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Abstract

Semiconductor nanocrystals, or quantum dots (QDs) are now regarded as
alternative, yet effective luminescent probes/labels for numerous biological applications.
This is due to their unique size dependent optical features such as, broad absorption and
narrow emission response and resistance to photobleaching [1]. The chalcogenide systems
(e.g., CdSe), in particular, are considered as efficient candidates owing to their large band
gap tunability over a wide range of electromagnetic spectrum, apart from bright emission
features. Though questionable for large scale use, the toxicity level of cadmium ions is
likely to reduce in the nanometer region, when it forms CdTe or CdSe than available in
elemental form [2]. Consequently, there exists plentiful scope for safe use of nanoscale
CdSe and similar particles in biophysical and biomedical research.

On the other hand, magnetic impurity doped semiconductor nanocrystals have
gained remarkable attention owing to their immense value in magneto-optics, nonlinear
optics, nano-photonics and nano-biotechnology [3,4]. These QDs exhibit special
properties, including localization of magnetic ions and size-dependent sp-d exchange
interactions. In contrast, manganese selenide (MnSe) QDs, have attractive magneto-optic
responses owing to the availability of large number of unpaired electrons in Mn** high-spin
state along with size dependent optical gaps' [5]. Although, hexagonal phase of MnSe is
quite unstable and extremely rare as compared to cubic MnSe, yet they are of significant
worth because of their structural compatibility with other II-VI semiconductor systems [6].
Moreover, the cooperative effect of fluorescence response and magnetic ordering could
offer a new window for tuning bright-fluorescence imaging in response to an externally
applied magnetic field. A number of critical issues need to be addressed prior to nanobio-
interface applications. To name a few, water solubility, bio-functionality, cytotoxicity etc.
[1] and consequently, optical stability of synthesized QDs is extremely important in
biological environments/cell culture media. Furthermore, cellular functioning in living
organisms are generally governed by- ion transport mechanism [7]. However, functional
nanopore creation across a lipid bilayer leading to passage of ions in live cells, has not

been fully understood. The artificial bilayer membrane can be used as a model system to



evaluate the nature of transient nanopores created by insertion of QDs when the bilayer is
subjected to an external field.

This thesis is comprised of eight chapters. The motivation and historical
background is discussed in Chapter 1. In Chapter 2, different synthesis protocol,
methodology and elaboration of basic characterizations of synthesized CdSe and MnSe
QDs are highlighted. Furthermore, characteristic structural and optical features of the
synthesized Cd;..Mn,Se QDs with varying stoichiometry parameter x is discussed. The
water soluble CdSe QDs are prepared by using polyvinyl alcohol (PVA) as the host matrix
which not only act as an efficient surface passivating agent, but also responsible for
enhancing radiative emission response. In addition, CdSe and MnSe QDs are fabricated
using thioglycolic acid (TGA) and sodium dodecyl sulphate (SDS) as coating agents. The
coating layer provides both water solubility as well as bioconjugation capability of the
QDs. A detailed discussion on dependence of optical responses of the QDs on different
reaction environment is presented in Chapter 3. The growth of QDs is largely dependent
on the reaction environment where the reactant concentration, reaction time and surfactant
concentration play an key role. More importantly, the optical behavior of the QDs in
different cell culture media, in absence and in presence of a dispersing agent (e.g., bovine
serum albumin, BSA protein), has been emphasized. An attempt to assess the optical
properties of the QDs in natural environment, like lemon water and rose water media is
also worked out. The optical behavior of the synthesized QDs is found to be strongly
modulated due to varying reaction parameters. The CdSe-PVA QDs prepared from a
precursor of larger Cd?*/Se” ratio (3:1) as compared to lower ratios (1:1, 2:1), and with a
reaction time of 60 min. is characterized by a sharp absorption feature and symmetric
luminescence response. Similarly, as revealed from X-ray diffraction patterns, the MnSe-
TGA QDs are optimized to crystallize into a hexagonal WZ phase, when grown with a
higher TGA concentration (10%) and a lower precursor ratio (Mn®'/Se*: 2:1). The QDs
possess a sharp, blue shifted excitonic absorption with respect to the bulk WZ phase MnSe
and along with symmetric band edge emission behavior. With BSA as a dispersing agent,
the above mentioned QDs display an improved optical stability in Dulbecco’s Modified
Eagle Media® (DMEM) and Minimum Essential Media® (MEM) media as compared to the
Roswell Park Memorial Institute® (RPMI-1640) media depending on their constituents.



These media finds their use for growing and preserving live cells.The study of variation of
magnetic properties of MnSe QDs coated with different surfactants is elaborated in
Chapter 4. The magnetic property of the QDs are found to be surface dependent [6] and
the magnetic property changes with capping agent type. Both TGA and SDS coated MnSe
QDs have exhibited a mixed para and antiferromagetic phase, at low temperature (27 K)
but only paramgnetic phase at room temperature (300 K). Moreover, the Neel temperature
is found to be affected by the TGA concentration employed for synthesizing MnSe-TGA
QDs. Chapter 5 demonstrates QD-BSA protein bioconjugation, fluorescence imaging, and
confocal microscopy of the synthesized QDs. The bioconjugation capabilities are evaluated
by using BSA as model protein. The biophysical aspects of the QDs are discussed in terms
of time resolved phenomena, fluorescence resonance energy transfer mechanism,
cytotoxicity and bioimaging competence. The cytotoxicity behavior and fluorescence
imaging capability of the CdSe and MnSe QDs are studied by using human lymphocyte
cells collected voluntarily. The results show that the cell viability of the lymphocytes has a
direct influence on the concentration of MnSe QDs, with a safe limit upto 0.5 uM. High
biocompatibility and fluorescent behavior of the QDs are witnessed in the cellular
environment. '
Chapter 6 highlights the possible electrophysiology application of highly
fluorescent CdSe QDs. The water soluble CdSe QDs were used as ion channel forming
agents across a soy-extracted lecithin formed lipid bilayer following a planar chip
technique. To record current fluctuation across the bilayer, different experimental steps are
considered, such as suppression of electromagnetic noise, micropore formation, lecithin
extraction, formation of a stable lipid bilayer and finally, ion channel recording. The
voltage-dependent current fluctuation, across the lecithin bilayer (supported on a ~100 pm
thick, ~100 pum aperture cellulose acetate substrate) is attributed to the insertion of water-
soluble CdSe QDs into impermeable bilayer and spontaneous aggregation resulting in the
nanopore formation [8]. Apart from a closed state, the first observable conductance levels
are found as ~6.3 and 11 nS, which correspond to a biasing voltage of -10 and -20 mV;
respectively. Higher observable conductance levels, at corresponding voltages, are found
as ~14.3 and 21.1 nS. Based on two simplified models, the formation of non-spherical

pores (dnspore) can be predicted as a better approximation over spherical nanopores (dspore)



for witnessing a definite conductance level. It is observed that, for a definite conductance
state dspore < 4dnspore. In addition, the number of QDs required to form a panopore of
diameter dpspore , 1S smaller than that of dsp,r.. The current events are observed to be partly
stochastic, possibly due to thermal effects on the aggregated QDs that form nanopores. The
dwell time of the states are predicted in the range of 384-411 ps. Assuming simple
diffusion, a description on ion channels can also be found in the light of a theoretical frame
work to be discussed in Chapter 7. Starting with Saffman-Delbruck approximation [9],
both non-aggregate and aggregate form of QDs are considered where a definite
conductance state is defined by a select numbers of QD aggregation.

Finally, conclusive remarks and future directions is discussed in chapter 8 followed

by appendix and addenda sections.
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CHAPTER 1

Introduction and Literature Review

“T here s Plenty of Room at the Bottom” -Richard Feynman
“Nanotechnology, is the field of future that will replace mzcroelectronzcs and many fields

wzth tremendous application potential in the areas of medicine, electronzcs and material

science”- A.P.J. Abdul Kalam

Nanotechnology represents an exciting new area of scientific discovery, the manipulation
of matter at the atomic or molecular level. Whereas, nano-biotechnology, has been an
exciting interdisciplinary field of research which can helps tackle diseased/infected cells,
through techniques such as, targeted drug delivery, repair tissue with bioactive
nanomaterials apart from dealing with the environmental issues related to remediation,
food packaging and storing. Nanomaterial is a state of matter in the transition region
between bulk solid and molecular structure with a dimension of the order of 1-100 nm
.[1]. Quantum dots (QD) are semiconductor nanocrystals (typical size 1-10 nm) that form
a spatially confined system with prominent quantum confinement [2,3]. They are
regarded as efficient luminescent probes and labels for numerous biological applications
including diagnostics [4], therapeutics [S], surgical devices/implants [6], novel drug
delivery systems [7-9] etc. This is because of their size dependent tunable colour yet

highly photostable optical, optoelectronic and physico-chemical properties [10].
1.1 Quantum structures and quantum confinement

Any nanoscale object with pronounced quantum mechanical property can be considered
as a quantum structure. The type of structure’ dépends on the nature of spatial

confinement along different directions.
1.1.1 Quantum confinement

In solids, the free movement of the carriers (electrons, holes) can be restricted by forcing
them to move in a confined region. This leads to the formation of discrete energy levels
in which the carriers are localized. Depending on the confinement direction, the structure

of confined solid state systems can be categorized in the following classes:
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(a) 3D Bulk material: In the bulk material, the charge carriers do not experience
quantum confinement in any direction. They are free to move in any direction.

(b) 2D Quantum wells: In this configuration, the charge carriers experience strong
quantum confinement in their movement in one dimension. But, in the other two
d‘iménsions, they behave as free particles.

(c) 1D Quantum wires: In this structure, charge carriers experience strong quantum
confinement in two dimensions, but are free to move along the third dimension.

(d) 0D Quantum dot: Here, electrons experience strong quantum confinement in all
the three dimensions. This is considered a special case, as all the dimensions are
smaller or at least comparable to bulk Bohr radius of the system. However, a zero
dimensional system has no physical meaning and is therefore called as “quasi-
zero dimensional QDs”.

The confinement of electron wave function in reduced dimensions modifies the electron
energy spectrum [11,12]. The quantum confinement effect on the electronic properties of
a low dimension system can be represented by the density of states (DOS). The DOS of a
particular system describes the density of available energy states per unit of energy [13].
In 3D bulk system the DOS (g(E)) of volume &’ is described by
3
o(E) d =:—;(%T—)E\/FdE a.1n

For a bulk system where the DOS is proportional to the square root of energy, the
electrons’ energy states continuous which appear in the form of a band. Reducing the
dimensionality of the system only along a particul:ilr dirggtion to the 2D structure, gives

rise to DOS of the 2D quantum-well structure exprqss’ed,as [12]:
g(E) dE = (&*min /) dE (1.2)

Interestingly, while exhibiting a step-like character, the DOS dp not depend on the
energy. Each step in the DOS is described as,

gE)= (m/m?z) (1.3)
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The equal height staircases correspond to the quantized electronic states in the direction
of confinement.
In the 1D structure (quantum wires) where the electrons can move only in 1-direction the

DOS is similar to an array of spikes [12] i.e.,

2(E) dE=61;\/;1% dE (1.4)

A 0 D structure has no physical significance. One can use quasi-zero dimensional
structure in 0 D quantum dot (QD) structure [12], no free motion of electrons is possible
as they are confined in three spatial dimensions. In this case, DOS is expressed by a delta

function (o) i.e.
8(E) dE= 26 (E-E.) (1.5)

i.e. density of states has a functional dependence of energy and all available states exist
only at discrete energy levels. This explains the atomic like behavior of QDs which
exhibits unique optoelectronic properties. As QDs exhibit discrete state, similar to atoms
and/or molecules, very often they are termed as “artificial atom” or “man made atom”. [n
fact, the QDs represent an interrpediate state of matter with energy gap in between the
‘bulk and molecular systems. The discrete energy levels and enhanced energy gap of the
QDs, as compared to their 3D bulk counterpart make them useful over a wide range of
applications from switching to sensing elements, from labeling to contrast agents etc.

The schematic diagram of (DOS) of the above mentioned confined structures are

&y 7

presented in Fig.1.1

oD
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Figure 1.1: Density of states of vs. energy response of different quantum structures
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1.1.2 Bohr excitons

In a semiconductor, absorption of a photon promotes an electron from the valence band
to the conduction band, leaving a positive charge (‘hole”) behind in the valence band. The
weakly bound electron-hole (e-h) pair formed as a result of Coulomb interaction
potential is defined as an exciton [14]. Consequently, the exciton is characterized by
exciton radius, analogous to Bohr radius of hydrogen like atoms. The bulk Bohr exciton
radius (ap) can be defined as [15]

}-)282

Uene?

ag= (1.6)

Here, penh = I/me'+l/mh' is the electron- hole reduced mass. The exciton Bohr radius is
dependent on the static dielectric constant (¢) of the semiconductor as well as on the
electron (me‘) and hole (m,") effective masses. The exciton Bohr radius can be different
for different semiconductor systems. The excitonic Bohr radius is useful in determining
the quantum confinement effect in QDs. Quantum confinement effect arises when the
size of the nanocrystal (R) is comparable to the length of the Fermi wavelength (1£) in
metals and exciton Bohr radius (ag) in semiconductors. In the strong confinement regime
(R<ap), energy due to the quantum confinement effect of the carriers dominates the
Coulomb interaction energy. In this regime, electrons and holes are viewed as individual
particles in their respective single particle ground states. In the weak confinement regh;ne
(R>ag), however, the exciton is envisioned as a single quasiparticle moving around the

QDs with small Coulomb binding energy [16,17].
1.1.3 Particle in a box

In quantum mechanics, particle in a box model describes the characteristics of a particle
restricted by an impenetrable barrier of dimension L in a region, 0<X>L. The probability

of finding the particle outside this region is zero. i.e.,

o(0)=pL)=0 (1.7)

here ¢ is the wave function of the particle. Thus, for the free particle the Schrodinger

equation can be expressed as [18].

o
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(d*/dx*)+2mEp(x)/h*=0 (1.8)

.Here, E is the total energy of the particle.
By solving the Schrodinger wave equation for the boundary conditions (i) ¢(0)=0
and (it) ¢(L)=0, the total energy of the particles can be obtained as [18],

E=n*m*#12mL? (1.9)

Here, n is the qﬁantum number and A is the reduced Planck’s constant (=h/2m). This
‘particle in a box’ model could account for size dependent optical property of 3
dimensionally confined solids. An electron, moving freely in all directions can have a
wave function (similar to the matter wave in quantum mechanics) defined at all points in
space. Confining its position between barriers of infinite height would cause the electron
to have a zero space probability outside of this ‘box’. A result of this restriction is that the
ground stétg kinetic energy of the particle must increase to satisfy the Heisenberg
uncertainty principle. In addition, as the size of the box decreases, the ground state
energyﬂ'wc’)‘uld increase. Similar to the ‘particle in a box’, a QD can be considered as a
spheric;ai box which contains t{v-o particles, an electron and a hole. The kinetic energies of
these two carriers increase as the size of the QD decreases. As a result, both the excitation
and emission spectra shift to shorter wavelengths (higher ene;gies) with decreésing
particle size [4]. The first explanation for the size-dependence of electronic propen;es in
nanocrystals was given by Efros and Efros [19]. It is accounted for the effective masses
of the electron (m, ), and the hole {mh‘) and is popularly known as the Effective Mass
Approximation (EMA) model. The assumptions considered ‘for EMA model are as
follows [17, 20-22]: '
| (a) The crystal structure of QDs is same as that of the bulk system,
®) The QDs are spherical in shape,
(c) Confining potentials of the carriers (e and h) are infinite ohtside the QDs.

Using EMA model, Kayanuma et. al. predicted the following expression for the

confinement energy in the strong confinement regime [20]
E=h*12(1/m, +1/my, yn*/R*-1.786€*/eR-0.248E s, (1.10)

Here E ‘Ry = 13605.8(1/e2)(mo/me+mo/my)" is the effective Rydberg energy in meV.
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The first term in eqn. (1.10) corresponds to the sum of the single particle ground state
energies, the second term to the coulomb attraction, and the third term to the spatial
correlation between the particles. However, defining the strong confinement regime by
the absence of substantial electron-hole correlations, Kaynuma predicted that in a realistic
situation, the wave function will penetrate into the barrier and in the zero radius limit the
exciton energy will approach the bulk value in the barrier material. Later, considering

finite barrier case, Kaynuma has incorporated an improvement to the EMA model [23].
1.2 Colloidal semiconductor quantum dots

Colloidal QDs are composed of an inorganic core surrounded by an organic outer layer of
surfactant molecules (ligands). While preventing undersigned aggregation, the small size
of the QDs (<10 nm) experience significant quantum confinements of charge carriers
along 3D directions. While possessing extremely large surface to volume ratio (s/v~3/R),
the Qbs are highly reactive resulting in a state of very unstable equilibrium [24]. The QD
surface passivation can be obtained by growing a thin layer of shell over the QD core.
This could lead to la')higher photochemical stability, improved luminescence éx!ong with
higher quantu;n yields at room temperature.

Depending on the band alignment of the bulk material, core/shell QDs have been
classified into three categories: type-l, reverse type-1 and type-II. In the type-I structure
(i.e., CdSe/CdS, CdSe/ZnS, InAs/CdSe etc.), the band-gap of the shell material is larger
than that of the core and both electrons and holes are confined in the core. In the reverse
type-Il configuration (i.e., CdS/HgS, CdS/CdSe, ZnSe/CdSe etc.), the band-gap of the
shell material is smaller than that of the core, and, dependent on the thickness of the shell.
In this configuration, the holes and electrons are partially or completely confined in the
shell. In the latter type i.e., in type-ll (ZnTe/CdSe, CdTe/CdSe, CdS/ZnSe etc.), the
valence and conduction band edge of the core are lower and higher than the band edges
of the shell [25].

1.3 Top-down and bottom-up approaches

In the field of nanotechnology, one of the most important challenges is controlled

synthesis. The potential applications are largely dependent on the quality and integrity of
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the materials. A number of techniques have been employed both using cost effective and
sophisticated instruments to fabricate nanostructures and nanomaterials of diverse
morphologies [26]. Common ways of processing nanomaterials are ‘top-down’ or
‘bottorh-up’ routes. A.top-down approach comprises breaking down of the bulk material
into pieces of nanoscale dimension [27]. In contrast, a bottom-up approach refers to the
building up of a system from several smaller subunits suéh as, atoms, molecules or
clusters [28]. Both the methods have their own advantages and limitations and play
important roles in modern industry and technology approaches. The biggest problem with
top-down approach is the development of undesired imperfections at the surface
structures. In the conventional top-down technique, for instance, lithography can cause
significant. crystallographic damage to the processed patterns. This results additional

defects during the etching steps [27]. The bottom-up approach is considered to be a
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Figure 1.2: Schematic diagram of top-down and bottom-up approach
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better technique over top-down one owing to likelihood of less defects, homogeneous
chemical composition etc. This is because of reduction of Gibbs free energy that provides
thermal equilibrium in the nanostructured system. On the other hand, top-down approach

produces internal stress, in addition to surface defects and contaminations [26,27].
1.4 Biocompatible quantum dots

As an important application, QDs and their assembly could be integrated with the
biological sciences. The main prerequisites of the QDs for making them useful in
biological applications are water solubility, environmental stability, bioconjugation
capability, biocompatibility etc. Biocompatibility and biological targeting can be
achieved through surface modification and funtionalization with antibodies, peptides and

other or small molecules of biophysical relevance.

1.4.1 Fabrication and functionalization of biocompatible QDs: capping and coupling

of QDs

The synthesis of stable QDs demands an organic ligand on the surface of the nanocrystals
including core/shell types [29]. These organic capping ligands are always nonpolar and
are not soluble in aqueous solution. [S]. Several strategies have been adopted to avoid the

problem of solubility and stability which are summarized as follows:
1.4.1 (a) Capping of QDs '

By using different stabilizing agents, water soluble QDs can be synthesized directly in
aqueous media. The ligands used during synthesis procedure is ultimate biocompatible
surface capping anchor which do not require an exchange step. The ligand molecule carry
functional groups that are reactive towards the nanocrystal surface at one end, and
hydrophilic group on the other end, which ensure water solubility. In this regard,
synthesis of thiol-capped CdTe QDs in aqueous solution is an appreciable effort as first
reported by Rajh and coworkers [30]. Thiol containing ligands such as glutathione (GSH)
[31], cystine [32] are able to provide improved biocompatibility as compared to many

other water-soluble ligands such as phosphate, amines [31] and carboxylates [33].
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1.4.1 (b) Surface silanization of QDs

Surface silanization is a way of coatingist b'y growing a hydrophilic silica shell around
the r{anocrystal to make it hydroph-ilic [34]. A silica layer can be coated around the QDs
through either dnrect ligand exchange [35] or mdlrect encapsulation (microemulsion,
micellization of siloxane surfactants) [36, 37] In the dlrect ligand exchange method,
original hydrophobic surfactant (trioctylphosphine oxide, TOPO), covering the QD is
mixed with mercaptopropyltri‘me'tho'xy’silane‘ ‘(MPTS) in alkaline methanol. The
mercapto-group (SHY) binds to the QD surface thereby displacing the TOPO layer
followed by the release of three methoxy groups 'in the solvent upon heating [31,38].
Furthermore, the methoxysilane groups react with each other to form siloxane bonds to
promote a silica shell around the nanocrystal. The silica shell can be modified with
different functional groups such as, thiols, amines, or carboxyl groups to ensure covalent
attachment to the bio-moleeules. Moréover, the surface charges of the silica coated QDs
can be changed by different surface anchoring groups. By adding phosphate group with
methoxysilane the QD surface become negatively charged. Due to this the QDs repel
each other through electrostatic interaction.

Indirect encapsulation of QDs with microemulsion process is observed to be more
convenient in compared to direct ligand exchange method [37]. The microemulsion
process can be explained with two hypothetical mechanisms: first, phase transfer without
ligand exchange and second, phase transfer with ligand exchange. In the first mechanism,
surfactants (tensids) form an inverse bilayer around the TOPO capped QDs in presence of
ammonium ion. Tetraethylorthosilicate (TEOS) precursors are transferred through one
tensid layer and form silica shell around the nanocrystal after hydrolysis. In the second
mechanism, the TOPO ligand is replaced by TEOS and QDs are transferred to the
_aqueous phase followed by the polymerization of TEOS from the QD surface [37]
Silanized semiconductor nanocrystals are extremely stable in electrolytic solution due to
high degree of cross-linking between the silane molecules. They remain stable even if
some thiol groups are lost. Moreover, non toxic coating silica are easy to functionalize
which have the capability to protect the surface of the nanoparticles from oxidation, but
the silanization process is somewhat laborious and the resulting  shell .becomes

inhomogeneous.
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Another method of coating the QD to make it hydrophilic is the use of amphiphilic
ligands. The native non-polar molecules of the amphlphlles work as binding
intermediates. While the hydrophilic reglon ensures water solubility, amphiphilic
polymer can be efficiently used to transfer hydrophobic nanopamcles into water [38].
Other surfactant molecules such as phosphohplds [39] a- cyclodextrm [40] etc. can be
employed as amphiphilic hgands

Amphiphilic ligand coatmg phenomena i is regarded as a better method over silica-
shell coating or, capping by ligand exchange technlque owing to several advantages
including (a) absence of direct interaction with the surface atoms of the QDs, thus
preserves the original quantum efficiency, (b) formation of a thin, homogeneous shell by
cross linking polymeric shell covering the QDs without replacing the hydrophobic shell

~with the hydrophilic layer and (c) commercial availability and viable cost of these

amphiphilic polymers compared to other molecules such as, peptides and phospholipids.
1.4.1 (¢) Coupling of QDs for bio-functionalization

While considering pharmaceutical and biological applications the covalent coupling of
nanomaterials to biomolecules is a critical intermediate step [41]. The linking of QDs
with the biological environment depends on the surface chemistry of the QDs as well as
on the reactive group present in the biomolecules. The nanobio conjugation efficacy of
the QDs can be enhanced through different coupling reagents. It was shown that,
carbodiimide coupling would covalently link carboxylic acid groups present on the
surface of the QDs with the amines present in enzymes via a ‘‘zero length’’ amide bond
in presence of sulfo-NHS [41]. The sulfo-NHS can stabilize the intermediate by
preventing it attacked by water molecules [41]. Similarly, maleimide coupling was used
to conjugate primary amines to thiols [42]. The most commonly used maleimide-derived
coupling reagent is sulfosuccinimidyl-4(maleimidomethyl)cyclohexane-1-carboxylate
(Sulfo-SMCC). The¢ maleimide coupling has been employéd to conjugate biomolecules
“such as DNA, hefceptin, proteins [43,44] and the concerned NPs. -ou
Another one most interesting approach to functionalize the QDs is with peptides.
Peptide-coated QDs can work as natural protector of the cell from the toxic inorganic
materials of the QDs. Moreover, their native functional groups such as -NH; and -COOH
can be manipulated by standard chemistries to react with the target of interest [45].

10
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1.5 Advantages of QDs over organic dyes

It is well known that, QD have many advantages over conventional fluorophores, such as,
organic dyes, fluorescent proteins, lanthanide chelates etc. Firstly, the absorption and
fluorescence spectra of the QDs are remarkably different from those of the organic
fluorophores. The QDs exhibit continuous and broad absorption spectra along with
narrow and symmetric emission spectra. Whereas, the fluorophores have narrow
absorption spectra whose spectral pOSlthl’lS depends on the particular fluorophores.
Moreover, the fluorophores exhibit broad asymmetric emission spectra. Any wavelength
of excitation shorter than the emission wavelength, can be chosen to exploit size
dependent absorption and emissmn response of the QDs [46]. The flexibility of choosing
any wavelength shorter than the emission wavelength in case of QDs helps reduce the
autofluorescence in biological samples The QDs exhibit lower autoﬂuorescence response
as compared to the traditional dyes [3 1] |

Secondly, an improved detection sensitivity can be obtained with the QDs by
changing the size of the QDs. This makes QDs well suited for multiplex imaging [47]. In
contrast, the broad emission spectra of different dyes, overlap to a great extent and thus
limiting the use of different fluorescent probes to mark different biological samples

which need to be resolved simultaneously [47].
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Figure 1.3: Normalized absorption and emission spectra of the Qdot 655 NCs and organic dyes

measured in solution [48]
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Thirdly, because of extended fluorescent lifetimes of the QDs (typically, tens to
hundreds of nanoseconds (ns)) as compared to the organic dyes (~5 ns), they are
considered as ideal probes for adequate temporal bias of the signal from cellular
autofluorescence time-gated measurements. This enhances the selectivity and sensitivity
[49]. Additionally, QDs are extremely photostable as well as possess a larger quantum
yield (ratio of light emitted to the light absorbed) compared to the organic dyes.
Moreover, because of their extreme photostability, the QDs can undergo repeated cycles
of excitation and fluorescence for hours with an intense illumination and photobleaching
threshold. In contrast, the bleaching of the ﬂuorescenr dyes could be carried out within
duration short (a mmute) [50] Although some fluorescent dyes posses very high quantum
yield in the visible reglon thexr quantum yleld decreases 51gmf cantly in the near infra
red (NIR) wavelength range after bio- conJugatlon In contrast fluorescence quantum
yields of properly surface passwated QDs are generally high; both in visible light range
as well as for the NIR wavelength regron even after bro-conjugatron The drawbacks like
reduced quantum yields and llmrted “photostability restncts the use of fluorescent dyes in
biological applications mcludmg, but not limited to cell tracking, cell imaging etc. which

require long term monitoring of the probes.
1.6 Relevant semiconductor systems

In recent decades, a great deal of research work on binary compound semiconductor
systems, i.e. CdX (X= S, Se, Te) and ZnX (X= O, S, Se, Te) have been carried out
worldwide. Of particular interest, cadmium selenide (CdSe), is regarded as an efficient
optoelectronic candidate due to an advantage of large band gap tunability and bright
radiation emission response. Earlier, it was predicted that, CdSe QDs are about ~20 times
brighter and 100 times more stable than single rhodamine 6G dye molecules [S1]. Table

1.1 depicts some physical properties of CdX and ZnX semiconductor QDs system.

12
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Table 1.1: Physical properties of several semiconductor systems

7

Physical Properties of CdX Physical Properties of ZnX
Properties CdSe CdS CdTe ZnSe ZnS ZnTe
Melting 1541 2020 1314 1790 1458 1511.5
Temperature

(K)

Refractive 2.5 2.38 2.64 2.5 2.36 2.72
Index

Specific gravity | 5.81 4.82 5.85 5.42 4 6.34
Band gap (eV) | 1.74 2.42 1.56 2.82 3.68 2.3
Dielectric 8.6 8.9 10.2 9.1 8.9 7.4
constant

Density (g/cm’) | 5.8 4.82 5.85 5.26 4.1t 5.65
Effective mass | m, ~0.13my" | me ~0.21my | m,~0.11mg | m, ~0.17mq m,~0.21my | m, ~0.2 my
of electron

(m.")

Effective mass m;,'~0.45ngo my, ~0.80my | my, ~0.40mp | m;, ~1.44my m, ~0.6me | m,~0.2 mp
of hole (m,") ‘ ’

Crystal phase, | Wurtzite, | Waurtzite, Zinc blende, | Zinc blende, | Zinc blende, | Zinc
Lattice a=0.43, a=0.41, a=0.43, a=0.39, a=0.38, blende,
parameters ¢=0.70 ¢=0.67 ¢=10.3 ¢=0.65 ¢=0.62 a=0.42
(nm) - - c=0.69
Phonon energy | 30 Ly 037 21 0.31 44 26
(meV)

Bohr radius | 56 30 68’ 38 25 62
(as) (A)

m, is the rest mass of electron (9.1x107 Kg)

1.7 Magnetic semiconductors

Diluted magnetic semiconductors (DMS) also referred as semimagnetic semiconductors

are semiconducting alloys whose lattice is formed, in part of substitutional magnetic

atoms. The most extensively studied and most thoroughly understood materials of this

type are the A",,Mn,B"! alloys in which a fraction of the group is replaced at random by

Mn [52-54]. DMS of A", ,Mn,B"! type are of interest for several important reasons:

Their ternary nature allows the possibility of "tuning" the lattice constant and band

parameters by varying the composition of the material. The random distribution of

magnetic ions over the cation sublattice leads to important magnetic effects. The

substitutional Mn-atoms in the A"B"" lattice are also characterized by highly efficient

13




Synthesis, charactenization and biophysical assessment of quantum dots and application in electrophysiology

electroluminescence behavior, which makes dilute A", Mn,B" alloys important in the
context of optical flat panel display applications [55]. Furthermore, the presence of
localized magnetic ions in these semiconductor alloys leads to an exchange interaction
between the sp band electrons and the d electrons associated with Mn**, resulting in an
extremely large Zeeman splitting of electronic (band and impurity) levels.

Manganese selenide (MnSe) is a classic example in the family of chalcoger:nides
and binary- semiconductor systems and is the end member (x =1) of the magnetic
semiconductor Zn,..Mn,Se system. Essentially, MnSe comes in two polymorphic forms:
a-MnSe with a cubic modification that gives rock salt structure (RS) [56], and f-MnSe
with hexagonal modification of zinc blende (ZB) and wurtzite structures (WZ) [57,58].
The octahedrally coordinated RS structure of MnSe offers a stable cubic phase, while the
system is metastable in the hexagonal configuration [58,59]. Although ZB and WZ types
of MnSe are quite unstable and extre;mely rare, yet they are of significant interest because
of their structural compatibility with other -Vl semiconductor systems which are not
only fluorescent but also highly photostable [60]. It is expe’cted that, the cooperative
effect of fluorescence re§ponse and magnetic ordering could offer a new window for
tuning bright-fluorescence imaging in response to an externally applied magnetic field.

Table 1.2 provides some physical properties of MnSe and MnS systems.

Table 1.2: Physical properties of MnX systems

Physical Properties of MnX

Properties MnSe MnS

Melting  Temperature | 1733 1883

X)

Refractive Index 2.6 1.39

Specific gravity 5.55 3.99

Band gap (eV) 3.5 (Wurtzite structure), 2.5 | 2.1
(Rock salt structure)

Dielectric constant 10 -

Density (g/cm”) 5.59 4

Lattice parameter (nm) | a=0.41, ¢=0.67 a=0.52

Stable phase Rock salt Rock salt

Phonon energy (meV) 34 -
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To date, amongst highly fluorescent semiconductor systems, Cd-based ones (e.g., CdSe,
CdTe, CdS, and CdSe/ZnS core shell QDs) have received a great deal of attention in
biophysical research, particularly in tagging, labeling, and imaging agent. Though
questionable for large scale use, the toxicity level of cadmium ions is likely to reduce in
the nanometer scale, when it forms CdTe or CdSe clusters than available in elemental
form [61]. As a matter of fact, there exists plentiful scopes for safe use of nanoscale CdSe
and similar particles in biophysical and biomedical research. Nevertheless, biocompatible
nature of these QDs in cellular environment and under UV illumination remained
questionable owing to the releasing of heavy metal ions of Cd**. Replacing Cd by Mn
(for instance, choosing MnS and MnSe instead of CdS and CdSe), would help reducing
the toxicity level by avoiding the photobleaching of Mn®" [62-65]. Knowing that, Mn**
precursor is a hard Lewis acid [63, 66] while Cd*" precursor is a relatively softer one, the
former is less reactive to the surrounding, thereby experiencing much lowered

photobleaching as compared to its counterpart [63].
1.8 Overview on biological application of QDs

Superior optoelectronic properties of the QDs may provide new but versatile approaches
for use in biomedical fields. The QDs have potential biomedical applications ranging
from intracellular tagging of biological molecules to applications such as tracking devices
for neuronal receptors and as interfaces between nerve cells. Fig.1.4. depicts the generic

view on the application of QDs in various biological fields.
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Figure 1.4: Use of QDs in various biomedical and bioengineering fields
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1.8.1 Fluorescence resonance energy transfer (FRET) QDs sensors

The potential uses of inorganic fluorescent QDs in biolabeling and sensing could be
expanded through their ability to function as resonant energy-transfer donors [67].
Fluorescence resonance energy transfer (FRET) involves the transfer of fluorescence
energy from a donor particle to an acceptor particle when the distance between the donor
and the acceptor is smaller than or comparable to a critical radius, known as the Forster

radius. This results in the reduction of the donor emission response and an increase in the
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Figure 1.5: Schematic diagram on FRET mechanism
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Figure 1.6: Absorption and fluorescence spectra of an ideal donor-acceptor pair. Brown colored
region is the spectral overlap between the fluorescence spectrum of donor and absorption

spectrum of acceptor
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acceptor emission intensity. The energy transfer efficiency increases with increasing
spectral overlap between the donor emission and acceptor absorption. Typically, the
FRET is significant over donor-acceptor distances ranging from 10 to 100 A [68]. It is
also worth mentioning here that the arrangement of energy-transfer donors and acceptors
is critical in the development of FRET sensors. Earlier, it was shown that by using a
unique QD surface chemistry, QD—protein conjugates can act as efficient bio sensors
[69]. Moreover, subsequent studies have shown that QD-FRET can detect activity of
caspase-1, thrombin chymotrypsin and trypsin etc. [70,71]. It was reparted that a QD-

FRET assay of collagenase is able to distinguish normal and cancerous breast cells [72].
1.8.2. In vitro cell 1abeling: fixed cells and tissue imaging

Analysis of fixed tissue samples is a standard technique that is important in cancer
diagnostics and morphology studies [73]. The brightness and photostability of QDs are
advantageous for this type of analysis because they are much brighter than any
background autofluorescence from the tissues and cell counterpart. In addition, the
background autofluorescence can be photobleached with prolonged exposure to light
excitation, while QDs remain unaffected. Their principal application is very similar to
that of organic fluorophores. After attaching a ligand, such as an antibody, to the label,
the conjugate binds with high specificity to its target receptor, which in turn can
visualized by the fluorescence of the label. If only a few cells are to be labeled,
fluorescence-marked ligands can be injected into the live cells with micropipettes. Again,
in order to stain many cells in parallel, cells are made fixed and their membrane is
permeabilized with appropriate reagents (e.g. by triton). Antigen detection in fixed
cellular monolayers by QDs was first demonstrated by A. Paul Alivisatos and his group
in 1998 [74]). They could detect nuclear antigens and F-actin filaments simultaneously in
fixed mouse fibroblasts, by green silica-coated CdSe/ZnS QDs and red QDs;
respectively. Moreover, QD conjugates for detection of cancer biomarkers in cancer cells
was reported by several groups [75-77]. In addition, other QD bio-conjugates include
CdS passivation by DNA [78], CdSe/L-cysteine QD conjugate [79], silica coated CdTe
QDs/ immunoglobulin G (IgG) [72] and magnetic nanocrystal [80] conjugates. In last

decades, QDs have demonstrated immense potential for in vitro tissue engineering and
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diagnostics; though several critical issues need to be addressed for long term adaptation
[81].

1.8.3 In vivo cell labeling

Live cells are composed of various components such as plasma membrane, cytoplasm,
nucleus, mitochondria etc. The ability to track and tag fluorescently in cellular and sub-
cellular compartments in living cells is a powerful concept in cell biology and
nanotechnology [82]. Live cell imaging by QDs is a more difficult task compared to fixed
cells and tissues as extra care is necessary to keep cells alive along with the key challenge
of delivering probes into the cytoplasm and organelles such as, nucleus and mitochondria.
Sahi and groups demonstrates the tracking of fast molecular diffusion of dye labeled
lipids, diffusing in the plasma membrane of living cells [83]. A.M Derfus and coworkers
first reported the way of successful uptake of QDs by cells for intracellular tagging [84].
They used both biochemical (translocation peptides, cationic liposomes, dendrimers) and
physical (electroration and microinjection) methods to the delivery of PEG coated QDs
into HeLa cells. With the help of fluorescent microscopy and flow cytometry they
confirmed that, delivery of QDs/liposome complexes and electroporations can be
efficient schemes to deliver QDs to the cytoplasm of a large population of a cell. Wu et
al. have demonstrated that, QDs can be used to label molecular targets at the sub-cellular
level [85]. They could use polymer shell encapsulated QDs with bio-functionalization to
streptavidin and IgG to stain actin and microtubule fibers in the cytoplasm and to detect
nuclear antigens inside the nucleus target in both fixed and live cells. In addition, the first
study of live cell labeling by QDs was demonstrated by Chan and Nie et. al. in 1998 [86].
They observed that, the cancer cells could spontaneously endocytose mercaptoacetic acid
coated CdSe/ZnS QDs conjugated with the transferrin protein. The QDs maintain their
bright fluorescence to label of intracellular regions apart from staining plasma membrane.
Targeting of QDs to specific cytoplasmic or nuclear locations in order to observe sub-
cellular events become more difficult task due to the plasma membrane barrier as well as

the snaring in the endocytic pathway.
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1.8.4 Ion channels and nanopore creation

Recogn’izing the importance of the lipid bilayer membrane in cell biology and molecular
biology, the use of size controlled QDs, in these 2-D bilayer membrane structures, has
realized signiﬁcant interest a}nong the scientific community working in the area of as far
as nanobio-interface applications. It ‘may be not'ed that, nanoporés and nanoporous
artificial membranes were proven to be useful in the fields of bioengineering and
envir;)ﬁmental studies, to name a few, scope for DNA translocation [87], fuel cell studies
[88], “coulter counter device [89], and ultra-high water purification systems [90].
However, functional nanopore creation leading to passage of ions in live cells, has not
been fully understood. In fact, the activity and longevity of cells are largely govell'ned by
the control .uptake/release of ions and other molecular species ‘ through transient
nanopores available in the bilayer membrane. To be specific, active and passive ion
channels could determine the physiological state of the cells by way of linking
intracellular compartments with the extracellular matrix. Moreover, the unhealthy a1\1d
disease-affected cells,‘ both in animal and plant kingdoms, do not support normal ion
transport process thereby causing abnormal intracellular activity. fon channels (pore
forming peptides) may be classified by the nature of their gating; voltage gated, magneto
gated, light gated and l‘igand gated. There are naturally forming aniimicrobial channel
forminé peptides such as, alamethicin, magainin, gramicidin etc {91-94]. Their amino
acid compbsition, amphipal‘thicity, cationic charge, conformation and structure,
hydrophobicity, and size are the characteristics which affe'ct the antimicrobial activity
with high specificity thus allow'ing thém to attach and insert into the membrane bilayers
resulting in the formation of ion ;:onducting pathways (pores) [95]. The pore formation is
demonstrated through ‘barrel-stave’, ‘carpet’ or ‘toroidal-pore’ mechanisms [96].

The ysfudy of ion migra'tidn through the nanopore across the lipid can be studied by
both p;atch'-c]amp and planar lipid bilayer experiments. However, solid supported bilayer
experiments are found to have n{ore advantages over traditional patch-clamp techniques.
[77]. The artificial bilayer membrane caﬁ be used as a model system to explore transient
nanopore creation, in presence of external stimuli such as voltage, magnetic field and
light. The first evidence of voltage-gated channel has been obtained for the alamethicin

peptide channel, as reported by Mueller er a/ [97]. Alamethicins are characterized by
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conductance states of 19-4400 pS when inserted into an artificial phospholipids bilayer
[98]. Moreover, it was reported that the presence of magnetic field in the range of ~1 mT-
1 T can create ion channels in artificial liposomes [99]. The magnetic field has a strong
influence on the diamagnetic nature of the phospholipid molecules thereby causing
appreciable changes in the membrane properties [100]. The nanopore creation and ion
channel forming in artificial lipid bilayer with the resuit of oligomeric aggregation of
QQDs has already been demonstrated [101]. It was illustrated 'that, CdSe QDs can initiate
current bursts in lipid bilayer membranes upon application of a bias voltage. The current
bursts observed resemble those produced by the peptaibol class of antibiotilcs, such as,

alamethicin and trichorzins [102]. It was believed that that, the QDs with dipole

‘ ¥

moments, create a torque in presence of an external electric field which results in their

insertion into the lipid membrane, in aggregate form.

Al “d

1.9 Objectives of the present study ' . oo

The motivation of our thesis work involves synthesis, characterization and biophysical
assessment of biocompatible CdSe and WZ-MnSe QDs. The study of optical stability of
CdSe and MnSe QDs, in dif:ferent biological media is discussed in great detail
considering different reaction parameters. Moreover, the study of bioconjugation
capability of synthesized QDs is carried out through steady state photoluminescence
spectroscopy, time resolved photoluminescence spectroscopy and FRET mechanism. The
bioimaging aspects of CdSe and MnSe QDs are evaluated e;xploring fluorescence and
confocal microscopies. As an important application of CdSe QDs, in electrophysiology,
the water soluble QDs are inserted 1n to lecithin bilayer derived from soyabean extract.
Lets not mislead the ion channel studied by us as the ion channel created by proteins. The
channels of our study are created by transient aggregation of QDs in the lipid bilayer in
presence of electric field. To minimize confusion we can term it as quasi ion channels.

We also highlight the Browning dynamics of spherical QDs, in lipid bilayer, in
pre aggregated and aggregated (ion channel forming stage) forms using simple theoretical

model.
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CHAPTER 2

Synthesis Protocol: Materials, Methods and Basic characterizations

Apart from conventional organic flourophores, semiconductor nanocrystals, or QDs are
presently regarded as efficient luminescent probes/labels for numerous biological
applications. This is because, the QDs display unique optical and optoelectronic
properties, such as, size-dependent tunable colour, narrow emission line-width, broad
absorption spectrum, resistance to photobleaching along with multiplex capabilities [1-3].
Despite the potential use of QDs as fluorescent probes in a biological environment
several concerns need to be fixed prior to long term applications. The critical issues, to
name a few are environmental stability, size selectivity, bio-specificity and bio-
functionality etc [2]. fn order to achieve QDs with narrow size distribution and long term
stability, pr;:viously the QDs have been synthesized in different hydrophobic media e.g.,
using organic solvents like, tri-octylphosphine and tri-n-octylphosphine oxide
(TOP/TOPO) at high temperatures [4]. The solvents were used both for bare anci core-
shell type of QDs. These QDs are soluble only in nonpolar hydrophobic solvents e.g.,
chloroform. They are mostly toxic and hazardous to biological systems. To overcome
these difficulties, several attempts have been made for synthesizing lwater soluble QDs
[5-7]. Unfortunately, these processes were found to be not only complicated but also
expensive and time consuming. In this regard, growth of QDs in polymers (e.g. polyviny!
alcohol (PVA), polyvinyl pyrrolidone (PVP) can ensure an alternative but highly efficient
approach due to commercial availability, water solubility and bio-compatibility of the
host polymers [8]. Moreover, these polymeric hosts are not only capable of improving
surface passivation of the QDs, but also likely to enhance the excitonic emission feature
while lowering environmental degeneration. These polymers have been widely used for
encapsulating semiconductor nanocrystals (NCs) [9,10]. Conversely, magnetic
nanoparticles (NPs) encapsulated by the polymer host are not stable under ambient
environments and are easily bleached by the acidic solution, resulting in loss of their
magnetization. Furthermore, polymer-coated magnetic NPs have the relatively low
intrinsic stability of the coating at higher temperature [11]. The polymer coating is thus
least preferred to protect very reactive magnetic NPs.

Secondly, for use in biological application, surface modification of the QDs is a
necessity to establish water solubility as well as bio-conjugation capability. This can be
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achieved through using effective linkers (such as, silica, thiols, or phospholipid micelles
and surfactants) following a suitable method viz., ligand exchange, silica encapsulation,
polymer encapsulation etc [6, 12]. Reactions with the water soluble QDs are generally
considered depending on the available chemical groups attached to the biomolecules.
QDs coated with a surfactant (e.g. sodium dodecyl sulphate, SDS) and an amphiphillic
ligand (e.g. thyglycolic acid, TGA) helps in dispersal of NCs in aqueous media.

In this chapter, different fabrication strategies along with synthesis protocols of
water soluble, surface functionalized CdSe and MnSe QDs are discussed. The water
soluble CdSe QDs are synthesized by using the polyvinyl alcohol (PVA) host matrix. The
water soluble, MnSe QDs are prepared by using TGA as a coating agent. The surface
functionalizations of both types of QDs are provided by using TGA and SDS as
functional entities. Transmission electron microscopy (TEM) and X-ray diffraction
(XRD) are employed to reveal structural and morphological details. Moreover, the optical
properties are exploited by UV-Visible (UV-Vis) and photoluminescence (PL)
spectroscopies. The IR-active vibrational characteristics are revealed by fourier transform
infrared (FT-fR) spectroscopy, whereas phononic features are evaluated by Raman

spectroscdpy studies’.
+ 2.1 Physical and chemical properties of materials used

We discuss below physicochemical properties of materials used in different steps of

various synthesis procedures.
2.1.1 Polyviny! alcohel matrix (PVA) ’

The representation of PVA is shown in Fig. 2.1. Basically, polyvinyl alcohol represents
polymers formed by the polymerization of vinyl alcohol. They are classified under water
soluble polymer category and possess several interesting physical properties. The
solubility of PVA depends on the degree of polymerization and in the degree of

hydrolysis. It dissolves slowly in cold water and goes fairly fast at high temperatures.

* Appendix-1
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Figure 2.1: Molecular structure of PVA

PVA is an environmental-friendly polymer due to water solubility, high transparency and
low cytotoxicity. This allows potential applications of PVA in a number of fields
including biophysical and biomedical research. Additionally, in tissue engineering, PVA-
based scaffolds have been widely studied in order to replace the currently available
artificial grafts [13]. The appearance and feel of PVA hydrogel are similar to those of
native arterial tissue and this makes it very adequate for vascular implanting [14,15]. Due
to its tissue-like elasticity and mechanical strength, PVA is considered as a promising
candidate suitable for tissue culturing and mirﬁicking. Physical properties of PVA are

highlighted in Table 2.1.

Table 2.1: Physical properties of PVA

Physical form, colour Solid, white
Glass transition temperature (K) o 343
Degree of polymerization (minimum) 2000
Melting Temperature (K) 413
Refractive Index 1.55
Specific Gravity - 1.3
, Density (g/cm’) . , 1.19
Thermal Conductivity (Wm 'K ) 2
Specific Heat (J(gm) )K™) R

2.1.2 Thioglycolic acid (TGA)

Thioglycolic acid (TGA) is an organic compound containing both thiol and carboxylic
acid (Fig. 2.2). TGA is primarily used in cosmetics, beauty and other miscellaneous
applications such as, pharmaceutic'a’l, .;tgrochemical; leather processing, fire extinguishing
foams etc. TGA continues to draw attention in cosmetic products, particularly, for

depilatories and hair straightening. TGA can also be used as a water- soluble chain
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0

Figure 2.2: Structural representation of TGA molecule

OH

transfer agent for certain acrylic polymers [16]. Although, TGA in excess quantities is
toxic, it facilitates photostablity, bright fluorescent response of the QDs. This is why
there has been a rapid growth in the development of TGA coated QDs for biological
applications [17,18]. Some physical properties of TGA are enlisted in Table 2.2.

Table 2.2 Physical properties of TGA

Physical form, colour Liquid , colourless
Melting Temperature (K) 257
Refractive Index 1.55
Specific Gravity 1.32
Viscosity (cP) 6.35
Electrical Conductivity (" cm™) 2x10°
Dielectric constant ‘ 2.25
Density (gem™) 1.32

2.1.3 Sodium dodecyl sulfate (SDS)

Sodium dodecyl sulfate (SDS or, NaDS) is an organic compound with the formula
CH3(CH;);;OSO;Na. It is an anionic surfactant routinely used in maHy cleaning and
hygiene products. The salt is an organo-sulfate consisting of a 12-carbon tail attached to
a sulfate group (Fig. 2.3), making the material amphiphilic. Amphiphiles is a property
that describes both hydrophilic and hydrophobic nature coexisting in the same molecule.
Due to the amphiphilic nature of SDS, it can easily be made water soluble while linking
to desired QDs.

VaVaVaVaVaV, N
. OQ\ /O ‘
S
4 N '
Y O . Na'

Figure 2.3: Structural representation of SDS molecule
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2.2 Experimental details
2.2.1 Water soluble CdSe QDs in PVA matrix

PVA matrix: First, 10 g of polyvinyl alcohol (Mol. wt. ~80,000) was dissolved in 100 mL
distilled water followed by stirring at 80° C temperature for 3 h until the solution
becomes transparent.

. Preparation of QDs: 0.62 g of cadmium nitrate-tetra hydrate [Cd(NO3),.4H,0]
was dissolved in 100 mL of distilled water followed by stirring at 60°C temperature for
20 min. 20 mL of 10% PVA was added to Cd** solution during stirring. The pH of the
solution was adjusted to 11 by adding SN aqueous sodium hydroxide (NaOH) in a drop-
wise manner. Then, 0.11 g of selenium di-oxide (SeO,) was added to the reaction mixture
and subsequently, 0.1 g sodium borohydride (NaBH,). The purpose of using a reductant
like NaBH4 was to reduce SeO,. Finally, the mixture was subjected to stirring for ] h at
100°C temperature. The precursor extract WE;S then subjected to centrifugation (~5,000
rpm) followed by filtration using a Whatman® filter. The preci[;itate (residue) was washed

with distilled water several times.
2.2.2 Synthesis of TGA and SDS functionalized CdSe QDs

At first, 0.93 g of cadmium nitrate-tetra hydrate {Cd(NO3),.4H,0] was dissolved in 100
mL of water followed by stirring at 40°C temperature for 20 min. 0.046 gL™* (0.16 gL™!)
of TGA (SDS) was added to Cd2+ solution during stirring. The pH of the solution was
adjusted to I1 by adding aqueous sodium hydromde (NaOH) in a drop-wise manner.
Next, 0. 22 g of SeO, was added to the reaction mixture which is followed by addition of
0.2 g of}solid NaBH4. The mixture was then subjected to stirring for 1 h at 80°C
temperature. Finally, the precursor extract was subjected to centrifugation (~5,000 rpm)
followed by filtration using a Whatman® filter. Tht{a precipitate (residue) was washed with

distilled water repeatedly for several times. The following chemical reactions are

Dissociation: Cd (NO3); —»  Cd**+2NOy (2.1)
Initial reduction: SeQ; —» Se’ (2.2)
Subsequent reduction: s XIS, g 2.3)
Complete redox reaction: cd* (aq.) +Se? (aq.)——» CdSe (QDs) 2.4)
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favoured in the formation of CdSe QDs.
Note that, CdSe QDs prepared by method described in section 2.2.1 will be used
in electrophysiology experiment. However, no PVA will be used as dispesing media. ‘

2.2.3 Synthesis of water soluble/ functionalized MnSe QDs

Both w:ater solubility and functionalization property of the MnSe QDs have been
obtained by TGA and SDS as coating materials. The protocols used for synthesizing and
functionalizing the MnSe QDs are discussed below.

In a typical synthesis procedure, 0.62 g of manganese chloride-tetra hydrate
[MnCl,.4H,0] and 0.11 g SeO, were dissolved in 22 mL distilled water followed by the
addition of NaBH4 of 0.1 g. The pH of the solution was adjusted to ~11 by adding a few
drops of NaOH followed by stirring at 60°C temperature for 5 min. In separate cases,
TGA and SDS (of concentration 10%) were added to the above mixture, independently.
Finally, the solution was transferred to a 50 mL capacity teflon-lined stainless steel
autoclave. The autoclave was sealed properly and subjected to heat treatment at 180° C
for 6 h. On completion of the reaction, the autoclave was allowed to cool down to room
temperature naturally. The precursor extract was then subjected to centrifugation (~5,000
rpm) followed by filtration using a Whatman® filter. The precipitate (residue) was washed
thoroughly with distilled water several times.

The relevent chemical reactions can be explained below

Dissociation: MnCl;, — Mn*+2CrI (2.5)

Initial reduction: Se0, — Se° (2.6)
t o /A |-

Subsequent reduction: Se? BOTE, g 2.7

Complete redox reaction:  Mn?'(aq.) + Se*'(ag) ——» MnSe QDs  (2.8)

2.2.4 Production of Cd;..MnSe QDs with TGA coating agent '

~

The step-by-step synthe;sis protocols, for obtaining alloyed st with varying x, are as
detailed below. The QDs correSpond'mé fo stoichiometric parameter x=0 (CdSe) and
x=1(MnSe) have already been discussed in #2.2.2 and #2.2.3.

The ternary QD systems of Cd;.Mn,Se, with x=0.3, 0.6, 0.8 were prepared
following the previously mentioned procedure described in subsection #2.2.3 but with

little alteration. Here, Cd** precursor of a given concentration was .simultaneously
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. . .- 2 . P .
considered with a specified Mn®" precursor. While Se™ precursor concentration was

fixed, the Cd*" to Mn®" molar concentration was varied for x = 0.3. 0.6, 0.8.
2.3 Characterization of synthesized QDs

Below we discuss basic characterization aspects of the as synthesized CdSe and MnSe

QDs.

2.3.1 Morphological analysis through high resolution transmission electron

microscopy (HRTEM)

2.3.1 (a) TEM study of water soluble CdSe QDs

(b)
& %5
4
I :
NE

Figure 2.4: HRTEM images of CdSe QDs at a) low magnification (b) histogram depicts particle-

size distribution. An enlarged, view of an isolated QD is shown in (c) with crystal lattice fringe
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The TEM micrographs of the as-synthesized CdSe QDs dispersed in PVA are shown in
Fig. 2.4 (a). The average size (d) of the QDs is found to be ~13.2 nm as predicted from
the particle size histogram (Fig. 2.4(b)). The micrograph 2.4 (c) depicts an isolated nearly
spherical QD. A clear lattice fringe pattern has ensured good crystallinity of the specimen
(Fig. 2.4 (¢)). The perfect periodicity of the lattice atoms is mostly witnessed in the core,
while missing atoms (vacancies) and planes are found close at the surface-edge. The
characteristic interplanar spacing (d;) is estimated to be ~0.33 nm which is close to the
value predicted in an earlier work [19]. As can be found at the upper right side portion of
the figure, the orientation of the atomic planes has altered with respect to the main part.
We attribute this to the existence of several edge dislocations in the QD-system [20].
Essentially, the edge-dislocations occur as a result of undeveloped lattice planes and due

to spontaneous termination of growth at the QDs surface/ boundary.
2.3.1 (b) TEM study of water soluble TGA and SDS coated CdSe QDs

The TEM images of the as-synthesized, TGA and SDS coated CdSe QDs are shown in
Fig. 2.5(a) and 2.6(a), respectively. All the QD systems are found to be fairly spherical,
with size variations reflected in the particle size histogram (Fig. 2.5(b) and (Fig. 2.6(b)).
The average size (d) of the CdSe-TGA and CdSe-SDS systems are found to be ~14.3 nm
and ~10.9 nm; respectively. Furthermore. the lattice fringes due to single crystalline
planes are clearly observed in the magnified views of the samples (Fig. 2.5(c) and Fig.
2.6(c)).

A typical fast Fourier transform (FFT) image of the Fig. 2.5(c) of CdSe-TGA
QDs, is shown in Fig. 2.5(d). It predicts the hexagonal structure of the QDs, bright spots
indicating growth of lattice planes along (101) and (102) directions. From FFT diffraction
spots, interplanar spacing (d,) was estimated to be ~0.35 nm, ~0.22 nm for TGA coated
QDs along the lattice planes (101) and (102); respectively. The inverse FFT pattern ((Fig.
2.5(e)) gives well- resolved lattice planes of the QDs.

On the other hand, clear diffraction spots of only (102) plane can be observed
from FFT image of Fig. 2.6(c)) for CdSe-SDS QDs. Correspondingly, the diffraction

spots indicates interplanar spacing (d,) of ~0.37 nm.
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Figure 2.5: (a) HRTEM image of CdSe-TGA QDs at a) low magnification. The histogram (b)
depicts particle-size distribution, (c) depicts an isolated QD with crystal planes. FFT image of (c)
is shown in (d) along with spots indicating Miller indices, (¢) shows the inverse FFT pattern with

well- resolved lattice planes

mn 15

d (nm)
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Figure 2.6: HRTEM image of CdSe-SDS QDs at a) low magnification. The histogram (b) depicts
particle-size distribution, (¢) depicts an isolated QD with crystal planes. FFT image of (c) is
shown in (d) along with spots indicating Miller indices, () shows the inverse FFT pattern with

well- resolved lattice planes
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2.3.1 (¢) TEM study of water soluble, TGA and SDS coated MnSe QDs

Electron microscopy imaging was also performed on MnSe- TGA and MnSe-SDS QDs
to assess QD size, shape and size distribution. TEM micrograph of MnSe-TGA QD
system is shown in Fig. 2.7(a). [solated. nearly spherical QDs of size (¢) ~7 nm can be
predicted from the size distribution plot highlighted in Fig. 2.7 (b). The magnified view
of an isolated QD is shown in Fig. 2.7(c). A thin TGA layer (yellow arrow) along with a
fairly distinguishable lattice fringe pattern can be witnessed in the same figure (Fig.
2.7(c)). The interplanar spacing is estimated to be ~0.25 nm which is consistent to an
earlier report on WZ type MnSe QD system [21]. An excessive coating of TGA,
spreading over the terminal lattice planes of the QD surface, makes fringe pattern slightly
blurred at the edge boundary. Nevertheless, it was possible to identify a few point defects
(vacancies) and edge-dislocations in the corresponding image which were indicated by
red and pink arrows; respectively. The FFT pattern gives a clear indication of lattice

plane along (100) direction that has an interplaner spacing of ~0.26 nm.
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Figure 2.7: HRTEM images of MnSe-TGA QDs at a) low magnification (b) histogram depicts
particle-size distribution. An enlarged, view of an isolated QD is shown in (c) with crystal lattice

fringe, (d) depicts the FFT spots indicating Miller indices.
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Figure 2.8: HRTEM images of MnSe-SDS QDs at a) low magnification. The histogram (b)
depicts particle-size distribution, (¢) depicts an isolated QD with crystal planes. FFT image of (c)
is shown in (d) along with spots indicating Miller indices, (&) shows the inverse FFT pattern with

well- resolved lattice planes

The TEM micrograph of water soluble, MnSe-SDS QDs is depicted in Fig. 2.8(a). The
average size (d) of the QDs is found to be ~15 nm with visualization of lattice planes in
an isolated QD (Fig. 2.8 (b), (c)). Shown in Fig. 2.8(d), is the FFT pattern of Fig. 2.8(c)
which predicts a hexagonal crystal structure of the QDs with preferred orientations along
(102) and (100) crystallographic planes. The respective d; are estimated to be ~0.20 and
0.29 nm. The inverse FFT pattern, as shown in Fig. 2.8(e) depicts well resolved lattice
fringe patterns with identifiable lattice imperfections including voids and dislocations

(green arrows).
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2.3.2. Crystallographic analysis through X-ray diffraction studies’

2.3.2 (a) X-ray diffraction studies of CdSe-TGA and CdSe-SDS QDs
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Figure 2.9: Powder XRD pattern of (a) CdSe-TGA (b) CdSe-SDS system

The XRD pattern of CdSe-TGA and CdSe-SDS QDs are shown in Fig. 2.9(a) and (b).
The diffraction peaks located at 29.5°. 35.1°, 48.9°, 52.2°, 56.0°, 64.5°, 67° and
corresponding to (101), (102). (200), (004), (202), (203) and (211) crystallographic
planes depict hexagonal WZ phase of CdSe systems (JCPDS-770046) [22]. As predicted
from the Williamson-Hall (W-H) p]oti, the average crystallite size (D.,) and micro-
strain (&) of CdSe-TGA QDs are found to be ~0.003 nm (£0.004) and -0.0016 (£0.002),
respectively. Whereas, for CdSe-SDS system. the respective values are observed to be
~10.7 (+0.006) and 0.0036 (+0.003) nm".

The lattice parameters (¢=b and ¢) are estimated by using the following relation

applicable to a hexagonal system, with an interplanar spacing dyy (Miller indices 4, k, /):

——

1 4 (h2+hk+k2) 12
e noTheTR
dppr 3

= + (2.9)

" Appendix-2
: Appendix-2, Figure:1(a)

§ Appendix-2, Figure:1(b)
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1
-y
a \3 (2.10)
The lattice parameters are calculated to be a = 4.5 A, ¢ =7.2 A, for CdSe-TGA and ¢ =

4.34 A, c=7.2 A, for CdSe- SDS QDs and are in consistency with an earlier report [22].
2.3.2 (b) X-ray diffraction studies of MnSe-TGA and MnSe-SDS QDs

The X-ray diffractograms of the MnSe-TGA QDs system is shown in Fig. 2.10(a). The
diffraction peaks located at 25.8°, 26 .8°, 28.6°, 36.1°, 43.9°, 47.8°, 50.2° . 52.05° , 53°
and 58.7° and corresponding to (100), (002), (101), (102), (110), (103). (200), (112),
(201) and (202) crystallographic planes of MnSe-TGA QDs represents hexagonal WZ
structure of MnSe and consistent to other works [21, 23]. Moreover, MnSe; phase is also
observed in the form of impurity at a diffraction angle of ~23.8° and 31.4° [23]. An
average crystallite size (D.,,) of ~7 nm and a negative micro-strain of the order ~107 are
predicted from the W-H plot™". A small negative slope of the order of ~10 indicates the
presence of more relaxed crystallites [24]. The lattice constants are evaluated with TGA
QDs system as a = 3.9 A.c=634 A, using eqn. (2.9) and (2.10), and in consistency with

others work [23]. The preferred orientation of the crystallites is along the (100) plane.
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Figure 2.10: Powder XRD pattern of (a) MnSe-TGA (b) MnSe-SDS system

- Appendix-2, Figure:1(c)
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The structural phase of the as- synthesized MnSe QDs with SDS surfactant
coating, also exhibit WZ phase (Fig. 2.10(b)). The diffraction peaks located at 24.1°,
26.3°,27.4°, 36°. 43.4°, 47.9°,50.7° , 51.7° , 52.6°, 58.4 ° and 67.1 correspond to (100),
(002), (101), (102), (110), (103). (200), (112), (201), (202) and (203) crystallographic
planes of hexagonal WZ MnSe crystal structure (Fig. 2.10(b)). The, MnSe> phase is
detected in the form of impurity at a diffraction angle of ~23.1° and 31.9° [23]. The
diffraction peak at 29.5° is assumed to SDS [25]. The average crystallite size (D) of
MnSe-SDS system is ~15.1 nm and a micro-strain value of the order of ~10™ can be
estimated from the W-H plot™". The lattice parameters are: « = 3.8 A and ¢ = 6.12 A. The
observed noise in the diffraction pattern of MnSe SDS QDs is can be due to the presence
of excess long chain molecules like, SDS. Table 2.3 depicts different parameters of the
QDs obtained from TEM and XRD analyses. Since the average size of the QDs obtained
from TEM analyses, are equivalent to the crystallite size, it indicates the presence of

fairly single crystallites in the QD systems under study.

Table 2.3 Parameters obtained from TEM and XRD analysis

QDs Crystallographi d D, & dp(nm) | a=b* | c*
System | corientation | (nm) | (nm) A) | (A)
CdSe- Hexagonal 3.7 3.740 | 0.003£0.002 | 0.21 4.5 7.3
TGA ! o .004 (-ve) (d1o2),

0.35

(dio1)
CdSe- Hexagonal 109 | 10.7+ | 0.0036+0.006 | 0.37(d;9;) | 4.34 | 7.2
SDS ) 0.006 | (+ve)
MnSe- | Hexagonal (WZ) |7 7 107 +£7.5%10 0.25(dyop) | 3.9 6.34
TGA T (-ve)
MnSe- | Hexagonal (WZ) | 15 15.1 10* (+ve) 0.23 3.8 6.12
SDS

r Appendix-2, Figure:1(d)
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2.3.3 Optical properties of CdSe and MnSe QDs

Optical properties of the synthesized QDs are evaluated by UV-Vis and PL spectroscopy
as discussed below. Throughout the thesis, we have presented normalized
absorption/emission spectra with values in the range of 0 and 1. This helped us in

comparing the strength of absorption/emission spectra for a given set of samples.
2.3.3 (a) UV-Vis analysis of CdSe QDs

The optical absorption spectra of PVA dispersed CdSe QDs is shown in Fig. 2.11(a). The
respective optical absorption response of TGA and SDS coated CdSe QDs are shown in
Fig. 2.11(b) and (c). As can be observed, in all the QD samples, the onset of absorption is
blue shifted wrt the bulk CdSe value (Aonser ~716 nm). This implies effective quantum
confinement of the charge carriers in the synthesized QD product. The UV-Vis optical
absorption spectrum of the PVA dispersed QDs is characterized by a strong ls-1s
excitonic absorption positioned at ~302 nm (E; = 4.09 e¢V) and thus featuring a blue
shifting of ~2.35 eV (Fig. 2.11 (a)). The ground state excitonic wavelength value
corresponds the already reported value (~310 nm) where mercapto-acetic acid was used

as a coating agent [26].

(b)
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- L 3 - ) 3 — - v pe——

200 300 400 00 600 700
Wavelength (nm)

Figure 2.11: Optical absorption spectra of (a) PVA dispersed (b) TGA and (c) SDS coated CdSe
QDs
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However, away from fundamental absorption, CdSe-TGA QDs system is characterized
by a broadened absorption response in the range of ~370 - 460 nm (Fig. 2.11 (b)). This
is likely to be due to the superposition of several weakly confined excitonic levels. On
the other hand, the excitonic wavelength of SDS coated CdSe QDs (Fig. 2.11 (c)) is
found to be located at ~305 nm highlighting a significant blue shifting wrt the bulk
value. Consequently, the band gap 1s blue shifted by an amount of (~2.33 eV) from the
energy gap of the bulk CdSe (1.74 eV).

Looking the absorption peaks (Table 2.4), we speculate that CdSe QDs coated
with TGA can have larger dimension as compared to PVA dispersed and SDS coated
one. The larger particle size of TGA functionalized CdSe QDs over others has also been
confirmed from the TEM studies. Table 2.4 shows parameter related to UV-Vis spectra
of different CdSe QDs system.

Table 2.4: Parameters related to UV-Vis spectra of CdSe QD systems

QDs Excitonic Band gap energy Blue shifted
System wavelength, 4 (nm) E; (eV) energy, 4E, (eV)
CdSe-PVA 302 4.09 2.35
CdSe-SDS 305 4.06 2.33
CdSe-TGA 370(460) 3.37(2.71) 1.63(0.97)

2.3.3 (b) UV-Vis analysis of MnSe QDs

Figure 2.12 depicts optical absorption spectra of MnSe QDs functionalized with different
capping agents. Referring to MnSe-TGA QDs, an observable excitonic absorption feature
is located at ~303 nm (E, ~4.09 ¢V, Table 2.5). This implies effective quantum
confinement of the charge carriers in the QDs characterized by a blue-shift (~0.5 eV)
from the bulk value (£,~3.5 eV, Table 2.5) of the WZ MnSe system [23, 27-29]. But the
estimated value of E, is significantly larger (by ~1.6 times) than the case for rock-salt

(RS) type MnSe (~2.5 eV) nanoscale system [23]. In contrast, excitonic absorption is red

44



Synthesis, characterization and biophysical assessment of quantum dots and application in electrophysiology

.

(b)

{ .

(a)

Absorbance (a.u)

- T -

- \ 8 2]

B Ll
300 400 500 600
Wavelength (nm)

Figure 2.12: Optical absorption spectra of (a) MnSe-TGA (b) MnSe-SDS QDs

shifted to ~330 nm (£, = 3.75 eV) for SDS coated MnSe QDs as compared to the TGA
coated one. However, the former exhibited a blue shifting of AE, = 0.25 eV from the bulk
value of concerned WZ MnSe system indicating thereby adequate carrier confinement.
. The different of excitonic absorption feature in different types of MnSe systems can be
attributed to size effect (Table 2.5). Our prediction is also supported by the earlier
discussion on TEM analysis (Fig. 2.7 and 2.8). Different optical parameters with regard
to MnSe QD systems are shown in Table 2.5.

Note that, with respect to bulk, MnSe system experienced a smaller blue shift in
comparison with the CdSe system. This may be due to the highly localized nature of the
3d electronic bands of Mn atoms [29]. Correspondingly, the quantum confinement
induced by cordially bonded organic layers is likely to result in a much smaller change in
these bands [29].

Table 2.5: Parameters related to UV-Vis spectra of MnSe QD systems

QDs Excitonic Band gap energy ‘ Blue shifted energy,
System wavelength, 4 (nm) E, (eV) | AE, (eV)
MnSe-TGA 303 4.09 0.5
MnSe-SDS 330 3.75 0.25
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2.3.3 (c) PL spectra of CdSe QDs
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Figure 2.13: PL spectra of (a) PVA dispersed (b) TGA and (c) SDS coated CdSe QDs. The

excitation wavelength was 4.,~300 nm

The PL spectra of CdSe QDs prepared with different coating agent are depicted in Fig.
2.13. After deconvolution, each of the emission spectra is found to be comprised of two
distinct peaks: one is relatively narrow and symmetric, that represents radiative
recombination mediated near band edge emission (4z:) (NBE), while the other one, is
adequately broad (with a larger full width) and represent. defect related emission (4pg).
The first peak located at ~380 nm of CdSe-PVA is attributed to the direct recombination
of carriers and second peak observed across the wavelength at ~420 nm is assigned to the
radiative emission via surface defect centers (Fig. 2.13(a)). The centers are created by
entrapped electrons inside a selenium vacancy with holes in the valence band.

As for, TGA (Fig. 2.13 (b)) and SDS coated QDs (Fig. 2.13 (c)) the respective Az
peaks are found to be located at ~590 nm and ~418 nm. The respective /p; positions are
~657 nm and ~575 nm. The defect related emission appeared at ~657 nm in case of
CdSe-TGA QDs, can be assigned to emission through deep trap levels. Possibly, the

origin of these defect levels is mediated via Veg-Vs. divacancy centers available in the
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nanocrystalline specimens. One di-vacancy is related to the orientation along c-axis,
whereas the other one is believed to be oriented along the basal Cd—Se bond directions.
On the other hand, the peak at ~575 nm of CdSe-SDS QDs corresponds to the shallow,
virtual levels of the QDs. The ratio of band edge-to-defect emission intensities (/gg/Ipg)
are ~1.06, 1.14 and 1.7 for CdSe-PVA, CdSe-TGA and CdSe-SDS QDs: respectively
(Table 2.6). This apparently signifies larger surface passivation of the CdSe QDs by SDS
molecule than other coating/dispersing agent. Different parameters wrt PL response of

CdSe QD systems are highlighted in Table 2.6.

Table 2.6: Parameters related to PL spectra of different CdSe QDs

QDs system Zge (nm) /pg (nm) Igg/Ing ;
CdSe-PVA 380 420 106 |
CdSe-TGA 590 657 [.14 4
| CdSe-SDS 418 575 1.7 |

2.3.3 (d) PL spectra of MnSe QDs

The PL spectra of the MnSe QDs coated with TGA and SDS are shown in Fig. 2.14 (a)
and (b); respectively. Upon deconvolution, the Az; of MnSe-TGA and MnSe-SDS QDs
are found to be located at ~373 nm. It may be noted that ZB type MnSe system has a
cherectistics Agg is at ~364 nm [30]. Whereas, the 4,z peaks are observed at ~436 nm and
~413 nm for the respective QDs. The defect related emission peaks may have arisen from

the defects in the metastable WZ nanocrystal core [31]. In

(@) T (b)

Intensity (a.u.)
Intensity (a.u.)

s = . R . d ad v .
—r - -+ — & & 5o
300 180 100 430 500 530 600 g %0 400 450 s 1 600

Wavelength (nm) Wavelength (nm)
Figure 2.14: PL spectra of (a) MnSe-TGA (b) MnSe-SDS QDs. The excitation wavelength

was Aq,~300 nm
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MnSe-TGA QDs, the ratio of band edge to defect emission intensity is ~3.08. For MnSe
QDs functionalized with SDS capping agent, the intensity of the defect related emission
is dominant over band edge emission by a factor of ~1.3. This suggests significant
surface passivation of MnSe QDs by coating agent TGA. Table 2.7 depicts different PL

parameters assigned to MnSe systems.

Table 2.7: Parameters related to PL spectra of different MnSe QDs

QDs system Age (nm) | Apg (nm) 1gs/InE
MnSe-TGA 373 436 3.08
MnSe-SDS 373 413 0.76

2.3.3 (e) Quantum yield determination of synthesized QDs

Typically, the fluorescence quantum yield (QY) gives the efficiency of a process
undergoing fluorescence events. It is defined as the ratio of the number of photons

emitted to the number of photons absorbed. In general,
QY= No. of photons emitted / No. of photons absorbed

The quantum yield (@p) of the QDs can be predicted more accurately using from the

following relation [32]:
Do = Qret (W et )’ (o) Lret) (Aset/Ag) (2.11)

The Qrr represents the quantum yield of a reference specimen; I (QDs) and /s
(reference) are the integrated emission intensities; Ap (QDs) and A, (reference) are the
absorption intensities; » (sample) and m.s (reference) are the refractive indices of the
solvents. By taking Rhodamine 6G® as reference, the QY of the CdSe and MnSe QDs
coated with different coating agents can be estimated (Table 2.8). The QY of TGA coated
QD is invariably larger than the SDS coated counterpart, for both the CdSe and MnSe
systems. The CdSe-TGA QDs characterize a QY value as large as 89%, which is nearly
~1.34 and ~1.64 times larger than the PVA dispersed and SDS coated QDs. In contrast,
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Table 2.8: A comparative view of Quantum yields of different QDs with Rhodamine

6G asTeference

Sample Integrated | Absorbance Refractive oY
.. Emission | at523 nm Index (Do)
» Intensity (I) | (4) (a.u.) of Solvent
(a.u.) (15)
Rhodamine 6G | 46598.23 0.099 1.33 96% [33]
T CdSe-PVA 19075.92 0.059 1.33 66%
CdSe-TGA 23060.00 0.052 1.33 89%
CdSe-SDS 67466.4 0.252 1.33 54%
MnSe-TGA 34636.53 0.093 1.33 75%
MnSe-SDS 76030.00 0.633 1.33 24%

the MnSe-TGA QDs exhibit ~3.12 fold larger value of QY as compared to the SDS
coated MnSe QDs system.

2.3.4 FTIR spectroscopy

This is a sophisticated technique that is capable providing information wrt structural,

bending and bonding vibrations of a molecule.
2.3.4 (a) FTIR spectra of different CdSe QDs

Figure 2.15(a) depicts the FTIR spectra of PVA dispersed CdSe QDs. The peak at ~3436
cm” arises from the hydroxyl (O-H) stretching mode of HO molecules. The peak at
~2928 c¢cm™ has arisen due to —CH stretching vibration. Whereas, the peaks located at
~1746 cm™, 1453 cm™ and 1168 cm™ are attributed to carbonyl (— C=0) stretching, -CH
bending, —C-O stretching of PVA molecule; respectively [34]. The peak observed at
~716 cm’ is assigned to Cd-Se bending mode [35]. On the other hand, an FTIR spectrum
of CdSe-TGA QDs is shown. Fig. 2.15(b). The peak at ~3418 cm™ arises from the
hydroxyl O-H stretching mode of the H,O molecule. The appearance of the bands at
~678 cm™, and at 1646 cm’'.are attributed to C—S stretching and asymmetric v,(COO")
vibration of the TGA capped QDs. Moreover, as mentioned in: earlier case, the peak
observed at ~748 cm™' can be assigned to the Cd-Se bending [35].
The FTIR spectra of SDS capped CdSe QDs is shown in Fig. 2.15(c). It can be
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Figure 2.15: FTIR spectra of CdSe QDs (a) dispersed in PVA and coated with (b) TGA (c) SDS
agents

Il

observed that, with SDS capping, though the O-H stretching mode is positioned at 3434
cm", the peak due to the asymmetric -CH; stretching (Vasym(-CHz)) of the SDS surfactant
is witnessed at ~2916 cm™ [36]. However, the peak at 1579 cm™ is assigned to the
scissoring mode of the SDS surfactant; which is shifted to a higher wavenumber (~1579
em™) wrt 1559 cm™ of pure SDS molecule [37]. Note that, in SDS, the spectral region
located in 1300-1400 cm™ is characteristic of the -CH,.wagging modes [37]. This region
exhibits peaks which are related to gauche conformations. Thus, the peak observed at
~1381 cm’’ of the CdSe-SDS QDs can be assigned to the CH; wagging modes. Whereas,
the peak corresponding t0 vgym (—SO5’) stretching mode of the SO; i group is located at
~1272 cm’' [37). The observed shifting of Veym(=SO3—) ‘mode from a value of 1084 cm’
of pure SDS to a value of ~1272 cm’' for CdSe-SDS QDs system, is likely to describe an

enhancement of interactions of the. headgroups with availability of plentiful Na"
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‘counterions {37,38]. The peak observed at ~783 cm’' is assigned to an effaceable
bending of Cd-Se itseif.

2.3.4 (b) FTIR spectra of different MnSe QDs

The FTIR spectra of MnSe QDs are depicted in Fig. 2.16 (a, b). Four prominent, IR~
sensitive, vibrational peaks are clearly observable the FTIR spectra of the MnSe-TGA
QD system (Fig. 2.16 (2)). These are located at ~3447 cm™’, 1634 cm™, 1383 cm™ and
~644 cm’'. Referring to Fig. 2.16 (a), the peak at ~3447 cm’' is believed to be due to the
hydroxyl (O-H) stretching mode of the TGA molecule, whereas, the peak at ~1634 em’

. has arisen due to the asymmetric vibrational peak of -COO™ group of TGA molecules

[27). The peak corresponding to C=0 stretching vibration is identified at ~1383 em™ [39].
g

' In" consistency with other reports, the peak witnessed at a relatively low wavenumber

regime (~644 cm™') can be ascribed to the vibrational response due to Mn~OH stretching
[40].

The FTIR spectrum of WZ MnSe-SDS QDs is shown in Fig. 2.16(b). The peak

-« observed at ~2106 cm™ is due to the symmetric -CHa stretching vibration vsym(—CH,) of

the SDS capping molecules [41]. This peak, infact, down shifted to a iow wavenumber

@ ) ® |
™
e 9 )
T g
@ :
bt ® u__(-CH,) stret
g c 9 ching of SDS
o &8 Ma-OH
e - sretehing
g € 4 otk e ot $o3
e b Stretching 2 Scbsoring mude of SDS
E 4 Assymetric COO’ =
vibration of TGA - 9
o ) -
e O-H streching “ —= O-H streching

4000 3500 3000 2500 2000 1500 1000 500 3000 3500 3000 2500 2000 1500 1000 500 0
1
Wavenumber (em )

Wavenumber (cm’)

Figure 2.16: FTIR spectra of (a) MnSe-TGA (b) MnSe- SDS QDs

51



Synthesis, charactenzation and biophysical assessment of quantum dots and application 1n electrophysiology

value as compared the symmetric -CH, stretching mode (~2860 cm’') of the pure SDS
molecule [41]. The shifting of peak position, towards a lower wavenumber signifies the
likelihood formation of a close packed crystallite surfactant layer at the surface of MnSe
QD [37, 41]. The crystalline nature of the SDS molecules, on the QD surface can aiso be
ensured from the well resolved diffraction peak noticeable in the diffractogram of MnSe-
SDS QDs. (Fig. 2.10). Finally, the peak at a much lower wavenumber value (~644 cm™),
is assigned to Mn—OH stretching [40].

2.3.5 Exploring optical phonons throngh Raman spectroscopy**

Raman spectroscopy deals with the inelastic scattering of light from both molecular
species and solid state objects. Raman scattering is a powerful technique to get
information on different vibrational characteristics obtained from different vibrational

states of a solid [42]. N
2.3.5 (a) Raman spectra of CdSe QDs

Figure 2.17 depicts the Raman spectra of the as synthesized CdSe QDs. In reference to
Fig. 2.17(a), the characteristic Raman peak for CdSe-TGA QDs are observed at 203 cm’

() (b)
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Intensity (a.u.)

Sy . v - - v y— Y v Y ———
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Raman shift (cm-f) Raman shift (em™!)

Figure 2.17: Raman spectra of (a) CdSe-TGA and (b) CdSe-SDS QDs

4 ppendix-3
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and 279 cm™. The peaks can be identified as transverse optical (TO) and longitudinal
optical (LO) phonon mode, which are blue shifted from the corresponding phonon modes
of bulk CdSe (TO=170 cm’, LO=210 cm™) system [43]. For nanocrystallites, the
confinement effect induces a broadening and downward shift of the Raman peaks [44].
The Raman shifting due to the phonon confinement effect can be described by the
confinement model [45]. When the particle size decreases in the nanometer scale, a
volume contraction occurs within the nanoparticle due to the size-induced radial pressure
and this might lead to a substantial increment in the force constant value which in turn
decreases interatomic distances. In vibrational transitions, the wavenumbers vary
approximately in proportion to k”, where k is the force constant. Consequently, an
enhanced magnitude of the force' constant would be characterized by a shifting of the
Raman band towards a higher wavenumber side [46,47].

The respective LO and TO modes satisfy the well known Lydanne-Sachs- Teller
(LST) expression given by [48]:

€w / €d= a)roz/ (UL02 (2112)

Here, the high frequency dielectric constant (€,) of CdSe system is 6 [49] and the static
dielectric constant (€,) is 8.6. As the surface optic (SO) vibrational mode of the
nanoscale systems normally exists in between LO and TO phonon frequencies, the
Raman peak at ~238 cm’ is attributed to SO phonon mode. The frequency of the SO
modes depends on the dielectric environment (€;) of the QDs and can be expressed by

Klein formulation [50]:
i = [wro? {H D/} + 00" (€x ! €; WHEHD I €,/ €4 (2.13)

where l’; 1, 2..... and €;= 78.30 for water. The theoretically obtained value of lowest SO
mode (/=1) is (206 cm™) which is close to the experimentally observed value i.e,
238 cm’. Note that, since the Klein eqn. generally valid for non-functionalized
nanoparticles, the effect of surface ligands on SO is ignored. In our case, we predict that
the upsift of the SO mode from the theoretically calculated value may be because of
effect of TGA coating layer around the QDs. The spectra also shows mixed modes such

as, LO+LA (~329 cm™') and TO+LO (456 cm™). The peak at 155 cm™' can be designated
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to amorphous selenium (a-Se) which exhibits Raman shift (4v) in the range of 140-150
cm” [51].
On the other hand, the QDs coated with SDS surfactant shows Raman modes at

217 cm™ and 243 cm™ and can be attributed to the LO mode and possibly a combined
mode of LO+LA (Fig. 2.17(b)).

2.3.5 (b) Raman spectra of MnSe QDs

The Raman spectra of the MnSe QDs are shown in Fig. 2.18. The peaks at ~295 cm™ and
~225 cm’ are identified as LO and TO phonon modes of the MnSe system. The blue
shifting of the LO and TO phonon modes from the ZB bulk MnSe values of 257 cm™’ and
219.5 cm™ [52]; respectively suggest strong phonon confinement in the system [53,54].
Till date, we are unaware of corresponding LO and TO modes of WZ phase bulk MnSe
system. Here, the observed values of LO and TO clearly satisfy the LST relation quoted
in eqn. (2.12). The Raman peak at ~244 cm™' is attributed to SO vibrational mode of
phonons. Using eqn. (2.13), and including the value of high frequency dielectric constant
(€% = 5.99 [55]) and dielectric constant of the surrounding medium (€; = 78.30) the
lowest (I=1), SO mode of the QDs under study is positioned at 228 cm, reassembling

an experimentally observed value of ~244 cm’'. The weak mode, observable at
@ (b)
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Figure 2.18: Raman spectra of (a) MnSe-TGA (b) MnSe-SDS QDs
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~127 cm™ might have arisen from the longitudinal acoustic (LA) phonons [56]. On the
other hand, the peaks observed at ~506 cm™ can be identified as a collective mode due to
combination of LO+TO modes. The peak at ~140 cm™ and 152 cm™ are assigned to
triogonal (#-Se), monoclinic (mono-Se) and amorphous selenium (a-Se) components.

The Raman spectrum of the MnSe-SDS QDs is shown in Fig. 2.18(b). Only two
prominent Raman peaks have observed for this system. Here, the peak at ~225 cm’™ is
identified as TO phonon mode of the MnSe system which is weakly blue shifted from the
corresponding TO mode (219.5 cm™) of the ZB bulk MnSe [52] ensuring adequate
phonon confinement in the system. A strong mode, observable at ~675 cm™ is identified
as the third harmonic of the TO (3TO) mode. Strong Frohlic interaction between exciton
and phonons can account for such an event which is sensitive to size can account for such
an event [55]. Resonant Raman scattering upto third order has been reported by previous
workers [57]. The peak at ~150 cm™ is assigned to trigonal (#-Se), monoclinic (mono-Se)

and amorphous selenium (a-Se) phase(s).

2.4. Characterization of ternary Cd,;.Mn,Se QDs

Herein, we discuss various properties of TGA coated compound semiconductor
Cd;..Mn,Se QD systems.

2.4.1 Structural and morphological analyses of ternary QDs

The crystal structure and crystallographic orientation of the as-synthesized Cd;Mn,Se
QDs were assessed through XRD analysis. Figure 2.19 shows a series of diffractograms
of the studied systems corresponding to different stoichiometric parameter, x. As can be
found, for x=0 (CdSe) and x=1 (MnSe), the systems exhibite phase-pure hexagonal
structure, but with non-similar diffraction peaks corresponding to different Bragg’s angle
(26). The diffractograms for these phase pure systems have already been discussed in
(section #2.3.2(a) and (b)). On the other hand, a mixed phase of WZ MnSe, WZ CdSe
and cubic CdMnSe is retrieved for ternary Cd; Mn.Se QDs with stoichiometry values
x=0.3 and x = 0.8. As for x = 0.3. For x = 0.3, the diffraction peaks, due to the hexagonal
WZ CdSe phase, are witnessed at 26~35.7° and 48.7° which corresponded to (102) and
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Figure 2.19: (a) XRD patterns of different Cd, Mn,Se systems, (b) variation of average
crystallite size and micro-strain with x. The sub-figures (c) and (d) depict variation of effective
lattice parameters a and ¢ with x considering general theory (red label) and Vegard’ law (black

label).

(200) crystallographic planes. In addition, the diffraction peaks observable at 24.0°,
25.8°, 28.02°, 43.9°, 50.1°, 51.4°, 53.0° and 57.4° are identified as (100), (002), (101),
(110), (200), (112), (201) and (202) crystallographic planes of MnSe. Moreover, the
cubic phase of CdMnSe is also detected in view of the existence of peaks located at 28.7°
and 32.5° which characterize to (111) and (200) planes (represented by * marks) [58]. At
a stoichiometry value of x = 0.8, the diffraction peaks at 24.9°, 26.7°, 27.8°, 43.9°, 49.0°,
57.4° and 67.0° represent (100), (002), (101), (110), (200), (202) and (203)
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crystallographic planes of WZ MnSe-QDs. However, no diffraction peak due to
independent CdSe phase is noticed in this case. Nevertheless, prominent (111) and (200)
diffraction peaks due to cubic CdMnSe phase are identified at 26~29.6° and 33.6° (shown
by * marks).

The average crystallite size has increased from a value of ~3.7 to 9.6 nm, when x
is varied within 0 and 0.3; where as pure MnSe QDs (x=1) experience an average size of
~7 nm. While experiencing a maximum value corresponding to x=0.8, the magnitude of
microstrain is found to vary in the range of 1.1- 8.3x107. The negative values of the
measured microstrains indicate presence of relaxed crystallites in the system under study
[24]. The alloyed crystallites are much more relaxed as compared to those in either CdSe
or MnSe system. The introduction of a stable cubic phase, with the inclusion of a small
amount of Cd** ions, is likely to induce such an observable effect. With calculation of the
lattice parameters a. and ¢, using eqn. (2.11) and (2.12), it is assumed a standard error of
10.05%. It is observed that, with increasing x from 0 to 0.8, the ¢/a value vary between
~1.62 and 1.66. With x = 1, the pure MnSe QDs have experienced the least ¢/a value
(1.61). We anticipate that, Mn>* ions occupy the CdSe lattice mainly along the c-axis
[59]. As for x=0.8 composition, all the Mn>" ions are not necessarily fully embedded
inside the CdSe core lattice, but can be available at the surfaces there by affecting the
magnitude of lattice parameters by substantial amounts [59]. Table 2.9 depicts different

parameters obtained through XRD analysis.

Table 2.9: Physical parameters obtained through XRD analysis of Cd; Mn,Se NCs

Stoichiometry Dyy £ Through XRD | c/a Through | c¢/a
parameter, (nm) (x10%) analyses (XRD) Vegard’s | (Vegard)
¥ (A) law (A)

0 3.7 -3.0 a=b=423, 1.62 a=b=4.3, 1.62
c=7.03 c=7.0!

0.3 9.6 -7.4 a=b=4.44, 1.65 a=b=4.26, 1.63
¢=7.37 ¢c=6.95

0.8 4.5 -8.3 a=b=4.21, 1.66 a=b=4.19, 1.63
¢c=6.98 ¢=6.85

I 7.0 -1.1 a=b=h.15, 1.61 a=b=4:17, |1.61
c=6.23 =681
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We also intended to verify if there is a possibility of formation of hetero-structure
QDs while considering coexistence of CdSe and MnSe phases. The criterion is that, the
lattice constant of an alloy can be expressed by a linear interpolation between its
constituents. In this case, Vegard® law allows [60] us to predict the effective lattice

parameter (a.y= boyand c.q) given by:

dett = X Annse T (] -.\') acdse (2 14 (3))

Ceff = X CMnse T (]-X) CCdSe (2 14 (b))

The results are shown in Fig. 2.19(c) and 2.19(d) and compared with conventional
theoretical results. As can be found, at a lower stoichiometry parameter x, the effective
parameters calculated by the Vegard's relation, experience much lower values than the
theoretical ones. However, at a higher x (with dominant Mn) value the magnitudes of a.
and c. become close to the values approximated through eqns. 2.9 and 2.10. In other
words, formation of CdSe/MnSe QD hetero-structure cannot be completed denied and
possibly, occur near x = 0.8. It is worth mentioning here that, the conditions x =0 and x =
| basically represent independent CdSe and MnSe phases and the development of hetero-
structure cannot arise in these case. Accordingly, we have not noticed deviation from the
Vegard’s law for both the cases.

Figure 2.20(a) depicts TEM images of the QD system corresponding to x = 0.3.
As revealed from the low resolution micrograph, the synthesized QDs are nearly

spherical and with an average size of ~9.5 nm. Since the size is close to the average

)

d=0.40 am

Figure 2.20: TEM images of Cd, ,Mn,Se QDs with x = 0.3, (b) depicts the FFT pattern of inset of
(a)
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crystallite size predicted by XRD, the synthesized product characterize good amount of
monocrystallinity. The inset, shown in the upper left corner of the micrograph, is basically a
single QD. Apparently, a lattice fringe pattern with an interplanar spacing of ~0.40 nm is
quite apparent from the inset. The FFT image of the figure inset shown in Fig. 2.20(b). This
predicts the hexagonal structure of the system with an interplanar spacing of ~0.40 nm along
(100) crystallographic orientation.

2.4.2 Optical characterizations through absorption and emission spectroscopy studies
The optical properties of Cd; Mn,Se QDs, synthesized for different values of x, have been

adequately analyzed through UV-Vis and PL spectroscopy and are discussed below.

2.4.2 (a) Effect of stoichiometry variation on the optical absorption spectra

Fig. 2.21 shows the optical absorption spectra of different Cd; ,Mn,Se QDs of varying x. The
response indicates adequate quantum confinement in the QDs, as evident from the blue-
shifting of the onset of absorption, with increasing x. Since our QD systems are mostly
compound types, we intended to evaluate the first order derivative plot of the absorption
spectra so as to probe major changes in a particular spectrum. The direct optical band gap
(Eg) can be predicted from the sharp peaks valid for different QD systems (Fig. 2.21(b) - ()).
Without inclusion of Mn, the absorption maximum of pure CdSe QDs is observed to be
located at ~430 nm (2.8 eV) (Fig. 2.21(b)); which is strongly blue shifted from the bulk CdSe
value (4=714 nm, E,=1.73 eV). The broad, subsidiary peak, observed at a relatively lower
energy (2.4 eV) is expected to be due to the Urbach tailing [61] owing to association of
carrier transitions between extended to localized states and vice-versa. As for x=0.3 (Fig.
2.21(c)), the optical gap is characterized by a sharp absorption peak positioned at ~481 nm
(2.58 eV) along with a weak, subsidiary band at a lower energy. A further increase of Mn
concentration (x = 0.6 and 1), has led to an enhancement of the optical gap with absorption
maxima varying from 2.59 to 3.95 eV (Fig. 2.21(d)-(f)). Conversely, in these cases, the
secondary broad peak is completely suppressed. We speculate that, beyond a certain Mn-
level, the red shift of the absorption maxima followed by blue-shifting can be due to bowing
effect Fig. 2.21(g)) [62]. Whereas, a significant blue shift is attributed to sp—d exchange
interaction between electrons confined in the conduction, valence band electrons states and

those located in the partially filled Mn?* states [63-65]. This explanation {66] is also
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Figure 2.21: (a) Optical absorption spectra of Cd,.Mn,Se QDs. The first order derivative spectra
of QD systems, with varying stoichiometric parameters are shown in (b)-(f). The variation of
band gap with x and a schematic of band gap engineering are presented in (g) and (h);

respectively.
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" supported by the argument that, the replacement of Cd by Mn (in Cd,Mn,Se, 0.3 <x
<0.8) would help varying the energy gap between 1.74 and 3.5 eV for the bulk CdSe (x =
0), and the WZ-MnSe (x=1) systems; respectively [23]. The bowing parameter, fw, for

Cd,;..Mn,Se system has been calculated by following equation,

Engl—anxSB - ngMnSe + (1 - x)Egdse — wa(l - x) (215)

EM™* and E,°%¢ are band edge emission energy obtained from PL data. The values are

found to be changed from -0.76 to 1.75 eV with changing x from 0.3 to 8. This is the
reason why there is abrupt change in the band gap for this composition [15].

The optical band gaps, for different QDs of varying stoichiometric parameter x
are présented in Table 2.9. A scheme illustrating band gap engineering in the concerned
QD systems is depicted in Fig. 2.21(h).

2.4.2 (b) Effect of stoichiometry variation on the optical emission spectra

Figure 2.22(a) depicts the emission spectra of Cd;Mn,Se QDs along with multi- peak
deconvolution fits. Each of the spectra is characterized by a number of emission peaks. In
case of CdSe QDs (x = 0), the first peak at ~590 nm is ascribed to the near band edge
(NBE) emission [67]. The second peak, located at ~657 nm, is due to radiative emission
mediated via trap states of the QDs [68]. With increasing value of x from 0 to 0.3, the
NBE emission response of Cdy {Mﬁo 3Se.system‘ is blue-shifted to ~484 nm [63]. While
the peak at ~510 nm ensure presence of shallow, virtual' levels of the QDs [69], the
‘appearance of a small péak at ~580 nm is believed to be owing to the pseudo-tetrahedral
(*T\5%4,) transition 'of the Mn?" ions introduced into the CdSe QDs [63]. The broad
emission band, with a peak maximum at ~628 nm, could not be fitted by single Gaussian-
component. This affirms the’cc;mpléxify of the ternary system and association of multiple
emissions of different origin, yet providing comparable recombination probabilities. An
enlarged view of the PL spectrum with deconvolution is depicted for QDs with x = 0.3 in
Fig. 2.22(b). As predicted in earlier works, mostly deep defect levels are likely to occur
‘in Hexagonal wurtzite structure of CdSe, or Cd,.Mn,Se QDs [65, 70,71]. The
deconvoluted peaks, located at ~640 and ~670 nm, can be due to the deep trap levels.

Possibly, the origin of these defect levels is related to the Vcq4-Vs. divacancy centers®

% Appendix-4
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associated to the absence of Cd”* and Se” in the nanocrystalline elements [65, 72,73].
One di-vacancy is related to the orientation along c-axis; whereas the other one is
believed to be oriented along the basal Cd-Se bond directions [74]. In earlier works, the
size dependence of these trapping levels was confirmed for CdSe NCs [65]. Also one can
explain independent emissions emanating from the QDs (labeled as, Em, and Em,) as
well as from the bulk-like NCs (labeled as, Ep;) that might occur in ternary Cd;.,Mn,Se
QD systems (Fig. 2.22(b)). Interestingly, the excitonic emission at ~484 nm of
Cd;. Mn,Se QDs is almost suppressed by sufficiently large non-radiative channels via
~628 nm peak [69]. Further, the band edge emission response of Cd;.,Mn,Se system, for
x = 0.6 is further blue- shifted to ~480 nm. The emission due to shallow trap levels is
observed at ~512 nm along with a weak orange emission band, appearing in the
wavelength range of ~535-620 nm. The emission peak is centered at ~550 nm, is ascribed
to the forbidden d—d transition *T,(*G)-°4,(®S) of the Mn?* ions [75]. With an increasing x
from 0.3 to 0.6, the non-radiative emission via trap levels that originated from the V¢g-Vse
di-vacancies, is completely disappeared. This indicates that, the replacement of Veg—Vse
vacancies by Mn?* ions is more effective in the QDs with an increased Mn?*concentration
[69]. e
Referring to Cdy,MnggSe QDs (gf x =! 0.!8)‘, the NBE emission is located at ~473
nm apart from the existence of a shallow lével positioned at ~521 nm. No orange
emission is inadvertently detected in this configuration. Moreover, as for MnSe QDs
_ (x=1), the NBE emission response is lgcated at ~400 nm. The émission peak, observable
at ~459 nm, is likely to be accompanied by defect states originated from the metastable
WZ nanocrystal core [31]. Thus, the PL spectra 9f Qd/_anxSe QDs is extremely
sensitive to parameter x. A perturbed lattice structure, in each composition, and with
different x may have direct influence on the emission spectrum of definite origin.
Moreover, the absence of Mn®* emission, as for x = 0.8 case, si gnifies that Mn?* ions, are
incorporated into the CdSe cluster by surface adsorption rather than direct inclusion into
the CdSe core [63]. This is expected especially at a higher concentration of Mn2+
concentration. An increasing Mn>" ions with increasing x, reduces the average distance
between the two Mn”>* ions thus favouring diffusion of these magnetic ions from the

nanocrystal core to the nanocrystal surface [74]. The diffusion of the Mn?* ions through
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Figure 2.22: (a) Room temperature PL spectra of QDs with different stoichiometric parameters,

0=<x<1 (b) deconvoluted PL spectra of the QDs system corresponding to x=0.3.

the NCs is known as a “self-purification” mechanism and is an intrinsic property
of impurities/defects in semiconductor NCs [74]. As the ionic radius of Mn”" (ionic
radius ~82 pm) is smaller than the ionic radius of the Cd*" (ionic radius ~95 pm) ion, it is
quite apparent that, this diffusion is substantial in Cd;.\Mn,Se NCs [74]. The existence of

Mn®" in CdSe core has also been predicted from the XRD analysis as discussed above.

Table 2.10: Optical energy gap and emission peaks observed for ternary Cd, Mn,Se

QD systems
X Band gap | NBE emission Defect emission peak (nm)
energy (E,) peak (nm)
Metastable | Shallow trap Mn** Deep trap
WZ core emission Orange emission
emission (nm)
0 128 |50 |- - 1- 657
0.3 | 2.58 484.3 - 510 580 628
0.6 |2.59 480 - 312 550 -
0.8 |2.67 473 - 52] - -
1 3.95 400 459 - - -
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The NBE emission peak maxima, along with defect related contributions, for different

QDs are depicted in Table 2.10
2.4.2 (c) Electron- phonon coupling and analysis through Raman spectroscopy

In a semiconductor. the exciton—phonon interaction determines the shape of the
absorption and emission spectra. In NPs, the electron—phonon or exciton—phonon
coupling strength is determined by both quantum confinement and the surface
characteristics [76]. The electron phonon coupling strength is described by Huang —Rhys
parameter 'S’ according to Franck-Condon approximation” [77]. The parameter *S”’ can

be estimated from the Stokes shift [ 78]
Astokes™ 25hw10 (2.15)

Here. w0 is the longitudinal optical phonon frequency of the QDs. The strength of
interaction is expected to play a deterministic role on the optical and optoelectronic
responses exhibited by a specimen under study. Accompanied by phonons, the interaction
is likely to facilitate an enhanced absorption near the fundamental band edge along with
broadening of the emission peak [79]. Consequently, with different values of hw;o and
Asikes for different QD systems, the parameter S may vary appreciably. As for CdSe,
o= 210 em™ (0.03 eV) and for MnSe, wyo= 257 em” (0.034 eV). For the compound
system, we assumed w,o= 210 em™, and predict that no significant change of o is
likely to occur with alteration of x [59].

The S values are calculated using Fig. 2.21 and 2.22 and are highlighted in Table
2.11. A high coupling constant value in phase pure CdSe (x=0) and MnSe (x=1) cases,
signify radiative recombination due to the many-body effects on the excitonic states of
the NCs [66). A larger S value displayed by the later could account for inherent
participation of delocalized electrons of the Mn®" states. However, the ternary QD system
show a weak electron-phonon coupling characterized by S<1. Essentially, a similar range
of Stokes’ shift is witnessed in case of Cd;;Mn,S systems. Since the Huang-Rhys factor

depends strongly on the distributions of the density of electron and hole charges [79], we

- Appendix-5
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speculate that the charge distribution has been significantly manifested in all the QDs
with different stoichiometric values. The Stokes shift and coupling strengths as estimated

for varying stoichiometry parameter x are highlighted in Table 2.11.

Table 2.11: Calculation of coupling strength for different QDs of varying

stoichiometric parameter x

Value of x Absorption NBE Peak Difference, Coupling

peak (eV) (eV) Asiones (€V) Strength
&),

0 2.8 2.10 0.70 11.6

0.3 2.58 2.56 0.02 0.33

0.6 2.59 2.58 0.01 0.16

0.8 2.67 2.62 0.05 0.83

1 3.95 3.1 0.85 14.16

We have also assessed Raman spectroscopy studies. The Raman spectra of the
QDs, with x=0.3 is shown in Fig. 2.23. The Cdp7Mnp;Se system has exhibited only one
mode identified at ~202 cm™’ which is close to the LO phonon mode of CdSe QDs (w.0=

210 cm"). Apart from the distinct w o peak, existence of broad feature in the high
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Figure 2.23: Raman spectra of Cd, Mn,Se QDs for x=0.3
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frequency regime may represent mixed modes originated from the superimposition of one
or more low lying peaks. On the other hand, pure WZ CdSe and WZ MnSe system have
showed Raman peaks at different mode as shown in Fig. 2.17 (a) 2.18(a).

Considering, @,0=202 cm™, for x=0.3 system we have calculated the Huang—
Rhys factor S, by using eqn. 2.15. The corresponding S parameter is found to ~4
equivalent to the theoretically calculated value 0.33 (Table 2.11)
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CHAPTER 3
Optimization of Optical Stability of CdSe and MnSe QDs

For application of QDs in biosensing, biolabeling and bioimaging, it is extremely
important to evaluate the controlling parameters that might influence optical properties
drastically. In practice, cellular-biology and biophysical experiments are conducted in a
complex biological environment which contains a mixture of amino acids, salts, glucose
and vitamins. Undoubtly, behavior of QDs under these environments must be known for
in vitro or in vivo studies. It is well-known that, bare nanoparticles (NPs) agglomerate
immediately after they are added to the culture media [1]. In this regard, surface
functionality along with the presence of some essential biological materials (such as,
protein, serum, nutrients etc.) may help forming a stable dispersion of the QDs [1,2].

The optimization of optical stability accounts for controlled optical response
through controlled inhomogenity and resistible clusterity. In this chapter, we study the
assessment of CdSe-PVA QDs while varying concentration of cadmium precursors
(Cd*"/Se™), reaction time etc. Similarly, we optimize the stability of WZ phase MnSe-
TGA QDs by standardizing different factors, i.e., concentration of capping agent (TGA)
and QD precursor ratio (Mn?*/Se*). In order to evaluate the QD dispersion in cell media,
special emphasis is given to study the media dependent optical responses of CdSe-PVA
and MnSe-TGA QDs while bovine serum albumin (BSA) protein was used as a
dispersing agent. BSA was selectively chosen, knowing that serum albumin is the most
abundant protein in blood plasma [3]. In addition, BSA has been widely used as a model
protein for dispersing NPs in physiological fluids [4,5]. We assessed commonly used cell
culture media: a) Dulbecco's Modified Eagle Media (DMEM) *, b) Minimum Essential
Medium (MEM) *® and ¢) Roswell Park Memorial Institute-1640 (RPMI) ® media. In
addition, the optical stability of CdSe QDs is examined considering natural media: the
first being rose water and the other was citric media (derived from lemon) for storing of

the synthesized QDs naturally.

3.1 Effect of reaction parameters on the optical stability of PVA dispersed CdSe-
QDs

The optical properties of CdSe-PVA QDs and their dependence on reactant concentration

and reaction times are as detailed below.
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3.1.1 Effect of reactant concentration

Fig 3.1(a) depicts the effect of Cd**/Se” precursor concentration on the UV-Vis spectra
of CdSe QDs, dispersed in PVA solution. All the spectra were acquired using PVA as
reference in the spectrophotometer. The samples of QDs of varying concentration ratios
of Cd*"/Se* ie., 1:1, 2:1, 3:1, 4:1 were labeled as Si, S,. S3, Sa; respectively. In all the
cases, the onset of absorption is found to be blue shifted from the bulk value (Appse;~ 714
nm). This implies effective quantum confinement of the charge carriers in the QDs. The
samples S; and Si, (curves (iii) and (iv)) with a higher concentration of Cd* exhibit
strong ls-1s excitonic absorption, at 4., = 310 nm. Conversely, for a low concentration of
Cd”" the QDs exhibit featureless characteristics with long tailing, depicting adequate
inhomogenity in the samples (S;, S,, curves (i) and (ii)). This ground state excitonic
absorption value (~310 nm) resembles the reported value where mercapto-acetic acid was
used as a capping agent [6]. Our results indicate the formation of smaller sized QDs for
precursors that are rich in Cd”*". This behavior was also witnessed by other groups [7-9].
It is possible that, a proportionally large concentration of Cd™" ions (as compared to Se”
ions) is capable of providing a sufficiently high number of nucleating sites for the growth
of CdSe QDs. The nucleation sites at a given concentration of Se” precursor, facilitates

growth of smaller sized QDs [7]. A large number of nucleation sites, around

(a) (b)
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Figure 3.1: (a) UV-Vis and (b) PL spectra of CdSe QDs derived from a precursor of Cd”"/Se”
ratio (i) 1:1, (ii) 2:1, (iii) 3:1, and (iv) 4:1
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the Cd*" ions is because of smaller ionic radii of Cd*” ions (~109 pm) as compared to the
Se” ions (~184 pm). The optical band gap of the QDs can be calculated from the
respective onsets of absorption. The band gap values can be used to estimate the average
size of the QDs using the well known equation’ proposed by Brus et al [10]. The
calculated band gaps and QDs sizes are found to be in the range of ~2.5-3.7 eV and

~4.5-2.7 nm; respectively (Table 3.1).

Table 3.1: Energy gap and average size of the CdSe QD for different precursor ratio

SI. | cd¥:Se” Wavelength | Band gap Blue shift Average Size
No. Ratio (nm) (eV) energy (eV) of QDs (nm)
1 1:1 495 2.50 0.76 4.5
2 2:1 497 2.49 0.75 4.4
3 3:1 328 3.78 2.04 2.7
4 4:1 330 3.75 2.01 2.8

The photoluminescence (PL) spectra of CdSe-PVA QDs of different Cd**
concentration. under an excitation wavelength ~280 nm, are shown in Fig. 3.1 (b). The
PL spectra of the QDs are chiefly comprised of two emission peaks: emission due to the
band-edge emission (1zz) and the defect related emission (Apg). The Agg is found to be
located at ~380 nm with a full width at half maxima (FWHM) ~65 nm. The Apgzis in the
range of 415-428 nm for QDs derived from precursors of varying Cd*"'Se* ratios (1:1 to
4:1). For smaller values of Cd**/Se” ratio (S, and S of curves (i) and (ii)), the emission
response are seen weaker. But with the increase of Cd”™" concentration, the PL intensity
(Z48e) gets enhanced with sample S3 (curve (iii)) exhibiting very strong feature (FWHM ~
59 nm). The Apz peak however, remains significant for a varying Cd*"/Se” ratio in S, S
samples. The ratio of band edge-to-defect emission intensities falls in the range 1.01-1.27
for different cases of Cd*"/Se® (S to Sy).

The observed defect related emission response is attributed to the radiative
transitions mediated via surface trap states. The states are believed to be created by
entrapped electrons inside a selenium vacancy with holes in the valence band [9]. As

observed from the PL spectra, the dominant response of the defect related emission over

) Appendix-6
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the band edge emission, in samples S| and S,_ signifies inadequate surface passivation of
the QDs. Previously, a lowered of concentration of Cd** was found to be insufficient for
an effective dispersion in PVA [6]. The intense band edge emissions. for S; and S, are
ascribed to significant passivation of surface defect mediated through non-radiative
centres. Whereas, a significantly higher Cd** concentration is likely to results inadequate
surface capping by the PVA host [7]. This is why we observed a reduced intensity wrt
band edge-to-defect related emission, for Sy as compared to S3. The sharp absorption
features and symmetric luminescence behavior of S; and S, samples indicate a narrow
size distribution of the synthesized CdSe QDs.

As the effect of reactant concentration provided the best quality specimen for
[Cd*")/ [Se™] = 3:1 (S3), we opted for studying the effect of reaction time and aging for

this precursor along with consideration of different dispersing media.
3.1.2 Effect of reaction time

Fig. 3.2 (a) and (b) depict the dependence of absorption and emission responses of PVA
dispersed QDs obtained for different reaction times but for a fixed Cd*" concentration.
The reaction time was counted right after the SeO, reactant was added into the Cd*"/PVA

precursor. Upto 30 min. of reaction, only featureless characteristics are observed

() -

=
-’

Intensity (a.u.)

Absorbance {(a.u.)

300 400 500 600 700 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 3.2: (a) UV-Vis and (b) PL spectra of CdSe QDs of reaction time (i)10, (ii) 30, (iii) 60,
(iv) 90, and (v) 120 minutes

.-
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thereby no prominent excitonic absorption (curves (i) and (ii)). A sharp absorption
response is observed at ~328 nm when the reaction was allowed for 60 min (curve (iii))
and beyond (curve (iv) and (v)). Since the position of the absorption maxima do not
change with time the average size of the QDs is expected to be uniform. Previously, it
was argued that PVA matrix can efficiently restrict the growth of the particles, while the

growth process is homeostatic [7].

Table 3.2: Energy gap and average size of the CdSe QDs for different reaction time

SL No. | Reaction | Wavelength | Band gap Blue shift Average Size
time (nm) (eV) energy (eV) of QDs (nm)
(min)

1 10 - - - -

2 30 - - - -

3 60 328 3.78 2.04 2.7

4 90 328 3.78 2.04 2.7

5 190 328 3.78 2.04 2.7

Fig. 3.2(b) depicts the asymmetrically stretched photoluminescence spectra of the CdSe-
QDs. Upon deconvolution (not shown), the Agg is found to be located at ~380 nm and Apg
at ~417 nm, when the reaction time was varied in the range of 10-120 min. Although,
defect related emission is prominent for samples prepared under less reaction time
environment, the overall PL emission is found to be strongest for the sample prepared
with a reaction time duration of 60 min (curve (iii)). A further increase of reaction time
can lead to assimilation of nanocrystallites into clusters as a result of which a suppressed
emission response is realized. Whereas, insufficient reaction time leads to unsaturated
bonding between Cd** and Se* ions. After a series of studies, a 60 min. of reaction time
is found to suitable that ensure a sharp exciton absorption and an intense emission

response.
3.2 Effect of reaction parameters on the optical stability of WZ-MnSe QDs

In order to obtain water soluble WZ MnSe-TGA QDs of high quality, we have carefully

examined different reaction conditions as discussed below.
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The QD samples were processed by varying TGA concentrations of 1, 5, 10% and with
molar concentrations (of Mn*'/Se*) as 2:1, 3:1, 4:1. We labeled the respective samples with TGA
concentration of 1, 5, 10% as 7}, 7>, 7; and with Mn®"/Se* molar ratios of 2:1, 3:1, 4:1 as P,, P,

P;. Note that, P, is equivalent to sample 7.
3.2.1. Effect of TGA concentration

Fig. 3.3(a) shows the effect of TGA concentration on the UV-Vis spectra of MnSe-TGA QDs. As
can be found, the samples 7, (curve (i)) and 7, (curve (ii)) have exhibited relatively long tailing
feature as compared to 7 (curve (iii)) in which the prominent absorption peak is located at ~303
nm (£, ~4.09 eV). This implies effective quantum confinement of the charge carriers in the QDs
which is characterized by a blue-shift (~0.59 eV) from the bulk value (E,~3.5 eV) of the WZ-
MnSe system [11-14]. But the estimated value of £, is ~1.6 fold larger as compared to the RS
type MnSe (~2.5 eV) system [11]. A slight blue shifting of ~0.07 eV from the bulk value can be
noticed for sample 7>. On the other hand, in case of sample 7, we observe a blue shifting of
~0.73 eV wrt the RS type of bulk MnSe system. Note that, the observed blue shifts, for samples
T, and T; are fairly small and are in the range of ~0.07-0.5 eV. This could be due to the highly

localized nature of 3d electronic bands of Mn atoms [14]. Correspondingly, the
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Figure 3.3: (a) UV-Vis and (b) PL spectra of MnSe-TGA QDs prepared with different TGA
concentration of (i) 1% (T), (ii) 5%, and (7>) (iii) 10 % (73), for a fixed Mn*'/Se” = 2:1. In (¢) and
(d), the deconvoluted PL spectra of QDs of 75 and T3 specimens are shown with experimental and
empirical traces.
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quantum confinement induced by cordially bonded organic layers might lead to a much
smaller change in these bands {14].

The corresponding photoluminescence (PL) spectra (4,,=300 nm) of the MnSe
QD systems 71, T, and T3, are shown in Fig. 3.3(b). Each of the emission spectra was
subjected to deconvolution so as to uncover different peak positions. As mentioned
earlier, upon deconvoulution, each of the emission spectra is found to primarily comprise
of two emission peaks. The narrow and symmetric one is ascribed to near band edge
(NBE) emission (1g¢), whereas the broad and asymmetric one is due to the defect related
emission (Apg). The Agr of the samples 7> and T3 located at ~397 and ~400 nm are close
to the near band-edge emission (~364 nm) of the ZB type MnSe system [15]. As for T,
the Agr position is located at ~406 nm but 1,z peak positioned at ~460 nm for all the
samples. The defect related emission can be attributed to intrinsic defect states in the
metastable WZ nanocrystal core [16]. The respective band edge-to-defect related
emission intensity ratios are estimated as ~1.03, 0.58 and 2.37 for T, T> and T3 systems. It
is quite apparent that, the NBE response of 10% TGA coated MnSe QDs is over other
cases and gives more prominent a FWHM of ~81 nm. A stronger defect related emission
of T» over T3 is predicted due to inadequate passivation of QDs by the linkers in the
former case. On the other hand, the intense and symmetric NBE emission is evident due

to significant passivation of the surface defects in the metastable WZ MnSe QDs (of

Table 3.3: Parameters obtained from optical spectra of MnSe QDs prepared by varying

TGA concentration

TGA Excitonic Band gap Blue shifted Agg | Ape | Iee/Ibe
concentration | wavelength, | energy E, | energy,4E; | (nm) | (nm)
A (nm) (eV) (eV)
1% 383 3.23 0.73 (blue 406 |460 |[1.03
shifted from
RS MnSe )
5% 347 3.57 0.07 (blue 397 | 460 |0.58
shifted from
WZ MnSe )
10% 303 4.09 0.59 400 |460 |2.37
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sample 73). As the QDs are characterized by a blue-shifted, sharp excitonic absorption
feature along with an intense band edge emission response, we opted 73 sample for
subsequent experiments with different precursor concentrations. Table 3.3 highlights
different parameters related to the optical spectra of the MnSe QDs coated with

molecules with definite concentration.
3.2.2 Effect of precursor concentration

Figure 3.4(a) and (b) represent the dependence of absorption and emission behavior of
MnSe QDs coated with 10% TGA and for different precursor concentrations of
(Mn>"/Se”). The sample P, (Fig. 3.4(a), curve (i)), exhibits a strong excitonic absorption
feature at ~303 nm (E; = 4.09 eV). Whereas, with an increasing value of the precursor
ratio (P, curve (ii) and P3, curve (iii)) a significant red shifting (AE ~1.03 eV) of the
exciton peak is observed (4 = 408 nm, E, = 3.03 eV). It may be noted that, the band gap
of sample P, is slightly blue shifted (~0.59 eV) from the bulk value of WZ type MnSe (£,
= 3.5 eV). In contrast, the samples P> and P; derived with higher Mn®" concentrations
show an adequate blue shift (~0.5 eV) wrt the bulk RS type structure (£, = 2.5 €V). This
may suggest that, with the incorporation of an excess amount of Mn”" concentration,

there can be a partial phase transformation from WZ to RS one [17].
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Figure 3.4: (a) UV-Vis and (b) PL spectra of MnSe-TGA (TGA: 10%) QDs with different Mn**
/Se” ratio of (i) 2:1 (Py). (ii) 3:1 (P,), and (iii) 4:1 (P5)
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The PL responses of MnSe QDs with different Mn?*/Se* precursor ratios are depicted in
Fig. 3.4(b). The spectrum recorded for sample P, (curve (i)) exhibits near band edge
emission (Azx) at ~400 nm [15] along with surface defect related emission (4pz) at ~459
nm [16]. Conversely, intense emission bands are observed at ~515 nm and ~517 nm as
for samples P, (curve (ii)) and P; (curve (iii)); respectively. The PL emission intensity of
the P; sample is adequately lowered as compared to the P, specimen. The deconvoluted
PL spectra (not shown) have revealed other emission peaks located at ~554 nm and ~566
nm; for P, and P; samples; respectively. These emission bands are ascribed to the 3d
electron transitions of Mn™" [14]. A lowered emission intensity value by a factor of ~1.18
in case of P; sample over the P, one, is probably due to the strong interaction of the
neighboring Mn>" ions at the nearest, the second nearest, and at the third nearest
neighboring-sites owing to the availability of substantially concentration of Mn™" [17].
The crystallographic planes and phase of the as-synthesized MnSe QDs derived
for different precursor ratios have been identified through XRD analysis. Fig. 3.5(a) and
(b) depict XRD patterns of MnSe QDs, prepared from different precursors of Mn”" /Se”
and for a definite concentration of TGA (10%). Referring to Fig. 3.5(a) (Mn”" /Se* = 2:1)
the diffraction peaks located at 25.8°, 26.8 °, 28.6 °, 36.1°, 43.9 °, 47.8 °, 50.2 °, 52.05 °,
53 and 58.7 ° correspond to (100), (002), (101), (102), (110), (103), (200), (112), (201)
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Figure 3.5: XRD patterns of MnSe QDs prepared with 10% TGA and of Mn’"/Se” (a) 2:1 (b) 3:1
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and (202) crystallographic planes of the hexagonal WZ MnSe crystal structure of MnSe
and are consistent to available reports [11, 18]. Moreover, an impurity related MnSe;
phase is also witnessed at a diffraction angle of ~23.8° (JCPDS-653336) and 31.4° [11]
(shown with * mark). The XRD pattern of the sample P, (Mn** /Se” = 3:1) is shown in
Fig. 3.5(b). The subsequent diffraction peaks at 29.8°, 43.8° and 51.1° correspond to
(111), (220) and (311) crystallographic planes, which resemble the RS MnSe crystal
structure of the system (JCPDS-270311). Moreover, trace amount of MnSe, phase can be
seen in the diffractogram at a diffraction angle of ~23.7° (JCPDS-653336).

From the above discussion, it is now clear that, the QDs derived from a precursor
of [Mn**}/ [Se”] = 2:1 and TGA concentration of 10%, are likely to display strong blue
shifted excitonic absorption and prominent band edge emission features corresponding

WZ MnSe system.
3.3 QD dispersion and optical stability in biological environment

The optical response and colloidal stability of the fluorescent QDs, in different culture
media environment, are regarded as essential prerequisites for their relevance in bio-
labeling and bio-sensing. It is expected that, different dispersing agents (like, FBS, BSA
protein etc.) can have an influential role on the absorption and emission characteristics.

The optical responses of the synthesized QDs, in cell culture media, are described below.

3.3.1 Dispersion of CdSe —PVA QDs in cell culture media

First, we have analyzed the dispersion stability of CdSe-PVA QDs in different cell
culture media by using BSA as dispersing agent. Without addition of BSA agent, the
excitonic absorption peak (~300 nm) is found to remain unaltered in phosphate buffer
solution (PBS), DMEM and MEM media (Fig. 3.6(a)). But the peak is slightly red shifted
to ~312 nm, in RPMI media. Interestingly, with the inclusion of dispersing agent BSA,
the absorption peak is apparently blue shifted to ~283 nm in PBS, DMEM and MEM
media. However, in RPMI media, the peak position is unchanged. Similarly, in presence
of BSA protein, CdSe-PVA QDs in MEM media exhibit a stronger PL response over
DMEM and RPMI media. thus signifying an effective conjugation of BSA molecules to
QDs surfaces in the MEM media than other media (Fig. 3.6 (b)).
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Figure 3.6 : (a) UV-Vis and (b) PL spectra of CdSe-PVA QDs in different dispersing media in

presence and absence of BSA acting as dispersing agent.

3.3.2 Dispersion of MnSe —TGA QDs in cell culture media

We have also performed a comparative study on the nature of stability of MnSe QDs in
different dispersion media and by considering both the presence and absence of the
dispersing agent. Figure 3.7(a) demonstrates that, in the absence of BSA, the excitonic

absorption peak (at ~303 nm) of the MnSe QDs in PBS, remains unchanged as we
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Figure 3.7 : (a) UV-Vis and (b) PL spectra of MnSe-TGA (TGA 10 %, Mn”"/Se” = 2:1) QDs in

different dispersing media in presence and absence of BSA acting as dispersing agent
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observe in aqueous media. However, the position gets red shifted to ~313, ~321 and ~329
nm, when QDs were dispersed in DMEM, MEM and RPMI media; respectively. This
indicates likely aggregation of QDs in these media. In contrast, a fairly stable dispersion
of the MnSe-TGA QDs is observed upon addition of BSA into the respective media. The
exciton absorption peak remains almost fixed (~303 nm) in both PBS as well as in
DMEM media. In contrast, it is slightly (~308 nm) and significantly (~327 nm) red-
shifted in MEM and RPMI media; respectively. We anticipate that the interaction of BSA
with the constituents of the cell culture media has deterministic role on determining the
colloidal stability of the QDs. Similarly, an enhanced overall emission response of the
QDs, with BSA dispersion, signifies the improved stability of the QDs as compared to the
QDs dispersed directly in the cell media without BSA inclusion (Fig. 3.7 (b)). Moreover,
in presence of BSA protein, MnSe-TGA QDs in DMEM and MEM media exhibited
stronger PL response wrt QDs in RPMI. This suggests significant surface passivation of
the QDs by way of effective adsorption of BSA in former media than the latter one.
Different physical parameters related to the optical spectra of CdSe-PVA and MnSe-TGA
QDs and dispersed in cell culture media are highlighted in Table 3.4.

Table 3.4: Parameters related to the optical spectra of CdSe-PVA and MnSe-TGA QDs

in cell culture media.

CdSe-PVA MnSe-TGA Maximum PL intensity
ratio (with BSA/without
BSA)
Dispersing | with | with BSA | without BSA | with BSA | CdSe MnSe
media out | inclusion | inclusion inclusion
BSA
incl
usio
n
2 4 (nm) A {nm) A (nm) Dispersing | Ratio Ratio
(nm) media
DD 300 |- 303 - PBS 0.44 1.08
PBS 300 | 283 303 303 DMEM 2.12 2.61
DMEM 300 | 283 313 303 MEM 4.02 3.89
MEM 300 | 283 321 308 RPMI 1.24 2.33
RPMI 312 {312 329 327
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Essentially, in cell culture media, a high ionic strength is responsible for dominant van-
der Waal’s attraction over electrostatic repulsive behavior and this is the reason why QDs
tend to coalesce into larger sized particles, as observed for QDs [1]. But, a stable
dispersion of the CdSe-PVA QDs, even in absence of dispersing agent has been

observed.
3.3.3 Aging effect of CdSe- PVA QDs in cell culture media

Effect of aging in optical response is an important concept, which is likely to

quench/shoot up absorption and emission characteristics.
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Figure 3.8 : PL spectra of CdSe-PVA QDs in different dispersing media (a) PBS, (b) DMEM,
(c) MEM, and (d) RPMI with aging. The insets show the change of /5, and [, with aging in the

respective media in presence of dispersing agent BSA.
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With aging, though the maximum intensity of the CdSe-PVA QDs increases, the near
band edge emission intensity (/) gets suppressed over defect related emission intensity
(Inr) when the QDs are dispersed in PBS media (Fig. 3.8(a)). The /. response which is
about 1.2 times of 7, on the day of synthesis is reduced by a factor of ~2.58 after 8 days
of aging. Whereas, the emission intensity of CdSe-PVA QDs in DMEM media attains
maximum value, after 3 days of aging (Fig. 3.8(b)). Essentially, the intensity is increased
by a factor of ~7.3 wrt the day of synthesis. Note that, the /;; in the DMEM media, is
always dominant over 7, in 3 and 8 days of aging. With a dominant response over /,, as
for MEM, an increased band-edge emission response was revealed after 8 days of aging
by a factor of ~2.17 wrt day of QD synthesis (Fig. 3.8(c)). Interestingly, in the RPMI cell
culture media (Fig. 3.8(d)), with a dominant 7, response over I, with aging, the QD
emission follows a reverse trend in comparison to DMEM and MEM media. The aging
dependent Iz to Ipg relative strength of emission values are enlisted in Table 3.5 and

represented by Fig. 3.8(e)

Table 3.5: Parameters obtained from aging study of
CdSe-PVA QDs in different cell culture media

Dispersing Aging Ige/lpE dav 1
media (days) o 2.04 B dsy
a
PBS 1 1.2 S 164
3 0.614 ~
8 0.43 § 1.2
DMEM ] 0.8 ;
3 1.56 T o4
g
8 1.8 2 04
MEM ] 1.15 -
3 1.21 0.04
DMEM MEM RPMI
8 S Dispersing media
RPMI ] 0.73
3 0.76 Figure 3.8 (e): Graphical représentation of
8 0.74 intensity ratios of CdSe QDs in different

dispersing media with aging
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3.3.4 Aging effect of MnSe-TGA QDs in cell culture media

Figure 3.9(a-d) depict a number of PL spectra highlighting studies with regard to stability

of the MnSe-TGA QDs in different dispersing media and also responses due to

independent aging effect. In PBS media, the PL emission response wrt /z; and Ipg

experienced a steady rise up to 5 days of aging.

As shown in Fig. 3.9(b), the near band edge emission intensity (/gg) of the QDs is

improved by a factor of ~1.85 when the specimen was subjected to 3 days of aging in

DMEM media. Nevertheless, excessive aging effect did not show any further

improvement, but with as diminishing overall emission when aged for 5 days. In this
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Figure 3.9: PL spectra of MnSe-TGA QDs (prepared with TGA:10% and Mn”"/Se” =2:1) (when
BSA is added as dispersing agent) in dispersing media (a) PBS, (b) DMEM, (¢) MEM, and (d)
RPMI with aging
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case, the emission feature is characterized by an enhancement of only ~1.24 times wrt as
prepared QD system. The defect related emission response is dominant by a factor of
~1.32 wrt NBE emission after S days of aging (inset of Fig 3.9(b)). On the other hand, in
the MEM media (Fig. 3.9(c)), the QDs experience a slightly diminished emission after 3
days of aging (by a factor of ~1.18 wrt day of QD synthesis). Interestingly. the emission
becomes more strong (by a factor 1.23) with extended aging up to 5 days. As can be seen
from Fig. 3.9 (d), in RPMI media, the maximum emission intensity of MnSe-TGA QDs is
drastically reduced but 3 days of aging but increase upon 5 days of aging. In this case, the
band edge emission intensity gets reduced by a factor of ~3.3 and ~2.18 after 3 days and
5 days of aging; respectively wrt the response observed on the day of synthesis. It is to be
noted, however that, in the RPMI media the defect related emission behavior is
adequately intense after 1°" and 3" days of aging. The variation of /z:/Ipr with aging of
MnSe-TGA QDs, in different cell culture media can be found from Table 3.6 and

represented by Fig. 3.9(e).

Table 3.6: Relative emission strength of MnSe-TGA QDs

in cell culture media with aging

Dispersing Aging Ige/lpE
media (days)
PBS 1 3.06
3 3.09 ,q‘?:'
2
S 3.02 :,
DMEM 1 1.65 =
3 1.30 z
w
g
5 0.76 =
MEM 1 2.02 -
3 2 DMEM  MEM RPMI
Dispersing media
5 1.58
RPMI ] 0.76 Figure 3.9 (e): Graphical
3 0.85 représentation of intensity ratios of
5 1 27 MnSe QDs in different dispersing

media with aging
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From section 3.3.3 and 3.3.4. we can invoke that, MnSe-TGA and CdSe- PVA
QDs are more stable in DMEM (3 days of aging) and MEM media (5 days of aging) than
RPMI cell culture media.

A greater stability of PVA coated superparamagnetic iron oxide nanoparticles
(SPION) and BSA coated TiO; particles in DMEM media over RPMI media was also
predicted in an earlier works [1, 19]. Note that. NPs in biological media are coated by a
protein corona, which can significantly influence the colloidal stability of the NPs [20].
In DMEM and MEM media. the presence of a larger amount of divalent cations (Ca™,
Mg~ can act as an effective bridge to bind negatively charged BSA protein molecules to
negatively charged MnSe-TGA and CdSe-PVA QDs forming a stable protein corona [1].
In contrast, a relatively higher concentration of phosphate ions in RPMI media (as
compared to the other media) is likely to compete with BSA molecules to adsorb in to the
QQDs surfaces. This results in adequate instability of QDs in RPMI media. It is worth
mentioning here that, nearly 70% release of BSA from hydroxyapatite microspheres has
been observed in the presence of 10 mM phosphate in half an hour has been as reported

by Boonsongrit et al. [21].
3.4 Optical characteristics of QDs in natural media

Since the optical stability is critical in storing and subsequent use of QDs, we have also
intended to examine the effect of natural media on the stability of QDs. In this context,
we have chosen lemon water and rose water media extracted from lemon (scientific
name: Cifrus * limon, genus: Citrus, family: Rutaceae) and rose (scientific name: Rosa
Bucbi; genus: Rosa, family: Rosaceae); respectively for our study. The lemon water
media is chosen because of its natural acidic property containing citric acid, along with
its various health benefits. Whereas, rose media is considered as naturally available base
media which is used for many cosmetic products due to its refreshing fragrance and

enhancing benefits to the skin and hairs.
3.4.1 Optical response of CdSe QDs

The typical absorption and emission behavior of CdSe-QD dispersed in different

dispersive media are shown in Fig. 3.10 (a) and Fig. 3.10 (b); respectively. As can be
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observed from the optical spectra, the excitonic absorption is found to be located at ~300
nm (~4.13 eV) for QDs in PVA as well as in lemon water media. The characteristic QD
excitonic feature is relatively broad in citric acid (lemon water) media than the neutral
PVA one. Possibly, a larger degree of inhomogenity (on QD size distribution) might have
led to an observable broadening in citric media. The QD response in rose water media is
however, characterized by an adequate red shift (~ 0.76 eV) of the exciton absorption
along with a broad absorption feature.

Fig. 3.10(b) depicts the PL response of the QDs dispersed in the lemon water,
PVA and aqueous rose media. As in other cases, an asymmetrically stretched spectrum
corresponds to existence of at least two prime peaks, away from each other; band-to-band
emission (4gg ) and defect-related emission (Apg). While the first peak is located at ~380
nm for both PVA and citric media, the respective Apg peaks are positioned at ~430 nm
and ~416 nm. Note that, the defect-related emission intensity is predominantly high in
case of lemon water over other environment. The respective band edge-to-defect
emission strengths are ~0.61 and 1.07; respectively for citric (pH = 3.42) and PVA media
(pH = 7.02). Interestingly, the QDs in rose water medium exhibit suppressed emission
response. In this case, the respective intensity of the band edge emission is reduced by a

factor of ~1.81 and 1.47 as compared to the PVA and lemon water media. Because of the
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Figure 3.10: (a) UV-Vis and (b) PL spectra of CdSe QDs in (i) PVA, pH = 7.06, (ii) rose water,
pH =7.42, and in (iii) lemon water, pH = 3.42 media
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improved defect related emission behavior in lemon water, the emission response of the
QQDs becomes more asymmetric in this media as compared to others.

Figure 3.11 depicts a set of spectra highlighting studies with regard to stability of
the QDs due to independent aging effect in respective media. As shown in Fig. 3.11(a),
the NBE gets improved by a factor of ~4 when the specimen was subjected to aging for 6
days in lemon water. However, exessive aging effect did not facilitate further
improvement. As can be found, the maximum emission response is suppressed when the
specimen was aged for 10 days. In this case, the emission feature is characterized by an
enhancement of ~7 as compared to synthesized QDs. As a general trend, the peak due to
the defect related emission of QDs in lemon water gets suppressed with aging. However,
as can be seen from Fig. 3.11(b), the CdSe QDs in rose water exhibit a red shifting (from
/=416 to 475 nm; £=2.98 to 2.61 eV) of the emission peak (as well as absorption peak,
Fig. 3.11 (¢)) as a result of the aging effect. The red shifting may be ascribed to the
particle growth size effect due to clustering of QDs. Interestingly, though a peak-shift
was evident with aging, the overall emission intensity remained uniform for all the
specimens. The probable reason for the higher stability of CdSe-PVA QDs in lemon
water medium may be attributed to the fact that, the PVA is esterified to PVA-C in

presence of the citric acid (CsHgO5) contained in the lemon water [22].

a
(a) (b) — i
4 — day — gy
— ,h\ 'y 4 ¢ &
-~ — 2y —_ gy W
= =
8 B,
3 z ]
z 2
& o
E 7 E
]
- —— - t — ™ v
180 406 450 S0 S50 a0 400 R 00 350
Wavelength (nm) Wavelength (nm)
(©)

magnified part of absorption
peak of day 1

— day |

—diy 6
——day 10

Absorbance (a.u.)

340 360 380 400 420 440
Wavelength (nm)

Absorbance (a.u.)

300 400 500 600 700
Wavelength (nm)

Figure 3.11: PL spectra of CdSe-PVA QDs with aging effect when they are
dispersed in natural media (a) lemon water of pH = 3.42, and (b) rose water, pH =

7.42. Fig (¢) shows the UV-Vis spectra of QDs in rose water with aging.
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The schematic representation of esterification reaction of PVA with lemon water (citric

acid) is given below.

9

H PC—CHe OH
—CH:—CH ¢ CH—CH — + HOOC~CH,~CH~CH~COOH
COOH
PVA
CITRIC ACID
0
i}

?(‘—C H, ?C—CH;—CH-—CH;—(‘OOH
—CH:—CH)»—t— CH,~ CH »¢t— CH—CH—

PVAC

Figure 3.12: Schematic diagram of esterification of CdSe-PVA QDs to CdSe-PVA-C in lemon

water media

As far as QD stability is concerned, the carboxyl-functionalized PVA host provides a
better environment over the untreated PVA [22]. This is because of the availability of
ample amount of free Cd*" ions which are capable of imparting charge balancing with
carboxylate (COQO") ions. Consequently, it results in a more stable colloidal system.
Moreover, after esterification of PVA with citric acid, it becomes moderately hydrophilic
in nature as compared to the highly hydrophilic behavior of untreated PVA. This is the
reason why PVA-C has a large affinity for cell attachment and spreading. This modified
PVA is reasonably less cytotoxic and therefore attractive for cellular studies [23].

On the other hand, in rose water medium, because of the presence of geraniol in
the rose oil the PVA-rose water mixure becomes superhydrophobic in nature [24]. This
superhydrophobic oil -in -water system behaves as a miceller based microreactor system.

Consequently, there is a high probability that the QDs would come closer to each other
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and coalesce outside these microreactors. This leads to adequate red shift both in the

absorption spectra (Fig. 3.10) as well as emission spectra (Fig. 3.11).
3.4.2 Optical response of MnSe QDs

Figure 3.13 depicts the absorption spectra of MnSe-TGA QDs dissolved in different
natural media. It can be observed that, the excitonic absorption peak of the MnSe TGA

QDs, in distilled water (~303 nm), is red shifted to ~323 nm and 372 nm when they are
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Figure 3.13: (a) UV-Vis and (b) PL spectra of MnSe-TGA QDs in (i) distilled water, (ii) rose

water, and (iii) lemon water media
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Figure 3.14: Deconvouluted emission spectra MnSe QDs in (a) rose water (b) lemon water
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dispersed in lemon and rose water media; respectively. However, a significant
enhancement of the emission intensity (by factor 5.08) of the QDs dispersed in lemon
water compared to that of distilled water can be observed from the PL spectra (Fig.
3.13(b), curve (iii)). In contrast, the intensity reduces (by a factor ~2.12) as soon as they
are dispersed in rose water (Fig. 3.13(b), curve (ii)). Upon deconvoultion of each of the
emission spectra in rose (Fig. 3.14 (a)) and lemon water (Fig. 3.14(b)). we found that
each spectrum is likely to comprise of three emission peaks. In rose water media, the first
peak, is assigned to the band edge emission response (/z¢), which is located at ~410 nm
case. In contrast, in lemon water media, QDs a show band edge emission at ~422 nm.
The defect related emission peak arising at ~445 and ~462 nm, for the respective media
may have arisen from the defects in the metastable WZ nanocrystal core [16]. The peak at
~500 in rose water media is due to the shallow trap emission whereas, ~561 nm in lemon
water media is attributed to 3d electron transitions of Mn”" (4T'—+6A' ). Note that, the
emission response from 3d electronic transition is missing for the QDs dispersed in
distilled water media. However, band edge emission (~400 nm) and defect related
emission (~462 nm) are observed (Fig. 3.13(b). curve (i)).

Fig. 3.15(a) and (b) depict a comprehensive assesment on optical stability
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Figure 3.15: PL spectra of MnSe-TGA QDs (prepared with TGA:10% and Mn”"/Se” =2:1) with

aging effect when dispersed in (a) rose media (b) lemon water media
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of MnSe-TGA QDs considering aging effect in different media. In rose water, the
emission peak arising from different emission response remained at nearly same position
with aging (Fig. 3.15(a)). Similar behaviour has been noticed in lemon water also (Fig.
3.15 (b)). However, there is siginificant variation of QDs emission intensity with aging in
both the media. Note that, the maximum intesnity of the QDs in rose water media falls
linearly with aging (3.15(b)). The intensity gets reduced by factor ~1.73 and ~2.25 than
the synthesized day on 9™ and 12" days of aging. In contrast, steady drop of maximum
intensity of MnSe-TGA QDs has been observed with aging in lemon water media (Fig.
3.15(b)). The maximum intensity of the QDs does not change substantially upto 9 days.
There is drastic reduction of maximum intensity for 12 days of aging.

The higher stability of MnSe QDs coated with TGA in lemon water is may be
because of formation of di-carboxilic acid coating layer around the surface of the QDs
through intermolecular hydrogen (H-) bonding. The interaction happen between
carboxylic acid group of TGA molecule and carboxylic acid present in the citric media.
The resultant intermolecular H- bonding provides larger water solubility of the QDs as

well as making them more biocompatible.
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CHAPTER 4
Magnetic Properties of as synthesized MnSe QDs

Magnetic materials can be classified by their response to an externally applied magnetic
fi eld The types of magnetism are described as: diamagnetism, paramagnetism,
ferromagnetlsm antlferromagnetlsm and ferrlmagnetlsm dependmg on the orientations,
nature and magnitude of the magnetlc moments. The origin of magnetism is normally

TEE A b B
attributed to the orbital and spin motion of electrons and how the electrons interact with

YRR AR O

one another as pertained to their spin. Diamagnetism is the fundamental properties of all
materials which display weak repulsion to an applied magnetic field giving rise to
negative snsceptibility {(x < 0). In terms of the electronic configuration of diamagnetic
materials, they are composed of atoms with net magnetic moments equals to zero. All
other types of magnetlc behaviors are observed in materials in which the atomic shells are
filled with unpaired electrons. In paramagnetic materials, magnetic domains are absent
though an individual atom has a net magnetic moment due to unpaired electrons. When
the paramagnetic matetial

Spontaneous rermimagnetisn I ' I ' I l
domain formation Antiferromagnetism I 1 I l I I
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Figure 4.1: Schematic diagram of different types of magnetic behavior in presence of a magnetic
field

is placed in 1a magnetlc field, the magnetic moments of the atoms allgn along the direction
of the applled magnetic field forming a weak net magnetic moment. These materials do
not reta;n magnetic moment when the magnetic field is removed Materials with
ferromagnetism behavior, have aligned atomic magnetic moments of equal magnitude
and their crystalline structure provides direct coupling interaction between the moments
[1]. Accordingly, it results a spontaneous magnetization in the absence of an applied
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magnetic field. Antiferromagnetic materials have magnetic moments that are equal in
magnitude and opposite in direction which results in zero net magnetic moment.
Similarly, ferrimagnetic materials are characterized by antiparallel magnetic moments,
but the magnetic moments do ‘not cancel out. This is iaecause of different magnitudes of
magnetic moments re‘su‘lti[ng in ua net spontaneous magnetic moment. When placed in a
magnetic field, antiferromagnetic and ferrimagnetic materials show a behavior similar to
that of ferromagnetic ones. Figure 4.1 SII"IOW:S )fﬁe::scflematic of different types of magnetic
effects when a material is subjected to an external mag)netic field.

Magnetic nanoparticles (MNPs) are those nanoparticles (NPs) that exhibit some
noticeable response under an applied magnetic field. As the size of the particle decreases,
the ratio of the surface area to the volume of the particle increases. For the NPs, this ratio
becomes significantly large causing a large portion of the atoms to reside on the surface
as compared to those in the core of the particles. Note that, large surface-to-volume ratio
of the NPs is the basis of novel physical, chemical, and mechanical properties with regard
to bulk material. The magnetic moment per atom and the magnetic anisotropy of the NPs
as well as other magnetic properties, such as, the Curie (7¢) or Néel (Ty) temperatures,
and the coercivity field (H¢) are different than those of a bulk specimen [1]. Two main
features that dominate the magnetic properties of the NPs are: (a) finite-size effects
(single-domain or multi-domain structures and quantum confinement of the electrons),
(b) surface effects, which result from the symmetry breaking of the crystal structure at the
surface of the particle, oxidation, dangling bonds, existence of surfactants, surface strain.

In this chapter, we study the magnetic properties of water soluble MnSe QDs
coated with different surfactants; namely TGA and SDS. The presence of Mn 3d® half
filled shells in MnSe NPs and corresponding Mn**- Mn** exchange interaction results
profound magnetic responses. It may be noted that thiols are regarded as excellent
candidates for inducing magnetic properties, even in diamagnetic substances [2-5]. By
capping with a thiol group, charge transfer between the SH™ group and surface atoms
takes place, theréby inducing a net magnetization [6]. In this context, we have explored
the effect of TGA concentration on the magnetic response of MnSe QDs. Moreover, we
have exploited the magnetic characteristics of TGA coated Cd;..Mn,Se systems for a

definite value of the stoichiometry parameter, x.

102



Synthesis, characterization and biophysical assessment of quantum dots and application in electrophysiology

4.1 Magnetic response of TGA coated MnSe QDs
Figure 4.2 depicts temperature and field dependent magnetization responses of MnSe
QDs derived from a fixed precursor ratio of Mn?*/Se* (=2:1) and coated with 1 and 10%
TGA concentrations. In case of zero field cooling (ZFC), the sample was first cooled
down to a temperature of ~27 K under no field, and then, the magnetization data was
acquired in the warming process when subjected to an applied field of 500 G. As can be
seen from Fig. 4.2(a), 1% TGA coated QD system has a Neel temperature (7y) is located
at ~39 K. Whereas, the QDs prepared with a coating layer of 10% TGA concentration is
characterized by a non-sharp T value of 59 K (Fig. 4.2(b)). Below Ty, the specimen is
anti-ferromagnetic and above Ty it exhibited as a paramagnetic system owing to likely
randomization of moments associated with the magnetic ordering process. Note the
exhibition of steady fall in the magnetization feature in Fig. 4.2(b), suggests coexistence
of anti-ferromagnetic and paramagnetic ordering, but to variable extents.

Figure 4.2(c) and (d) represent respective M~H hysteresis plots of the MnSe QDs
(with 1 and 10% TGA concentrations) measured at 27 K. The hysteresis loop observed
for 1% TGA functionalized QDs may be arisen because of mixure of ferrimagnetic and
antiferromagnetic phase or canted-antiferromagnetic arrangements of spins [7,8]. Spin-
canted antiferromagnetism is a special condition of noncollinear spin alignment with
adequate deflection from the antiferromagnetic order, yielding a weak net magnetism. A
coercivity (H;) value of ~1520 G and remanence (M,) of ~1.2 emw/g (Fig. 4.2(c)) has
been observed for the system. Our Ty and H, values are comparable with the values
predicted for the WZ type MnS nanowires (T3=30 K, H.=1020 G) {9] and those of
tetrapod-shaped MnSe nanocrystals [10]. In contrast, the respective Ty, H, and M, values
were found to be ~59 K, ~56 G and ~0.0002 emu/g in case of 10% TGA coated QDs. The
magnitude of Ty and H, are close to the WZ type, spherical and water droplet-shaped
MnSe nanoparticles [11]. Nevertheless, the MnSe QDs are likely to experience characteristic
paramagnetic features, at room temperature, irrespective of TGA concentration level (Fig. 4.2(¢)
and (f)). As mentioned above, the surface- defects along with a layer of surfactants could
influence the magnetic properties of the NPs to a great extent, especially when thermal agitation
is lowered. With decreasing size of the NPs, surface contribution to the magnetization increases
as compared to the core of the particles [12]. However, the total magnetization is expected to be
contributed by both surface spins and the core of the
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Figure 4.2: (a,b) ZFC curves of different MnSe QDs obtained for a low field of ~500 G applied
at a temperature of 27 K. The figure-inset depicting magnetization-peak referring to Neel
temperature. The sub-figures (c,d) and (e,f) highlight hysteresis loops of MnSe QDs measured at
27 K and 300 K; respectively. The insets of (c,d) depict the region around the zero field. The
sub-figures (a,c,e) and (b,d,f) corresponded to TGA concentration of 1% and 10% and for a

constant molar concentration of Mn**/Se”= 2:1; respectively.
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particles. It is worth mentioning here that, the electronic structure of the whole system
can be adequately controlled by the strength of interaction of capping molecules with NP
surfaces. Earlier it was demonstrated that, the variation of electronic structure has a
strong influence on the magnetic properties [2, 6]. In our case, a larger value of Neel
temperature, exhibited by 10% TGA coated QDs suggests that, a relatively higher
thermal energy is required to disrupt the magnetic ordering as expected in 1% TGA
coated QDs having a smaller 7. It is possible that, proportionately large no. of SH ions
are available on the surfaces of the MnSe QDs of higher TGA concentration. This
supports efficient charge transfer process between the TGA molecule and 34 orbitals of
Mn”* ions, and become responsible for strong magnetic signature. Moreover, a higher
TGA concentration leads to a slower decrement of magnetic ordering with temperature,
whereas a steep fall was witnessed for a lower TGA concentration (Fig. 4.2(a), (b)).
Thus, a small magnitude of thermal energy (at low Ty) is sufficient enough to break the
magnetic ordering in the later case. The surface dependent magnetic properties of MnSe
nanoparticles have also been reported by other workers [8, 13]. Additionally. a lowered
value of coercivity (by a factor of ~27.1) as regards 10% TGA coated MnSe QDs, and
observed at a relatively low temperature, provides an advantage over the colloidal
stability of the QDs. A lowered cdercivity indicates quick disappearance of magnetism
with the removal of the applied field. We anticipate that, the 10% TGA coated MnSe
QDs is a better choice over its 1% counterpart for safe use in biological application,
where QDs can be kept un-agglomerated upon removal of the field [10]. Different
magnetic parameters, as predicted for the QDs of varying TGA concentrations, are
highlighted in Table 4.1.

Table 4.1: Magnetic parameters of MnSe QDs (Mn**/Se* =2:1). The H, and M, values

are measured at 27 K

SL. TGA Neel temperature, Tn | Coercivity, H. | Remanence,
No concentration (K) (G) M, (emu/g) |
| 1% 39 1520 1.2

2 10% 59 56 0.0002
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4.2 Magnetic features of binary and ternary Cd,..Mn,Se QDs

We have also evaluated the magnetic features of the TGA-coated Cd,..Mn,Se QDs.
Figure 4.3 depicts temperature and field dependent magnetization responses of the Cd,.
Mn,Se QD system. In zero field cooling (ZFC), the sample was first cooled down to a
temperature of 27 K under no field, and then, the magnetization response is acquired in
the warming process, when subjected to an applied field of 500 G. As can be seen from
Fig. 4.3(a), no peak is clearly observed for x=0.3. This suggests that, the sample is
paramagnetic in this case since at low Mn concentration, the individual Mn®" spins exist
in isolation from one another [14j. In a previous work, a similar behavior was also
witnessed for Zn; Mn,S nanoparticle system, with a lower value of Mn concentration
[14]. On the other hand, the QD system exhibited a Neel temperature (7y) value of ~59
K, corresponding to a stoichiometric parameter of x=1 (MnSe).

Figure 4.3(b) shows the M~H hysteresis plots of the NP system with x=0.3 and 1
measured at 27 K. The QDs systems essentially characterize paramagnetic behavior but
to different degrees, as evident from the varying tilts of the M-H traces.

It may be noted that, a constant TGA concentration was used as a capping
material while preparing the Cd;Mn,Se system for different stoichiometric values. This

condition offers an equal magnitude of field strength as contributed by the SH™ group of
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Figure 4.3: (a) ZFC and (b) hysteresis curves of Cd, ,Mn,Se systems measured at 27 K, for x =
03andx =1
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TGA the layer in all the cases. But, with increasing value of x, the Mn>* concentration at
the QD surface increases, thus exhibiting enhanced charge transfer events between the
SH™ group and Mn*" ions. This results in a definite value of Neel temperature, as
compared to the case for a lower value of x, where a clear evidence of Neel temperature
is absent. A larger value of Mn”" ion concentration, for a higher value of x, is associated
with a self diffusion mechanism as discussed in Chapter 2.

It is worth mentioning to here that, in 1I-VI semiconductor, the substituted
paramagnetic Mn”" ions exhibit spin 5/2, and clusters are formed by antiferromagnetic
interaction among neighbouring and next-neighbouring Mn spins [15]. Increasing of Mn
content, the cluster size increases by coupling of more and more spins in the cluster [16].
Consequently, the magnetization dynamics is dominated by Mn-Mn interactions in anti-

ferromagnetic clusters.
4.3 Magnetic features of SDS coated MnSe QDs

We also intended to explore the magnetic properties of MnSe QDs coated with a long

chain, anionic surfactant SDS. Figure 4.4 (a) depicts the temperature dependent magnetic
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Figure 4.4: (a) ZFC and FC curves of MnSe-SDS QDs studied at a temperature 27 K and under a
field of ~100 Oe applied. The figure-inset depicts the ZFC curve highlighting Neel temperature
Ty. (b) hysteresis loops of MnSe-SDS QDs measured at 27 K. The inset depicts the region around

the zero field.
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responses of MnSe-SDS QDs (SDS concentration 10%) under an applied field of 100 Oe.
In particular, M(T) was studied by ZFC and field-cooling (FC) modes between 27 K to
250 K. As for the ZFC curve, the sample was first cooled down to 7= 27 K under zero
applied field, followed by an acquisition of magnetization signal under an applied field of
100 Oe, during the warming process. In contrast, for FC measurement, the sample was
cooled under a magnetic field, 100 Oe. The magnetization measurements shown in Fig.
4.4(a) affirm the coexistence of anti-ferromagnetic and paramagnetic mixed phases in the
investigated samples. [n comparison to the Neel temperature (Ty) 10% TGA coated QDs
(average size, @=14 nm, obtained from Chapter 2) at ~59 K, the Neel temperature (7y) of
10% SDS coated QDs (average size, d=10.9 nm, obtained from Chapter 2) is observed to
be at ~35 K. (inset of Fig. 4.4(a)). This suggests that changing of surface coating layer the
Neel temperature changes. Moreover, the value of Ty reduced with decreasing diameter.
The size-dependent Neel temperature is attributed to a surface effect. The surface effect is
strong enough to destroy the anti-ferromagnetic exchange coupling above the Neel
temperature [8)]. Size dependent phase-transition character has been witness by workers
in ZB-MnSe films {1}] and MnO [18] NCs. Note that , the observed Neel temperature
resembled the value for oleic acid (organic surfactant, OA) capped tetrapod-shaped
MnSe NCs (Tx=35 K) and close to the value of WZ MnS nanowires (7,=30 K) [9].

As can be seen in the FC and ZFC magnetization plots, the SDS coated MnSe
QDs display a characteristics splitting (bifurcation) feature below a critical temperature
Ty~ 41 K. The irreversibility arises owing to the formation of magnetic domains and
domain-wall movement [19], which leads to the reorientation of Mn?* spins, in domain
boundaries [20]. A similar bifurcation of the FC and ZFC can also be observed in case of
different transition metal compounds and transition metal dopped compound [21,23].
The bifurcation temperature Tj; depends on the magnetocrytalline anisotropy. applied
magnetic field, coericivity etc [29].

The magnetic hysteresis curve of MnSe-SDS QDs (measured at 27 K) is
presented in Fig. 4.4(b). The QDs exhibited a coercivity (H,) of ~787 Oe and remanence
(M,) of ~2.22 emu/g.

Thus from the present discussion, the magnetic properties of the MnSe QDs can

be efticiently controlled by different surface coating agents in the same way as observed
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for iron oxide NPs [23]. This is because; surface effects have a strong influence .on the
magnetic properties of magnetic NPs, which can vary from coating agent to coating agent
[24]. It-is observed:that using of same coating agents, TGA, the charge transfer behavior
between SH™ and QDs of types MnSe and Cd,.,Mn,Se varies substaially influencing their
magnetic properties. Similarly, use of different.coating agents. TGAsand SDS contribute
different order of magnetic behavior in the MnSe QDs.
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CHAPTER 5
Biophysical Characterization of CdSe and MnSe QDs

The bioconjugated-nanoparticles (or, QDs) have emerged as an important concept in
nanobio interface applications, such as, bioimaging, biolabeling, immunoassay etc. There
has also been a growing interest in creating hybrid semiconductor—protein conjugates for
use where the proteins provide biofunctionality while the fluorescent semiconducting
nanoparticles (NPs) allow spatio-temporal tracking. Note that, serum albumin is the most
abundant protein in blood plasma which plays a key role in the transport of a large
number of metabolites. endogenous ligands, fatty acids, bilirubin, hormones, anesthetics
and other commonly used drugs [1].

In this chapter, emphasis is given to a number of biophysical techniques of the
synthesized QDs. Herein, we shall account for the interaction of SDS and TGA capped
CdSe and MnSe QDs with the bovine serum albumin (BSA) proteins. Infact, bio-
conjugation responses are evaluated by photoluminescence spectroscopy (PL), time
resolved photoluminescence (TR-PL), and fluorescence resonance energy transfer
(FRET) mechanism. For safe use of QDs in biological environments, a critical evaluation
is made with regard to cytotoxicity aspect of the CdSe-TGA and MnSe-TGA QDs by
using live cells of (human lymphocytes). Moreover, the cellular uptake of the QDs is

elaborated through fluorescence imaging and confocal microscopy data.
5.1 Bio-conjugation of water soluble, CdSe and MnSe QDs with albumin proteins

As stated above, BSA (~69 kD", Sigma-Aldrich & Co., 99.9% pure) was opted for
studying the bio-conjugation capability of water soluble TGA and SDS coated CdSe and
MnSe QDs. At first, lyophilized BSA is subjected to denaturing in | mM aqueous NaBH,
at 70°C. The excess borohydride is removed by spontaneous decomposition by heating.
For effective bio-conjugation, the denatured BSA was prepared with a concentration of
10 pg/ml and is treated with 7 ml CdSe-TGA (SDS) and MnSe-TGA(SDS) QDs
dispersed in distilled water, independently. The test tubes containing CdSe-TGA-BSA
(CdSe-SDS-BSA) and MnSe-TGA-BSA(MnSe-SDS-BSA) mixtures, upon well shaking,

were made airtight with teflon seals. The samples were then incubated at room

" 1 kD = 10° daltons = 1.66x107 Kg
Where, 1 dalton=1 66 x IO“J-Kg
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temperature for 1 h followed by centrifugation at ~5,000 rpm, for 10 min. The final
residues, as obtained through filtration steps, were thoroughly washed with distilled water
several times. The relevant steps of centrifugation and filtration were repeated a number

of times in order to remove away the free TGA and SDS after conjugation with BSA.
5.1.1 Bio-conjugation response of CdSe QDs

The bio-conjugation aspects of CdSe QDs, with BSA proteins are as discussed below.
5.1.1(a) Emission response of non-conjugated and BSA conjugated CdSe QDs

The effect of BSA conjugation on emission properties of CdSe QDs is being discussed
here. Fig. 5.1(a) depicts that with BSA conjugation the maximum PL intensity of the
CdSe QDs decreases by factor of ~1.28 when the QDs are capped by TGA. In contrast, in
case of CdSe-SDS QDs, the intensity shoots up by a factor of ~1.31 (Fig. 5.1(b)).
However, in both the systems (TGA as well SDS coated QDs) the band edge emission
(4gr) and defect related emission (1pg) peak remain at same positions after BSA
conjugation. The Age and Zpg of TGA coated CdSe QDs are observed at ~590 nm and
~657 nm; respectively in both BSA non-conjugated and conjugated case. Similarly, SDS
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Figure 5.1: PL spectra of (i) non-conjugated and (ii) BSA conjugated (a) CdSe-TGA (b) CdSe-
SDS QDs
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coated CdSe QDs exhibit 4z at ~418 nm and Ape ~575 nm for both BSA non-conjugated
and conjugated systems.

The reduction of maximum emission intensity of TGA coated QDs system with
addition BSA may suggest effective energy transfer from the QDs to the BSA molecule
by quenching its intensity. Whereas, BSA acts as surface passivator in case of BSA
conjugated CdSe-SDS QDs with respect to the non-conjugated ones resulting

enhancement of PL intensity.
5.1.1(b) TR-PL study of non-conjugated and BSA conjugated CdSe QDs’

The fluorescence decay profiles of TGA (or, SDS) coated colloidal CdSe QDs, and bio-
conjugated are depicted in Fig. 5.2. All the spectra basically exhibit bi-exponential decay
characteristics with decay parameters seen in different timescale. In case of non-
conjugated CdSe-TGA QDs, the parameters are found to be 7,~5.42 ns, 15~47.03 ns (Fig.
5.2(i)). As for SDS coated QDs, the respective decay constants are estimated as 7,.0.53
ns, o~1.6 ns (Fig. 5.2(ii)). Here, the shorter life time (1)) can be ascribed to the direct
radiative transitions of the free excitons (core-state recombination) while the second, a

relatively slower component (7,) is believed to be due to the radiative recombination via
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Figure 5.2: (a) TR-PL spectra of (i) CdSe-TGA (ii) CdSe-SDS (iii) CdSe-TGA-BSA (iv) CdSe-

SDS-BSA QDs (4,,=375 nm, A.,= 400 nm). Inset shows the clear plot of TR-PL spectra of CdSe-
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surface-trap sites [2]. One can use the following expression for calculating average
lifetime of non-conjugated QDs with different surfactant coatings:

_ AytitAy T
Taverage -

A 11tA51 G-b
where 4, and A, are the pre-exponential factors for the fast and slow processes;
respectively. The average life time of the non-conjugated CdSe QDs capped by TGA and
SDS layers are calculated to be ~35.1 ns and ~1.16 ns; respectively. It is observed that,
of CdSe-TGA QDs is ~29.5 times larger than the z; of CdSe-SDS QDs. This may account
for a amount of larger surface states available in the CdSe TGA QDs, which is likely to
enhance the localization time of the trapped excitons as compared to the other QD
counterpart. Nevertheless, the conjugation of CdSe-TGA QDs with BSA molecules
yields time constants as. 7;~2.81 ns and ~23.12 ns, and with an average lifetime of z,
~19.24 ns (Fig. 5.2(iii)). As for SDS capped QDs, the respective time constants are
predicted to be 7; ~1.54 ns and 1, ~7.75 ns (Fig. 5.2(iv)). With the attachment of BSA to
CdSe-TGA QDs. the average lifetime reduces by a factor of ~1.82 as compared to the
non-conjugated CdSe-TGA QDs system. On the other hand, an enhancement of average
life time by a factor of ~1.82 has been realized for BSA conjugated CdSe-SDS QDs as
compared to the BSA non-conjugated one.

The reduction of average lifetime of CdSe-TGA QDs over BSA conjugation can
be assigned to adequate energy transfer mechanism from CdSe-TGA QDs to the BSA
molecules [3,4]. The shortening of donor average lifetime in presence of acceptor one is
one of the characteristic features of efficient energy transfer in the close donor-acceptor

systems [5.6].

Table 5.1: Different decay parameters related to CdSe QD systems

Non-conjugated QDs BSA conjugated QDs
QDS 7] (0 A/ Ag Tav QDS 7] (%] A/ Ag Tav
(ns) | (ns) (ns) (ns) | (ns) (ns)
CdSe- | 5.42 | 47.0 | 0.12 | 0.03 | 35.1 | CdSe- | 2.81 | 23.12 | 470.1 | 244.6 | 19.24
TGA 3 TGA 9 5
CdSe- | 0.53 | 1.60 | 0.02 | 0.01 | 1.16 | CdSe- | 1.54 | 7.75 | 872.5 | 642.5 | 6.43
SDS SDS
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On the other hand, an enhanced of average lifetime is observed in CdSe-SDS QDs after
BSA conjugation. We observe 7 ,, of CdSe-SDS-BSA QDs is ~1.82 times larger than 7,
of CdSe-SDS QDs. From the magnitude of 4, and A, for CdSe-SDS-BSA QDs, the
probability of recombination via. surface traps is drastically suppressed as compared to
the probability of core-state recombination. In addition, with BSA conjugation, the
probability of core-state recombination (intensity A,) is drastically increased by factor
43625 (Table 5.1) over BSA conjugated CdSe-SDS QDs.

With BSA conjugation, the enhancement of maximum PL intensity of CdSe-SDS
QDs along with increase of average lifetime (diminishing probability of recombination
via. surface traps and increasing probability of core-state recombination), suggests that
BSA acts as a efficient surface passivator for SDS coated CdSe QDs. Different time

components predicted for various CdSe systems are shown in Table 5.1,

5.1.2 Bio-conjugation response of MnSe QDs
The optical response of BSA conjugated MnSe QD systems are explained as below.
5.1.2(a) Emission response of non-conjugated and BSA conjugated MnSe QDs

Quenching of emission intensity by factor of ~1.39 has been observed for MnSe-TGA
QDs when they are conjugated with BSA protein (Fig. 5.3(a)). This quenching behavior

is similar to the case as we have observed for CdSe-TGA QDs, and one can predict
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Figure 5.3: PL spectra of (i) non-conjugated and (ii) BSA conjugated (a) MnSe-TGA (b) MnSe-
SDS QDs
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occurring of energy transfer from MnSe-TGA to BSA protein. In contrast, enhancement
of emission intensity in case of in MnSe-SDS QDs (by factor of ~2.13) with conjugation

of BSA protein (Fig. 5.3(b)) signifies the surface passivation of the QDs by BSA protein.
5.1.2(b) TR-PL study of non-conjugated and BSA conjugated MnSe QDs

The TR-PL spectra of BSA conjugated and non-conjugated MnSe QDs are shown in log
scale in Fig. 5.4. Each of the spectra exhibits exponential decay behavior but to varying
degree. The non-cojugated MnSe-TGA QDs characterized by lifetime as, 7,~0.60 ns,
7~2.61 ns and 73~3401.8 ns (Fig. 5.4(i)). The respective time constants for the SDS
coated MnSe QDs are found to be 71,.1.04 ns, 72~5.11 ns and 73~5.11 ns (Fig. 5.4(ii)). The
time constant 7; is due to the direct exciton recombination, 7, is assigned to surface-
trapped excitons, whereas, the third component, 73 is assigned to radiative and nonraditive
response due to carriers trapped at the surface sites [7]. The z; counterpart, infact suggest
localization of carriers at the surface states with small overlapping between electron and
hole wave-functions [8]. The average lifetime of different MnSe QDs systems can be

calculated by using the extended version of eqn. (5.1), given by:

7 _ AjTitAy 3 +AsTd
average A171+A272+A3T3

(5.2)

Where, 4, , A, A3 are the pre-exponential factors involved in the fast and slow processes;
respectively.

The average life time of the non-conjugated MnSe QDs (coated with TGA and
SDS) are calculated to be ~3401.5 ns and 1.20 ns; respectively. With conjugation of BSA
to MnSe-TGA QDs the life times are observed to be 1, ~0.55 ns, 7, ~2.36 ns, 73 ~7.24 ns
and with an average lifetime of 1,, ~4.71 ns (Fig. 5.4(iii)). Whereas, for SDS capped
MnSe-BSA QDs the respective time constants are found as 7, ~0.92 ns, > ~3.7 ns, 13
~9.24 ns (Fig. 5.4(iv)). In this case, the average life time is calculated to be 4.79 ns. Note
that, with the addition of BSA to MnSe-TGA QDs the average lifetime substantially
reduced by a factor of ~722.1. In contrast, in case of MnSe-SDS QDs the average lifetime
increases by a factor of ~3.92 with BSA conjugation as compared to the non-conjugated

case. Moreover, the probability of core-state recombination (intensity 4,) increases by
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Figure 5.4: (a) TR-PL spectra of (i) MnSe-TGA (ii) MnSe-SDS (iii) MnSe-TGA-BSA (iv)
MnSe-SDS-BSA QDs (4.,=375 nm, A.,= 400 nm). The schematic shown in (b) depicts radiative

/monradiative pathways in the MnSe-QD systems.

Table 5.2: Different decay parameters related to MnSe QD systems

Non-conjugated QDs BSA conjugated QDs T

QDs |1, T T; A, [4, [4; QDs |1, T T A, A, A; |
(ns) | (ns) | (ns) (ns) | (ns) | (ns)

MnSe- 28 MnSe s

TGA 3401. | 347. | 2.4 | 3101. |-TGA 1304. | 834.5 | 418.7
0.60 |2.61 |9 04 |1 |20 0.55 | 2.36 | 7.24 | 40 6 9 ‘

MnSe- 910.4 | MnSe ]

SDS 5011929 1120 -SDS- 75076 | 5488. | 535.6
1.04 15.11 SLT 33 092 | 37924378 |24 |1

~8.07 times in case of MnSe-SDS-BSA QDs as compared to MnSe-SDS ones.

The reduction of average lifetime of MnSe-TGA QDs over BSA conjugation may
predict the possibility of energy transfer mechanism from MnSe-TGA QDs to the BSA
protein [3.4]. Different time constants, related to the MnSe system are shown in Table
5.2.

From the PL and TR-PL data, we expect that the CdSe-TGA-BSA and MnSe-
TGA-BSA pairs are likely to display FRET mechanism. While, BSA acted as a surface
passivator in case of BSA conjugated SDS coated CdSe and MnSe QDs.
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5.1.3 FRET mechanism in BSA conjugated CdSe-TGA and MnSe-TGA QDs

The main criteria for an efficient FRET process is rely on significant overlapping

between the absorption spectrum of the acceptor particle and the emision spectrum of the
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Figure 5.5: (a) Normalized (i) absorbance spectrum of BSA and (ii) PL spectrum of CdSe-TGA
QDs (b) the overlapping integral spectrum (J(4)) vs. A between the two spectra, with J(4

expressed in M'cm 'nm”*.,
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excited donor particle [3,4]. In principle, FRET process reduces the emission intensity of
the donor particle and enhances the intensity of the acceptor one. Moreover, for an
effective FRET event, the flourescent lifetime of the donor should be substaintially larger
than the acceptor molecule [3,4]. The FRET event between a donor and an acceptor
results in shortening of the donor lifetime (tpa<tp). The conjugation of BSA proteins
with the CdSe-TGA and MnSe-TGA QDs is characterized by the shortening of lifetime
in comparison with the the non-conjugated QDs as discussed above (#section 5.1.1 and
5.1.2). Fig. 5.5(a) represents an overlapping feature of the normalized absorbance
spectrum of acceptor (BSA) and PL spectrum of the donor (CdSe-TGA QDs). The
resultant overlapping integral spectra is shown in Fig. 5.5(b). The overlapping integral is

calculated by using the following equation [9]

. IXry(Deald) i da
A= =
]( ) f:o FD (}‘l)dﬁ

(5.3)

Here, Fp (A) is the integrated fluorescence intensity of the donor, & is the molar
extinction coefficient of the acceptor. In this case, g = 43824 Mol ¢cm™ at 280 nm (for
BSA protein) and A is the wavelength in nanometers. The strength of overlapping integral
(maxima) is of the order of ~2.8x10'°, which signifies efficient energy transfer from the
CdSe-TGA QDs to the BSA molecules. The FRET efficiency can be measured

experimentally and is commonly defined as [6]
Er=1-Fp4/Fp (5.4)

where Fpp, is the integrated fluorescence intensity of the donor (CdSe-TGA) in presence
of the acceptor (BSA) and F) is the integrated fluorescence intensity of the donor alone.
In the present case, the energy transfer efficiency of the CdSe-TGA QDs to the BSA
molecule is found to be nearly 71%. Another important parameter of the FRET process is
the Forster radius, R,* [10]. It represents the donor—acceptor separation distance at which

the FRET efficiency is ~50%.

Ro=0211(] J(i) n™* @) (5.5)

t A4 ppendix-8
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Here, ¥ is the dipole orientation factor and its value is 2/3 for randomly oriented dipoles
[10], n (1.33) is the refractive index of solvent, @y is the quantum yield of donor. The
quantum yield of our CdSe-TGA QDs is ~89% (as compared to the rhodamine 6G dye®,
as discussed in Chapter 2). Considering above parameters, the R, value for CdSe-TGA-
BSA (donor-acceptor) system is calculated to be ~8.2 nm. The donor-acceptor separation

distance (r) can be calculated using following relation:
r=Ro(1/Ex-1)"® (5.6)

The magnitude of r is found as ~6.9 nm.

The spectral overlapping behavior of the donor MnSe-TGA QDs and BSA
acceptor is shown in Fig. 5.6(a) and (b). The QDs are characterized by an energy transfer
efficiency of 61% with an overlapping integral maxima J(1) value of ~5.9x10".
Following discussion meant for CdSe system, the values of Rj and r for MnSe system are
estimated to be ~6.7 and ~6.12 nm; respectively. Different parameters related to CdSe-
TGA-BSA and MnSe-TGA-BSA systems are highlighted in Table 5.3.

On comparing FRET parameters of CdSe-TGA QDs and MnSe-TGA QDs, we
could say that former system is more efficient than the later one. This can be due to a

larger overlapping integral value of the CdSe based system over MnSe one.

Table 5.3: Different FRET parameters related to CdSe-TGA-BSA and MnSe-TGA-BSA

systems

FRET Parameters CdSe-TGA-BSA MnSe-TGA-BSA
J(A) M em'nm*) (maxima) 2.8x10" 5.89x10"
R, (nm) 8.2 6.7
E. 71% 61%
r (nm) 6.97 6.12
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Figure 5.6: (a) Normalized (i) absorbance spectrum of BSA and (ii) PL spectrum of MnSe-
TGA QDs, (b) the overlapping integral spectrum (J(4)) vs. . between the two spectra, which is

. . 1 y
expressed in M'em™”'nm”".

5.2 Cytotoxicity studies on CdSe-TGA and MnSe-TGA QDs

Undoubtly, the toxicity of QDs is the most complicated aspect today, in biomedical
research which has not been resolved with absolute certainly. On one hand. the physical

and chemical properties are different from one type of QDs to the other, the level of
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toxicity is largely governed by their composition, structure, size, surface coating, charge,

concentration etc.
5.2.1 Isolation, culture, and treatment of lymphocytes

The cytotoxicity effect of the CdSe-TGA and MnSe-TGA QDs were assessed by
targeting isolated human lymphocytes, collected voluntarily. Anti-coagulated human
blood was diluted with phosphate buffer solution (PBS) (v/v 1:1) followed by the
formation of a 6 mL layer in 6 mL histopaque (1.07 g/mL). It was centrifuged at 400 g
for 30 minutes, and prior collection of the lymphocytes from the buffy layer. The isolated
lymphocytes were then washed with 2 mL PBS and 2 mL RPMI media following
centrifugation steps separately, at 250 g for 10 minutes. The pelleted lymphocytes were
then suspended in RPMI-1640, and the cell viability was checked by Trypan blue
exclusion method using a hemocytometer. The lymphocytes with viability more than
90% were used for subsequent studies. Aliquots of 200 mL of isolated cells were cultured
in RPMI supplemented with 10% heat-inactivated fetal bovine serum (FBS). Initially
cells were incubated (at 37°C in 5% CO,) for 4 h in RPMI-1640 without FBS. The cells
were then treated as per requirements and then maintained with the inclusion of FBS for
8 h.

5.2.2 MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] Assay

Most of the recent evaluations of the toxicity of QDs are performed by using in vitro or in
vivo assays. Among the most commonly used method in vifro studies is the MTT assay.
This is a colorimetric technique which helps in evaluating the viability of live cells. The
SDH (succinatedehydrogenase) from mitochondria of living cells is likely to reduce MTT
to formazan, which is an insoluble purple precipitate that subsequently, redissolved in
DMSO (dimethyl sufloxide) [11].

The cytotoxicity assay was performed by measuring the viability of cells
according to the method described by Denizot and Lang [12]. Mitochondrial
dehydrogenase of viable cells would cleave the tetrazolium ring of the yellowish MTT to
insoluble purple formazan crystals. This is followed by dissolving the formazan crystals

in a suitable solvent. 0.1% TGA was used as vehicle in which CdSe and MnSe-QDs were
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suspended independently. The resulting purple solution was evaluated through
spectrophotometrical means. An increase, or decrease in cell number resulted in a
concomitant change in the amount of formazan formed. which would indicate the degree
of cytotoxicity caused by the test material. Upon treatments, cells were treated with 1%
of MTT for 2 h followed by dissolving the formazan crystals in solvent and measuring
the absorbance of the solution at ~570 nm. The background absorbance was measured at
~690 nm and subtracted from the response at ~570 nm. The absorbance of control cells
was set as 100% viability, whereas corresponding values of the treated cells were

calculated as percentage of control.
5.2.3 Cytotoxicity assessment of synthesized QDs on lymphocytes

Since the lymphocytes are readily available without much difficulty, we intended to
explore the influence of MnSe-TGA QDs on the cell viability. The study was carried out
using different amounts of MnSe QDs. As can be noticed from Fig. 5.7(a). with the
treatment of a 0.2 uM MnSe QDs (for 8 h), the lymphocyte cells sustain a maximal
viability of 98.3%. Whereas, the cell viability, which was fairly uniform (~95%) upto a

QD concentration of 0.5 pM, get drastically reduced with further increase of QD
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Figure 5.7: Effect of (a) MnSe-TGA QDs (b) CdSe-TGA QDs on lymphocyte cell viability
assessed with the MTT assay (n=4). All the results were expressed as means+SD from four
independent sets of experiments. Each of the columns reflect the cell viability. Results were
statistically analyzed by student’s t-test for significant difference between the group means using
GraphPad software”. The significant difference between the experimental and the control group

was set as *p<0.05.
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concentration. It may be noted that, the survival of maximum amount of cells is utmost
necessary so as to explore cellular uptake mechanism and bioimaging response under
select excitation. This calls for the use of MnSe QDs under a safe limit which could help
minimizing the cytotoxicity and other environmental and health hazard issues. We
speculate that. the safe limit in our case is below 0.5 pM. It is possible that, depending on
the macromolecular structural organization of cells and the physiological state, the safe
limit of using MnSe QDs might vary from one cell type to the other. For instance, healthy
and disease affected cells including epithelial, epidermal. and epithermal cells etc. may
necessarily not require similar concentration of QDs for exploiting safe cellular uptake
process. Our MnSe QDs can have potential in cellular studies while using magnetic and
emission responses collectively, unlike conventional systems where the use of
simultaneous properties is quite limited [13].

Figure 5.7(b) depicts the cytotoxicity aspects of CdSe-TGA QDs when subjected
to treatment on lymphocyte cells. It can be observed that, the cell viability vary randomly
with QD concentration. Moreover, in some concentrations the cell viability goes above
100%. Unregulated growth and cell proliferation can cause such an abrupt behavior

during adsorption of QDs through cytoskeleton region.
5.3 Fluorescence imaging study in vitro

At first Isolated lymphocytes were cultured in RPMI media and then supplemented with
10% FBS, in presence of different QDs. The cells were incubated at 37°C and in 5% CO,
for 10 h. The lymphocytes were initially grown (without FBS) for 2 h, prior treatment
with QDs. Imaging of different specimens was carried out independently under a
fluorescence microscope.

Figure 5.8 shows a series of imaging snap-shots of lymphocyte cells treated with
different types of QDs. All the bright-field and fluorescent images were highlighted
through a number of panels, shown in Fig. 5.8 (a-h). Fig. 5.8(a) and (b) depict (CdSe-
TGA) QD treated lymphocyte cells. The cellular uptake of CdSe-SDS QDs in the
respective imaging modes can be found in Fig. 5.8(c) and (d).

Furthermore, we assessed the cellular uptake of the MnSe QDs. Fig. 5.8 (e) and
(f) depict bright-field and fluorescent images of the cells treated with MnSe-TGA QDs.
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Figure 5.8: Bright-field imaging of lymphocyte cells with (a) CdSe-TGA (¢) CdSe-SDS QDs.
The fluorescent imaging mode (4., = 300 nm) of the respective QDs in the cells is shown in (b)
and (d). The bright-field and fluorescent (4., = 300 nm) images of MnSe QDs coated by TGA
((e), (f)) and SDS ((g) (h)) are shown in lower panel.

The response of the MnSe-SDS QDs, in the respective modes are shown seen in the
lower panel (Fig. 5.8 (g) and (h)). The photographs represent high biocompatibility and
fluorescent behavior of QDs in the cellular environment. The bright-spots, in each of the
fluorescent images, basically represent a number of QDs localized in the cellular
membrane via. a site specific linkage. For instance, the head groups of the surfactant are
highly accessible to the carboxyl functional groups of the membrane or membrane
proteins of certain kind.

Using image J-1 461" software® and following previous works reported elsewhere
[14-16], one can make a quantitative assessment of the fluorescence count of the
respective QDs (while present in the cellular environment). Figure 5.9 shows the selected
area of interest and selected background area of fluorescent image of CdSe and MnSe
QDs coated with TGA and SDS capping layers. The corrected total fluorescent (CTCF)

intensity value was calculated for each case, using the relation given by,

54 ppendix-9
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CTCF= Integrated density — (Area x mean fluorescent of background setting) (5.6)

The integrated density of a fluorescent image is the sum of the values of the pixels in the
selected regions of a definite photograph. As can be found in Fig. 5.9, different selected
fluorescent areas are labeled as A, B, C, D.... etc. whereas the selected background
regions (cell region without fluorescence) are represented as bkl, bk2, bk3......etc. The
average of mean gray value for the selected regions gives the value of mean fluorescence
of background setting in the formula.

Figure 5.10 highlights the histograms of CTCF and integrated density (Int. Den.)
of different QDs. It can be observed that with the fluorescence area, both the CTCF and
Int. Den. vary to different degrees. In order to evaluate biocompatibility along and
fluorescent behavior of the QDs, the average CTCF and average Int. Den. need to be
compared (Fig. 5.11). As can be seen, TGA coated QDs posseses a stronger fluorescence

response over SDS coated ones. The fluorescence efficiency gets quenched dramatically

€} (b)

C)

100 pm
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Figure 5.9: Selecte . )¢
) -TGA (d) MnSe-SDS QDs while treated with the lymphocyte cells
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in case of SDS capping. To be specific, the fluorescent counts (CTCF) of TGA coated
CdSe QDs is ~2.8 times larger than the SDS coated counterpart. Similarly, MnSe-TGA
QDs are characterized by a stronger fluorescence capability (by factor of ~3.24) as
compared to the MnSe-SDS QDs.

As already discussed in Chapter 3, a higher optical stability of MnSe QDs in cell
culture media can be generated when BSA is added as a dispersing agent. The higher
optical stability of the QDs in presence of BSA, is because of adsorption of protein into

the QDs surfaces which is likely to dependent on the constituents of the cell culture
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Figure 5.12: (a) Bright field and (b) fluorescent field (.. = 300 nm) imaging of lymphocyte
cells using MnSe TGA QDs while considering BSA as a dispersing agent. Whereas, (c)
represents the histograms of average Int. Den. and CTCF corresponding to MnSe-TGA QDs in

absence and presecnce of dispersing agent BSA.
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media. As the albumin protein is the most abundant protein in the blood plasma, the
knowledge of adsorption of albumin to QD surfaces is very much useful. We have
explored the biocompatiblity and fluorescent imaging capability of MnSe-TGA QDs in
lymphocyte cells using BSA as a dispersing agent. Fig. 5.12(a,b) shows the bright-field
and fluorescent images of MnSe-TGA QDs while considering BSA as a dispersing agent.
It is quite apparent that, BSA has a remarkable stand with regard to a better QD dispersity
and fairly homogeneous cellular uptake in comparison to the case of non use of BSA
(Fig. 5.8(f)). The effect of BSA could be clearly visualized by a superior QD
fluorescence over the MnSe-TGA one (Fig. 5.12). The fluorescence capability of MnSe-
TGA QDs gets enhanced by a factor of ~1.6 when BSA was used as a dispersing agent
(Fig.5.12(c)). The adsorbed protein in the QD surfaces is likely to alter the cellular uptake
capability. Thus, the cellular uptake and bioimaging aspects are significantly affected by
the nature of surface functionalization and use of a dispersing agent. Note that,
modification through surface capping would change the zeta potential of the QD systems
which is also capable of altering the cellular uptake response [17]. Thus, it is possible to
localize the NPs/QDs to specific intracellular targets (lysosomes, cytoplasm,

mitochondria etc.) by modifying their surface (functional) property [17].
5.4 Imaging of MnSe QDs in live cells

The cellular uptake of QDs and the distribution arrangement of MnSe QDs within the cell
bodies were also analyzed through confocal microscopy. By staining cells with QD
labeling, one can visualize the cytoskeleton of the cells and can analyze the distribution
of the QDs fluorescence intensity within the cell.

For confocal microscopy experiments the cell culture procedure and injection of

QDs into cells are as described below.
5.4.1 Cell culture and QD treatment

NIH-3T3 cells were first cultured in M28 flasks with DMEM as media which is mixed
wiih 10% v/v FBS in a 5% CO; in humidified atmosphere at 37° C. Since the cells
experience very fast growth and degeneration, the media was supplemented by 100 pg/ml

penicillin-streptomycin (Gibco). After careful microscopic inspection, the medium was
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changed twice a week and new cell lines were accessed with an appropriate dilution of
the main sample (ratio of 1:8). For cell detachment, 1 ml, 0.25% trypsin plus 1 mM
ethylenediaminetetraacetic acid (EDTA) was added to the flask followed by incubation
upto 10 min. The cells were recollected after centrifugation for 4-5 minutes. Pipetting
was considered in fresh media. The cultured cells were then made ready in petri dishes.

A few circular Petri dishes with cover slip fixed at the bottom (VWR) were
sterilized before sub culturing of cells. Then 0.1 g/ml collagen was spread over the inner
cover slip region by using a micropipette. The dishes were exposed to UV light for 40
min. followed by washing with the phosphate buffer several times. About ~100 ul of cell
line was gently placed into the collagenated region. The dishes containing cells were then
incubated for 15 min. for cell adhesion. Then sufficient media was added to each of the
dishes so as to make them healthy. The specimen were kept undisturbed in 95% air and
5% CO; atmosphere, for 24 h.

On the day of imaging study, the cell lines were taken out from the incubator and
the excess media was removed with the help of a suction pump. Then the MnSe QDs
solution (107'% pg/ul) was injected into the central region of the disc containing cells. The
cells were incubated for 30 min in 5% CO, atmosphere. The cells were taken out from
the incubator and the excess QDs and the media were washed out with the help of
phosphate buffer solution. Fresh media is now transferred to the disc containing cells

followed by incubation for 15-20 min.
5.4.2 Live cell imaging after QD-treatment

Figure 5.13(a-c) shows the bright-field, fluorescent and phase contrast (bright +
fluorescent) microscopic images of NIH-3T3 cells treated with MnSe-TGA QDs. From
the figure it can be observed that a large no. of QDs exist in the perinuclear region i.e in
the cytoplasm of the cell, while only a small number of QDs are found in the nuclear
membrane region, or across the nuclear boundary. The fluorescent intensity histogram
(Fig. 5.13(d)) gives a clear indication of presence of different number of fluorescent
MnSe-TGA QDs inside the cell. As can be expected, the average CTCF of the QDs in the
nuclear membrane is nearly half than the value at the cytoplasm. This could be due to the

fact that the nuclear membrane thickness is almost double than the lipid bilayer
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Figure 5.13: (a) Bright field (b) fluorescent Field (c) Composite field image of 3T3 cell
treated by MnSe-TGA QDs (d) depicts the fluorescent counts of MnSe TGA QDs inside NIH
373 cell

membrane. A larger fluorescence contribution, by the QDs in the cytoplasm area over the
nuclear region was also predicted by other researchers [18]. The minimal probability of
getting QDs localized across the nuclear boundary region, is due to the movement of
some vesicles to the nuclear membrane region inside which the QDs get trapped [19].
Note that, the uptake of NPs by cells can be viewed as a two-step process: first a binding

step at the cell membrane and second as the internalization step [20]. The attachment of
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the particles to the cell membrane, in first step seems to be mostly affected by the surface
charge of the particles. When a negatively charge QD, like MnSe-TGA is attached to the
cell, they are repelled by the negatively charged cellular membrane. As soon as they get
repelled, the: negatively charged NPs bind at some cationic sites of the cells in the form of
clusters. This is followed by reduction of charge density of them and favors adsorption of
more free NPs. Thus, the high cellular uptake of negatively charged NPs is related first to
the non specific process of NPs adsorption on the cell membrane and second to the
formation of NPs clusters [17, 20]. The two steps adsorption, of anionic
superparamagnetic nanoparticles by HeLa cells, has been reported by Wilhelm et al [20].
The observed fluorescent intensity near the nuclear boundary region suggests that,
our MnSe-TGA QDs are likely to mediate through macropinocytosis mechanism inside
the 3T3 cells, after adsorption on the cell membrane. A Similar behavior has been
observed for carboxylic acid coated QD uptake by breast epithelial cells [21].
Furthermore, we have observed also the change of intensity of QDs with time
when they are trapped inside the vesicle like structures (selected regions: ~ ROI1, ROI2,
ROI3) and in cytoplasm region (selected regions: ROI4, ROIS5). Imaging was conducted
for 15 sec. with an imaging speed of 13.7 frame/sec. It can be seen that the QDs intensity
unit in cytoplasm (ROI4, ROIS) significantly remain higher with time (Fig. 5.14(c))
compared to when they are trapped inside vesicles like structures. Earlier, the reduction
of fluorescence intensity of QDs after being entrapped inside the vesicle like structure has
been reported [22,23]. Acidic environment along with protein adsorption, generating free
radicals of the QDs inside these structures may lead to the quenching of fluorescence as
compared to the QDs found in the cytoplasm [22]. Moreover, the variation of oxygen

species may also contribute to this phenomenon [22].

" Region of interest: ROI
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Figure 5.14: Selected regions in cytoplasm and vesicle structure of 3T3 cell occupied by
MnSe-TGA QDs is shown in (a) bright field (b) fluorescent Field (c) depicts the variation of

mean fluorescent intensity of the QDs when they are in the respective positions.
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