explained that surface
coating affects optical behavior of QDs in regard of size. From fluorescence studies it was
confirmed that as there was increase in shell thickness of ZnS there was increase in trap state.

This trap states enhancement indicates distortion in the spherical symmetry of CdSe QDs [144].

Karan Surana et al 2014 reported room temperature and above 200°C synthesis of CdSe
QDs by wet-chemical method by using much safer 2-Mercaptoethanol. The prepared CdSe QDs
with 2-mercptoethanol were moderately steady for 60 days. After 60 days their color dawn to

vary gradually towards red, this change in color happens because of Ostwald ripening [145].
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Barik Puspendu and coworkers in 2015 reported synthesis of CdSe and CdSe/ZnS QDs
using chemical route. ZnS shell was synthesized using non toxic chemicals and these obtained
QDs were found to be non toxic, very stable and bright. Due to non toxic chemical usage for
shell formation these kinds of QDs can be used for biological applications without further
coating. Coating with shell material was explained on the basis of red shift along with

improvement in the PL peak contrast to bare QDs [146].

Samsulida Abd Rahman et al (2017) synthesized thiol capped core-shell QDs and they
further use them for glucose detection in aqueous sample. Detection principle of glucose was
depending upon quenching of fluorescence signal in presence of glucose. They found that in
presence of 0.1 mM glucose fluorescence intensity of bioconjugated QDs quenched about 1200
a.u. Thus it was concluded that quenching of fluorescence intensity was proportional to glucose
concentration. Such synthesized QDs are accurate and can be applied as fluorescence nanosensor

for detection of glucose [147].

Rekha Dunpall et al (2012) studied cytotoxic effect of cysteine-capped CdSe QDs
produced by one-pot solution method. Synthesis of these CdSe QDs was done by varying
concentration of the capping agent. After this how CdSe QDs affect DNA stability, blood
platelets aggregation and reduce action of iron was estimated in-vitro. At 200 ug/mL
concentration of QDs DNA damage was seen. In addition, these CdSe nanocrystals posses great
reducing power and chelating activity. This concludes that they may injure the activity of
haemoglobin by interact with iron. Moreover CdSe QDs prop up blood platelets aggregation of

in a dose reliant manner [148].
1.5.2 ZnS based quantum dots

Hua Qu et al (2014) described the production of silica-coated ZnS quantum dots (ZnS/SiO, QDs)
by environmentally friendly method. The prepared ZnS cores were oil soluble and have been
productively transfer to water soluble form by the coating of SiO, shells. The QDs show
gratifying dispersion and optical studies confirm good luminescent characteristics in water.
These prepared ZnS/SiO, QDs were used for detection of heavy metal ions without addition of

buffer solution. The luminescence property of these QDs was very sensitive to Pb?* ions. This
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study confirms that ZnS/SiO, QDs have immense potentials to be a sensor for Pb?* analysis at

low to high concentrations [149].

Bhaskarjyoti Boddo et al (2016) reported that ZnS QDs have been synthesized via
chemical bath deposition (CBD) method. TEM images showed the formation of spherical ZnS
QDs with the diameter as measured 6.5 nm. According to UV-visible spectra analyses, a large
blue shift is observed and this can be accredited to quantum confinement effect in the ZnS QDs.
PL spectra measurement indicated the dominant emission bands at 438 nm and 521 nm and are
recognized with optical transitions occurs from vacancy and interstitial sites of both Zn and S
atoms. Researchers successfully synthesized ZnS QDs using simple CBD method. This method
for preparation of light emitting structure is very economical and simple and can be employed on
a large scale. X-ray diffraction pattern monitored the structure of ZnS QDs as the zinc-blende
structure [150].

Bhaskarjyoti Boddo et al (2012) reported room temperature synthesis of ZnS
nanoparticles by co-precipitation method. Prepared material was then characterized for XRD (X-
ray Diffraction), TEM, UV-Visible and PL (Photoluminescence) analyses. It was confirmed from
XRD that sample prepared were the cubic Zinc blende structure with particle’s size in the ranges
5 nm - 12 nm. The TEM analysis revealed the formation of ZnS nanoparticles with almost
uniform shape and size. PL measurement showed Zn as well as sulfur vacancy resulting as some
crystal defects. In PL analysis, three strong and broad emission bands located at 365 nm, 400 nm
and 425 nm have been observed. Peak centered at 365 nm was due to the UV-excitonic emission

and other peaks were credited to the sulfur and Zn vacancies [151].

Ranganayak Viswanath et al (2014) reported ZnS and ZnS:Y nanoparticles synthesized
by chemical coprecipitation method. EDTA was used as a stabilizing agent. It was concluded
from XRD analysis that prepared material was crystalline. UV Visible absorption spectra showed
a strong absorption peak at around 322 nm (3.85 eV) for pure ZnS and 332 nm (3.73 eV) for
ZnS:Y, which are considerably blue-shifted compared to that of bulk phase ZnS (3.6 eV). This
absorption shift indicated quantum confinement effect, representing a change in band gap along
with additional features. The doping of Y** ions has tuned the band gap and photoluminescent

properties of ZnS nanocrystallites. Undoped ZnS exhibits an emission maximum at 408 and 432
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nm, whereas on doping orange emission band was observed along with the blue emission bands
at room temperature. The prepared ZnS:Y>* sample shows efficient emission of orange light with
the peak emission 601 nm with the blue emission suppressed. A strong emission in the orange
part of the visible spectrum was possible by doping the yttrium ions with zinc sulphide. The
photoluminescence studies illustrated that the doping of Y3' ions modifies the emission

properties of nanocrystalline ZnS with increase in Y** ions concentration [152].

This research paper (Ashutosh K Shahi et al) describes synthesis of ZnS nanoparticles by
less harmful chemicals by varying the concentration of cationic surfactant CTAB. XRD and
TEM measurements show the size of polydispersed ZnS nanoparticles in the range of 2-5 nm
with cubic phase structure. The photoluminescence spectrum of ZnS nanoparticles exhibits four
fluorescence emission peaks centered at 387 nm, 412 nm, 489 nm and 528 nm showing the
application potential for the optical device. PL studies show all electronic transitions from ZnS
nanoparticles occur due to surface vacancies and defect states because of large surface to volume
ratio. In Raman spectra all the peaks were appeared due to surface optical phonon mode. In
Raman spectra of ZnS nanoparticles, the modes around 320, 615 and 700 cm* are observed
[153].

1.5.3 CdTe Quantum Dots

Mengying Li et al in 2008 developed the efficient and simple route for the synthesis of L-
cysteine capped CdTe quantum dots in aqueous media. Compared with previous research reports
method chosen by this research group have shown advantages like broadened pH range for
precursor synthesis and a shortened time period for green QDs and 5 hour for red QDs. The
prepared QDs possess good fluorescent properties such as wide absorption, symmetrical
emission peaks and high fluorescent intensity. The Cd?* in the QDs solution could be removed
by a specified purification process, remaining the fluorescence excellent as before. In addition, a
new method for the recovering and maintaining fluorescence of QDs solution was reported,

which would be a reference for processing and conserving QDs colloids [154].

Anne S schulze et al studied the effect of reaction temperature, pressure, precursor ratio
and surface ligands on optical properties and particle size of CdSe and CdTe QDs synthesized by

aqueous solution method. It was concluded from optical studies that one can vary the optical
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behavior of QDs by varying chain length of ligand, temperature and so on. These QDs could be
flexible tools for biological applications such as cell imaging due to their water solubility and
stability. First in- vitro studies with mesenchymal stem cells indicated a cell uptake during a
period of 1 day by endocytosis, where the nanoparticles started to agglomerate in the cytoplasm
and accumulate around the nucleus without penetrating it. Also, no cytotoxicity of the

synthesized QDs with and without a protecting ZnS shell was observed [155].

Duan et al 2009 developed one pot microwave irradiation reduction method for synthesis
of luminescent CdTe QDs. Influence of temperature, pH value and molar ratio of stabilizer 3-
MPA on quantum yield was studied by optical characterization. It was found that QDs
synthesized at optimized synthesis condition like time period (10-40 minutes) have high quantum
yield. Thus these obtained QDs with high quantum yield can be used as fluorescent probe for

detection of mercury ion in aqueous media [156].

Zhang et al in 2009 studied the influence of three different ligands namely
mercaptoacetetic acid, L-cysteine and reduced glutathione on optical properties and water phase
preparation of QDs. Rate of growth and size distribution of CdTe QDs was dependent upon the
type of ligand. Large size nanocrystals with narrow size distribution can be achieved by choosing
a proper ligand. In addition to these findings they also studied effect of pH, illumination, heating

on spectroscopic properties [157].

Zeng et al in 2009 reported the development of a on synthesis method for CdTe/CdSe
core-shell QDs by two step aqueous synthesis method. From PL studies they observed
dependency of PL emission peak on thickness of CdSe shell. Emission peak position can be
tuned by controlling the thickness of shell. Shell of optimized thickness can help in enhancement
in quantum yield from 4% to 40 %. Moreover they coupled these luminescent QDs with folate

to utilize them as probe to recognition of tumor cell [158].

Chang et al in 2007 developed a noncordinating solvent route for synthesis of core-shell
CdTe/CdS and CdTe/CdSe. Red shift in PL peaks was observed from optical studies and this
confirms the formation of core-shell structures. These results suggested that CdS shell grow

more preferentially on CdTe than CdSe, but fast kinetic growth rate of CdS make it difficult to
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control epitaxial growth on surface of CdTe core. Basically stepwise increase in concentration of

monomer S and Se into CdTe core solution allowed the examination of monomer activity [159].

Weng et al 2006 studied the conjugation of luminescent CdTe QDs with plant lectin
(UEA-1) and antibody anti-von Willebr and factors (anti-vWF) as fluorescent probes which
were able to particularly attach the corresponding cell membrane receptor and cytoplasm
immunogen, respectively. The good quality cell images were achieved in live cells and fixed
cells using laser confocal scanning microscopy. From this study they concluded that CdTe QDs
prepared in water phase were highly luminescent, water-soluble, stable, and easily conjugated
with biomolecules since their surface were coated with MPA containing free carboxyl group. We
predicted that QDs prepared in water phase will probably become an attractive alternative probe

in cellular imaging and bio-labeling [160].

Saikia 2016 studied the effect of shell formation on photoluminescence quantum yield. It
was found that after shell formation CdTe/ZnS found to be very photostable. Only 6.7% of the
PL intensity of CdTe/ZnS CS decreased in 100 days whereas for CdTe decrease in PL intensity
was 43.6%. Thus the synthesized CdTe/ZnS CS QDs system showed excellent stability as
compared with that of the CdTe QDs. The ZnS shell controls the optical properties and the
stability of the CdSe/ZnS CS QDs. This excellent stability of CdTe/ZnS makes it a good
bioimaging agent [161].

Li Y et al (2015) studied outcome of epitaxial growth of ZnSe shells on CdTe cores. The
optical properties of the as-prepared CdTe/ZnSe QDs could be controlled by precisely adjusting
the size of CdTe cores, which showed broad emission spectra from 530 to 688 nm. Such QDs
have bright future perspectives in the development of biological and nanomedical fields. The
ZnSe shell and the several functional groups on glutathione molecules greatly increased the
biocompatibility of the original CdTe core. Such QDs could be regarded as nanocrystals with

high quality for applications in biological and medical science [162].

Mandal et al (2008) studied pH dependent optical properties of CdTe prepared in aqueous
solution by reaction of H,Te and Cd** Effect of pH level on optical properties of different sized
QDs was studied and it was found that both luminescence intensity and absorbance changes were

reversible when the pH level of the solution was brought back its original value [163].
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1.5.4 CdTe, CdSe and their polymer encapsulated structures

Sheng et al (2006) encapsulated QDs in polystyrene microspheres. The chemical amalgamation
of the QDs keen on the polymer matrix polystyrene microspheres (PSMS) through chemical
bonds formulates a predominantly strong system. These QDs do not pour out of beads yet after
high frequency sonication and lengthy shelf period; this builds these beads most important
aspirant for a range of applications in callous environments. Optical properties of these
entrenched QDs are preserved because of the shield by OP (oligomeric phosphine) ligands.
Though, labors to encapsulate elevated concentration of QDs outcome in the aggregation of QDs
avert the creation of QD/PSMS. Based on these finding new approaches are consequently

required in sort to load extra QDs into microspheres [164].

Jessica Batalla et al (2015) studied the optical properties of carboxyl CdSe/ZnS QDs
encapsulated by phospholipids liposome. It makes the QDs water soluble and photo-stable.
Fluorescence self quenching of the QDs inside the liposomes was observed. Therefore,
encapsulation efficiency of the QDs by the liposomes was studied by the thermal lens
microscopy (TLM) and maximum encapsulation efficiency was found around 36%. Furthermore
they tested cytotoxicity of encapsulated QDs toward breast cancer cells line MDA-MB-231. The
acquired materials were biocompatible present high photothermal conversion efficiency and
excellent photostability and nontoxicity towards cells line MDA-MB-231 at low concentration
0.13 nM [165].

Xiaoge Hu et al (2009) developed a new generation approach for synthesizing silica
encapsulated single QD. As compare with the earlier traditional sol-gel method, this new CTAB
surfactant dependent approach for synthesis of QDs is appreciably simpler, resulting in QDs with
size monodispersity, brilliant luminescence and tunable silica shell thickness. A major finding is
that in contrast to the previously reported amphiphilic macromolecules, CTAB based surface
coating can solubilize QDs into water but significantly trim down their stability. An important
finding was that unlike previous reported magnetic and metallic nanoparticles, the QDs coated
with only a layer of surfactant molecules were highly unstable and sensitive to the environment.
As a consequence, the surfactant stabilized QDs must be prepared fresh and stored in dark before

silica coating. The QDs become stable once silica shell formed on their surface and excess
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surfactants are removed. Further development of this technology particularly by incorporating
drugs into the mesosized silica pores will open exciting opportunities in traceable delivery and

controlled release of therapeutic agents [166].

Xiaoge Hu et al (2010) reported unique development of ultra stable QDs by using silica
shells and amphiphilic polymers based technology to encapsulate QDs. These encapsulated
structures show high resistance toward harsh chemicals like acids. They further demonstrated
applications of the ultra stable QDs for pH sensing. In comparison to previous reports, the QDs
used here are insensitive to environment changes and only serve as an internal reference. This
feature could open new opportunities in sensing applications in complex biological fluids when
H* and OH™ are not the only solutes. We further reveal the use of these ultra stable QDs as
internal references in pH sensing applications. Semiconductor QDs are important fluorescent
probes due to their high brightness, multiplexing capability, and photostability. However,
applications in quantitative and in vivo imaging are hampered by their sensitivity to chemical
environments and potential toxicity. We further demonstrate the use of these ultrastable QDs as
internal references in pH sensing applications. We expect this work will open exciting
opportunities for in vivo and quantitative applications, and may help solve the toxicity problem
of QDs [167].

Ma et al (2010) compared the commercially available Invitrogen QD605 (carboxylate)
with self synthesized silica-coated QDs for in vivo imaging. They synthesized silica-coated QDs
by aqueous route without involving any organometallic precursors and high temperature in
oxygen-free environment. The as-prepared silica-coated QDs possess high quantum yields and
are extremely stable in mouse serum. In addition, the silanization method developed here
produces QDs with small sizes that are difficult to achieve via conventional silanization methods.
The silica coating helps to prevent the exposure of QD surface to the biological milieu and
therefore increases the biocompatibility of QDs for in-vivo applications. Interestingly, the silica-
coated QDs exhibit a different bio-distribution pattern than commercially available Invitrogen
QD605 (carboxylate) with a similar size and emission wavelength. In addition, the silica-coated
QDs exhibit a more favorable bio-distribution pattern over the commercially available QDs
including low liver and spleen uptakes and prolonged blood circulation, which further enhances

their compatibility for in-vivo targeting and imaging [168].
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Kim et al (2011) reported encapsulation of luminescent near-infrared CdTe/CdSe QDs by
poly (lacticco- glycolic acid) (PLGA) nanospheres. Encapsulation of these QDs was done to
make them stable and biocompatible for in-vivo imaging. Solid dispersion method was used to
encapsulate these QDs. The resultant QDs-loaded PLGA nanospheres were characterized by
various analytical techniques such as UV-Vis measurement, dynamic light scattering (DLS),
fluorescence spectroscopy, and transmission electron microscopy (TEM). This research group
further studied toxic effect and stability of QDs loaded in PLGA nanospheres in-vitro and in-
vivo, respectively. It was found that photostability of QDs loaded in PLGA nanospheres was
improved than free QDs. From cytotoxicity study they confirmed that QDs entrapped in PLGA
nanospheres have many desirable characteristics as imaging agent, delivery vehicles, including
water solubility, low cytotoxicity, stability, high cellular uptake and long circulation time in-vivo.
The internalization and long circulation time of the PLGA nanospheres increases the retention
time and amount of the nanoparticles inside the cells. Both of these properties fit very well with

the criteria of a molecular target for tumor therapy and imaging [169].

Hector Rodriguez Rodriguez et al (2017) studied photo-brightening and bleaching
behaviors of two types of silica-encapsulated QDs excited upon two-photon absorption in an
optical trap. The first type consists of alloyed CdSe ZnS QDs covered with a silica shell. The
dynamics of these as-prepared architectures are similar to those previously reported for bare
surface deposited QDs, where thousands of times smaller irradiances were used. We then
analyzed the same quantum dot systems treated with an extra intermediate sulfur passivating
shell for the better understanding of the surface traps influence in the temporal evolution of their
emission in the optical trap. The concurrence of alloyed QDs with the use of an extra S layer and
SiO, encapsulation tolerates irradiance doses three orders of magnitude higher than those
reported for bare core-shell architectures on solid surfaces, which makes QD systems and
trapping scheme suggestive for tracking experiments in biological scenarios. Although photo-
oxidation is present in both QD@SiO2and pQD@SiO2 systems, longer PL emission stability is
registered for the later, which is associated to the extra passivation S shell that suppresses other
light-assisted bleaching mechanisms, in agreement with former qualitative studies with the QDs

affixed on a solid surface [170].
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Chang et al (2015) presented the synthesis of series of SiO, encapsulated semiconductor
polymer nanocomposites as photoluminescence phosphors. From optical studies of these
nanocomposites it was observed that QDs exhibited multicolor emissions from blue to deep-red
region. This emission was reliant on the polymer species. Silica coating of these nanoparticle
phosphors illustrate better photostability as compared to pure semiconductor polymer
nanoparticles. These consequences indicated that these hybrid nanoparticles show potential for

use in solid-state lighting devices [171].
1.5.5 Cytotoxicity of quantum dots

Wei Xu et al (2015) developed a method for cytotoxicity testing of CdTe QDs by means of
engineered Escherichia coli as a model. Toxicity of CdTe QDs capped with mercaptoacetic acid
(MAA), glutathione (GSH), and L-cysteine (Cys) was checked. It was found that MAA capped
CdTe QDs were more toxic than GSH CdTe QDs and Cys-CdTe QDs. This method can also be

used to test the biological toxicity of other nanoparticles [172].

Muthunayagam Vibin et al in (2009) studied the toxicity of silica coated CdSe QDs
toward human cervical cancer cell line invitro by Lactate dehydrogenase assay, MTT [3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] assay, neutral red cell viability assay.
Afterward the in- vivo fluorescence was also verified by intravenous administration of the QDs
in Swiss albino mice. It was concluded that silica coated CdSe QDs were less toxic even at high
concentrations. In addition, in vivo fluorescence study confirmed that these QDs are very useful
for cellular imaging using their relatively stable fluorescence emission under biological
conditions [173].

Lin wang et al (2008) studied effect of pH exposure on cytotoxicity of CdSe covered
with ZnS QDs covered by PEG (polyethylene glycol). Toxicity of these QDs was tested against
caco-2 cell line for 24 hours. It was found that covered CdSe QDs are not toxic or have less toxic
effect. But toxicity of these QDs increased on acid treatment demonstrating that route of

exposure may be an important factor in QD cytotoxicity [174].

Nanchen et al (2011) studied cytotoxic effects of CdTe, CdTe/ZnS and CdTe/CdS/ZnS

structures. It was summarized that release of toxic cadmium ion in CdTe is responsible for
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cytotoxicity. Formation of shell on CdTe QDs prevents release of toxic cadmium ions and makes
them non-toxic. From their studies on genome-wide gene expression profiling they conclude that
cytotoxicity of CdTe QDs not solitary appear from the release of Cadmium ions but also

intracellular distribution of QD nanoparticles in cells and the associated nanoscale effects [175].

Yuanyuan et al (2011) methodically deliberate short- and long-term in vivo
pharmacokinetic, bio-distribution, and toxicity of the QDs with very small hydrodynamic
diameters (2.9-4.5 nm). Particularly, the QDs are initially accumulated in liver at short-time (0.5-
4 h) post-injection. Afterward, the QDs are increasingly accumulated in the kidney during long-
time (15-80 days) blood circulation. Moreover, obvious size-dependent bio-distribution is
observed: QDs with smaller sizes are more easily absorbed by the kidney; those with larger sizes
are more quickly accumulated in the spleen. On the other hand, in-vivo toxicity studies (histology
and biochemistry results, body weight measurements) demonstrate that mice intravenous injected
with the QDs survived for 80 days without evident toxic effects [176].

1.5.6 Antibacterial properties of quantum dots

Deepika et al (2010) in this report described aqueous synthesis of CdSe QDs. These QDs were
capped with different capping agents like thioglycolic acid, 1-thioglycerol, L-cysteine. All these
CdSe QDs were tested for antimicrobial activity against S. aureus. It was found from
antimicrobial studies that capping agent effect the antimicrobial behavior of CdSe. QDs capped
with L-cys demonstrate minimum antimicrobial activity while QDs capped with TGA act as
good antimicrobial agent with maximum antimicrobial activity. This difference in antimicrobial
activity was explained on the basis of structure of different stabilizing agents. The outlook
possibility of the antimicrobial study of QDs is grouping these QDs with bio-molecules and to

utilize them as fluorescent probes and biosensors [178].

Najme Parvin et al (2016) present the antibacterial activity of ZnS: Ag evaluated by the
disc and well diffusion agar methods against Pseudomonas aeruginosa, Staphylococcus aureus
and Salmonella typhi. It was observed from antimicrobial studies that zone of inhibition
increases as concentration of ZnS: Ag increases in wells and discs. The maximum diameter of

zone of inhibition was found in case of S. aureus [179].
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In this work Zhishong Lu et al (2008) presents the mechanism of antimicrobial action of
CdTe quantum dots (QDs) towards Escherichia coli. Antimicrobial activity of CdTe QDs was
tested by colony-forming assay and atomic force microscopy (AFM). Obtained results show that
the QDs can efficiently kill the bacteria. Antimicrobial activity of CdTe QDs was in a
concentration-dependent mode. Based on these results, the authors proposed that the mechanism
of the antimicrobial activity of CdTe QDs involves QDs-bacteria association and a reactive
oxygen species-mediated pathway. Thus, CdTe QDs could have the potential to be formulated as

a novel antimicrobial material with excellent optical properties [180].
1.6 Applications of quantum dots

The usefulness and application of QDs is continuous to expand and due to their applications QDs
are getting much attention. In ODs optoelectronic properties can be tuned by tuning size due to
quantum confinement effect. Due to this property these QDs can be applied in various

optoelectronic devices and biomedical applications.
1.6.1 Quantum dots in solar cells

Solar cells based on QDs are more cost-effective as compared to their silicon solar cells
counterparts. Generally solar cell consists of large silicon p-n junctions. When this solar cell
absorb a photon of light having energy greater than band gap of silicon than a single electron get
excited with the energy exactly equal to band gap energy. The photon having lesser energy than
band gap are transmitted by silicon and these photons do not contribute in power output. But
now these days due to increasing demands of energy for human activity it is necessary to pay
attention for clean and abundant solar energy. Around 9 x 10%2j of energy from the sun reaches
the earth everyday and only 9 x 10'8; of energy is consumable by mankind per day. Maximum
thermodynamic efficiency of solar cell is 31%.Thus there is need of solar cell which exhibit
higher conversion efficiency. Quantum dots can offer a significant increase in efficiency, by
using dots of varying sizes top of each other with the largest band gaps on top. Incoming photons
will be transmitted until reaching a layer with a bandgap smaller than the photon energy. With
enough layers each photon will excite an electron with a bandgap close to its own energy and

thus waste a small amount of energy. When the number of layers approaches infinity, the
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efficiency approaches a theoretical thermodynamic limit of 86%. ZnO, CdSe, PbSe, PbS, CulnS2
and CulnSe2 are the QDs which have been previously used in inorganic-organic hybrid solar cell
[181].

1.6.2 Quantum dots in light emitting diode

Quantum dots can be used in light emitting diode due to their luminescent behavior. These QD
based LED’s replace organic light emitting diodes (OLED) because of their many advantages
over OLED. FWHM of QLED is 20-30 nm this low FWHM value is required for fine quality
image. In comparison with OLED’s these QLED’s show high thermal stability. Because of high
stability of QLED they have longer life time. OLED usually changes color with time because of
difference in life span of red, green and blue pixel but this problem is completely omitted in QDs

because all three colors can be obtained from QDs of same composition with different size [182].
1.6.3 Photonic applications of quantum dots

There is need of developing optical signal processor which has better performance and these
processor make possible proficient and quick transmit of information. Photonic integrated
circuits (PICs) of Chip-scale which are multifunctional are necessary for dropping cost. Chief
obstruction to quick development of integrated photonic systems is complexity of integrating
high attainment multiple photonic functions on a chip at low price. The majorities of practices
are material precise and need exclusive fabrication tackle in addition to unsuited with silicon.
Moreover, use of quantum dots as active medium permits researchers to apprehend PICs on
silicon stage and cover up broad spectral range. QDs entrenched composites were utilized to
exhibit photorefractivity and extra nonlinear optoelectronic properties [183]. In literature PbSe
QDs in polymeric host were having great photoconductivity, photorefraction and optical gain
[184].

1.6.4 Quantum dots for cancer diagnostic

One of the major health problems in the world is cancer. Diagnosing cancer in its starting stage
is a challenge. Molecules which show fluorescent property play major role in cancer detection.

Synthesis, development of biocompatible fluorescent QDs is one of the major research areas.
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QDs having NIR emission can be used for lymph node mapping to aid biopsy and surgery. In

vivo tumors can also be targeted by QDs by conjugate them with peptide and antibodies.
1.6.5 Quantum dots in bioimaging

Most used imaging techniques in biology are nuclear imaging, optical imaging magnetic
resonance imaging (MRI) in biological systems [185]. Sensitivity, resolution and operational
cost of these techniques are different. On the other hand, many times these imaging technique are
identical to each other. Numerous assessments are there based on physical origin of these
techniques [186], the instrumentation [187] and problem that influence their working [188]. At
present, unique luminescent features of QDs in biological imaging is great area of research [189].
Previously organic dyes were also used for optical bioimaging [190], but there are numerous

disadvantages associated with their use.

In visible range cell auto fluorescence results in following effects (1) Signals from
organic dye get masked by cell autofluorescence in visible range (2) under photo-irradiation
these organic dyes are instable (3) Due to broad emission spectra of organic dyes having long tail
at red end cause spectral crossing of different detection channels and generate difficulty to
estimate amounts of different probes. As compare to organic dyes QDs have high Quantum
yield, less photobleaching, tunable absorbance and emissions spectra. QDs having emission in
NIR range are extra acquiescent for deep tissue imaging. From above discussion it is concluded
that photostability of inorganic QDs is more as compare to organic molecules, fluorescent feature

is also extra saturated [191].
1.6.6 Quantum dots for heavy metal detection

Industrial residue and waste water mainly produce heavy metal pollution. Contamination of
heavy metal cause threat to human health and have effect on quality and quality of aquaculture.
Thus it’s necessary to detect heavy metals in water. Concentration of heavy metal and
fluorescence intensity of QDs has a realtion depend on increase in florescence intensity and
quenching of fluorescence Intensity. Because of this fluorescent property of these QDs can be
used for detection of heavy metals in water. Previously CdTe and CdSe/ZnS QDs are reported
for detection of Hg?* and Cu®* [192].
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1.6.7 Quantum dots in food science

QDs have important applications in food science. Optical sensor based on CdSe/ZnS QDs have
been used for detection of vanillin sensing in food samples. One more group reported detection
of melamine sample in milk. In food science these optical QDs can be used for protein and
pathogenic detection [193]. Some other applications of Quantum dots are presented in Table 1.2
and figure 1.10.

In vitro imaging of

fixed cells, tissues,
organelles and
molecules
L
\
Electronics application L .
like quantum lasers, In vivo imaging
computers, quantum of cell, tissue,
TVs tumors
QDs
Applications

Pathogenic detection
Environmental applications by QDs, Antibacterial,
like pollutant scavengers,
pollution monitoring sensors
wastewater treatment etc.

Fungicides Food
sample sensing etc.

Figure 1.10: Applications of quantum dots in biology and environment

Table 1.2: Different reports on applications of QDs in different fields

Applications Research group References
CdSe Identification of J.A.Kloepferetal 10.1128/AEM.71.5.2548-
bacteria and 2557.2005
biochemical process
of bacteria
CdSe Free cyanide WeiJunJinet al
determination in 10.1039/B414858D

aqueous solution
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with high sensitivity

CdSe Labeling probe for B.S.Shahetal https://doi.org/10.1007/978-
imaging human 1-60761-901-7 4
mesenchymal stem
cells

CdSe Filament  tracking A.Mansson et al 2004 Feb 6;314(2):529-34
and cargo detection

CdSe Deep tissue imaging D.R.Larson et al 10.1126/science.1083780
of vasculature
system

CdSe/ZnS Hela cell labeling J.K.Jaiswal et al 10.1038/nbt767

CdSe/ZnS Invitro biosensing Kim E.Sapsford et 10.3390/s6080925

al

CdSe/ZnS Detection of hepatic Y.Xuefeng et al doi.org/10.1117/1.2437744
cancer

CdSe/zZnS Labelling of G- W.Shietal 10.1088/1748-6041/1/2/005
protein coupling
receptors

CdSe/ZnS QDs based maltose I.L.Medintz et al 10.1038/nmat961
sensor assembly

CdTe Imaging tool to label Li Hui et al 10.1021/ie060963s
salmonella
typhimurium cells

CdTe Detection of DNA S.Mazumderetal = 10.1155/2009/815734
Hybirdisation

CdTe Sensitive  detector Ung Thi Dieu 10.1088/2043-
for the avian Thuy et al 6262/1/4/045009
influenza virus
subtype A/H5N1

CdTe Determination of S.M. Brodsky 10.1007/s10512-013-9733-8
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uranium enrichment
CdTe/Silica Labelling protein  A.Wolcott et al 10.1021/jp057435z
and prevent leakage

of toxic cadmium

ion

CdTe/PVP Tool for fluorescent S.Xiaofang 10.1049/mnl.2011.0551
gene delivery
reagent

CdTe/polymer X-ray  scintillation Z.Kang et al 10.1063/1.3589366

nanocomposite and imaging

CdTe/Sio2 Technological L.G.Tartuci et al 10.1007/s11051-017-3947-y
applications

Biosilica CdTe Photocatalytical Marieta L. C. 10.1039/C4RA09748C

QDs applications Passos

CdSe/zZnS/Sio2 Phagokinetic track Parak et al https://doi.org/10.1002/1521-
Imaging 4095

1.7 Motivation behind the work

In past few years visible and NIR fluorescence imaging techniques have emerged that enables
the bio imaging. Previously fluorescent organic dyes are used to image, target cell due to their
light emitting characteristics. But these organic dyes have some limitations like high FWHM
value, low stability, high photodegradation and photobleaching, less fluorescence time and poor
signal. So there is need to prepare such a fluorescent material that should be highly stable and
have brighter signals. QDs are highly stable and have tunable emission spectra. As compare to
dyes these QDs have broad excitation and narrow emission spectra, low FWHM value and high
fluorescence time. These outstanding features of QDs over organic dyes motivate us to work on
QDs. Visible QDs can be utilized to image cells, tissues etc. But visible QDS cannot be used for
deep tissue imaging because light in this range cannot penetrate to depth of tissue. Thus NIR

window (700-900 nm) can be explored for sensitive detection. Thus NIR QDs with unique
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optical properties can be utilized for deep tissue imaging due to both scattering and
autofluorescence are reduced as wavelengths are increased. After surface functionalization of
these QDs they show great ability to target and detect specific tissue. These QDs can be used to
target specific cells or proteins using peptides, antibodies or ligands and than observed to study
the target protein or the behavior of cells. Cell tracking; Fluorescence resonance energy transfer

analysis can be achieved by QDs. Pathogen and toxin detection is also possible with these QDs.
1.8 Aims of the thesis

(i) Synthesis of highly luminescent 11-VI group CdSe, ZnS, CdSe/ZnS core/shell, polymer (PEG,
PVA) and silicates (TEOS) encapsulated structures.

(if) Synthesis of NIR emitting I1-VI group CdTe QDs and their polymer (PEG, PVA) and

silicates (TEOS) encapsulated structures.

(if) Characterization of QDs for structural, morphological, elemental, functional and optical

properties using various techniques.

(iv) Biocompatibility and cytotoxicity testing of functionalized nanoparticles along with their

photoluminescence studies to make them available for biomedical applications.

(v) Antimicrobial studies of prepared QDs.
1.9 Objectives of the thesis

1. OBJECTIVE-1: Synthesis and encapsulation of cadmium selenide (CdSe) quantum dots

confined by 2-mercaptoethanol for defect free, improved and stable fluorescence in visible range.

2. OBJECTIVE-2: Precursor based synthesis of zinc sulfide (ZnS) and CdSe/ZnS nanostructures:

Structural, morphological, elemental, optical and functional analysis.

3. OBJECTIVE-3: Synthesis and characterization of near infrared cadmium telluride (CdTe)

quantum dots and their polymer encapsulated structures.

4. OBJECTIVE-4: Comprehensive investigation of cytotoxic and antimicrobial behavior of CdSe

and CdTe based nanostructures.
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2.1 Introduction

Present chapter provides the detailed information of synthesis procedure of poly CdSe, CdSe
QDs, ZnS QDs, CdSe/ZnS structures, poly CdTe, CdTe QDs and polymer, silicates encapsulated
structures of CdSe and CdTe QDs. Methods employed to study antimicrobial and cytotoxic
behavior of QDs and encapsulated structures have also been discussed.  Structural,
morphological, and optical properties of QDs were studied by X-ray diffraction (XRD),
Transmission Electron Microscope (TEM), UV-Vis absorption spectroscopy (UV-Vis) and
photoluminescence (PL) spectroscopy. All the experimental arrangements used in our work have
been described in this chapter. Different synthesis methods of QDs have been discussed in
chapter 1. Out of all these method we have selected wet chemical aqueous route for synthesis of
QDs. On the basis of better reproducibility, cost effectiveness, non toxic and environment
friendly nature. This synthesis route requires capping agent to stabilize particle size. Capping

agent which have functional groups sulfhydryl and carboxyl are generally preferred.
2.2 Synthesis of poly CdSe and CdSe QDs

2.2.1 Chemicals required for CdSe synthesis

Cadmium  chloride monohydrate (CdCl,.H,0), triethanolamine (TEA) CgHisNOs,
sodiumselenosulphate (Na,SeSO3), ammonia solution (25%) (NHs) and 2-mercaptoethanol
(HOCH,CH,SH). All chemical used in synthesis were procured from Merck India. All the
analytical grade chemicals were employed as it is without additional refinement. Ultra-pure

distilled water (Milli-Q, Millipore) was employed during the entire conduct test.
2.2.2 Synthesis procedure of poly CdSe

We have attempted the synthesis of several batches of CdSe QDs in order to attain a most

suitable synthesis procedure to proceed further. Finalized the synthesis procedure is given here.

Poly CdSe was synthesized at 70°C by wet chemical method. 50 ml of distilled water was used
as solvent for production of hydrophilic QDs. Two different precursors and complexing agent
(CdClI,.H,0, C¢H1sNO3; and Na,SeSO3) were used in 3:1.4:1 molar ratio. Selenium reactant

Na,SeSO;3 solution preparation involves dissolution of 0.2 molar of Se in 0.5 molar of Na,SO3
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solution in water CdCl,.H,O was mixed with triethanolamine and was utilized as complexing
agent. NH; was used to adjust the pH at 11. Now sodiumselenosulphate was added to the
reaction mixture. After the synthesis of the products completed, obtained powder was washed
and centrifuged several times. Cleaned samples were filtered and allowed to dry at room

temperature.

2.2.3 Procedure for synthesis of CdSel, CdSe2, CdSe4 and CdSe6 QDs

Wet chemical route was used to prepare CdSe QDs at optimized temperature of 7OOC. We have
used the same precursors in the synthesis of CdSe QDs which were used for poly CdSe. But we
have used 5% 2-ME (2-Mercaptoethanol) as stabilizing agent to have a control over the particle
size. 1 ml, 2 ml, 4 ml and 6 ml of 5 % 2-ME were used to synthesize CdSel, CdSe2, CdSe4 and
CdSe6 respectively. After the reaction completed the powder was filtered, centrifuged and dried
at room temperature. Experimental setup and process flow to synthesize all types of CdSe

particle is give in figure 2.1 and figure 2.2 respectively.

Figure 2.1: Experimental setup used to synthesize CdSe QDs
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Precursors CdCl,, complexing agent triethanolamine and Se source sodiumselenosulphate were
used in 3:1.37:1 molar ratio.

(i) Synthesis of sodium seleno sulphate:

Na,SO,,, + Se (powder) — Na,SeSQ,
The CdCl, dissolve in water and release Cd ** :
CdCl, — Cd*" +2ClI~

The addition of TEA to reaction mixture gives milky colored solution this is an indication of:
Cd*" + TEA — [Cd(TEA)]*

Ammonia on addition reacts with [Cd(TEA)[*" and forms complex ion as:
[Cd(TEA)*" + 4NH, —[Cd(NH,),]*" +TEA
Na,SeSO, + OH ™~ — Na,SO, + HSe~

HSe” +OH~ — Se* +H,0

[Cd(NH,), " + Se*” — CdSe+ Waste products

]

| In 50 ml of H,O add 3:1.37 M CdCL&TEA(CsH,sNO5) I
|

I Maintain temperature 70°C I

| At 70°C add NH, till pH 11 |

| then add 1Mor Nasseso, |

I Add 2- Mercaptoethanol I

I Stir for 90 minutes I

I ‘Wash the samples and collect I

End

Figure 2.2: Process flow for wet chemical synthesis of CdSe QDs
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2.2.4 Encapsulated structures of CdSe4 QDs

Quantum dot surface stability is a major concern while synthesizing small CdSe QDs. To
overcome this issue we have encapsulated CdSe QDs by silicate tetraethylorthosilicate (TEOS)
and polymers polyethylene glycol (PEG), and poly vinyl alcohal (PVA). This encapsulation
helps in preventing QDs from oxidation and chemical degradation. Encapsulated QDs were
referred as CdSe/TEQS, CdSe/PVA and CdSe/PEG QD. 0.0012 moles of poly vinyl alcohol
(PVA) was dissolved in distilled water to prepare CdSe/PVA QDs. Reaction mixture was
continuously put on a shaker for 48 hours. CdSe/TEOS QDs and CdSe/PEG QDs were
synthesized by following the same methodology which was used for CdSe/PVA QDs. Polymer

encapsulation of QDs schematically presented in Figure 2.3.
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Figure 2.3: Schematic presentation of polymer encapsulation of CdSe (eg PEG)
2.3 Synthesis of ZnS and CdSe/ZnS QDs

2.3.1 Chemicals required

The following chemicals obtained from the suppliers were used without further purification.
Cadmium chloride monohydrate, triethanolamine and sodiumselenosulphate, zinc sulphate
heptahydrate, dry zinc chloride, hydrazine hydrate and thiourea all from Merck (India).
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2.3.2 Synthesis process of ZnS1 and ZnS2 QDs

Two different precursors (ZnSO,4 7H,0 and ZnCl,) as zinc source were utilized to synthesize ZnS
QDs. ZnS0,4.7H,0 and ZnCl;, were used as Zn source to synthesize ZnS1 and ZnS2 respectively.
Different Zn precursors ZnS0,47H,0, ZnCl, and S precursor (NH,),CS were taken in

0.025:0.035 molar ratios. Wet chemical method was used to synthesize these ZnS QDs at 70°C
temperature (Figure 2.4). In 70 ml of distilled water N,H,; was mixed with ZnSO,4 7H,0 for ZnS1
and ZnCl, for ZnS2 for the reduction of Zn precursors. This prepared solution was followed by
addition of (NH2),CS and continuously stirred for 3 hours. Synthesis was followed by washing
of samples about 5 times with distilled water followed by sonication and centrifugation for

removing byproducts from mixture. Washed QDs were dried out at room temperature.

Chemical equation for synthesis of ZnS

ZnS0,.7H,0 — Zn* + SO +7H,0

n* + N,H, —)[Zn(N2H4)n]2+
[Zn(N,H,),]* = Zn* +nN,H,
SC(NH,),+OH" - SH™ +CH,N, +H,0

Zn** +S% — 7ZnS

Figure 2.4: Experimental setup used to synthesize ZnS QDs
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2.3.3 CdSe/ZnS core/shell synthesis

Core-shell QDs were synthesized by seed growth method. The whole synthesis process for core
shell involves two-steps (figure 2.5). First step involves synthesis of monodispersed bare CdSe 4
QDs where these CdSe4 QDs were stabilized with 2-ME capping groups. Second step was
synthesis of shell on these bare QDs. ZnS0O,.7H,O was used as precursor to synthesize
CdSe/znS1 and ZnCl, was used to synthesize CdSe/ZnS2 core-shell QDs. Zn precursor i.e
ZnS0,4.7H,0 for CdSe/ZnS1 and ZnCl, for CdSe/ZnS2 (0.49 millimole) was mixed in distilled
water and followed by addition of 10 ml hydrazine hydrate. N,H, behave as reducing agent and
involves in complexation with Zn®*. 0.8 g of bare CdSe4 QDs in aqueous solution was mixed in
the above synthesized mixture at 50°C and pH 9.8. Then to 80 ml of this reaction mixture 0.69
millimole of (NH2),CS was added and continuously stirred forl hour. Thereafter samples were
cleaned with distilled water, dried and stored at room temperature. The process flow for the

synthesis of precursor based ZnS and CdSe/ZnS core shell is presented in Figure 2.5.

In 70 ml of H,O

Add 0.025
ZnsS0,.7H,0
Or ZnCl,

Add 2.5 ml of N,H, >{ Maintain temperature
55°C
Maintain temp. 70°C l

]

Then add CH,N,S R 0.8 gm of Core CdSe
! |

Add 2-M.E.
Stir for 2 hours

Figure 2.5: A process flow for wet chemical synthesis of ZnS1, ZnS2 and CdSe/ZnS core-shell QDs
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2.4 Synthesis of poly CdTe and CdTe QDs

2.4.1 Chemicals required for CdTe synthesis

Cadmium  chloride  monohydrate (CdCl,.H,0), triethanolamine (TEA) CgHisNOs,
sodiumthiosulphate pentahydrate (Na,S,03.5H,0), TeO,, ammonia solution (25%) (NHs), 3-and
mercaptopropionic acid (C3HgO,S) were procured in CdTe poly and CdTe QDs synthesis. All

these chemical were purchased from Merck India.
2.4.2 Procedure for synthesis of poly CdTe

To synthesize poly CdTe firstly the Te source Na,TeOs; was prepared by dissolving 3.1 g of
Na;S,03.5H,0 in 25 ml of H,O. In another beaker dissolve 0.31 g of TeO;at basic pH 10. Now
mix these both solutions and stir for 1 hr at 80°C. Poly CdTe was synthesized at 80°C by wet
chemical route. CdCl,.H,O precursors, Na,TeO3z and C¢H15sNO3 were used in 3:1.4:1 molar ratio.
NH3 was used to adjust the pH at 11. Now Te source was added to the reaction mixture. After the
synthesis of the products, obtained powder was washed and centrifuged several times. Cleaned

samples were filtered and allowed to dry at room temperature.

2.4.3 Procedure for synthesis of CdTel, CdTe2 and CdTe3

CdTe QDs were synthesized at temperature of 80 C. Same precursors were used for synthesis of
CdTe QDs which were used for poly CdTe. To control the particle size we have used 5% 3-
mercaptopropionic acid as stabilizing agent. 1 ml, 2 ml, 3 ml of 5% 3-mercaptopropionic acid
was used to synthesize CdTel, CdTe2, and CdTe3 respectively. After the reaction completed the
powder was filtered, centrifuged and dried at room temperature. The process flow for all the

CdTe related synthesis is presented in figure 2.6.
Chemical equation for synthesis of CdTe

Na,S,0,.5H,0 + TeO, — Na,TeSO,

The CdCl, dissolve in water and release Cd ** :
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CdCl, —>Cd* +2CI~

The addition of TEA to reaction mixture gives milky colored solution this is an indication of:
Cd* +TEA — [Cd(TEA)]*"

[CAd(TEA)[" +4NH, — [Cd(NH,),]?" + TEA
Na,TeSO, + OH~ — Na,SO, + HTe"
HTe  +OH ™ —Te? + H,O

[Cd(NH,), " + Te* — CdTe + Waste products

1

In 50 ml of H,0 add 3:1.37 M CdCL&TEA(C¢H,sNO,)
1

Maintain temperature 80°C
|

At 80°C add NH; till pH 11
|

Then add 1M of Na,TeSO,
1

Add 3-Mercaptopropionic Acid

|
Stir for 90 minutes

|

Wash the samples and collect

End
Figure 2.6: A process flow for wet chemical synthesis of poly CdTe and CdTe QDs
2.4.4 Encapsulated structures of CdTe QDs

Quantum dot surface stability and toxicity is a major concern for NIR CdTe QDs also. To rule
out this problem CdTe QDs were encapsulated by silicate tetraethylorthosilicate (TEOS) and
polymers polyethylene glycol (PEG), and poly vinyl alcohal (PVA). Encapsulated QDs were
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named as CdTe/TEQOS, CdTe/PEG and CdTe/PVA QD. 0.000125 moles of polyethylene glycol
(PEG) was dissolved in distilled water to prepare CdTe/PEG QDs. Reaction mixture was
continuously put on a shaker for 48 hours. CdTe/TEOS QDs and CdTe/PVA QDs were
synthesized by following the same methodology which was used for CdTe/PEG QDs.

2.5 Bacterial growth and QDs treatment

2.5.1 Material and method of CdSe based nanostructures

Culture media like MacConkey agar, Mueller Hinton agar, Mueller Hinton broth and luria broth
were acquired from Hi-Media Pvt. Ltd. (India). Disc of cotrimoxazole (1.25/23.75mcg) and
meropenem were also acquired from Hi-Media Pvt. Ltd. (India). The reference strains
Escherichia coli ATCC 25922 and Acinetobacter baumannii ATCC 19606 utilized in
antimicrobial studies were received as a gift from Dr. Arti Kapil Head of Bacteriology division

department of Microbiology, AIIMS, New Delhi, India.
2.5.2 Antimicrobial susceptibility testing of CdSe based nanostructures

Kirby Bauer’s disk diffusion method was used to screen antibacterial activity of QDs and their
core/shell structures against potential gram negative pathogens; Escherichia coli (E.coli) ATCC
25922 and Acinetobacter baumannii (A. baumannii) ATCC 19606 [1]. Standard guidelines of
CLSI (Clinical laboratory standard institute) and ICMR (Indian council of medical research)
were used to perform these studies [2]. Bacterial cultures were inoculated in Luria broth and then
they were incubated overnight at 37°C. 0.5 O.D. McFarland standards bacterial culture was
swabbed onto Muller Hinton agar plate and permitted to dry for 15 minutes. Disks of control
antibiotics and synthesized compounds were positioned onto agar plates. Plates were transferred
in to an incubator for 24 hours and maintained at 37°C and lysis zones around disk were read
according to ICMR and CLSI guidelines [3].

2.5.3 Antimicrobial susceptibility testing of CdTe based nanostructures

In-vitro Antibacterial assays: In this study two reference strains gram-negative E. coli and gram-
positive Staphylococcus aureus (S.aureus) were used as model bacterium to evaluate the anti-

bacterial activity of surface coated quantum dots.
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Quantitative anti-microbial analysis

For qualitative analysis, respective bacterium is cultured on Luria Broth agar plates and assessed
for zone of inhibition. Agar well diffusion method was used to check the antimicrobial activity.
Briefly, the overnight grown (12hr at 37°C) bacterial suspension (OD=0.5) (100ul) was first
spreaded onto the agar plates with the help of a glass spreader. Suitable well were dug in the
plate using the cork borer to make the well on the agar plate. All the synthesized QDs were
sterilized [UV exposure] for 3 h before they were seeded into the well (100ul) at different
concentration [100ug/ml- 62ug/ml]. The plates were then incubated at 37°C for 24 h and the
zone of inhibition for each sample on the plate was measured with the scale and was recorded in

mm.

2.6 Cytotoxicity testing of synthesized CdSe QDs and their encapsulated

structures

All the synthesized QDs were tested against human embryonic kidney cell line (HEK-293 cells)
to examine their toxic behavior. These cytotoxicity studies were performed to ensure their

utilization towards in-vivo imaging [4].
2.6.1 Cell lines and cell culture

HEK-293 cells were obtained from NCCS Pune India. After this cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), supplement with 10% heat-inactivated fetal
bovine serum (FBS) and antibiotics (100 pg/ml penicillin and 100 pg/ml streptomycin) at 37°C
in the humidified atmosphere with 5% CO,.

2.6.2 Cell cytotoxicity assay of QDs

Toxicity of QDs was studied by colorimetric 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assays. For cytotoxicity testing cells were sub-cultured in
96-well plate (1x10%well). Different concentrations (0 to 1000 pg/ml) of QDs were added
afterward to each well and incubated for different time periods (12 hrs, 24 hrs, 48 hrs and 72 hrs)
at 37°C. Subsequent to specific incubation time, each well was followed by addition of 20 pL

MTT (5 mg/ml) and then incubated for 4 h at 37°C. After incubation for dissolving formazan salt
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Dimethyl sulfoxide (DMSQO) was added to every well. Absorbance (A) values were obtained at
570 nm test wavelength and 630 nm reference wavelengths by help of microplate reader (Bio-
Rad). Study was carried out in triplicates and obtained results were as mean + SD (n=3). The
cytotoxicity of cells was evaluated by using the equation given below:

(A) Test

% cell cytotoxicity = [

x 100]

ICso (Half maximal inhibitory concentration at which 50 % of cell get die) value for every

sample was calculated from plot between dose and percent (%) cell cytotoxicity.

Note: Similar procedure for cytotoxicity testing of CdTe based nanomaterials was used. But in
this case cells were cultured in 96-well plate (1 x10%cells/well) and further exposed to QDs for

24 hrs with varying concentrations of QDs ranging from 0 to 500 pg/ml subsequently.
2.6.3 Cellular imaging assay for CdSe based nanostructures

Cellular morphological changes as an effect of QDs incubation were further confirmed through
Full form 4', 6-diamidino-2-phenylindole (DAPI), Acridine orange (AO), and propidium iodide
(P1), microscopy. Briefly, 1 x10° cells/well (HEK-293) was seeded in 12 well plate and QDs
were added for different time period (0.5 hrs, 24 hrs and 72 hrs). Following end of fixed
incubation the medium was detached, and then washing of cell was done by PBS and 5 pL of
DAPI (1pg/ml), 5 pL of 10 pg/mL (AO) and 5 pL of 10 pg/mL PI were added to each well for
10 min. Change in cellular morphology was analyzed by capturing fluorescent microscopic
images and corrected total cell fluorescence (CTCF) intensity was calculated through Image-J

software.

2.6.4 Cellular imaging assay for CdTe based nanostructures

To evaluate the morphological alteration as an effect of QDs exposure, live dead staining was
performed by using AO and Ethidium bromide (EtBr) fluorescent dyes. Briefly, 1 x10° cells/well
(HEK-293) was cultured in 12 well plates and afterwards QDs were incubated with uniformly

full-fledged cells for 24 hrs. Medium was removed after completing stipulated time peroids, cells
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were then washed by using PBS and 5 pL of 10 pg/mL AO and 5 pL of 10 pg/ml EtBr were
supplemented to each well for 10 min. Fluorescent microscopic images were captured through
fluorescent microscope (Nikon eclipse Ti).

2.7 Characterization techniques

2.7.1 X-ray diffractometer (XRD)

X-ray powder diffraction is technique utilized for structural analysis in material science field. X-
ray tube, X-ray detector and sample holder are major parts of XRD. Figure 2.7 shows Shimadzu
(XRD 6000) X-Ray diffractrometer employed for XRD experiments. XRD is a prevailing
nondestructive method used for characterization of crystalline materials. This technique gives
information about crystal structure, atomic spacing, phases, preferred crystal orientations
(texture) and some other parameters like crystallite size, strain and some kind of crystal defects.
Constructive interference of scattered X-ray beam at specific angles from lattice planes leads to

formation of XRD peaks.

XRD graph of samples is blotch of periodic atomic measures in particular material. In this
technique cathode ray tube produces X-rays after this these X-rays are filtered to construct
monochromatic radiation and then collimated to concentrate in the direction of the sample
(Figure 2.8). When interaction takes place between incident bean and sample this produce
diffracted rays. Distance among the diffracted atomic planes is acquired by Bragg’s law. This
law relates electromagnetic radiation wavelength to the diffraction angle and lattice spacing i.e
n). =2dsin@where n is an integer; 6 is diffraction angle, 1 is wavelength, d is interplanar spacing
produce the diffraction. After this process these diffracted X-ray are detected by detector.
Alterations of diffraction peak to d-spacings permit recognition of the sample as each sample has

unique value of d-spacings [5].
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Figure 2.7: Shimadzu (XRD 6000) X-Ray diffractrometer employed for XRD experiments

Collimator

K-ray tube

26
Collimator

= Finter

Detector

Figure 2.8: Schematic for X-ray diffraction

Copy right: Nanoscale Devices and Materials Physics Laboratory 2005-2017, all rights reserved. Department of
Physics, Department of Energy Science, Sungkyunkwan University, Suwon 440-746, Korea

2.7.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is a technique employ for visualization and analysis of crystal
structure and microstructure of specimen. Figure 2.9 shows photograph of Transmission electron
microscope (TEM): Hitachi (H-7500) used for characterization [6].In TEM an image is produced
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from sample by illuminating sample with electron beam. An image producing system present
below sample position consist of objective lens, intermediate and projector lenses and these are
responsible for focus the electron to go by the sample to form a highly magnified image on
fluorescent screen. These produced electron images are monochromatic and can be digitally

stored on computers.

TEM put forward two modes for observation of a sample one is diffraction mode and another is
image mode (Figure 2.10). Diffraction mode or dark field mode produces a diffraction pattern for
sample which originates by illuminating sample area using electron beam. Such diffraction
pattern produced by TEM is totally equivalent to diffraction pattern produced by XRD. Image

mode is for producing image from illuminating area of sample.

Figure 2.9: Photograph of Transmission electron microscope (TEM): Hitachi (H-7500)
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2.7.3 Energy dispersive X-ray spectroscopy (EDX)

Figure 2.10: The ray diagram of transmission electron microscope

EDX is extremely powerful analysis method which is used for analyzing the elements of sample.

In EDX X-rays are produced by ionization of an atom with high energy radiation (10-20 KeV)

and this process result in vacancy in inner shell. Incident beam excite an electron from inner

shell and ejects this electron from shell and produce an electron hole. After this process an higher

energy shell electron fill up hole. In this process the energy is produced in form of X-ray. This

produced energy equals to disparity in energy of higher-energy shell and lower energy shell. This

energy of X-rays released from analyte is then calculated energy dispersive spectrometer. This

X-rays is feature of the differentiation in energy among the two shells and this permit the

elemental composition of specimen to be deliberate. By investigating the nature of these emitted

X-ray we are able to analyze the elements present in specimen [7].

2.7.4 Optical characterization

2.7.4.1 UV-Vis-Spectrophotometer
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UV spectroscopy involves absorption of light of ultra-violet region (200-400 nm) by the
molecule. UV-Vis-Spectrophotometer: Perkin-Elmer Lambda 750 was employed to record
absorption (Figure 2.11). In absorption spectroscopy there is absorption of light takes place and
this cause electron excitation from ground to high energy state. The absorption energy is equals
to difference in energy between ground state and higher energy states. UV spectroscopy act upon
Beer-Lambert law, this law affirm that: while a beam of monochromatic light get passed from
solution of absorbing substance, the rate with which there is diminish in intensity of radiation by
means of thickness of absorbing solution is proportional to incident radiation and concentration

of solution.

A=log (lo/1) =<cl
A= Absorbance
lo=Incident light intensity
I= Light incident after passing
c= Solute molar concentration
&= molar absorptivity
I= Sample cell length

This is fundamental law of UV spectroscopy. In Uv-Vis spectroscopy Tungsten filament
lamps and Hydrogen-Deuterium lamps are used as source of light because these sources covers
whole UV region. Monochromators there in spectrophotometers commonly composed of prisms
and slits. Radiation emitted by source gets dispersed with the help of rotating prisms. Various
wavelengths of light separated by prism pass through the slits for recording purpose. The beam
selected by the slit is monochromatic and further divided into two beams with the help of another
prism.
Out of these two divided beams, one passed through the sample solution and second beam pass
through the reference solution. Detector contains two photocell. One of the photocell receives the
beam from sample cell and second detector receives the beam from the reference. This process
results in the generation of pulsating or alternating currents in the photocells.
Current generated in the photocells is of very low intensity and amplifiers amplify the signals to

obtain clear signals. These amplifiers are connected to the computer. Computer stores all the data
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generated and produces the spectrum of the desired compound. Figure 2.12 presents ray diagram

of UV-Vis-Spectrophotometer [8].

Figure 2.11: Photograph of UV-Vis-Spectrophotometer made of Perkin-Elmer Lambda 750
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Figure 2.12: Ray diagram of UV-Vis-Spectrophotometer
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2.7.4.2 Photoluminescence (PL) and Photoluminescence excitation (PLE) spectroscopy
2.7.4.2.1 Photoluminescence Spectroscopy

A spectrophotometer is an analytical technique which is used to record the luminescent behavior
of a sample. Figure 2.13 shows photograph of photoluminescence spectrophotometer LS-55

which was used to record luminescence.

Figure 2.13: Photograph of photoluminescence spectrophotometer LS-55

It’s possible to record both excitation wavelength (PLE) and emission spectra (PL).
Fluorescence spectrophotometer consists of light source of 150 W ozone free xenon lamp. Light
from the lamp is collected by elliptical mirror. This light then focused on entrance slit of the
excitation monochromator. Reflective optics of monochromator retains high resolution over the
whole spectral range and reduces spherical aberrations. The necessary part of a monochromator
is a reflection grating. This grating disperses incident light with help of its vertical grooves. The
entrance and exit part of monochromator have constantly adjustable slits. The slit width of
excitation monochromator decided the band pass of incident light on the sample. The emission
monochromator’s slits have power over the intensity of fluorescence signal which finally
recorded by detector. An excitation shutter is situated after the excitation monochromator’s exit

slit. The shutter act as cushion and protect sample from photo bleaching and photo degradation
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from prolonged exposure to the light source. An emission shutter is placed just before the
emission monochromator’s entrance and protects the detector from bright light. The sample
compartment hold various optional frills and fiber optic bundles to take the excitation beam to a
inaccessible sample and return emission beam to emission monochromator. Detector is a
photomultiplier tube, which sends the signal to a photon counting module. Figure 2.14 presents

ray diagram of Photo Luminescence-Spectrophotometer [9].

Excitation Light Source  Photo sensor

Fluorescence
monochromato

Excitation
monochromator

€—— Fluorescence radiation

Excitation Radiation—>

Figure 2.14: Ray diagram of LS-55 Photo Luminescence Spectrophotometer

Photoluminescence is light emitting property of material upon excitation. This
spectroscopy is a versatile, nondestructive and powerful optical method. Photo excitation of
material leads to excitation of electron from ground to excited state. After these excited electrons
get back to equilibrium states and in this process extra energy gets released and this release of
energy either takes place in radiative process (luminescence) either via non radiative process.
Radiative transition in semiconducting materials takes place between conduction and valence
bands. To record PL spectra sample is excited by a laser light which having energy more than
that of band gap. After this excited electrons relax by recombining with holes with radiative
emission. These kinds of radiative transitions in case of semiconductors might also entail
localized impurity and defect states. Thus analysis of PL spectra may also give information about
defects and impurities and along with this PL signal magnitude permit determining their

concentration. Thus photoluminescence is a process of photon excitation followed by photon
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emission and important for determination of purity, crystalline quality and impurity defect levels
of semiconducting material. It also helps to understand the physics of the recombination

mechanism.
2.7.4.2.2 Photoluminescence excitation spectroscopy

A Photoluminescence excitation (PLE) spectrum is recorded to know about optical window
where the absorption value of semiconductors lies. In PLE, emission is fixed and then scanned

for excitation. To obtain PLE data emission is fixed on blue edge at different wavelengths.
2.7.4.2.3 Fluorescence Microscopy

Fluorescent microscopic images of QDs were captured through fluorescent microscope NIKON
Eclipse-Ti (Figure 2.15).

Figure 2.15: Photograph of NIKON Eclipse-Ti

2.7.5 Fourier transforms infrared spectroscopy (FT-IR)

Figure 2.16 illustrate Photograph of FT-IR spectrophotometer cary-630 used to record FT-IR.
Infrared spectroscopy is employed for recognition of functional groups present in a molecule.
This technique is also helpful in unique compilation of absorption bands to corroborate the

characteristics of a pure compound or to detect the occurrence of precise impurities. Analysis by
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infrared spectroscopy is dependent on the verity that molecules have exacting frequencies of

internal vibrations.

Frequencies should befall in the IR range that is from ~ 4000 cm* to ~ 200 cm *. Sample
positioned in sample holder will absorb radiation at frequencies which corresponds to molecular
vibrational frequencies, and this will transmit all additional frequencies. Infrared spectrometer
measures absorbed frequencies and the plot between absorbed energy vs. frequency is called
infrared spectrum for a material. By using FT-IR spectra we can identify substance because
different materials have different vibrations and acquiesce special infrared spectra. Moreover,
from absorption frequencies it is probable to decide whether diverse chemical groups are there or
not in a chemical structure. Figure 2.17 presents block diagram of Fourier transforms infrared

spectroscope [10].

Figure 2.16: Photograph of FT-IR spectrophotometer cary-630
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Figure 2.17: Block diagram of Fourier transforms infrared spectroscope

2.8 Formulae used
1. Crystallite size of QDs were obtained by Scherrer’s formula
D =K1/ Cosé (1)
Where 4 = x-rays wavelength used, g = full width at half maximum and & = Bragg angle.

2. The d-spacing (dng) and lattice constant (a) for samples have been determined by using

equation 2 [11] and equation 3 [12] in each case

ni=2dsiné 2)
a=d(h?+k?+17 )" (3)
3. The microstrain (&) in all samples has been obtained using the (equation4) [13]

&=/Atan 6 (4)
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4.  Surface to volume ratio for QDs was calculated using equation 5
SA/V =3/r (5)
Where SA =surface area; r =radius

5. The percent of cytotoxicity was evaluated with help of equation 6:

(A) Test

% cell cytotoxicity = [~

x100]  (6)

ICso (Half maximal inhibitory concentration at which 50% of cell get die and for calculating this

value a graph was plotted between dose and cell viability.
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Highlights

e Synthesis of highly confined luminescent CdSe, CdSel, CdSe2, CdSe4 and CdSe6 QDs,
CdSe4/PEG, CdSe4/PVA and CdSe4/TEOS quantum dots by aqueous route.

o Studied Effect of 2-Mercaptoethanol on optical properties.

e Trap state removal by polymer encapsulation was observed for the first time.

¢ Functionalization of the surface of QDs by biocompatible groups.

e It has been practically confirmed that surface modification of QDs improves optical

properties of QDs.

Abstract

This chapter includes results obtained for different sized fluorescent CdSe QDs prepared using 2-
mercaptoethanol. Surface modification of QDs was carried out by different polymers and
silicates. High concentration of 2-ME was reported to decrease particle size and to increase trap
states in QDs. Trap states were removed from CdSe QDs on surface modification.
Photoluminescence spectroscopy confirms role of surface modification in improving the optical
properties of CdSe QDs.
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3.1 Introduction

QDs (quantum dots) have some unique characteristics like size tunable emission spectra, broad
absorption and bright luminescence. Because of these features these QDs are appropriate for a
variety of applications such as fluorescence imaging and sensing applications [1]. Synthesis of
QDs can be carried out by two approaches one is aqueous synthesis and another is
organometallic route [2, 3]. It is not possible to use QDs prepared by organometallic route for
biological applications because they are hydrophobic in nature. To utilize these QDs biologically
there is a need of polymer encapsulation and ligand exchange by means of hydrophilic ligands
[4, 5]. Therefore to make these QDs hydrophilic, defect free and biocompatible there is
requirement of modification of their surface by using hydrophilic capping agents in aqueous
solvent. This strategy is typically problematic and the as prepared QDs are linked with many

downsides for instance low emission quantum efficiency and limited stability [6].

Furthermore, as compared to organometallic route, aqueous route of synthesis is simpler,
cheaper and more environment friendly. For that reason we chose aqueous route for the synthesis
of QDs. In former studies it was described that QDs produced by aqueous route show wide full
width at half maxima (FWHM) and low emission efficiency of photoluminescence (PL) ensuing
in deprived optical properties attributed to traps on surface of QDs as surface contains atoms
which are partially coordinated [7]. In addition to this optical behavior of QDs is also directly
correlated to size of QDs. These optical properties can be amazingly refined by optimization of
synthetic parameters and encapsulation strategies [8]. Strong confinement results in decrease in
particle size and this ultimately causes increase in number of atoms on surface of QDs and
impinges optical properties. Atoms found on surface of QDs are partly bonded to crystal lattice,
discontinue crystal periodicity and put down other dangling orbitals which project outward from
QD surface [9]. Presence of such kinds of surface energy states in band gap of QDs traps charge
carrier at surface. This trapping reduces the overlap between electron and holes and finally
results in exciton dissociation. Exciton dissociation raises the chances of non-radiative decay and
cause traps emission [10- 13]. Previously trap emission was seen in the QDs stabilized by thiol
as these thiol functionality or sulfide ions are known for hole scavenging property or hole

acceptor property. These studies were paying attention on fluorescence intensity [14-23]. On the
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basis of these studies it was concluded that increased quantity of thiol in solution frequently
quench the PL emission of QDs and originate surface traps [24, 25]. Detailed literature survey
exposed that while the quenching of both band edge emission and trap emission was occurred,
trap emission intensity was incessantly growing with respect to band edge emission [26]. Similar
trend has been noticed in present work where 2-ME capped CdSe QDs were prepared by using
aqueous solvent. A close check of literature reveal band edge emission near 480 nm in CdSe
QDs with trap emission was observed in our QDs for the first time. So it is essential to modify
surface of these QDs by proper encapsulation method for trap free improved luminescence
properties. This surface encapsulation will provide passivation of dangling bonds and defect
states. QDs surface passivation with an inorganic and organic ligand molecule can conduct
needed passivation of vacancies and [27, 28]. Reduction in toxicity and to improvement
luminescence stability of QDs passivation of surface states through encapsulation is an
absolutely appropriate way. Lots of attempts have been devoted to refine the spectral properties
of aqueous QDs. Out of these several methods polymer capping has been evolved as most
suitable method to prepare nanoparticles with high surface stability [29, 30]. Thus to improve
intensity of band edge emission and to eliminate trap related emission we carried on for polymer

encapsulation of these QDs.

Current chapter involves the aqueous synthesis of poly CdSe and strongly confined CdSe
QDs referred as CdSel, CdSe 2, CdSe4 and CdSe6 which were capped by 2-ME. Capping by 2-
ME induce defects in QDs which were further increased with increase in concentration of 2-ME.
We demonstrate the removal of trap states from emission spectrum of CdSe4 QDs with increased
intensity of band edge emission on polymer encapsulation. In accordance with the aims of the
thesis, luminescence properties of the QDs are the key feature. In line with this we have
characterized the prepared QDs for luminescence and hence reached to a conclusion that decides
about the best QDs for further studies based on discussion given in continuation. Out of all these
prepared samples CdSel, CdSe2, CdSe4 and CdSe6; CdSe4 QDs have been encapsulated by
different materials and have been selected for further studies because in CdSe4 QDs intensity of
band edge emission is more as compared to trap emission, however, in case of CdSe6 the
intensity of trap emission dominates the band edge emission. Moreover, amount of particles
formed in CdSe6 (higher 2-ME) was negligible and it was impossible to collect these CdSe6
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QDs for application purposes. Furthermore, CdSe4/PEG encapsulated structure is superior then
CdSe6/PEG as FWHM value for CdSe6/PEG band edge emission has also been increased and
this shows decline in monodispersity. It was also noted from PL spectra that red tail in
CdSe6/PEG still shows traces that demonstrate presence of a few trap states whereas in
CdSe4/PEG the spectra was clear.

3.2 Experimental details

CdSe QDs of different size were prepared via aqueous chemical route at 70°C temperature with
constant stirring using distilled water as solvent. Detailed procedure has already been described
in chapter 2 (section 2.2.3). For detailed study of other characteristics which have effect on
properties of CdSe QDs like their structure, particle size, elemental composition, luminescence
(band edge and defect) and functional groups they were characterized by X-ray diffraction
(XRD), Transmission electron microscopy (TEM), energy dispersive analysis by X-rays (EDX),
absorbance spectroscopy, photoluminescence spectroscopy and Fourier transform infrared
spectroscopy (FTIR). Shimadzu powder x-ray diffractometer using Cu Kal radiation was used to
know the crystal structure and particle size of prepared sample. Transmission electron
microscopy (TEM) was performed by putting a drop of dilute aqueous suspension of QDs on
surface of 300 mesh copper grid and then copper grid was dried. TEM images were obtained
using HITACHI (H-7500). Samples were characterized by EDX using HRTEM instrument
TECNAI G? 20S-TWIN (FEI Neitherlands) to know elemental composition of samples. Perkin-
Elmer Lambda750 UV-Vis spectrophotometer was used to carry out UV-Vis spectroscopy
measurements. Luminescent behavior of samples was studied using Perkin Elmer LS55
fluorescence spectrophotometer with an excitation source from Xe lamp within wavelength
range of 200-900 nm. For confirmation of functionality found on surface of QDs they were
characterize by FTIR spectroscopy. This study was carried out by Cary 630 spectrophotometer

(Agilent technology) with wavenumber region between 4000 cm™ - 400 cm™
3.3 Results and discussion

CdSe 11-VI QDs formation takes place from Il and VI group elements of periodic table. CdSe

crystallizes in three forms cubic, hexagonal and infrequently observed cubic rocksalt. Cubic
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structure of CdSe has two forms sphalerite (cubic) and rock salt cubic. Cubic (sphalerite) form of
CdSe is unstable. This form gets converted to wurtzite at moderate temperature. CdSe is n-type
semiconducting material having direct band gap. CdSe is common material which is used for
viable construct of devices. CdSe nanostructures are being extensively investigated due to their
immense potential in biomedical and optoelectronic applications. The cadmium atom is type I1; it
has two electrons in the valence band in s orbital [31]. CdSe is present in two forms cubic and
wurtzite and are presented in figure 3.1.

Cubic structure Wurtzite structure

Figure 3.1: Crystal structures of CdSe

3.3.1 Structural analysis of Poly CdSe, CdSel, CdSe2 and CdSe4 QDs

XRD spectra of poly CdSe, CdSel, CdSe2 and CdSe4 QDs were recorded to know about
structural parameters. Acquired XRD spectra for QDs are presented in figure 3.2. XRD spectra
shown in figure revealed that QDs include four main peaks at diffraction angles 20 = 25.43°,
42.12°, 30.63° and 50°. These peaks are attained due to (111), (200), (220) and (311) reflections
respectively. These peaks are in a good conformity with cubic phase of CdSe. Figure 3.2 also
elucidate that decrease in particle size results into broadening in FWHM. This is a distinctive
feature of QDs or nanoparticles. It is important to note that the 2-ME (4 ml) capping provides the
smallest grain size (1.9 nm). Width of most prominent peak (111) was employed to calculate

crystallite size using the Scherrer’s formula (equation 1) in each case [32].
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D = KA/ Cosé (1)

The d-spacing (dnq) and lattice constant (a) for samples have been determined by using

equation 2 [32] and equation 3 [33] in each case

nA=2dsiné (2

a=d(h’>+k2+12)"* (3)

The microstrain (&) in all samples has been obtained using the (equation4) [34]
£=/4tan 6 (4)

The calculated d-spacing values for different CdSe QDs were ranging between 3.47 A to
3.49 A and hence chance of lattice distortion is less. Size of unit cell is indicative of cubic
structure. Attained values of corresponding lattice constant to these interplanar spacing are found
6.04 A, 6.01 A and 6.02 A near to standard value 6.05 A. All the calculated structural parameters
along with strain and crystallite size of poly CdSe, CdSel, CdSe2 and CdSe4 QDs were
presented in the table 3.1. It is observed from the table that as crystallite size decreases strain

value increases.

TEM analysis confirms spherical shape of QDs therefore surface area of sphere= 4z »?
and volume of sphere = 4/3 = »* and thus surface to volume ratio for QDs was calculated using
equation 5 and tabulated in Table [34].

SA/V =3/r (5)
Where SA =surface area; r =radius

Obtained values for surface to volume ratio increases as particle size decreases and this
leads to increase in number of dangling bonds or unsatisfactory atoms on surface of small QDs
and these dangling bonds are responsible for trap origin in small QDs. Trap origin was further

confirmed from PL spectra for small sized QDs.
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Figure 3.2: XRD spectra of synthesized (a) poly CdSe (b) CdSel (c) CdSe2 and (d) CdSe4

Table 3.1: Structural parameters of poly CdSe, CdSel, CdSe2 and CdSe4 QDs

2546 349 4.60 88 111 1.8 6.04 3.15 5.13
2559 347 3.49 258 111 25 6.01 24 3.85
2548 349 1.82 204 111 3.7 6.02 1.62 2.04
2512 351 0.4 315 111 22 6.0 - 0.44
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3.3.2 Transmission electron microscopy

TEM analysis for CdSe2, CdSe4, CdSe4/TEQS, CdSe4/PVA, and CdSe4/PEG were performed
to obtain the size and shape of QDs. Figure 3.3 (a, b, ¢, d and e) show the obtained TEM images
for QDs and their encapsulated structures. It is clear from TEM images that all the prepared
samples are spherical in shape and agglomeration tendency of particle was found negligible.
Image J software was used for determination of particle size of QDs. Observed particle size for
QDs is tabulated in table 3.4 and it was less than Bohr excitonic radius. Particle size obtained by
TEM was found prodigiously close to diameter obtained from X-ray diffraction. TEM image for
CdSe2 (figure 3.3(a)) confirms spherical shape of QDs. Figure 3.3(b) shows that CdSe4 QDs
have uniform size distribution and are spherical in shape with the average size 1.8 nm. In
CdSe4/TEOS (figure 3.3(c)) silica shell is clearly visible (inset of the picture) this also confirms
the encapsulation of CdSe by TEOS. Polymer encapsulation did not show any special effect on
the morphology and the size of CdSe QDs and it is evidently noticeable in TEM images of
CdSe4/PVA QDs (figure 3.3(d)) and CdSe4/PEG QDs (figure 3.3(e)) [35]. Because in polymeric
materials electron density is low enough in comparison to semiconducting material.

Furthermore, results presented point out that there is no significant variation in size and

morphology in all the QD structures. Histograms for the particle size distribution in case of
CdSe2, CdSe4, CdSe4/TEOS, CdSe4/PVA and CdSe4/PEG are presented in figure3.3 (a, b, ¢, d

and e).
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Figure 3.3: (a) TEM image of CdSe2 (b) TEM image of CdSe4 (c) TEM image of CdSe4/TEOS (d) TEM image
of CdSe4/PVA and (e) TEM image of CdSe4/PEG
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3.3.3 Energy-dispersive X-ray spectra

EDX spectra of QDs and their encapsulated structures were recorded for corroboration of
elemental composition and to evaluate the affect of encapsulation of QDs. Atomic percentage for
all CdSe QDs and their encapsulated structures was confirmed from EDX. Atomic percentage of
Cd and Se in case of CdSel was 5.73 %, 5.28% respectively.

Obtained values of atom percentage for CdSel, CdSe2, CdSe4, CdSe4/TEOS,
CdSe4/PVA and CdSe4/PEG are mentioned in table (3.2). Occurrence of sulphur in EDX spectra
of CdSe2 and CdSe4 (figure 3.4 b, c) is due to 2-ME and atomic percentage of sulphur in these
QDs is in increasing order and tabulated in Table (3.2). The peak of sulphur is intense in CdSe4
as they have high concentration of 2-ME. C and Cu peaks are present in EDX spectra due to
carbon coated copper grids used as sample holders for characterization of samples. Existence of
oxygen in spectra is due to moisture effect during characterization. Attained stochiometric ratios
for Cd:Se with different concentration of 2-ME are mentioned in table 3.3. As we can see in
table 3.3 that ratio of Cd: Se is 1:0.63 in CdSe4 this ratio is not in good stochiometry as
compared to ratio in case of CdSel and CdSe2 as tabulated in table 3.3. From table 3.3 it is also
clear that sulphur content also increased on high concentration of 2-ME as it is 0.83 in CdSe4.
While in case of polymer encapsulated QDs there is no peak of sulphur. This also confirms that
there is no hole scavenging sulfide ions in CdSe4/PEG QDs, CdSe4/PVA and CdSe4/TEOS.

In case of CdSe4/TEOS (figure 3.4 (d)) EDX spectrum shows presence of peaks for
cadmium and selenium along with silicon peaks and confirms the encapsulation of CdSe4 QDs
by silica. Chemical composition analysis of CdSe4/PVA QDs and CdSe4/PEG QDs (figure 3.4
(e) and (f)) show the peaks of cadmium and selenium due to CdSe4 QDs used for encapsulation.
In figure 3.4(e) and 3.4(f) there is no peak that shows the presence of polymers and it is well
known that EDX analysis does not provide information for polymeric materials [40]. These
encapsulated CdSe4/PEG QDs posses 1.15 atomic percentage of cadmium and 1.14 atomic
percentage of selenium. The result obtained through EDX analysis strongly supports the TEM
findings and also authenticiate the stoichimetry of as praepared as well as encapsulated
structures. In earlier research sulfide ions were reported to act as hole scavenger and hence affect

optical properties [26] and will be discussed in the section (3.4.2) of PL spectroscopy.
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Figure 3.4: EDX spectra of synthesized QDs of (a) CdSel (b) CdSe2 (c) CdSe4 (d) CdSe4/TEOS (e) CdSe4/PVA

and (f) CdSe4/PEG
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Table 3.2: Elemental stochiometric ratio of CdSel, CdSe2, CdSe4 and CdSe4/PEG QDs

CdSel CdSe2 CdSe4  CdSe4/PEG CdSe4/PVA  CdSe4/TEOS

5.73 5.96 6.04 1.14 1.49 1.32
5.28 4.80 3.87 1.15 1.07 0.63
411 2.26 1.26 3.58 - 3.92
Nil 2.18/Nil  4.99/Nil Nil Nil Nil/0.81 silica

Table 3.3: Elemental stochiometric ratio of Cd:Se, Cd:S and Se:S in CdSel, CdSe2, CdSe4 and CdSe4/PEG QDs

1:50 1:00

2:50 1:0.80 1:0.36 1:0.45

4:50 1:0.63 1:0.83 0.76:1
PEG capped 1.1 1:00 1:00
PVA capped 1:0.72 1:00 1:00
TEOS capped 1:0.47 1:00 1:00

3.4 Optical studies

3.4.1 Absorbance spectroscopy

The prepared poly CdSe, CdSe4, CdSe4/TEQOS, CdSe4/PVA and CdSe4/PEG QDs were
characterized by UV-Visible spectroscopy for the as-prepared poly CdSe (Figure 3.5(a)), and
CdSe4, CdSe4/TEQS, CdSe4/PVA and CdSe4/PEG QDs (figure 3.5(b)). It is clear from figures
that absorption maximum at 688, 415, 436, 431 and 430 nm is due to the transition between
electronic state present in conduction band and hole state of valance band for poly CdSe , CdSe4,
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CdSe4/TEOS, CdSe4/PVA and CdSe4/PEG QDs respectively. But in case of CdSe4 (figure 3.5
(b)) absorption edge at 520 nm is because of defects. As compared to poly CdSe large blue shift
of about 288 nm was observed in CdSe4 QDs. This blue shift in CdSe4 with respect to poly
CdSe proves that quantum confinement takes place in QDs. Negligible difference was found

between absorbance edge position in CdSe4 and CdSe4/PEG QDs [36].

(a) (b)

= o
o ~
R 5] .
9 = ——CdSe4/PVA
= = —CdSe4/TEOS
S = CdSed -
@) 2 ——CdSed/PEG
w
< <
<

T T T T T T T ‘ ‘ ' ‘ ‘ ' \ ‘ \ ‘

500 550 600 650 700 750 800 850 900 350 375 400 425 450 475 500
Wavelength(nm) Wavelength(nm)

Figure 3.5: Absorbance spectra of (a) Poly CdSe (b) CdSe4, CdSe4/TEOS, CdSe4/PVA and CdSe4/PEG
3.4.2 Photoluminescence spectroscopy

Photoluminescence spectra of CdSe QDs capped with varying concentration of 2-ME (1 ml -6
ml) and polymer encapsulated CdSe QDs are shown in (figure 3.6 (a-d)). A fixed concentration
0.02 mg/ml for all CdSe QDs and encapsulated samples was taken to record room temperature
photoluminescence spectra. These QDs were excited at different excitation wavelengths between
the range 300 nm - 410 nm just for confirmation whether the emission shown by QDs is band
edge emission or generated from several defect states. No variance was observed in emission
spectra with respect to excitation wavelength. Emission takes place at same wavelength in every
scan. This corroborate that all synthesized samples are emitting only the band edge luminescence
or the luminescence due to surface traps. This PL study also confirms that QDs possess broad
excitation and narrow emission spectra. It is clear from figure that PL emission peak get blue
shifted on increase in concentration of 2-ME. Attained PL results show brilliant capping

efficiency of 2-ME. However increase in concentration of 2-ME cause major variation in the
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emission spectra of QDs. The emission spectra of as prepared CdSel (lower 2-ME concentration
i.e; Iml), CdSe2, CdSe4 and CdSe6 (highest 2-ME concentration i.e; 6 ml) are presented in
figure 3.6a. CdSe4 and CdSe6 having high concentrations of 2-ME show (Figure 3.6 (a)) two
distinctive features in spectra (1) band edge emission (2) trap emission. Emission peaks with
their position and intensity along with ratio of trap emission with respect to band edge emission

for comparison from all the samples are tabulated in table 3.4.
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Figure 3.6: (a) Photoluminescence spectra of capped CdSe QDs with different concentration of 2-ME; where V-
CdSel; o-CdSe2; [ -CdSe4; »-CdSe (b) Photoluminescence spectra of CdSe4 and CdSe4/PEG (c)
Photoluminescence spectra of CdSe6 and CdSe6/PEG (d) Comparative photoluminescence spectra of CdSe4/PEG
and CdSe6/PEG (e) Photoluminescence spectra of CdSe4 and CdSe4 aged (f) Photoluminescence spectra of
CdSe4/PEG and CdSe4 /PEG aged (g) Comparative PL spectra of CdSe4 QDs encapsulated with different polymers
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Table 3.4: Summary of photoluminescence peak positions, corresponding FWHM and relative intensities for all
CdSe QDs and their polymer encapsulated structures

CdSel = 600 24.26 49 1:0 -
CdSe2 2.6 540 2541 114 1:0.38 -
CdSe4 18 482 31 259 1:0.86 31
CdSe6 - 475 - 241 1:1.40 -
CdSe6/PEG = 481 50 1007 1:0.20 -
CdSe4/PEG 1.9 492 47.66 828 1:0 100
CdSe4/TEOS 2.0 488 57 765 1:0.25 92
CdSe4/PVA 1.8 494 62 560 1:0 67

Table 3.5: Summary of deconvoluted photoluminescence peak positions, corresponding FWHM and relative

intensities for CdSe4 and CdSe6 along with the emission intensity after PEG encapsulation

El E2 E3 E1 E2 E3 El1 E2 E3 ElEl1 E2/[E1 E3/E1l

481 529 586 29 57 141 199 81 195 1 040 097 828
(CdSe4/PEG)
471 515 578 30 64 132 145 92 320 1 063 22 1007
(CdSe6/PEG)
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Defect emission ratio was found high in case of CdSe4 and CdSe6 as they contain high 2-
ME as compare to CdSel, CdSe. In CdSe4 intensity of trap emission peak grow continuously
with respect to band edge emission but as we further enhance addition concentration of 2-ME in
case of CdSe6 trap emission intensity is totally dominating the band edge emission. For
determination of peak positions in the spectra, we deconvoluted the spectra for CdSe4 and
CdSe6. After deconvolution of spectra it was fitted to three peaks E1, E2 & E3 as can be
perceived from figure 3.6(b) and figure 3.6 (c). Peak at E1 corresponds to band edge emission

and E2 and E3 assigned to trap emission peaks in every case.

The peak positions along with the corresponding intensity & half widths have been
presented in table 3.5. In previous studies quenching of both band edge emission and trap
emission was described. The authors also revealed that intensity of trap emission keep on
growing with respect to band edge emission as they increase the quantity of mercaptopropionic
acid [26]. Analogous response was observed in our case, in as synthesized CdSe4 QDs band
edge emission intensity was more as compare to trap emission (figure 3.6 (b)) but in CdSe6 the
trap emission intensity dominate the band edge emission (figure 3.6 (c)). The peak positions
along with the corresponding intensity & half widths have been presented in table 3(b). It was
concluded from PL studies of all CdSel, CdSe2, CdSe4 and CdSe6 that trap emission dominates

the band edge emission on raising the 2-ME.

Surface defects on QDs surface mainly dangling bonds originate traps and these traps
have strong hole acceptor quality. Photo excitation of such kind of QDs causes hole trapping in
surface states. Owing to higher possibility of non-radiative relaxation process related with
dangling bonds, quantum efficiency of particles emitting from surface states is not very high [9].
As thiols are well-known for their hole scavenging property which cause quenching of band edge
emission and boost the tendency of deep trap emission. In bare CdSe QDs trap emission arise
due to selenium vacancies because in these QDs leakage chances of selenium are high because of
weak bonding of Cd and Se. This study also confirms that surface interaction plays an important

role in emission intensity of QDs.

To overcome all these problems like stability, leakage of toxic ions from bare CdSe and

to improve luminescence properties we encapsulated CdSe4 QDs with polymer. Firstly we tried
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polyethylene glycol (PEG) for encapsulation of CdSe4 and CdSe6 QDs. It was found from its PL
studies that luminescence properties get improved because this encapsulation prevents oxidation
and chemical degradation of surface atoms. In occurrence of PEG a layer get formed on QDs
surface by bonding between ether group in PEG polymer and CdSe QDs which provide strength
to the Cd-Se bond in QDs. This bond formation takes place between hydrophilic group of QDs
and PEG. Formation of layer reduces the chances of selenium leakage and as well pacifies the
surface dangling bonds and decreases the chance of increasing trap emission and stabilizes the
QDs.

It is clear from PL spectra of polymer encapsulated QDs (figure 3.6(b) and 3.6(c)) that
intensity of band edge emission get 10 fold increased in CdSe4/PEG and CdSe6/PEG as
compared to bare CdSe4 and CdSe6 QDs. Traps were completely removed from QDs surface on
polymer encapsulation. We are in the position to say that this is the first report ever that reports
on the removal of the trap emission and occurrence of only band edge emission with increased
intensity. Detailed diagram of probable emissions in as synthesized QDs (with trap states) and

PEG encapsulated QDs (trap state free) are presented in figure 3.7(a) and figure 3.7(b).
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Figure 3.7: (a) Polymer encapsulated QDs without trap states and (b) Polymer encapsulated QDs without trap

emission

Comparative intensities for bare CdSe QDs and their polymer encapsulated structures are
presented in table 3.3 (a). We have compared CdSe4/PEG and CdSe6/PEG Figure 3.6(d) on
comparison it was found that even though there is slight increase in intensity of CdSe6/PEG but
the FWHM value for CdSe6/PEG has also been increased and this shows decline in
monodispersity. This may be due to clusters formation resulted from agglomeration in small
sized CdSe6 QDs. It was also noted that at red tail of spectra in CdSe6/PEG there is still traces

that demonstrate presence of a few trap states whereas in CdSe4/PEG the spectra was clear.

Luminescence stability of CdSe4 and CdSe4/PEG QDs was confirmed with a procedure
described here. PL spectra of stored samples CdSe4 and CdSe4/PEG have been recorded again
after 6 months. These samples were stored at room temperature (temperature varies from 10°C to
35°C). It was clear from spectra that aged samples of CdSe4 (figure 3.6(¢)) and CdSe4/PEG
(figure 3.6(f)) for six months approximately possesses same luminescence as that of fresh
samples with little decrease in intensity. Intensity of band edge luminescence decreased from 249
to 210 in CdSe4 and defects were prominent as they were in fresh CdSe4. In case of CdSe4/PEG

aged sample reduction in intensity was from 827 to 733. This confirms that here is no further
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subsistence of agglomeration in QDs on ageing. This result also demonstrate that the

encapsulation of QDs by polymer prevent release of toxic selenium ions from CdSe QDs.

After confirmation of polymer encapsulation effectiveness in improvement in the stability
and luminescence intensity of QDs, we have encapsulated these QDs by another polymer PVA
and silicate TEOS. Comparative PL spectra of all CdSe4, CdSe4/TEQS, CdSe4/PVA and
CdSe4/PEG presented in (figure 3.6 (g)) clarify that there is 10 fold increments in intensity along
with complete exclusion of defects in case of silicate and polymer encapsulated structures.
Silicates and different polymers have been used for the encapsulation of QDs and prevent
oxidation and chemical degradation of surface atoms and improve luminescence characteristics.
Formation of a layer takes place on CdSe4QDs surface on encapsulation. This layer assist in
pacifying the dangling bonds present on surface of QDs, as well as decreases the probability of
Cd*" and Se? leakage from QDs and stabilizes the QDs.

Emission peak positions along with their corresponding intensities for CdSe4 QDs,
CdSe4/PEG, CdSe4/PVA and CdSe4/TEOS structures are tabulated in Table 3.4. Results in
Table 3.4 revealed that PL intensity is low in bare CdSe QDs but on encapsulation intensity get
enhanced by many folds. This enhancement in fluorescence intensity by encapsulation is because
of smoothening of QDs surface. Finally from these results it was found that we achieved
improved and enhanced luminescence in all samples. Therefore, from EDX analysis and optical
studies it has been confirmed that increased sulphur content affect optical properties. Now after
this confirmation the samples were characterized by FTIR to know about the functional group

present on the QD surface and the results are discussed in the next section.
3.5 FTIR analysis

Poly CdSe, CdSe4 QDs, CdSe4/TEOS, CdSe4/PVA and CdSe4/PEG were scanned by FTIR to
know different functionalities in range 4000-600 cm™. FTIR spectra of poly CdSe and CdSe4
(figure 3.8(a and b)) contains intense peak at 3346 cm™ due to presence of OH group. Peak at
1630 cm™ was assigned to NH bending and 1462 cm™ indicates presence of CH, bending. Peak
which appears around 1100 cm™ is due to CH, rocking. Weak band at 2200 cm™ was referred to
thiol group. Peak found around 1067-1041 cm™ is due to C-O stretching. Band at 706 -899 cm™
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is due to C-S stretching. Presence of extra peaks in spectra of CdSe4 was due to some impurities.
Likewise FTIR spectra of CdSe4/TEOS (figure3.8(c)) demonstrates peak around 3260 cm™ for
OH, 1640 cm™ for NH bend, C=0 stretching 2100 cm™ for alkynes. Presence of silica peak
around 1089 cm™ is accredited to silica encapsulation [41]. In case of CdSe4/PVA (figure3.8 (d))
band for OH is around 3245 cm™ 2110 cm™ corresponds to alkyne and band at 1640 cm™ is for
NH. Table 3.6 summarized all available functional groups on the QD surface. Similarly an FTIR
spectrum of CdSe4/PEG (figure 3.8(e)) shows presence of an intense peak at 3257 cm™ for OH
group. Peaks appear around 1400 cm™ is due to CH, bending. Peak around 2121 cm™ and 1640

cm* are due to characteristic vibrations of NH bends respectively.

From FTIR studies it was concluded that these QDs hold functional groups like NH and
OH which formulate them towards hydrophilicity and biocompatibility. Luminescent QDs
prepared by aqueous route can be directly affixed to bio molecules due to their hydrophilic
nature with great affinity. This is a boon of our technique, because the QDs which are produced
by organic routes are all the time contains hydrophobic surfaces and need post treatment for
biocompatibility and bioconjugation purposes. There are most commonly found functional
groups on biomolecules are-OH, -CHO, -C=0, -NH and —SH [37].

Table 3.6: FTIR most common band positions of CdSe4, CdSe4 encapsulated structures and their assignments

Assingments Band Position
OH group 3346 cm™
Alkyne 2100 cm™
CH, bending 1462 cm™
NH bend, C=0 stretching 1630 cm™
C-S Streching 672 cm™
Silica 1089cm™
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Figure 3.8: (a) FTIR spectra of poly CdSe (b) FTIR spectra of CdSe4 QDs (c) FTIR spectra of CdSe4/TEOS QDs
(d) FTIR spectra of CdSe4/PVA QD and (e) FTIR spectra of CdSe4/PEG QD

3.6. Conclusion

Present chapter concludes that increase in concentration of stabilizing agent i.e., 2-ME leads to

reduction in particle size as well as formation of trap sites. Trap sites originated due to hole
scavenging property of thiol group. Encapsulation of surface of small CdSe4 QDs by polymer

and silicates plays a noteworthy role to improve optical properties. The prepared QDs were

characterized by XRD, TEM, EDX, absorbance spectroscopy, photoluminescence spectroscopy

and FTIR. It has been found from photoluminescence spectroscopy that the QDs are of very

small size with emission 480 nm. On rising 2-ME there is increase in surface to volume ratio.

This cause increased number of unsatisfactory groups on surface of QDs and leads to defect
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origin. This study leads to confirmation that thiol content is responsible for trap emission beyond
a particular concentration of 2-ME and this has also been confirmed from EDX analysis. Other
probable cause of trap emission was presence of dangling bonds, high surface/volume ratio or
moreover may be because of selenium vacancies. To conquer all these setbacks we encapsulated
QDs by polymers and silica. PL studies noticeably revealed that QDs encapsulated with
polymers show brilliant emission intensity with complete removal of trap emission. Considerably
these polymer encapsulated QDs posses outstanding aqueous dispersibility enhanced trap free

band edge emission intensity and improved fluorescence stability.
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Highlights

e Synthesis of CdSe, ZnS and CdSe/ZnS QDs via aqueous route.
e Evaluated link between precursor reactivity, size of QDs and optical properties.
e Optical studies confirmed that different precursor affects the band edge emission and

defect emission profiles in ZnS1 and ZnS2.

Abstract

In this chapter the effect of two different precursors on optical properties of ZnS quantum dots
(QDs) and CdSe/ZnS core-shell structures on the basis of their reactivity have been studied. ZnS
(precursor based), CdSe and CdSe4/ZnS QDs have been prepared opting aqueous route and have
been characterized by XRD, TEM, EDX, PL and FTIR techniques. CdSe/ZnS core-shell QDs
structures were prepared using different precursor of shell material i.e. ZnS (with zinc chloride
and zinc sulphate as the source of Zn). Photoluminescence spectra of all QDs confirm the

effective fluorescence.
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4.1 Introduction

In last few decades semiconducting QDs and core-shell nanostructures have gained much
attention due to the vast fields of their applicability e.g. in optical amplifier [1], LED [2, 3] and
biomedical fields [4]. These core-shell structures have high luminescence quantum yield. This
happens because in core-shell, shell confines electron and hole wave functions in core of the

particle. This shell also minimizes interaction of wave function with trap states.

Core-shell structures CdSe/ZnS [5] QDs are extensively applied in biomedical
application because they have relatively less complex methods of synthesis and tunable
luminescent properties [6]. Core-shell structures improve luminescence and surface properties of
QDs. These characteristics of core-shell QDs make them fascinating from experimental and a
practical point of view [7, 8]. Previously enhancement in photoluminescence quantum yields of
CdSe was observed on formation of shell of higher band gap material. Covering of CdSe by shell
leads to passivation of nonradiative recombination sites [9]. Core-shell materials are biphasic and
mainly synthesized by solution growth method. The reason of the shell formation on the core
particle is like surface modification [10]. Shell increase stability and dispersibility by controlled
release of the core. Type-1 core-shell exhibit high fluorescence yield with high stability because
shell confines electron hole wave functions to core and reduces interactions of the surface defects

which can behave as traps and recombination centers [11].

Selection of the shell material depends upon required properties that we desire after
coating. Small mismatch between core and shell material leads to favorable formation of core-
shell material [12]. Selection of precursors also influences quantity and quality of the obtained
products. Particle size, optical properties and other features of QDs get affected by reactivity and
conversion rate of precursors. Conversion rate of precursors affect the growth of QDs. Slow
reactive precursor leads to generation of few nuclei in nucleation process. This whole process
extends the growth time and produce large size particles. Since the nanomaterials come up to
frontward with their exceptional size dependent physical and optical properties and this aspect

makes them brilliant competitor for biological activities [13-18].
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Current chapter is focused in the direction of the synthesis of ZnS1, ZnS2 QDs (with zinc
chloride and zinc sulphate as the Zn precursor) and their core-shell structures in aqueous media.
Here we purposely studied the effect of various experimental parameters on optical properties.
For core-shell synthesis we took CdSe4 QDs as core (as discussed in chapter 3). In this chapter
effect of two different precursors (based on their reactivity) on photoluminescence of ZnS and
CdSe/znS QDs is explained. X-ray diffraction (XRD), photoluminescence spectroscopy (PL),
Fourier transform infrared spectroscopy (FTIR) and Transmission electron microscopy (TEM)
characterization techniques were used to study their structural, optical, luminescence, surface

chemistry properties and size distribution respectively.
4.2 Experimental details

ZnS1 and ZnS2 were synthesized by aqueous chemical method. CdSe4 was taken as core.
Synthesis of CdSe/ZnS1 and CdSe/ZnS2 was carried out by seed growth method. Complete
methodology for synthesis of is presented in chapter 2 (section 2.3) in detail. To study structural,
elemental and optical properties of prepared QDs they were characterized by XRD (Shimadzu
powder x-ray diffractometer using Cu K, radiation), TEM (HITACHI (H-7500), EDX
(TECNAI G? 20S-TWIN (FEI Neitherlands)) and PL (Perkin Elmer LS55). FTIR spectra of
these QDs were recorded using Cary 630 spectrophotometer (Agilent technology).

4.3 Results and discussions

ZnS exists in two crystallite forms hexagonal wurtzite and zinc blende ZnS cubic phase (Figure
4.1). At room temperature the stable structure of ZnS is zinc blende. There were a small number
of reports related to stable wurtzite ZnS at room temperature. Band gap of cubic form of ZnS is
3.54 eV at 300 K while hexagonal phase band gap is 3.91 eV. Transition of cubic form of ZnS to
the wurtzite form takes place at 1020°C. Moreover, ZnS is a significant phosphor host lattice

material employ in electroluminescent devices (ELD) [19].
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Figure 4.1: Crystal structure of ZnS (a) cubic and (b) Wurtzite
4.3.1 Structural analysis
4.3.2 XRD analysis

Structural characterization of synthesized samples was carried out by XRD and the spectra
obtained are arranged in the (Figure 4.2 (a-e)). XRD of core CdSe4 QDs shows cubic phase of
CdSe. XRD of CdSe4 (Figure 4.2 (a)) has already been discussed in detail in chapter 3. XRD
pattern of ZnS1 (Figure 4.2 (b)), showed four peaks ascribed to pure cubic phase of ZnS1. In
case of ZnS2 (Figure 4.2 (c)) there is presence of three prominent diffraction peaks at diffraction
angle 20 = 28°, 47° and 56° corresponds to miller indices (111),( 220) and (311) demonstrate
cubic structure for ZnS QDs. In addition to these peaks spectra of ZnS2 contains additional
peaks at 26 positions 31°, 34°, 36°, 62°and 67° and (100), (002), (101), (013) and (112) are the
Miller indices linked to these peaks respectively [20,21]. These additional peaks in ZnS2 present
the hexagonal phase of ZnO. XRD of ZnS2 clearly reveals partial oxidation of ZnS takes place
due to extremely highly hygroscopic nature of zinc chloride. Figure 4.2 (d) and (e) show XRD
pattern for core-shell structures CdSe/ZnS1 and CdSe/ZnS2 respectively. Structural parameters
calculated from XRD spectra for all samples like 26 positions, hkl planes, and phase are
tabulated in Table 4.1. It is clear from table 4.1 and figure 4.2 ((d) and (e)) that XRD of core-
shell QDs contains prominent peaks situated at the centre of both CdSe and ZnS. Shift in 26

positions in case of core-shell toward high diffraction angle is clear confirmation of core-shell
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structure formation. Crystallite size for ZnS1 and ZnS2 were obtained using the Scherrer’s

formula.

Table 4.1: Structural parameters of core CdSe4, ZnS1, ZnS2, CdSe/ZnS1 and CdSe/ZnS2 QDs

28.74(znS) 111 25 25 2.4
31.65(Zn0) 100
34.19(Zn0) 002
36.05(Zn0) 101
47.48((ZnS) 220
56.55(znS) 311

25.53 111 3.5 1.71
31.69 200
42.78 220
49.19 311
25.49 111 3.7 1.61
31.69 100
34.57 002
36.19 101
42.61 220
47.74 220
56.69 311
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4.3.3 Transmission electron microscopy

Core CdSe4, ZnS1, ZnS2, CdSe/ZnS1 and CdSe/ZnS2 were also examined by TEM for their
morphological behaviors which are shown in figure 4.3(a-e).
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Figure 4.3: TEM images of synthesized (a) Core CdSe4 (b) ZnS1(c) ZnS2 (d) CdSe/zZnS1 and (e) CdSe/ZnS2

Images revealed that particles were in monodispersed phase that denied agglomerate
formation. Average diameter of QDs was measured with the help of Image-J software. Figure
4.3 (a) confirms that core CdSe4 QDs are uniformly distributed with particle size 1.8 nm. TEM
images of ZnS1 (figure 4.3(b)) and ZnS2 (figure 4.3(c)) showed spherical QDs with uniform size
distribution. Particle size of ZnS1 was found larger as compared to ZnS2 due to variation in the
precursor reactivity used for synthesis of ZnS1 and ZnS2. Shell formation on CdSe4 core QDs
by ZnS was also confirmed by TEM images shown in figure 4.3(d). There is clear presentment of
shell on CdSe4 core QDs in this figure. In case of CdSe/ZnS2 no clear presentment of shell.

Obtained particle size for all samples has been mentioned in Table 4.1.

4.3.4 Energy-dispersive X-ray spectra

Synthesized QDs and their core-shell structures were analyzed by EDX for verification of
elemental composition of samples. EDX spectra of all samples contain peak of carbon and
copper and these peaks are because of carbon coated copper grid used during EDX analysis.
EDX spectra for core CdSe4 (figure 4.4 (a)) show that the sample was pure CdSe. Figure 4.4 (b)
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shows intense peaks of Zn and S due to high concentration of Zn and S precursors. Similarly
EDX spectra of ZnS2 have intense peak of Zn and S figure 4.4 (c). Figure 4.4 (d) and 4.4 (e)
demonstrate the EDX spectra of core/shell CdSe/zZnS1 and CdSe/ZnS2, peaks of Cd and Se are
due to core CdSe4 and peaks of Zn and S are due to ZnS shell. This EDX analysis also leads to
confirmation of CdSe/ZnS structure. Stochiometric ratio of Zn:S and CdSe: ZnS for ZnS1, ZnS2,
CdSe/znS1 and CdSe/ZnS2 QDs are tabulated in Table 4.2.
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Table 4.2: Stochiometric ratio of Zn: S and CdSe: ZnS for ZnS1, ZnS2, CdSe/ZnS1 and CdSe/ZnS2 QDs

Sample Ratio of Zn:S Ratio of
CdSe:ZnS
ZnS 1 1:0.23 -
ZnS2 1:0.95 -
CdSe/ZnS1 - 1:0.5
CdSe/ZnS2 - 1:0.35

4.4 Optical studies

4.4.1 Photoluminescence and photoluminescence excitation (PLE) Studies

Photoluminescence spectra and photoluminescence excitation (PLE) of all the QDs were
recorded by using 0.02 mg/ml solution of QDs. This study was carried out at room temperature.
Emission of samples was recorded by exciting samples at different excitation wavelengths.
Excitation spectra for all QDs were recorded by setting proper emission edge of PL peak. PL and
PLE spectra for CdSe4 i.e. core material are presented in figure 4.5(a) this figure concludes that
in core CdSe4 QDs band edge transition 1s° and 1s" is around 2.6 eV (476 nm) while emission
position is at 481 nm (2.5 eV) respectively. As we have already discussed in chapter 3 that PL
spectrum of CdSe4 shows band edge emission along with trap emission. The possible reason of
defects in case of these CdSe has been formerly discussed [22]. Hereafter CdSe4 will be
considered as CdSe. In case of ZnS1 (Figure 4.5(b)) excitation spectra contain excitation peak at
333 nm which associated to emission at 337, 427, 486 nm where band edge emission for ZnS1
was at 337 nm with defects states at 427 and 486 nm. Schematic illustration of emission
transitions in ZnS1 QDs are presented in figure 4.5 (b1). ZnS2 (figure 4.5 (c)) show excitation
peak at 380 nm and this excitation peak associated to band emission at 384 and defect emissions
at 422, 445, 486 and 529. Schematic depiction of emission transitions in ZnS2 QDs are shown in
figure 4.5 (c1). All the emission peak positions and PLE positions are enumerated in table 4.3.
For the determination of peak positions and FWHM in PL spectra of CdSe, ZnS1, and ZnS2

deconvulation has been implemented. Deconvulated PL spectra was fitted to different peaks
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which can be seen from figure (4.5 (a, b, ¢)). Deconvulated E1 peak in every case presents band
edge emission and other additional peaks present defects. Position of every peak in deconvulated
spectra along with FWHM value and intensity are given in table 4.4. In case of ZnS1 and ZnS2
emission peaks between 400-450 nm (figure 4.5 b and 4.5 c) are associated with interstitial zinc
and sulfur vacancies. Peaks at 485 nm - 490 nm were assigned to Zn-vacancies [23]. Blue green
emission peaks at 525 nm is due to vacancy associated to recombination of electron from energy
level of sulfur vacancy to hole on the energy level of Zn vacancy [24]. Vacancy originated
because of recombination of electron from energy level of sulfur vacancy to hole on the energy
level of Zn were not found in ZnS1. Figure 4.5 (d)) shows excitation peak at 474 nm for
CdSe/ZnS1which correspond to emission at 487 nm along with defect emission at 531 nm
respectively. Similarly, PLE spectra of CdSe/ZnS2 (Figure 4.5 (e)) contain absorption peak at
472 nm this corresponds to PL emission at 484 nm with defect emission at position 532.
Presence of peak at 532 nm even after shell formation may be due to sulfur vacancies. Just for
confirmation of effect of shell formation we compared the PL spectra of CdSe with CdSe/ZnS1
(Figure 4.5 (f)) and CdSe/zZnS2 (Figure 4.5 (g)) and improvement in intensity was perceived on
shell formation with decline in defects. Defect emission in small QDs generally takes place due
to unsatisfactory dangling bonds on their surface. These dangling bonds cause trap generation
and these traps have strong hole acceptor tendency. From comparison of bare CdSe4 and core-
shell structures it was found that in CdSe4 band edge emission intensity is approximately
equivalent to defect luminescence. However, in core-shell structures band edge emission is
extended in contrast with defect luminescence. It was confirmed from PL analysis that all QDs

are fluorescent and fluorescent behavior of these QDs gets better on shell formation.

Table 4.3: Summary of PLE and emission wavelengths for core CdSe4, ZnS1, ZnS2, CdSe/ZnS1 and CdSe/ZnS2

Sample Name | PLE Wavelength(nm) | Emission wavelength(nm)
476 481

Core CdSe4
ZnS1 333 337, 427, 486
ZnS2 380 385, 422, 445, 486, 529
CdSe/znS1 474 487, 531
CdSe/ZnS2 472 484, 532
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Table 4.4: Summary of deconvoluted photoluminescence peak positions, corresponding FWHM and relative
intensities for core CdSe4, ZnS1 and ZnS2

Sample Spectral position of PL FWHM Intensity
Name emission
El E2 E3 E4 E5 E1 E2 E3 E4 E5 E1 E2 E3 E4 E5
Core 481 529 586 30 56 139 192 72 198
CdSe4
ZnS1 335 357 417 491 29 45 63 29 276 250 185 91
ZnS2 384 405 442 487 529 21 39 56 14 38 312 228 217 149 135
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4.5 FTIR analysis

FTIR spectra of prepared QDs were

recorded for confirmation of functionality present on

surface of QDs. In case of core CdSe4 peaks at 1630 cm™ assigned to -NH bending and 1462 cm™
Lis due to CH, bending (figure (4.6 (a)).
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Figure 4.6: FTIR spectra for (a) Core CdSe4 QDs (b) ZnS1 QDs (c) ZnS2 QDs (d) CdSe/ZnS1QDs and (e)
CdSe/zZnS2QDs

Intense peak at 3346 cm™ confirms presence of -OH group. Peak approximately at 1100
cm™ is due to CH, rocking. Weaker band at 2200 cm™ shows presence of thiol group. Peak at
1067-1041 cm™ assigned to C-O stretching. Peak showing C-S band stretching is at 706-899 cm’
! In ZnS1 (figure (4.6 b)) peak at 3249 cm™ is intense and is due to -OH group. Peak at 1640
cm™ and 2100 cm™ are ascribed to -NH bends characteristic vibrations. Peaks at 3290 cm™ and
1640 cm™ in FTIR spectra of ZnS2 (figure (4.6 c)) corresponds to -OH group and -NH bending
respectively. Weak peak in the region of the 1503 cm™ and 1402 cm™ are due to C-N vibrations.
In CdSe/ZnS1 (figure (4.6 d)) peaks at 3387 cm™ 1503 cm™ and 1395 cm™ are due to -OH group
and C-N vibrations respectively. Peak at 1197 cm™ is because of CH, rocking. Peak observed at

709-899 cm™ corresponds to C-S stretching. Similarly in case of CdSe/ZnS2 (figure (4.6e)) peaks
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at 3368 cm™ for -OH, 2117 cm™ for alkynes and at 1547 cm™ for C-N vibrations, 1119 cm™ due
to CH; rocking. Presence of -NH and -OH groups in FTIR spectra of these QDs confirms
hydrophilic and biocompatible nature of these QDs.

4.6 Conclusion

In this chapter we have evaluated the change in optical characteristics of ZnS and CdSe/ZnS
core-shell structures as an effect of ZnS precursor reactivity. Precursor reactivity also affects the
size of QDs. From structural analysis of prepared QDs it was confirmed that particle size of
ZnS1 was greater than ZnS2. Optical analysis of QDs confirms that precursor used to synthesize
ZnS1 and ZnS2 influence the band edge and defect emission positions. In case of ZnS1 band
edge emission was found at 337 nm along with few defects at 427 nm, 486 nm. As compared to
ZnS1, in case of Zns2 band edge emission was at 384 along with defects at 422 nm, 445 nm, 486
nm and 529 nm. It was concluded from optical studies that ZnS1 synthesized by ZnS0,4.7H,0
shows less defects as compared to ZnS2. From all these studies it has been concluded that
reactivity of precursor effect the particle size as well as optical properties. Hence connection was
established between reactivity of precursor with optical properties and size of QDs. In case of
core-shell structures it is found on comparison of PL spectra of CdSe and CdSe/ZnS that there is
improvement in intensity on shell formation with reduction in defect, although these defects were
not removed completely on shell formation. In case of bare CdSe QDs intensity of band edge
luminescence is almost analogous to defect luminescence. But in core-shell CdSe-QDs structures
band edge emission is prominent as compared to defect luminescence and this is due to

smoothening and passivation of unsatisfactory bonds on shell formation.
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Highlights

e Synthesis of NIR poly CdTe, CdTel, CdTe2 and CdTe3 QDs, CdTe2/TEOS,
CdTe2/PVA and CdTe2/PEG quantum dots by wet chemical aqueous route.
e Studied effect of 3-MPA on optical properties and size of QDs.

e Removal of defect trap states by encapsulation of QDs.

e Improvement in optical properties on encapsulation.

Abstract

This chapter describes the effect of stabilizing agent 3-MPA on optical properties of CdTe NIR
QDs. Different sized CdTe NIR QDs were synthesized by wet chemical aqueous route using
different concentration of 3-MPA. Addition of high concentration of 3-MPA leads to blue shift
in emission position of QDs and indicate quantum confinement. These CdTe QDs provide
emission in NIR optical diagnostic window. These kind of NIR emitting QDs can further be used
for biomedical application by modifying surface properties of these QDs. Surface modification
of these NIR QDs is made to stabilize these QDs and to improve fluorescent behavior of QDs.
Photoluminescence spectra of these bare CdTe and polymer, silicate encapsulated QDs confirms
that surface modification of these QDs and in turn enhance their optical properties. FTIR
analysis of these QDs confirms that polymer encapsulated QDs are more biocompatible as

compared to uncovered CdTe QDs.
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5.1 Introduction

Most interesting facts about QDs are high surface to volume ratio and quantum confinement
effect. Quantum confinement effect of QDs show tunable fluorescent properties within the UV
and IR range. NIR QDs have evolved as a novel category of luminous material for biological
applications specifically bioimaging. NIR QDs are getting much attention in current years due to
their exceptional properties like deep tissue penetration of emitted light [1-5]. These NIR QDs
provides emission in diagnostic window (700 nm to 1100 nm). Penetration of NIR QDs avoid
scattering of light by tissues because scattering of light and autoflourescence by tissues is
negligible in NIR range as compared with UV-visible emitting QDs. Therefore, due to less
absorption and minimal autofluorescence these QDs can be utilized for bio-imaging. Till date
NIR QDs, like CdHgTe [6-8], CdTe/CdS [9], CdTeSe [10] CdTeS [11], and CulnS2 [12] QDs

have been productively synthesized and characterized.

CdTe QDs are smaller band gap QDs as compared to other I1-V1 group QDs. These QDs
experience few drawbacks due to the toxicity produced by heavy metals in living cells and
tissues. To achieve biological tissue/organ targeted imaging it is necessary to functionalize QDs
by biomolecules like folic acid, enzyme and peptides etc. Surface modification of QDs by
Surface coating folic acid, enzyme and peptides is not possible directly. Before modification
these QDs must be capped with mercaptopropionic acid (MPA), bovine serum albumin (BSA)
and streptavidin etc. It is also requisite to improve optical properties and stability of NIR QDs.
Surface coating of NIR QDs has been extensively used for prevention of oxidation of QDs and in
this manner surface coating also diminish the cytotoxicity of QDs. There are few reports on the
straight use of biomolecules as a stabilizer for nanoparticles [13-18]. For example, in a report
glutathione (GSH) was used for coating of QDs. This provides a physical hurdle to release of
toxic heavy metals. These, GSH capped QDs were showing slight toxicity toward living cells
[19].

Some authors use microwave irradiation method to generate a potent heating system to
improve the quantum yield and stability of water-soluble GSH capped QDs [20-22]. By keeping
all the point in mind we have selected aqueous wet chemical route for synthesis of CdTe QDs.
These CdTel, CdTe2 and CdTe3 QDs were stabilized by 3-MPA (3-Mercaptopropionic acid).
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This route of synthesis is inexpensive and environment friendly. After synthesis these QDs were
characterized by XRD, TEM, EDS, PL and FTIR. Out of all these CdTel, CdTe2 and CdTe3
QDs we have selected CdTe2 for further analysis because CdTe2 shows emission in NIR range.
Moreover, as compared to CdTe2, CdTel emits at 786 nm but it contains lesser concentration of
3-MPA which leads to its poor stability. Although CdTel also shows emission in NIR range but
its stability is less as compared to CdTe2, whereas CdTe3 QDs were emitting in UV-Visible
range. After the synthesis of CdTe2 QDs we have encapsulated them by polymer and silicates to
stabilize and to improve their optical properties. CdTe2 was selected for further studies because

of its emission in NIR optical diagnostic window i.e., at 757 nm and its stability.
5.2 Experimental details

Wet chemical aqueous route was employed to synthesize poly CdTe and CdTe QDs. Complete
procedure for synthesis of CdTe QDs is presented in chapter2 (section 2.4). Structural,
elemental and optical properties of prepared QDs was studied by XRD (Shimadzu powder x-ray
diffractometer using Cu Kal radiation), TEM (HITACHI (H-7500), EDX (TECNAI G? 20S-
TWIN (FEI Neitherlands)) and PL (Perkin Elmer LS55). Confirmation of functional group on
surface of CdTe was carried out by FTIR (Cary 630 spectrophotometer (Agilent technology).

These characterization techniques are discussed in detail in chapter 2.
5.3 Results and discussion

5.3.1 Structural analysis of Poly CdTe, CdTel, CdTe2 and CdTe3 QDs

Figure 5.1 presents the XRD pattern of poly CdTe, CdTel, CdTe2, and CdTe3 QDs. As clear
from the figure 5.1 reflections are present at 20 = 23°, 26°, 34°, 37°, 42°, 46° and 48°. These
reflections corresponds to (100), (101), (102), (110), (103), (200) and (202) planes assigned to
hexagonal phase of CdTe. Crystallize size of poly CdTe and CdTe QDs was calculated by most
prominent peak (101) using Scherrer’s formula. Size obtained for poly CdTe was 26 nm as it
contains no stabilizing agent therefore no confinement. On addition of 3-MPA (stabilizer)
crystallite size was 7 nm for CdTel. There was reduction in size on further increasing the
concentration of 3-MPA (from 1 ml - 3 ml) 5 nm for CdTe2 and 4.2 nm for CdTe3. This

confirms superior control capability of 3-MPA on crystallite size.
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Figure 5.1: XRD spectra of synthesized (a) poly CdTe (b) CdTel(c) CdTe2 and (d) CdTe3

Table 5.1 also clarifies that there is increase in surface to volume ratio with decrease in
size. Strain value was also increasing with decrease in size. Lattice parameters a and ¢ calculated
for hexagonal CdTe were found close to standard values. These all parameter confirms formation
of hexagonal CdTe. All the calculated structural parameters along with strain and crystallite size
of CdTel, CdTe2, CdTe3 QDs and poly CdTe are presented in the table 5.1.
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Table 5.1: Structural parameters of poly CdTe, CdTel, CdTe2 and CdTe3 QDs

0.34 101 26 28

26.22 3.5
42.66 2.13 103 4.62 7.53

462 7.53 0.21 0.36

47.30 1.92 200 440 7.16

26.37 3.5 1.2 101 7 1.2 462 753 0.83 1.28
4256 2.13 103 4.62 7.53
47.32 1.92 200 440 7.16

26.22 3.5 15 101 5 56 4.63 7.53 1.07 1.61
42.05 2.2 103 485 7.90
47.17 1.92 200 444 7.23
26.22 3.5 2.1 101 42 438 4.63 7.53 1.25 2.25
4256 2.13 103 4.62 7.53

47.32 1.92 200 44 716

5.3.2 Transmission electron microscopy

For determination of shape and size TEM images of poly CdTe, CdTel, CdTe2, CdTe3 were
recorded. It was confirmed from figure 5.2 (a, b, ¢, and d) that all the prepared samples are
spherical in shape and agglomeration tendency of particle was found negligible. Particle size for
these prepared samples was calculated by using Image J software. Calculated particle size is
tabulated in table 5.1. The obtained particle size was found less than the Bohr exciton radius of
CdTe that is 10 nm. Size acquired from TEM analysis was close to size that was obtained from

X-ray diffraction analysis. As already been presented in previous chapter 3 that TEM analysis of
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polymer encapsulated CdSe QDs did not show any special effect on morphology due to polymer
encapsulation [23] due to difference in electron density of core and shell material and hence in
case of CdTe QDs also.

Figure 5.2: TEM images of synthesized (a) CdTel (b) CdTe2 (c) CdTe3 and (d) Poly CdTe

5.3.3 Energy-dispersive X-ray spectra

EDX examination of poly CdTe, CdTel, CdTe2, CdTe3 and their encapsulated structure (figure

5.3 (a-g)) was performed to corroborate elemental composition of samples.
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Figure 5.3: EDX spectra of synthesized (a) poly CdTe (b) CdTel(c) CdTe2 (d) CdTe3 (e) CdTe2/TEOS (f)
CdTe2/PVA and (g) CdTe2/PEG

Carbon and copper peaks in EDX spectra of all samples were attributed to carbon coated

copper grid used for characterization. Cadmium and telluride peaks in all samples confirm

formation of CdTe samples. Presence of silica peak in EDX spectra of CdTe2/TEOS (figure

5.3(e)) confirms the encapsulation of CdTe2 by TEOS. In case of polymer encapsulated CdTe

samples no special peak was found which can confirm the presence of polymers. EDX analysis

does not give information about polymeric materials [24]. Like CdSe QDs EDX spectrum of

CdTe QDs does not show presence of sulphur peak means no hole scavenging group are found

here in CdTe which are responsible for defect generation in PL spectra. Obtained value for ratio

of atomic percentage of Cd:Te for all samples is tabulated in Table 5.2.

Table 5.2: Value for ratio of atomic percentage of Cd: Te from EDX analysis

Sample

Poly CdTe
CdTel
CdTe2
CdTe3
CdTe2/TEOS
CdTe2/PVA
CdTe2/PEG

Ratio of Cd:Te

1:0.79
1:0.76
1:0.63
1:0.55
1:0.66
1:0.81
1:0.89
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5.3.4 Optical studies

Photoluminescence and PLE spectra of NIR QDs were recorded by using 0.02 mg/ml of sample
in solution. PL spectra of all the prepared CdTe QDs and their encapsulated structures were
recorded at different excitation wavelength in order to confirm whether the emission from band
edge or from the defect states. PLE spectra have also been recorded for QDs by fixing emission
wavelength to study the excitation profile. Figure 5.4 (a) shows effect of concentration of
stabilizing agent 3-MPA on PL emission of CdTel, CdTe2 and CdTe3 where concentration of 3-
MPA got increased form CdTel to CdTe3. Figure 5.4 (a) clarifies blue shift in band edge
emission peak on increasing the concentration of 3-MPA. The emission peak of CdTe3 contains
high concentration of 3-MPA get blue shifted as compared to CdTel from 778 nm (CdTel) to
657 nm (CdTe3). This proves superior capping efficiency of 3-MPA. The emission spectra of
CdTel, CdTe2 and CdTe3 show defect emission position along with band emission (Table 5.3).

PLE spectra for CdTel is presented in figure 5.4 (b) and this figure clarifies that CdTel
comprised an excitation peak present at 778 nm which reciprocate band emission at 786 nm and
defect emission at 825 nm. Similarly in case of CdTe2 (figure 5.4 (c)) PLE shows excitation
peak at 744 nm corresponds to emission at 757 nm and 799 nm. In case of CdTe 3(figure 5.4 (d))
excitation peak was found at 657 nm which corresponds to band edge emission at 672 nm along
with defect emission at 720 nm, 758 nm and 862 nm. All the emission peaks and PLE peaks are
tabulated in table 5.2. PL spectra of CdTel (figure 5.5 (e)), CdTe2 (figure 5.4 (f)) and CdTe3
(figure 5.4 (g)) were deconvulated for better understanding for the peak profiles. PL spectra were
fitted to different peaks after deconvulation. E1 peak in each deconvulated spectra presents band

edge emission and other additional peaks presents defects.

Defect emission in case of CdTel, CdTe2 and CdTe3 NIR QDs was attributed to vacancy
of cadmium and tellurium. In case of small sized QDs high surface to volume ratio leads to
presence of many dangling bonds on surface of QDs. These unsatisfactory bonds and trap states
origin due to leakage of Cd, Te results in non radiative recombination. Previously in chapter 3 in
case of CdSe QDs, thiol group from 2-ME was also playing an important role in origin of traps
as we were increasing the concentration of 2-ME. This was confirmed from PL and EDX

analysis. But here in case of CdTe QDs no special effect of 3-MPA on PL emission was found.

150

——
| S—



Chapter-5 NIR Quantum Dots

Peak position in deconvulated spectra along with FWHM value and intensity are presented in
table 5.4.
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Figure 5.4: (a) Photoluminescence spectra of capped CdTe QDs with different concentration of 3-MPA (b) PL and
PLE spectra of CdTel (c) PL and PLE spectra of CdTe2 (d) PL and PLE spectra of CdTe3 (e) Deconvulated PL
spectra of CdTel (f) Deconvulated PL spectra of CdTe2 (g) Deconvulated PL spectra of CdTe3 and (h) Comparative
PL spectra of CdTe2 QDs encapsulated with different polymers

Table 5.3: Emission peaks and PLE peaks of CdTel, CdTe2 and CdTe3

Sample Name PLE Wavelength(nm) Emission wavelength (nm)

CdTel 778 786, 825
CdTe2 744 757,799
CdTe3 657 672, 720, 758, 862
[ 152 )
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Table 5.4: Summary of deconvoluted photoluminescence peak positions, corresponding FWHM and relative
intensities for CdTel, CdTe2 and CdTe3

Sample Name Spectral position of PL FWHM Intensity

emission

El E2 E3 E4 E1 E2 E3 E4 E1 E2 E3 E4

CdTel 786 825 36 29 76 39
CdTe2 757 799 40 35 80 40
CdTe3 672 720 758 862 62 28 83 54 100 34 30 22

Table 5.5: Summary of emission positions, corresponding FWHM and relative %age intensity of CdTe2, CdTe2
/ITEOS, CdTe2/PVA and CdTe2/PEG

Sample Name Spectral position of PL emission FWHM 9%age intensity increase

CdTe2 757 40 1%
CdTe2/TEOS 762 28 10%
CdTe2/PVA 763 20 28%
CdTe2/PEG 764 29 45%

As we have already discussed about the sample selection that is CdTe2 and we had got
some defect states in CdTe2 on QD formation. Therefore, to remove the defects we have
encapsulated CdTe2 by PEG, PVA and TEOS and tested, we have already discussed the
possibilities of using these polymers and silicates for encapsulation purposes for surface
modification in chapter 3. Figure 5.4 (h) shows comparative spectra of CdTe2 and their polymer
encapsulated structure CdTe2/PEG, CdTe2/PVA and CdTe2/TEQOS. This figure shows complete
removal of defects from polymer and silicate encapsulated CdTe2 QD structures. It also helps to
intensify the intensity of polymer and silicate encapsulated QDs along with defect removal. This
increase in intensity on polymer encapsulation is due to reduction in non-radiative transitions
which occurs in bare CdTe QDs because of some trap states. This reduction in non-radiative
transition reduces the energy loss and leads to increase in intensity of radiative transitions.
Emission peak positions with compared intensity for CdTe2 QDs, CdTe2/PEG, CdTe2/PVA and
CdTe2/TEOS structures are demonstrated in table 5.5. Results revealed that PL intensity is low

in bare CdTe2 however on encapsulation intensity gets improved by two to four folds. This
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improvement in fluorescence intensity by encapsulation is because of smoothening of QDs
surface. This encapsulation layer on bare CdTe pacifies defect states and dangling bonds on
surface of CdTe QDs and stabilizes these QDs.

5.3.5 FTIR analysis

FTIR spectra of poly CdTe, CdTe QDs and encapsulated structures were recorded to know about

the presence of possible functional groups on the surface of QDs and presented in figure 5.5.

(2)
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Figure 5.5: (a) FTIR spectra of poly CdTe (b) FTIR spectra of CdTel QDs (c) FTIR spectra of CdTe2 QDs (d)
FTIR spectra of CdTe3 QDs (e) FTIR spectra of CdTe2/TEOS QDs (f) FTIR spectra of CdTe2/PVA QDs and (g)
FTIR spectra of CdTe2/PEG QDs
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FTIR results of poly CdTe, CdTel, CdTe2 and CdTe3 shows peaks at 3430 cm™ 2840
cm™, 1400 cm™, 1066 cm™and 875 cm™. The presence of these peaks at particular wavelengths
are due to -OH group, -CH stretching,-CH2 bending, C-O stretching and C-S stretching
respectively. Peak at 1541 cm™ is characteristic peak of nitro group. Similarly, in FTIR spectra
for CdTe2/PVA, CdTe2/PEG and CdTe2/TEOS presence of two intense peaks one at 3320 cm™
was assigned to -OH and at 1640 cm™ be a sign of -NH group. FTIR results of these NIR QDs
confirm hydrophilic nature of surface modified QDs. These QDs contain biocompatible
functional groups like —NH and -OH on their surface. By using these functional groups these

QDs can be easily attached to biomolecules, ligands for further biological applications.
5.4 Conclusion

This work concludes that capping of NIR CdTe QDs by 3-MPA controls the particles size of
CdTe. This decrease in particle size leads to shift in PL emission peak position confirms that
CdTe QDs are quantum confined. Trap emission position got increased with decrease in size.
TEM, XRD, EDX and PL analysis confirms structural, elemental, optical properties of CdTe.
From PL analysis of CdTe it was confirmed that CdTel, CdTe2 shows emission in NIR range.
XRD spectra confirm formation of hexagonal phase of CdTe QDs. PL spectra of polymer and
silicate encapsulated CdTe QDs confirm enhanced fluorescence intensity. FTIR analysis of these
QDs confirm biocompatible and hydrophilic nature of these QDs. Owing to emission of these
encapsulated QDs in NIR range these can be utilized for biological applications specifically for

deep tissue imaging in future.
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COMPREHENSIVE INVESTIGATION OF CYTOTOXIC AND
ANTIMICROBIAL BEHAVIOUR OF CdSe AND CdTe BASED
NANOSTRUCTURES
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Highlights

e Comparative study of cytotoxic behavior of CdSe quantum dots and their encapsulated
structures.

e Toxicity study of CdTe based nanostructures toward HEK 293 cell line.

e Found the relation of origin of defects in CdSe QDs with cytotoxicity.

e Encapsulation engraves toxicity compared to bare CdSe-QDs toward HEK 293 cell line.

e Antimicrobial activity of CdSe and CdTe based nanostructures.

e Effect of shell formation on core quantum dots antimicrobial behavior was studied.

¢ Non antibacterial core-shell QDs can be used to study the microbial population.

e QDs are antibacterial against multidrug resistant bacteria A. baumannii.

Abstract

This chapter focuses on cytotoxicity studies and antimicrobial studies of CdSe and CdTe based
nanomaterials. Cytotoxicity of CdSe and CdTe based configurations was carried out toward
HEK-293 cells. Cytotoxic effect of these configurations was evaluated by using MTT assay.
After confirmation of toxic effects by MTT assay cellular apoptosis caused by QDs was further
analyzed for better understanding of the toxicity by DAPI/AO/PI and DAPI/AO/EtBr fluorescent
staining on HEK-293 cells for CdSe and CdTe QDs. This chapter also includes study of
antimicrobial effect of CdSe4, ZnS1, ZnS2, CdSe4/ZnS1 and CdSe4/zZnS2 QDs by Kirby
Bauer’s disk diffusion method against potential gram negative pathogens; Escherichia coli
ATCC 25922 and Acinetobacter baumannii ATCC 19606. Antimicrobial behavior of CdTe

based nanostructures was tested towards E.coli and S. aureus.
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6.1 Introduction

QDs are luminescent nanomaterials with improved optical properties owing to this special
characteristic of QDs these are preferred as potential materials for biomedical diagnostics like
optical labels for the multiplexed investigation of immunocomplexes, light-emitting diodes,
sensors and solar cells [1, 2]. QDs can be used as potential luminous marker if they posses some
important features like brightness, stability, biocompatibility and non-toxicity. In biological
applications like cellular imaging, cell labeling and tracking luminescence technique has
extremely broad magnitude. For biological applications these QDs must have broad excitation
and narrow emission spectra [3]. The utilization of functionalized luminescent QDs in biology
emerge as one of the fast moving and exciting research directions [4, 5]. These QDs have high
photobleaching resistance and stability in comparison with standard fluorescent organic dyes [6].
These features of luminescent QDs over organic dyes permit and encourage the use of these QDs
in biological processes [7, 8]. Before using these QDs in the field of biology some of the factors
are inescapable which hamper their biological applications like luminescence intensity, water
solubility and extent of toxicity toward cells. Literature survey recommends that QDs obtained
by organometallic route have fine optical properties but these QDs cannot disperse in water
which is a major disadvantage for implication of QDs in biological applications [9, 10]. To
circumvent this issue we synthesized hydrophilic QDs by using aqueous solvent. It was observed
in our work that (chapter 3) QDs prepared by aqueous route have poor luminescence intensity
with defect states. Therefore we worked on improvement of luminescence intensity by
encapsulating QDs by polymers [11]. Photoluminescence intensity and stability get improved by
encapsulation of CdSe QDs which we have already discussed in chapter 3. After these findings
about QDs one major aspect remained for study before using these QDs in the bio relevance is
cytotoxicity testing.

Literature survey related to toxicity of QDs confirmed that thiol stabilizing agent
stabilizes QDs and avert them from surface oxidation [12]. Several research groups disclosed
toxicity of these thiol stabilized QDs toward the cells based on metal ion and stabilizer [13-20].
Furthermore, aqueous synthesized and thiol stabilized CdTe QDs and CdSe QDs and these QDs
prepared by organic route illustrate the equal cytotoxicity [21]. These two factors one is

cytotoxicity and another is luminescence stability are the severe factors which impact their
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biological utilization [22-24]. The main reason of toxicity reported in CdSe QDs is leakage of
cadmium or other heavy metals [25-27]. These heavy metal ions have been reported to show
toxicity toward cell lines under certain circumstances [28-30]. Hence it is easier to choose for
aqueous based quantum dots for biological application as to reduce the toxicity of these QDs is
much easier in comparison to reduce the toxicity of organically synthesized QDs because of the
non water dispersity of later QDs [31]. Much attempt has been dedicated to get better spectral
properties of aqueous QDs along with less cytotoxicity [32-35]. In previous chapters we have
discussed about the simple aqueous synthesis route of QDs and their encapsulated structures. It
was found that optical properties get improved on encapsulation. At this moment essential issue
lingering for use of these QDs biologically is to analyze their cytotoxicity. Previously
cytotoxicity of CdTe and CdS/CdSe was tested toward K562 and HEK-293T and decrease in cell
viability was observed after 24 hour of incubation and after 48 hours cell viability reaches
maximum [36, 37]. Here in this current chapter we evaluate comparative cytotoxicity of prepared
poly, CdSe QDs, CdSe/ZnS1, CdSe/TEQS, CdSe/PVA, and CdSe/PEG. This also involves
cytotoxicity study of CdTe based nanostructures. Antimicrobial behavior of CdSe and CdTe QDs
have also been performed and presented in the chapter to conclude about the application of these
luminescent QDs for bacterial studies and if found antimicrobial in any case these QDs can be

used as antimicrobial agents.
6.2 Results and Discussion

6.2.1 Cell cytotoxicity of CdSe based nanostructures

Cytotoxicity of QDs toward HEK-293 cells was evaluated by using MTT assay. The procedure
adopted for cell cytotoxicity or cell viability of CdSe and CdTe based nanostructures is being

presented in figure 6.1.

The cells were exposed for 12 h, 24 h and 72 h with increasing concentrations of QDs (0
to 1000 pg/ml). Cell viability was systematically deliberated to explain the toxicity. 24 h of
incubation period shows prominent reduction in cell viability for considerable conclusion. It was
clear from figure 6.2 that QDs show signs of concentration reliant reduction in cell viability. Out
of all the prepared QDs, Poly-CdSe was most toxic with ICs, values 440.84 pg/ml at 12 h and
251.19ug/ml at 24 h, similarly CdSe-QDs correspond to ICs, values of 529.71 pug/ml and 397.94
pg/ml for 12 h and 24 h respectively.
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CYTOTOXICITY TESTING PROCEDURE
HEK-293 cell lines

l

Well plate (Cells + Samples)

Incubation for 72 hours

Add MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) salt and incubate for 3 hours

l

Add DMSO

|

Appearance of purple color is indication of live cells

Figure 6.1: Procedure for cell cytotoxicity of CdSe and CdTe based nanostructures

Cytotoxic outcome in case of CdSe/ZnS1 QDs was time and dose dependent but,
CdSe/zZnS1 demonstrate less anti-proliferative activity in comparison to Poly-CdSe with increase
in 1Cx, value by 3.2 fold, 4.2 fold and 2.3 fold for 12 h, 24 h and 72 h respectively (Table 6.1). In
the same way, I1Csy values for CdSe/TEOS also rise by 3.1 fold, 5.5 fold and 2.3 fold for 12 h, 24
hand 72 h respectively (Table 6.1). CdSe/PVA QDs illustrate 8.8 fold, 15.1 fold and 13.1 fold
rise in I1Cso for 12 h, 24 h and 72 h in comparison to Poly-CdSe. Fascinatingly, CdSe/PEG QDs
illustrate 13.7 folds, 23.3 folds and 14.2 folds rise in 1Cs for 12 h, 24 h and 72 h (Table 6.1).
PEG-CdSe-QDs and PVA-CdSe-QDs pursue the same pattern of cell proliferation in the tested
time scale of 72 h of cell incubation (Figure 6.2(d)).
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Figure 6.2: Viability of HEK-293 cells after treatment with synthesized QDs at different concentrations upto (a) 12
hrs (b) 24 hrs (c) 48 hrs and (d) 72 hrs. Percentage cell viability was calculated with respect to viability of the un-

treated (control) cells and which was taken as 100 %. The results are mean + SD from three experiments
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Table 6.1: Corresponding 1Cs, values and fold change in ICs, values of synthesized QDs on HEK-293 cells
proliferation at 12 h, 24 h and 72 h with respect to Poly-CdSe

Samples 12 Hours 24 Hours 72 Hours

ICs0 (Mg/ml)  Fold  1Cso (ug/ml)  Fold  1Cso (ug/ml)  Fold

Change Change Change
Poly-CdSe 440.84 - 251.19 - 131.19 -
CdSe 4-QD 529.71 0.2 397.94 0.5 92.45 -0.30
CdSe4/ZnS1 QD 1862.84 3.2 1287.85 4.2 427.10 2.3
CdSe4/TEOS 1764.12 3.1 1621.12 5.5 521.99 2.3
CdSe4/PVA 4352.55 8.8 4020.96 151 1844.20 13.1
CdSe4/PEG 6518.24 13.7 6124.24 23.3 1989.48 14.2

Biocompatibility of QDs was attained in subsequent order, CdSe 4/PEG QDs > CdSe 4/
PVA QDs> CdSe 4/TEOS QDs > CdSe 4/ZnS1 QDs >CdSe 4 QDs > Poly CdSe. CdSe4 QDs
encapsulated by PEG were showing good biocompatibility. This is because of polymer coating
which hampered the discharge of cadmium ions. Toxic nature of Poly CdSe was due to absence
of stabilizing agent this cause release of toxic ions cadmium and selenium. CdSe4 QDs have
high surface to volume ratio thus they contain large number unsatisfactory groups and dangling

bond and this was also corroborated from FTIR spectra of CdSe-QDs.

Exposure of CdSe-QDs to oxidative environment for long time causes decomposition.
Consequently lead to liberation of toxic ions and cause toxicity towards cells. Encapsulated
structures have reduced toxicity and this was attributed to formation of a layer on QDs surface.
This layer formation pacify surface dangling bonds, as well reduce the probability of leakage of
toxic Cd**, Se*” from QDs and ultimately trim down toxic effect. On the basis of toxicity studies
PEG-CdSe-QDs were found less toxic, highly luminescent and biocompatible for bioimaging

purpose.
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6.2.2 Fluorescent staining to explore cellular apoptosis in case of CdSe based
nanostructures: 4', 6-diamidino-2-phenylindole/ Acridine orange/Propidium iodide (/DAPI/

AO/PI) staining

Cellular apoptosis caused by QDs was further analyzed for better understanding of the toxicity
by DAPI/AO/PI (or EtBr in case of CdTe QDs in section 6.2.4) fluorescent staining on HEK-293

cells. Figure 6.3 represent the staining mechanism of cells at different stages.
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Figure 6.3: Staining mechanism for cells

Healthy normal nuclear structure were stained by DAPI with blue fluorescence while
premature apoptotic cells show bright blue fluorescence with nuclear deformity, whereas, AO
stains live cell (green fluorescence) (Figure 6.4(a)). PI (or EtBr in case of CdTe QDs in section
6.2.4) stains dead and necrotic cells with condensed chromatin by intense red fluorescence. This
fluorescent staining was performed for different time period by taking concentration of QDs
equivalent to Poly-CdSe ICs, value (approximately 250 pug/ml). Conclusion from this study was
obtained by calculating CTCF of all QDs from cells incubated for different time period (figure
6.4 (b)). Poly-CdSe show time dependent cell apoptosis at concentration (250 pg/ml) with
highest cytotoxicity. It was also noted that apoptotic cells get increased in CdSe-QDs with
prolonged time of incubation. It was justified from CTCF count that CdSe/ZnS, CdSe/TEOS,
CdSe/PVA and CdSe/PEG did not show any indication of cell morphological damage for
different incubation period. Whereas, minor increase in CTCF is accredited to natural cell death

as observed from figure 6.4(b). These observations authenticated that encapsulation of CdSe
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QDs prevent the additional reactions and decreases the cytotoxicity as compared with poly-CdSe
and bare CdSe-QDs.
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Figure 6.4: (a) Cellular apoptosis as an effect of QDs treatment at different time periods. The scale bar of images
corresponds to 50um (200X) (b) Graph represents the collective total cell fluorescence ratio for red fluorescence
indicating dead Pl stained cells.* signify p<0.05, ** signify p<0.01 and *** signify p<0.001 when fluorescent
intensity compared with Poly-CdSe
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6.2.3 Cell cytotoxicity of CdTe based nanostructures

On the basis of results obtained for CdSe based nanostructures we have performed cytotoxicity
study of CdTe based nanostructures for 24 hours. Because results for 24 hours of viability studies
in case of CdTe based nanostructures were adequate to give enough information based on
stupendous reduction in cell viability for CdSe based nanostructures. Therefore, reduction in cell
viability was enough prominent at 24 h of incubation for note worthy interpretation in CdTe

nanostructures.

As depicted in figure 6.5, QDs showed the concentration dependent decline in the cells
viability. Poly/CdTe exhibited most toxic effect on the cells with 1Csy of 6.95 pg/ml, whereas
CdTe2 represented ICsy 8.27 pg/ml. After successful mounting of QDs with PVA, PEG and
TEOS we witnessed decline in the toxic effects, where, PEG was found to be least toxic (ICs,
values =548.08ug/ml). PVA and TEOS have ICs, values of 306.55 pg/ml and 129.30 pg/mi
respectively (Table 6.2). Cytotoxicity studies of CdTe based nanostructures clarify that Poly
CdTe and CdTe QDs are showing toxic effect due to leakage of toxic Cd*" and Se® while
encapsulation of CdTe QDs by polymers and silicates thwarts the leakage of these toxic heavy

metals. This surface interaction play important role in trim down the toxic effect of CdTe based

nanostructures.
Table 6.2: Showing individual 1Cs, value
1201 for poly CdTe, CdTe and encapsulated
2 structures
3 -e- Control
3 o CdTe2TEOS
> | Sr.No Sample ICs Value
:E 4+ CdTe2/PEG _ L
:g e CATeYPVA 1 Poly CdTe 6.95
2 -+ CdTe2 2 CdTe2 8.27
)
-~ Poly/CdTe 3 CdTe2/ PVA 306.55
4 CdTe2/PEG 548.08
ng/ml 5 CdTe2/TEQOS 129.30

Figure 6.5: Viability of HEK-293 cells after treatment with

synthesized CdTe QDs at different concentrations for 24 hrs
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6.2.4 Fluorescent staining to explore cellular apoptosis in case of CdTe based

nanostructures: Acridine orange and Ethidium bromide (AO/EtBr) staining

Cellular apoptosis caused by CdTe QDs was further investigated for worthier understanding of
the toxicity by AO/EtBr fluorescent staining on HEK-293 cells. AO stains live as well as dead
cells (green fluorescence). EtBr stains specifically necrotic and dead cells with condensed
chromatin exhibiting bright red fluorescence (Figure 6.6). To perform this study, concentration
of the QDs were taken equivalent to poly CdTe ICso value (approximately 7 pg/ml). As
presented in Figure 6.6. Poly/CdTe exhibited cell apoptosis at the selected concentration (7

pg/ml) with maximum cytotoxic followed by CdTe2. In contrast, other synthesized QDs did not

Ierie

showed any sign of cell morphological damage.

Bright field

Control

CdTe

Poly-CdTe

CdTe2/PEG

CdTe2/PVA

CdTe2/TEOS

Figure 6.6: Showing cellular apoptosis as an effect of QDs treatment and staining assay on HEK-293 cell line
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6.3 Introduction to antimicrobial behavior

Quantum dots are considered as fine applicant to replace traditional irritant and toxic organic
antimicrobial agents because of their large surface area and small size [38, 39]. Previously use of
metal nanoparticles has been well described to show good antimicrobial activity toward Gram-
positive and Gram-negative bacteria stains [40]. However QDs have stunning photostability,
brilliant photoluminescence, narrow emission, and broad absorption spectra in addition to
antimicrobial activity [41]. Owing to these exceptional features QDs could be applied in lots of
biological applications like in cell imaging, biosensors [42]. Luminescent behavior of QDs plays
significant role in studying complex microbial populations and recognition of bacteria. Single
bacterial imaging through probe-conjugated QDs is one of the main practicable research areas in
biological applications [43]. Due to broad probable applications of QDs, they were planned for
antimicrobial activities. QDs mostly contain Pb, Cd, Te, Se etc heavy metal and release of these
heavy metals cause toxicity to bacteria [44]. In earlier reports different rationale for antimicrobial
behavior of QDs was elucidated by different research groups. Prior studies have accredited the
free radicals formation to play chief role in antibacterial activity [45-47]. Sunlight generated
photo-toxicity and high intensity lamps release toxic metal ions (Cd®*) which show toxicity to
the bacteria [48, 49].

6.3.1 Antimicrobial activity of compounds of CdSe based core shell material

Present section is focused on studies for antimicrobial activity of prepared poly CdSe, CdSe4
QDs and their core-shell structures against different pathogen bacteria to state the utilization of
these fluorescent probes in bacterial studies. Kirby Bauer’s disk diffusion method was used to
confirm antimicrobial behavior for compounds A and F which are having effective antibacterial
activity against gram negative pathogens (Table3). QDs whose antimicrobial study was carried
out were referred as compound A-CdSe4, Compound B-ZnS1, Compound C-ZnS2, Compound
D-CdSe4/znS1, compound E-CdSe4/ZnS2 and compound F-poly CdSe respectively. E. coli
strains cause intestinal as well as extra-intestinal infectivity [50]. Another pathogen which we
use in our study is Acinetobacter baumannii which is regarded as foremost cause of nosocomial
pathogen, these results in wide range of blood, respiratory, skin and soft tissue infections. In
recent times, A. baumannii has been listed as the chief multidrug resistant bacteria among

hospital settings by World Health Organization.
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There was clear formation of circular zones of lysis for compound A and control
antibiotics against reference strains against E.coli in figure 6.7 (a). Antimicrobial activity of
compound A against Acinetobacter baumannii is shown in figure 6.7 (b). Both of these figures
clarify that compound A have good antimicrobial activity against E.coli but no antimicrobial
activity was observed against Acinetobacter baumannii. Similarly figure 6.7 (f) and (g) displays
zone of lysis for compound F against E.coli and Acinetobacter baumannii respectively. Observed
zones of inhibition for all compounds in mm are presented in Table 6.3 and it was concluded
from this Table 6.3 that compound A and F show good antimicrobial activity. On the other hand
no zone lysis values were attained for compounds B, C, D and E demonstrate that these
compounds does not inhibit growth of E.coli and Acinetobacter baumannii. Figure 6.7 (c, d and
e) clarify that there was no formation of zone of lysis in compound B and compound D for
Acinetobacter baumannii and for E.coli respectively. The difference in size of zone of inhibition
between all QDs could be linked to elemental composition, surface modification, particles size
and different diffusion tendency of QDs with cell wall. Difference in the size and binding

tendency of QDs to cell wall is also responsible for this kind of observations.

Table 6.3: Antimicrobial susceptibility tests of compounds against gram negative pathogens

Concentrat Zone of lysis in mm
on of Compound Compound Compound Compound Compound Compound
compound
CdSe4 ZnS1 ZnS2 CdSe4/ZznS = CdSe4/ZznS = Poly CdSe
s in pg/ml
1 2
E. A. E. A E. A E. A E. A. E. A
col  bauma | coli | baum | coli | baum | col | bauma | coli | baum | coli | baum
i nnii annii annii i nnii annii annii
1024 29 - - - - - - - - - 20 25
512 16 - - - - - - - - - 17 23
256 13 - - - - - - - - - 15 21
128 12 - : - : : - : - - 12 | 19
64 10 - : - : : - : - - - 17
32 - - - - - - - - - - - 16
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Elemental composition of CdSe4 QDs and poly CdSe was very toxic due to heavy metals
which were confirmed from EDX. Because of this toxic composition of CdSe4 QDs they show
good antimicrobial activity. As compare to CdSe4 and poly CdSe, ZnS1 and ZnS2 QDs do not
show any sign of antimicrobial activity means no formation of zone of inhibition in ZnS1 and
ZnS2 (Table 6.3). Bactericidal performance of CdSe4 QDs has also been accredited to their
small size in contrast to ZnS1 and ZnS2. Smaller size of CdSe4 QDs has been confirmed from
XRD and TEM analysis as compare to ZnS1 and ZnS2.

Likewise CdSe/ZnS1 and CdSe/ZnS2 do not confirms any antimicrobial activity because
of increase in size on shell formation. This shell creation on core CdSe4 also stops leakage of
heavy toxic metal and prevent photo oxidation of core material. Beside with all these reasons
difference in size of zone of inhibition between QDs was linked to diffusion tendency of QDs
with cell wall. Luminescent QDs which are not having antimicrobial activity are biocompatible
includes compound B-ZnS1, Compound C-ZnS2, Compound D-CdSe/ZnS1, compound E-
CdSe/ZnS2 and these can be employed to study the microbial population and for recognition of

bacteria by conjugating with a probe. This bacterial imaging by probe-conjugated QDs is one of

the most feasible study areas in biological applications.
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Figure 6.7 : Antimicrobial results for synthesized compound A against (a) E. coli (b) A.baumannii (c) Compound B
against E. coli (d) Compound D against A.baumannii (¢) Compound D against E. coli (f) Compound F against E.

coli and (g) Compound F against A.baumannii. 1= Meropenem (10 mcg), 2= Cotrimoxazole (25 mcg)
6.3.2 Antimicrobial activity of compounds of CdTe based materials

Present section includes antimicrobial results of prepared poly CdTe, CdTe2, CdTe2/PEG,
CdTe2/PVA and CdTe2/TEOS against E.coli and S. aureus. S. aureus cause skin and soft

tissue infections and E.coli is responsible for intestinal infections.

Figure 6.8 (a) clarifies that there was no zone of lysis for E.coli in case of all the
compounds. These all compounds were also not showing any zone of lysis for S.aureus (Figure
6.8 (b)). It is possible to get antimicrobial activity of these CdTe based compounds by varying
concentrations. But unlike CdSe these CdTe based compound are not showing antimicrobial
activity this may be due to the different stabilizers have been used for synthesis of CdSe and
CdTe based compounds. As CdSe was synthesized by using 2-mercaptoethanol (2-ME) contains
two carbon chains while CdTe is synthesized by using 3-mercaptopropionic acid contains 3
carbon chains. This 3-MPA in case of CdTe may be sufficiently preventing leakage of cadmium
and tellurium by strengthening the bonding between Cd and Te. One more possible reason as we
have already discussed that this may be due to difference in interaction of these compounds with
bacterial cell wall. This antimicrobial behavior previously also has been related to shape and size
of nanomaterials. But these CdTe based compounds are fluorescent in nature and due to this they

can be used for bacterial imaging by probe-conjugated QDs.
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E coli (Gram negative)

CdTe-2/ TEOS CdTe-2/ PVA CdTe-2/ PEG

S.Aureous (Gram Positive)
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Figure 6.8: (a) Representing image suggesting the effect of formulated QDs on gram-negative bacteria

(b) Representing image suggesting the effect of formulated QDs on gram-positive bacteria
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6.4 Conclusion

Cytotoxicity concern of CdSe based and CdTe based nanostructure was systematically studied
and assessed. For CdSe based nanostructures poly CdSe and CdSe4 QDs were found highly
toxic. High toxicity of poly CdSe and CdSe4 QDs was because of release of toxic ions. In
comparison with encapsulated QDs, encapsulated CdSe based QDs are nontoxic still at very high
concentrations and long incubation time of 24 hours and even up to 72 hours of incubation. Non
toxic nature of encapsulated CdSe QDs is probably due to occurrence of layer on CdSe QDs.
This layer prevents degradation of QDs and release of toxic ions. CdSe QDs encapsulated with
polymers did not show any sign of cell morphological injure which was defensible through
CTCF count at different time periods of incubation. Out of all synthesized QDs, QDs which are
capped with PVA and PEG are highly biocompatible. As we intended to make exceedingly
luminescent and defect free biocompatible CdSe QDs the results attained for CdSe4/PEG-QD are
best for both and these can be used as luminescent probes for bioimaging applications. In case of
CdTe QDs reduction in cell viability was enough prominent at 24 h of incubation. These QDs
like CdSe also showed the concentration dependent decline in the cells viability. Poly CdTe
exhibited most toxic effect on the cells with IC50 of 6.95 ug/ml, whereas CdTe2 represented
ICs0 8.27 pg/ml. After successful encapsulation of QDs with PVA, PEG and TEOS we witnessed
decline in the toxic effects, where, PEG was found to be least toxic (ICs values =548.08p.g/ml).
PVA and TEOS exhibited ICs, values of 306.55ug/ml and 129.30 pg/ml respectively.

Kirby Bauer’s disk diffusion method was used to study antimicrobial behavior of
prepared QDs against Escherichia coli ATCC 25922 and Acinetobacter baumannii ATCC
19606. Out of all these samples because of toxic composition Poly CdSe and CdSe QDs were
showing fine antimicrobial activity. A. baumannii is multidrug resistant bacteria the
antimicrobial activity of poly CdSe can be a breach. While other compounds like ZnS1 and ZnS2
QDs do not show any antimicrobial activity. This has been credited to small size of CdSe in
contrast to ZnS1 and ZnS2. CdSe/ZnS1 and CdSe/ZnS2 were also found non-antimicrobial and
this happens because of shell formation. This shell prevents seepage of toxic metal from CdSe.
PL spectra of these samples reported in previous chapters confirmed the fluorescent behavior of
these QDs. Similarly antimicrobial behavior of CdTe based compounds was studied by agar

well diffusion method. These CdTe based compounds are not showing any zone of lysis although
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these are fluorescent in nature. So these fluorescent QDs which have no antimicrobial activity,
these are biocompatible confirmed from FTIR. These can be utilized for bacterial imaging by

probe-conjugated QDs.
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CHAPTER-/

SUMMARY AND FUTURE SCOPE

7.1 Summary

Aim of our thesis was to synthesize visible and NIR QDs for imaging purpose and processing of
the surface of these QDs to make them biocompatible and nontoxic. So in conclusion Visible and
NIR emitting QDs have been synthesized successfully by wet chemical aqueous route. These
synthesized QDs are CdSel, CdSe2, CdSe4, ZnS1, ZnS2, CdSe/ZnS1, CdSe/Zns2, CdTel,
CdTe2, CdTe3 and polymer encapsulated structures like CdSe4/PEG, CdSe4/PVA, CdSe4/TEQOS
and CdTe2/PEG, CdTe2/PVA and CdTe2/TEOS. Introduction to the visible QDs and NIR QDs
and other important concepts were briefly presented in Chapterl. Chapter2 stepwise described
the synthesis procedure and characterization techniques. It is concluded from chapter 2 that all
the visible and NIR QDs are successfully synthesized by wet chemical aqueous route. After this

chapter 3, 4, 5 and 6 presents the results obtained for these QDs.

It is concluded from chapter 3 that concentration of stabilizing agent i.e., 2-ME playing
an important role in controlling the particle size of CdSe QDs. High concentration of 2-ME
reduces size of CdSe and directly related to trap states. Origin of trap states in small CdSe QDs
originated due to hole scavenging property of thiol group of 2-ME. Surface encapsulation of
CdSe QDs by polymer and silicates improve optical properties of CdSe QDs confirmed from PL
spectra of these QDs. The all set QDs were characterized by XRD, TEM, EDX, absorbance
spectroscopy, photoluminescence spectroscopy and FTIR. Photoluminescence spectroscopy
reveals that CdSe QDs are of very small size having band edge emission at 480 nm along with
defect emission. This study confirms that thiol content is responsible for trap emission afar a
particular concentration of 2-ME. These results have been also supported by from EDX analysis.
Other possible reason of trap emission was occurrence of dangling bonds, high surface/volume
ratio or furthermore may be due to selenium vacancies. PL studies conspicuously exposed that
QDs encapsulated with polymers show dazzling emission intensity with whole removal of trap
emission. Polymer encapsulated QDs were found to posses stupendous aqueous dispersibility

better trap free band edge emission intensity and superior fluorescence stability. After this
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conclusion we have tried ZnS shell over CdSe QDs. So firstly we synthesized ZnS1 and ZnS2 by
different precursor. On the basis of these results we formed shell over CdSe. Results obtained for

these QDs and core-shell structures are presented in chapter 4.

Chapter 4 concludes changed optical properties of ZnS and CdSe/ZnS core-shell
structures on the basis of reactivity of precursor. Size of these QDs also gets affected based on
precursor reactivity. XRD confirmed that particle size of ZnS1 was larger than ZnS2. Optical
investigation of QDs verify that precursor used to synthesize ZnS1 and ZnS2 affect the band
edge and defect emission positions. Band edge emission for ZnS1was found at 337 nm alongside
with few defects at 427, 486 nm, while in Zns2 band edge emission was at 384 along with
defects at 422, 445, 486 nm and 529 nm. Optical studies concludes that ZnS1 synthesized by
ZnS04.7TH,0 have less defects as compared to ZnS2. From all these studies it has been
concluded that reactivity of precursor effect the particle size as well as optical properties. In case
of core-shell structures it is found on comparison of PL spectra of CdSe and CdSe/ZnS that there
IS improvement in intensity on shell formation with reduction in defect, although these defects
were not removed completely on shell formation. In case of bare CdSe QDs intensity of band
edge luminescence is almost analogous to defect luminescence. But in core-shell CdSe-QDs
structures band edge emission is prominent as compared to defect luminescence and this is due
to smoothening and passivation of unsatisfactory bonds on shell formation. After studying
fluorescent behavior of these QDs we have worked on CdTe QDs. These QDs are NIR emitting

and in future can be utilized for deep tissue imaging.

Results of CdTe base QDs are presented in chapter 5 and this concludes that capping of
NIR CdTe QDs by 3-MPA controls the particles size of CdTe. This decrease in particle size
leads to shift in PL emission peak position confirms that CdTe QDs are quantum confined. Trap
emission position got increased with decrease in size. TEM, XRD, EDX and PL analysis
confirms structural, elemental, optical properties of CdTe. From PL analysis of CdTe it was
confirmed that CdTel, CdTe 2 shows emission in NIR range. XRD spectra confirm formation of
hexagonal phase of CdTe QDs. PL spectra of polymer and silicate encapsulated CdTe QDs
confirm enhanced fluorescence intensity. FTIR analysis of these QDs confirm biocompatible and
hydrophilic nature of these QDs. Owing to emission of these encapsulated QDs in NIR range

these can be utilized for biological applications in future. After confirmation of fluorescent,
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hydrophilic and biocompatible nature of QDs it was necessary to study toxic behavior of these
QDs.

Chapter 6 includes the detail about toxic behavior of QDs. It is concluded from chapter 6
that CdSe based nanostructures poly CdSe and CdSe4-QDs were highly toxic. High toxicity of
poly CdSe and CdSe-4 QDs was due to release of toxic ions. In comparison with encapsulated
QDs, encapsulated CdSe based QDs are nontoxic still at very high concentrations and long
incubation time of 24 hours and even up to 72 hours of incubation. Non toxic nature of
encapsulated CdSe QDs is probably due to occurrence of layer on CdSe-QDs. This layer
prevents degradation and release of toxic ions. CdSe QDs encapsulated with polymers did not
show any sign of cell morphological injure which was defensible through CTCF count at
different time periods of incubation. Out of all synthesized QDs, QDs which are capped with
PVA and PEG are highly biocompatible. As we intended to make exceedingly luminescent and
defect free biocompatible CdSe QDs the results attained for CdSe4/PEG-QD are best for both
and these can be used as luminescent probes for bioimaging applications. In case of CdTe QDs
reduction in cell viability was enough prominent at 24 h of incubation. These QDs like CdSe also
showed the concentration dependent decline in the cells viability. Poly CdTe exhibited most
toxic effect on the cells with 1Csy of 6.95 pg/ml, whereas CdTe2 represented 1Cso 8.27 pg/ml.
After successful encapsulation of QDs with PVA, PEG and TEOS we witnessed decline in the
toxic effects, where, PEG was found to be least toxic (ICso values =548.08ug/ml). PVA and
TEOS exhibited 1Csq values of 306.55pg/ml and 129.30 pg/ml respectively.

After this we have also studied antimicrobial activity of these QDs from application point
of view. Kirby Bauer’s disk diffusion method was used to study antimicrobial behavior of
prepared QDs against Escherichia coli ATCC 25922 and Acinetobacter baumannii ATCC
19606. Out of all these samples because of toxic composition Poly CdSe and CdSe QDs were
showing fine antimicrobial activity. A. baumannii is multidrug resistant bacteria the
antimicrobial activity of poly CdSe can be a breach. While other compounds like ZnS1 and ZnS2
QDs do not show any antimicrobial activity. This has been credited to small size of CdSe in
contrast to ZnS1 and ZnS2. CdSe/ZnS1 and CdSe/ZnS2 were also found non-antimicrobial and
this happens because of shell formation. This shell prevents seepage of toxic metal from CdSe.

PL spectra of these samples reported in previous chapters confirmed the fluorescent behavior of
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these QDs. So these fluorescent QDs which have no antimicrobial activity, these are
biocompatible confirmed from FTIR. These can be utilized for bacterial imaging by probe-
conjugated QDs. This work concludes that our prepared bare QDs and their encapsulated
structures are fluorescent in nature. Fluorescence intensity gets improved on encapsulation.
Cytotoxicity results conclude that these bare QDs are toxic while encapsulated structures are
nontoxic in nature. Polymer encapsulated QDs were found hydrophilic, biocompatible and

nontoxic as compare to bare QDs.
7.2 Future scope

Main points that can be incorporated to this research topic in future are:

+ Encapsulation of these QDs by peptides and other biocompatible groups.

% As non toxic nature of these QDs is confirmed from cytotoxicity studies.

+ In future these non-toxic QDs can be attached to specific biomolecule to study particular
kind of cell In-vitro.

+ Pharmaco-kinetics and pharmaco-dynamic studies of these QDs. On the basis of results
of Pharmaco-kinetics and pharmaco-dynamic studies these QDs can be used in-vivo
studies of cell, tumors.

+ In future these QDs can be used for pathogenic detection.
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