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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 ~bsorption 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 Mn2+ 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 bilay'er 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/_xMnxSe 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 oflarger Cd2+/Se2- 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 (Mn2+ /Se2-: 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 fmds 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 j.1M. 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 fmally, ion channel recording. The 

voltage-dependent current fluctuation, across the lecithin bilayer (supported on a -100 J.l.m 

thick, -100 J.l.m 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 mY; 

respectively. Higher observable conductance levels, at corresponding voltages, are found 

as -14.3 and 21.1 oS. 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 :S 4dnspore. In addition, the number of QDs required to form a nanopore of 

diameter dnspore, is smaller than that of dspore. 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 ~s. 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 ofQD 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 



CHAPTER! 

Introduction and Literature Review 

"There's Plenty of Room at the Bottom" -Richard Feynman 
I" .. r '- ¥ 

"Nanotechnology, is the field offuture that will replace microelectronics and many fields 
'I J J 

with tremendous application potential in the areas of medicine, electronics and material 

science"- A.PJ. 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 [5], 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 q~antum mechanical property can be considered 

as a quantum structure. The type of structure' depends 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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SynthesIs, charactenzatlOn and bIOphysical assessment of quantum dots and appizcatlOn In electrophysIOlogy 

(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 
. \ 

dimensions, they behave as free particles. 

(c) ID Quantum wires: In this structure, charge carriers experience strong quantum 

confinement in two dimensions, but are free to move along the third dimension. 

(d) OD 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 (~OS). 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 a3 is described by 

(1.1 ) 

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 particular direction to the 2D structure, gives 
, " 

rise to DOS of the 2D quantum-well structure expressed as [12]: 
I ~ I , 

(1.2) 

Interestingly, while exhibiting a step-like character, the DOS do not depend on the 
J J .." 

energy. Each step in the DOS is described as, 

geE) = (mf7rli) (1.3) 
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The equal height staircases correspond to the quantized electronic states in the direction 

of confinement. 

In the ID structure (quantum wires) where the electrons can move only in I-direction the 

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

IJ?e geE) dE = - - dE 
Ijrr 2£ 

(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 (b) i.e. 

geE) dE= 2b (E-Ec) (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 ofte~ they are termed as "artificial atom" or "man made atom". In 

fact, the QDs represent an intermediate 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 switchil)g to sensing elements, from labeling to contrast agents etc. 

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

presented in Fig.I. 1 

3D 2D lD OD 
(Bulk) (Quautum weD) (Quautum wire) (QuaD tum dot) 

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 (aB) can be defined as [15] 

(1.6) 

Here, Ji.eh = lIm/ + lImh· is the electron- hole reduced mass. The exciton Bohr radius is 

dependent on the static dielectric constant (c) of the semiconductor as well as on the 

electron (me·) and hole (mh·) effective masses. The exciton Bohr radius can be different 

for different semiconductor systems. The excitonic Bohr radius is useful in determinin'g 

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 (A,F) in 

metals and exciton Bohr radius (aB) in semiconductors. In the strong confinement regime 

(RS:aB), energy due to the quantum confinement effect of the carriers dominates the 

Coulomb interaction energy. Tn this regime, electrons and holes are viewed as individual 

particles in their respective single particle ground states. In the weak confmement regime 

(R?:.aB), 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 des~ribes the characteristics of a particle 

restricted by an impenetrable barrier of dimension L in,a region, 05X>J.,. The probability 

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

rp(O) = rp(L) = 0 (1.7) 
I 

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

equation can be expressed as [18]. 
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(1.8) 

Here, E is the total energy of the particle. 

By solving the Schrodinger wave equation for the boundary conditions (i) q>(O)=O 

and (ii) q>(L)=O, the total energy of the particles can be obtained as [l8], 

(1.9) 

Here, n is the quantum number and h is the reduced Planck's constant (=hI21t). 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 stat~ 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 

energ/w~uld increase. Similar to the 'particle in a box', a QD can be considered ~s a 
( I 

spherical box which contains two particles, an electron and a hole. The kinetic energies of 
I 

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 energies) with decreasing 
• • J 

particle size [4]. The first explanation for the size-dependence of electronic properties 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 

A~proximation (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, 

(b) The QDs are spherical in shape, 

(c) Confining potentials of the carriers (e and h) are infinite outside the QDs. 

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

confinement energy in the strong confinement regime [20] 

2 • ." 2 2 • E=h 12(l/me + l/mh )1t~/R -1.786e I€R-0.248E Ry (1.10) 

Here E·Ry = 1360S.8(l/i)(molme+mo1mhrl 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 (slv~3IR), 

the QDs 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. 
I • ~ 

This could lead to a higher photochemical stability, improved luminescence a!ong with 

higher quantum yields at room temperature. 

Depending on the band alignment of the bulk material, corel shell QDs have been . 
classified into three categories: type-I, reverse type-l 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-II 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-II (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 

'bottom-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 such 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 

Bulk. 

Top down Jl 
approach 0 0.0 

Powder 
0 a 0 

a 

~ 
0 

.00 8 00 
NPs oooo~ 0 

0° 0 o 0 

it· a ,. C,Iuster Bottom up 

• , approach 

11"" 
• • • 
• • • Atoms 

• •• • • • 
Figure 1.2: Schematic diagram oftop-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 

ofQDs 

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. [5]. 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 tha! 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 CGSH) 

[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 

I I., * ' 
Surface silanization is a way of coating QDs by growing a hydrophilic silica shell around 

the nanocrystal to make it hydrophilic [34]. A silica layer can be coated around the QDs 

through either direct, ligand excha!lge [35] or indirect encapsulation (microemulsion, 
f. .: ~ , , J 

micellization of siloxane surfactants) [36,37]. In the direct ligand exchange method, 

original hydrophobic surfactant (trioctylphosphine oxide, TOPO), covering the QD is 
'. ~ 1 t 

mixed with mercaptopropyltrimethoxysilane (MPTS) in alkaline methanol. The 
~ t J.. I l ~ ~. 

mercap~o-group (SH") 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-molecules. Moreover, 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, 

surfaqants (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 QQ surface [37] 

Silanized semiconductor nanocrystals are extremely stable in elestrolytic solution due to 

high degree of cross-linking between the silane molecules. Thy:y remain stable even if 

sO!1le 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 molecule~ of the amphiphiles work as binding . , , 
intermediates. While the hydrophilic region ensures w~ter solubility, amphiphilic 

I , 

polymer can be efficiently used to transfer. hydrophobic nanoparticles into water [38]. 
~ .. ~ f-,} • 

Other surfactant molecules such as phospholipids [39], a-cyclodextrin [40] etc. can be 
'; t 1,.1 I , 

employed as amphiphilic ligands. 

Amphiphilic ligand coating phenomena is regarded as a better method over silica-
,) ( J.! 

shell coating or, capping by ligand exchange technique owing to several advantages 
.' 

including (a) absence of direct interaction with the surface atoms of the QDs, thus 
-

preserves the original quantum efficie~cy, (b) formation of a thin, homogeneous shell by 

cross linking polymeric shell covering the QDs without replacing the hydrophobic shell 
j 

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 (c) 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 male imide-derived 

coupling reagent is sulfosuccinimidyl-4(maleimidomethyl)cyclohexane-I-carboxylate 

(Sulfo-SMCC). The' maleimide coupling has been employed to conjugate biomolecules 

. such as DNA, herceptin', proteins [43,44] and the concerned NPs. . ' 

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 -NH2 and -COOH 

can be manipulated by standard chemistries to react with the target of interest [45]. 
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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 positions depends on the particular fluorophores. 
~ 1 1 j 

Moreover, the fluorophores exhibit broad, asymmetric emission spectra. Any wavelength 

of excitation shorter than ~he emisSion wavelength, can be chosen to exploit size 

dependent absorption and emission response of the QDs [46]. The flexibility of choosmg 
< ! , 

any wavelength shorter than the emission wavelength in case of ,QDs, helps reduce the 
1 • I 

autofluorescence in biological samples. The QDs exhibit lower autofluorescence response 
' ..... , II\. .r 

as compared to the traditional dyes [31]. .. 'J! J 

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 ofthe Qdot 655 Nes and organic dyes 

measured in sol utlOn [48] 

11 



SynthesIs, charactenzahon and bIOphysIcal assessment of quantum dots and applzcahon In electrophysIOlogy 

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 orgamc 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 
, t 

threshold. In contrast, the bleaching of the fluorescent dyes could be carried out within . 
duration short (a minute) [50]. Although some fluorescent dyes posses very high quantum 

i. - , " 1 

yield in the visible region, their quantum yield decreases significantly in the near infra 
" t, ~ I l.. ; 

red (NJR) wavelength range after bio-conjugation. In contrast, fluorescence quantum 
~ ,) '-

YIelds of properly surface passivated QDs are generally high; both in visible light range 
, I', 

as well as for the NlR wavelength region, even after bio-conjugation. The drawbacks like 
I II 

reduced quantum yields and limited-photostability restricts the use of fluorescent dyes in . 
biological applications including, 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= 0, 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 [51]. Table 

1.1 depicts some physical properties of CdX and ZnX semiconductor QDs system. 
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Table 1.1: Physical properties of several semiconductor systems 

Physical Properties of CdX 
, 

Physical Pro )erties 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 (e V) 1.74 2.42 1.56 2.82 3.68 2.3 
Dielectric 8.6 8.9 10.2 9.1 8.9 704 
constant 
Density (glcm.l) 5.8 4.82 5.85 5.26 4.11 5.65 
Effective mass me"-o. 13mo# me"-o.21mo me"-o.llmo m;-o.17mo me"-o.21mo m;-o.2 mo 
of electron 
(me') 

, 

Effective mass mh -oo45",!o mh"-o.80mo mh -oo4Omo mh"-1.44mo mh"-o.6 mo m,,"-o.2 mo 
of hole (mho) 

-
Crystal phase, Wurtzite, Wurtzite, Zinc blende, Zinc blende, Zinc blende, Zinc 
Lattice a=O.43, a=Oo4l" a=O.43, a=;().39, a=O.38, blende, 
parameters c=O.70 c=O.67 c=lO.3 c=O.65 c=O.62 a=Oo42 
(nm) - A c=O.69 
Phonon energy 30 < J .37 2] 0.31 44 26 
(meY) 

Bohr radius 56 30 68' 38 25 62 

(aB) (A) 

11-. -51 mo IS the rest mass of electron (9.1 xl 0 Kg) 

1.7 Magnetic semiconductors 

Diluted magnetic semiconductors (DMS) also referred as semi magnetic 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 1I/_xMnxB VI alloys in which a fraction of the group is replaced at random by 

Mn [52-54]. DMS of AII/_xMnxBvl 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 liB VI lattice are also characterized by highly efficient 
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electroluminescence behavior, which makes dilute All l-xMnxB VI 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 Mn2+, resulting in an 

extremely large Zeeman splitting of electronic (band and impurity) levels. 

Manganese selenide (MnSe) is a classic example in the family of chalcogenides 

and binary- semiconductor systems and is the end member (x =1) of the magnetic 

semiconductor Zn/_l"MnxSe system. Essentially, MnSe comes in two polymorphic forms: 

a-MnSe with a cubic modification that gives rock salt structure (RS) [56], and ~-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 

ofMnSe are quite unstable and extremely rare, yet they are of significant interest because 

of their structural compatibility with other II-VI semiconductor systems which are not 

only fluorescent but also highly photostable [60]. It is expected 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 ofMnX systems 

Physical Properties of MnX 
Properties MuSe MuS 

Melting Temperature 1733 1883 
(K) 
Refractive Index 2.6 1.39 
Specific gravity 5.55 3.99 
Band gap (e V) 3.5 (Wurtzite structure), 2.5 2.1 

(Rock salt structurel 
Dielectric constant 10 -
Density (glcmJ) 5.59 4 
Lattice parameter (run) a=O.41, c=0.67 a=0.52 
Stable phase Rock salt Rock salt 
Phonon energy CmeV) 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 Cd2+. 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 Mn2+ [62-65]. Knowin g that, Mn2+ 

precursor is a hard Lewis acid [63, 66] while Cd2+ 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.IA. depicts the generic 

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

The potential uses of inorganic fluorescent QDs in biolabe/ing 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 

hv " 

\-. ~Enh.nced Light 

G 
Energy G of acceptor 
transfer , ...... .. . .. Acceptor 

Distance Quenching 

r ~ghtofdonor 

Figure 1.5: Schematic diagram on FRET mechanism 
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Figure 1.6: Absorption and tluorescence 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-l, thrombin chymotrypsin and trypsin etc. (70,71]. It was reported that a QD

FRET assay of collagenase is .able to distinguish normal and cancerous breast cells [72]. 

1.8.2. In vitro cell labeling: 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 

QDsl immunoglobulin G (lgG) [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 eel/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 [82J. 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 micro injection) 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 

I 

Recognizing 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 among the scientific community working in the area of as far 
, , 

as nanobio-interface applications. It may be noted that, nanopores and nanoporous 

artificial membranes were proven to be useful in the fields of bioengineering and 
. , 

environmental 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 governed 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 and . ' 
disease-affected cells, both in animal and plant kingdoms, do not support normal ion 

transport process there~y causing abnormal intracellular activity. Ion channels (pore 

forming peptides) may be classified by the nature of their gating; voltage gated, magneto 

gated, light gated and ligand gated. There are naturally forming antimicrobial channel 

forming peptides such as, alamethicin, magainin, gramicidin etc [9]-94]. Their amino 
. . 

acid composition, amphipathicity, cationic charge, conformation and structure, 

hydrophobicity, and size are the characteristics which affect the antimicrobial activity . . 
with high specificity thus allowing them to attach and insert into the membrane bilayers 

resulting in the formation of ion conducting pathways (pores) [95]. The pore formation is 

demonstrated through :barrel-stave', 'carpet' or 'toroidal-pore' mechanisms [96]. 
, . 

The study of ion migration through the nanopore across the lipid can be studied by 

both patch-clamp and planar lipid bilayer experiments. However, solid supported bilayer , , . 
experiments are found to have more advantages over traditional patch-clamp techniques. 

[77]. The artificial bilayer membrane can 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 et 01 [97J. Alamethicins are characterized by 
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conductance states of ] 9-4400 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 result of oligomeric aggregation of 
, 

QDs 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 antibiotics, 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. 
" 

1.9 Objectives of the present study 

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 different 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 exploring fluorescence and 

confocal microscopies. As an important application of CdSe QDs, in electrophysiology, 

the water soluble QDs are Inserted In 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 tlourophores, 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 [1-3J. 

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]. In order to achieve QDs with narrow size distribution and long term 
( 

stability, previously the QDs have been synthesized in different hydrophobic media e.g., 

using organic solvents like, tri-octylphosphine and tri-n-octylphosphine OXide 
I 

(TOP/TO PO) at high temperatures [4). The solvents were used both for bare and 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 
I 

these difficulties, several attempts have been made for synthesizing water soluble QDs 

[5-7). Unfortunately, these processes were found to be not only complicated but also 

expensive and time consuming. In this regard, growth ofQDs in polymers (e.g. polyvinyl 

alcohol CPV A), polyvinyl pyrrolidone (PVP) can ensure an alternative but highly efficient 

approach due to commercial availability, water solubility and bi?-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 J. 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 ofNes in aqueous media. 

In this chapter, different fabrication strategies along with synthesis protocols of 

water soluble, surface functionalized edSe and MnSe QDs are discussed. The water 

soluble edSe QDs are synthesized by using the polyvinyl alcohol (PYA) 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-Yisible (UY-Vis) and photoluminescence (PL) 

spectroscopies. The IR-active vibrational characteristics are revealed by fourier transform 

infrared (FT-lR) spectroscopy, whereas phononic features are evaluated by Raman 
I • 

spectroscopy 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 Polyvinyl alcohol matrix (PVA) 

The representation of PV A 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 PV A 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 . 

• Appendlx-l 
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Figure 2.1: Molecular structure of PV A 

PYA is an environmental-friendly polymer due to water solubility, high transparency and 

low cytotoxicity. This allows potential applications of PYA 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 PYA hydrogel are similar to those of 

native arterial tissue and this makes it very adequate for vascular implanting [] 4, 15]. Due 

to its tissue-like elasticity and mechanical strength, PV A is considered as a promising 

candidate suitable for tissue culturing and mimicking. Physical properties of PV A are 

highlighted in Table 2.1. 

Table 2.1: Physical properties ofPVA 

Physical form, colour Solid, white 
Glass transition temperature (K) 343 
Degree of polymerization (minimum) 2000 

Melting Temperature (K) 413 
Refractive Index 1.55 
Specific Gravity . 1.3 

I Density (glcmJ) , 1..19 
Thermal Conductivity (Wm-IKI) 2 
Specific Heat (J(gm)")K-I) , 1.5 

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, pharmaceutical, agrochemical; 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 

31 



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

o 

HS~ 
OH 

Figure 2.2: Structural representation ofTGA molecule 

tr~nsfer agent for certain acrylic polymers [16]. Although, TGA in excess quantities is 

toxic, it facilitates photostablity, bright fluorescent respo~se of the QDs. This is why 

there has been a rapid growth in the development of TGA coated QOs for biological 

applications [17,18]. Some physical properties ofTGA are enlisted in Table 2.2. 

Table 2.2 Physical properties ofTGA 

Physical form, colour Liquid, colourless 
Melting Temperature (K) 257 
Refractive Index 1.55 
Specific Gravity 1.32 
Viscosity (cP) 6.55 
Electrical Conductivity (n- I cm- I

) 2xlO-t> 

Dielectric constant 2.25 
Density (gcm- j

) 1.32 

2.1.3 Sodium dodecyl sulfate (SDS) 

Sodium dodecyl sulfate (SDS or, NaDS) is an orgamc compound with the formula 

CH3(CH2)IIOS03Na. It is an anionic surfactant routinely used in many cleaning and 

hygiene product~. 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 SOS, it can easily be made water soluble while linking 

to desired QDs. 

o~ 

It o 

Figure 2.3: Structural representation of SDS molecule 
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2.2 Experimental details 

2.2.1 Water soluble CdSe QDs in PV A 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(N03)2.4H20] 

was dissolved in 100 rnL of distilled water followed by stirring at 60°C temperature for 

20 min. 20 mL of 10% PYA was added to Cd2
+ solution during stirring. The pH of the 

solution was adjusted to 11 by adding 5N aqueous sodium hydroxide (NaOH) in a drop

wise manner. Then, 0.11 g of selenium di-oxide (Se02) was added to the reaction mixture 

and subsequently, 0.1 g sodium borohydride (NaBHt). The purpose of using a reductant 

like NaBH4 was to reduce Se02. Finally, the mixture was subjected to stirring for 1 h at 

100°C temperature. The precursor extract was then subjected to centrifugation (~5,000 
! 

rpm) followed by filtration using a Whatman® filter. The precipitate (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(N03h.4H20] was dissolved in 100 

mL of water followed by stirring at 40°C temperature for 20 min. 0.046 gL-1 (0.16 gL-1
) 

of TGA (SOS) was added to Cd2
+ solution during stirring. The pH of the solution was 

adjusted to II by adding aqueous sodj~m hydroxide (NaOH) in a drop-wise manner. 

Next, 0.2~ g of Se02 was add~d to the reaction- mixture which is followed by addition of 

0.2 g of solid NaB~. The mixture was then subjected to stirring for 1 h at 80°C 

temperature. Finally,.the precursoF extract .was subjected to centrifugation (-5,000 rpm) 

followed by filtration using a Whatman'%> filter. The precipitate (residue) was washed with 
( , 

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

Dissociation: Cd (N03)i • Cd2++2N03-

Initial reduction: Se02 • SeQ 

Subsequent reduction: S
O 80°C 

e • 

Complete redox reaction: Cd2+ (aq.) +Se2
- (aq.)--.~ CdSe (QOs) 

(2.1) 

(2.2) 

(2.3) 

(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 PV A will be used as dispesing media. 

2.2.3 Synthesis of water soluble/ functionalized MnSe QDs 

Both water 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 

[MnCh.4H20] and 0.11 g Se02 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 SOS (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,OOO 

rpm) followed by filtration using a Whatman<i\lfilter. The precipitate (residue) was washed 

thoroughly with distilled water several times. 

The relevent chemical reactions can be explained below 

Dissociation: MnCh. Mn2++2Cr 

Initial reduction: Se02 • SeQ 
I i,1 J J 

S Q 180 0 C S 2-e • e Subsequent reduction: 
1 ~ ~ I 

Complete redox reaction: Mn2+(aq.) + Se2\aq.) --.. MnSe QDs 
'f 

2.2.4 Production of CdJ_xMnxSe QDs with TGA coating agent 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

The step-by-step synthesis protocols, for obtaining alloyed QDs with varying x, are as 

detailed below. The QOs corresponding to stoichiometric parameter x=0 (CdSe) and 

x=l (MnSe) have already been discussed in #2.2.2 and #2.2.3. 

The ternary QD systems of Cdl_~MnxSe, with x=O.3, 0.6, 0.8 were prepared 

following the previously mentioned procedure described in subsection #2.2.3 but with 

little alteration. Here, Cd2+ precursor of a given concentration was .simultaneously 
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considered with a specified Mn2+ precursor. While Se2
- precursor concentration was 

fixed, the Cd2+ to Mn2+ 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 

(a) (b) 

1 

N 

(c) 

Figure 2.4: HRTEM images ofCdSe 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 PYA 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 (c). 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 oflattice 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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(a) (c) 

NI 

d (11m) 

(d) (e) 

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, (e) shows the inverse FFT pattern with 

well- resolved lattice planes 

(b) 

IV 

d (nm) 

(d) (e) 

Figure 2.6: HRTEM image ofCdSe-SDS 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, (e) shows the inverse FFT pattern with 

well- resolved lattice planes 
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2.3.1 (c) 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). Isolated, nearly spherical QDs of size (d) - 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 [2 1]. 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; respective ly. The FFT pattern gives a clear indication of lattice 

plane along (100) direction that has an interplaner spacing of - 0 .26 nm . 

(a) (b) I 

. ~ • 
• . ~ . N 

.~ • . 
" • . • 

• . . • • ~ .•. · .. 6 .0 
d(nm) 

(b) (d) 

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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(a) (b) 
. ~ 

l~ 111 .\1) 

d(mn) 

(d) (e) 

Figure 2.8: HRTEM images of MnSe-SDS 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, (e) 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) crystallograph ic 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 t 

2.3.2 (a) X-ray diffraction studies of CdSe-TGA and CdSe-SDS QDs 

(a) (b) 

<:> 

20 .W -III SII 70 

20 (degree) 

-:; 
" ....-
C 
.~ 

c 
(",I -= -

21) .W 40 so 
29 (degree) 

60 

Figure 2.9: Powder XRD pattern of (a) CdSe-TGA (b) CdSe-SDS system 

70 

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 0, 48.9°, 52.2°, 56.0°, 64.5°, 67° and 

corresponding to (lO 1), (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) plott, the average crystallite size (DCly) and micro

strain (cs) 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 (a=b and c) are estimated by using the following relation 

applicable to a hexagonal system, with an interplanar spacing dhkJ (Miller indices h, k, l): 

(2.9) 

t Appendix-2 

~ Appendix-2, Figure:l(a) 

~ Appelldix-2, Figure: I (b) 
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c 

a 
(2.10) 

The lattice parameters are calculated to be a = 4.5 A, c = 7.2 A, for CdSe-TGA and a = 

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. 1 O(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), (10 I), (102), (110), (103), (200), (1/2), 

(20 I) and (202) crystallographic planes of MnSe-TGA QDs represents hexagonal WZ 

structure of MnSe and consistent to other works [21 , 23]. Moreover, MnSe2 phase is also 

observed in the form of impurity at a difti-action angle of ~23.8° and 3 1.4° [23]. An 

average crystallite size (Dcry) of ~ 7 nm and a negative micro-strain of the order ~ 10-3 are 

predicted from the W -H plot **. A small negative slope of the order of ~ 10.3 indicates the 

presence of more relaxed crystallites [24]. The lattice constants are evaluated with TGA 

QDs system as a = 3.9 A, c = 6.34 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. 

(a) (b) 

~ • \In~, 
• !\laSe, 

.... ,...... ....... Q 

:I := 
c3 ~ = = -- -c 

~ 
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~ 

.~ 

(: .. C 
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lO .10 40 !\O 70 20 .10 70 
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Figure 2.10: Powder XRD pattern of (a) MnSe-TGA (b) MnSe-SDS system 

•• Appendix-2, Figure: I (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 ditTraction peaks located at 24.1°, 

26.3°,27.4°, 36°, 43.4°, 47.9°, 50.7° , 51.70 
, 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.IO(b)). The, MnSe2 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 (Do)') of 

MnSe-SDS system is ~ 15.1 nm and a micro-strain value of the order of ~ 10.4 can be 

estimated from the W-H plottt. The lattice parameters are: a = 3.8 A and c = 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 Dcry Gs dhkl(nm) a=b* c* 
System c orientation (nm) (nm) (A) (A) 

CdSe- Hexagonal 3.7 3.7±0 0.003±0.002 0.21 4.5 7.3 
TGA 

, . , 
.004 (-ve) (d](d 

0.35 
(d!o!) 

CdSe- Hexagonal 10.9 1O.7± 0.0036±0.006 0.37(d101 ) 4.34 7.2 
SDS 0.006 (+ve) 

MnSe- Hexagonal (WZ) 7 7 10·J ±7.5*10' 0.25 (dJOo) 3.9 6.34 
TGA 4 (-ve) 

MnSe- Hexagonal (WZ) 15 15.1 10.4 (+ve) 0.23 3.8 6.12 
SDS 

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

Optical properties of the synthesized QDs are evaluated by UV -Vis and PL spectroscopy 

as discussed below. Throughout the thesis, we have presented nOlmalized 

absorption/emission spectra with values in the range of 0 and I. This helped us m 

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 ofPVA dispersed CdSe QDs is shown in Fig. 2. II(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 (lonsel ~716 nm). This implies effective quantum 

confmement 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~ls 

excitonic absorption positioned at - 302 nrn (Eg == 4.09 eV) and thus featuring a blue 

shifting of ~2.35 eV (Fig. 2. t t (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] . 

200 300 400 ~o 600 700 

Wavelength (om) 

Figure 2.11: Optical absorption spectra of (a) PYA dispersed (b) TGA and (c) SDS coated CdSe 

QDs 
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However, away from fundamental absorption, CdSe-TGA QOs 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 SOS 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 is 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 QOs coated 

with TGA can have larger dimension as compared to PV A dispersed and SOS 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 ofCdSe QD systems 

QDs Excitonic Band gap energy Blue shifted 
System wavelength,l (nm) Eg (eV) energy, LiEg (eV) 

CdSe-PVA 302 4.09 2.35 
CdSe-SOS 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 (Eg ~.09 eV, Table 2.5). This implies effective quantum 

confmement of the charge carriers in the QDs characterized by a blue-shift (~O.5 eV) 

from the bulk value (Ec3.5 eV, Table 2.5) of the WZ MnSe system [23,27-29]. But the 

estimated value of Eg 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 
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300 -too 500 600 
Wavelength (nm) 

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

shifted to ~330 om (Eg = 3.75 eV) for SDS coated MnSe QDs as compared to the TGA 

coated one. However, the former exhib ited a blue shifting of !J.Eg = 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, A (nm) Eg (eV) AEg (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 

(e) 

(b) 

~~ ~ ~~ IoIl<I ~~ ' 00 ,~ SIlO 

W~v~I\'l\g(h (nm) 

.,~o 400 4!'O ~ ~~ 6U4I 

W avd englh (nm) 

Figure 2.13: PL spectra of (a) PYA dispersed (b) TGA and (c) SDS coated CdSe QDs. The 

excitation wavelength was Aex-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 relat ively narrow and symmetric, that represents radiative 

recombination mediated near band edge emiss ion (I'Bd (N BE), while the other one, is 

adequatel y broad (with a larger full width) and represent. defect re lated emission (I' DE) ' 

The first peak located at - 380 nm of CdSe-PY A is attributed to the d irect recombination 

of carriers and second peak observed across the wavelength at - 420 nm is ass igned 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 respecti ve }'BE 

peaks are found to be located at - 590 om and - 418 nm. The respective }' DE 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 vi a VCd- VSe 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-SOS QDs corresponds to the shallow, 

virtual levels of the QOs. The ratio of band edge-to-defect emission intensities (lBE/JOE) 

are ~ 1.06 , 1.14 and 1.7 for CdSe-PVA, CdSe-TGA and CdSe-SDS QDs; respectively 

(Table 2.6). This apparently signities larger surface passivation of the CdSe QDs by SOS 

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 QOs 

QDs system AB£ (om) )'0£ (om) IBE/IoE 

CdSe-PVA 380 420 1.06 

CdSe-TGA 590 657 l.14 

CdSe-SDS 418 575 1.7 
--

2.3.3 (d) PL spectra of MoSe QDs 

The PL spectra of the MnSe QOs coated with TGA and SOS are shown in Fig. 2.14 (a) 

and (b); respectively. Upon deconvolution, the ABE 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 ).8£ is at ~364 nm [30]. Whereas, the ADE 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 

(a) (b) 

.lOll ~~o 400 ~~ ~oo ~;o 600 

Wa"clcn~th (nm) Wa\'e1ength ("'11) 

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

was )'er300 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 

QDssystem ABE (nm) ADE (nm) I BEll DE 
--r-

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 (C/JQ) of the QDs can be predicted more accurately using from the 

following relation [32]: 

(2.11 ) 

The Qref represents the quantum yield of a reference specImen; I (QDs) and iref 

(reference) are the integrated emission intensities; AQ (QDs) and Aredreference) are the 

absorption intensities; n (sample) and nref (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 QYofTGA 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 PV A 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 as reference . 

Sample Integrated Absorbance Refractive QY 
Emission at 523 nm Index (qiQ) 

~ Intensity (1) (A) (a.o.) of Solvent 
(a.o.) (ns) 

Rhodamine 6G 46598.23 0.099 1.33 96% f331 
-CdSe-PYA 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 edSe QDs 

Figure 2.15(a) depicts the FTlR spectra of PYA dispersed CdSe QDs. The peak at -3436 

cm-! arises from the hydroxyl (O-H) stretching mode of H20 molecules. The peak at 

-2928 cm-! has arisen due to -CH stretching vibration. Whereas, the peaks located at 

-1746 em-I, -1453 cm-! and 1168 cm-! are attributed to carbonyl (- C:::::O) stretching, -CH 

bending, -C-O stretching of PYA 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 H20 molecule. The appearance of the bands at 

-678.cm-\ and at 1646 cm~l.are attributed to C-S stretching. and asymmetric vas(COO-) 

vibration of the TGA capped QDs. Moreover, as mentioned in; earlier case, the peak 

observed at -748 cm- l can be assigned to the Cd-Se bending [35). 

The FTIR spectra ofSDS capped.CdSe QDs is shown in Fig. 2.l5(c).lt can be 
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Figure 2.15: FTfR spectra ofCdSe QOs (a) dispersed in PYA and coated with (b) TGA (c) SOS 

agents 

observed that, with SDS capping, though the O-H stretching mode is positioned at 3434 

cm· l
, the peak due to the asymmetric -CH2 stretching (vasym(-CH2)) of the SDS surfactant 

is witnessed at -2916 em-I [36]. However, the peak at 1579 cm-I is assigned to the 

scissoring mode of the SDS surfactant; which is shifted to a higher wavenumber (-1579 

em-I) wrt 1559 em-I of pure SDS molecule [37]. Note that, in SOS, the spectral region 

located in 1300-1400 em-I is characteristic of the -CH2-wagging modes [37]. This region 

exhibits peaks which are related to gauche co~formations. Thus, the peak observed at 

-1381 em-I of the CdSe-SDS QOs can be assigned to the CH2 wagging modes. Whereas, 

the peak corresponding to Vsym (-S03-) stretching mode of the S03 2-; group is located at 

-1272 cm- 1 [37]. The observed shifting of Vsym(-S03-) 'mode from a value of 1084 cm-I 

of pure SOS to a value of ~1272 em-I for CdSe-SDS QOs system, is likely to describe an 

enhancement of interactions of the, head groups with availability of plentiful Na+ 
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"counterions [37,38]. The peak observed at -783 cm- l is assigned to an effaceable 

bending of Cd-Se itself. 

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, lR

sensitive, vibrational peaks are clearly observable the FTIR spectra of the MnSe-TGA 

QD system (Fig_ 2.16 (a»). These are located at -3447 cm- l
, 1634 cm- l

, 1383 cm- I and 

-644 cm- I
. Referring to Fig. 2.16 (a), the peak at -3447 cm- I 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 vibr~tional peak of -COO- group of TGA molecules 

[27]. The peak corresponding to C=O stretching vibration is identified, at -1383 em-I [39]. 

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

regime (-644 em-I) can be ascribed to the vibrational response due to Mn-OH stretching 

[40]. 

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

"1 observed at -2106 cm-I is due to the symmetric -CH2 stretching vibration Vsym(-CH2) of 

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

(a) 

• Atsymotric coo' 
vibration 0' TGA 

_ O-H IItrac:hlng-

4000 3500 3000 1500 1000 1500 1000 500 
·1 

Wavenumber (cm ) 

(b) 

- O-JI ,(rttblng 

\lNlcblng 

Scb1lOrlnl\ mode or sos 

4000 3500 JOOO 2500 2000 1500 1000 SOD 0 
-I 

Wavenumber (cm ) 

Figure 2.16: FTIR spectra of (a) MnSe-TGA (b) MnSe- SDS QDs 
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value as compared the symmetric -CH2 stretching mode (~2860 em-I) 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 also be 

ensured from the well resolved diffraction peak noticeable in the diffractogram ofMnSe

SDS QDs. (Fig. 2.10). Finally, the peak at a much lower wavenumber value (~44 cm-I), 

is assigned to Mn-OH stretching [40). 

2.3.5 Exploring optical phonons througb 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]. 

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-1 
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Figure 2.17: Raman spectra of (a) CdSe-TGA and (b) CdSe-SDS QDs 
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and 279 cm'l. 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'l) system [43], For nanocrystallite~, 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 tum 

decreases interatomic distances. 1n vibrational transitions, the wavenumbers vary 

approximately in proportion to k'h, 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]: 

! 

(2.12) 

Here, the high frequency dielectric constant (Coo) of CdSe system is 6 [49] and the static 

dielectric constant (Cd) 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'l is attributed to SO phonon mode. The frequency of the SO 

modes depends on the dielectric environment (Cs) of the QDs and can be expressed by 

Klein formulation [50]: 

(2.13) 

where 1= 1,2 ..... and Cs= 78.30 for water. The theoretically obtained value of lowest SO 

mode (1=1) is (206 cm'l) which is close to the experimentally observed value i.e, 

238 cm'l. 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'l) and TO+LO (456 cm,I). The peak at 155 cm'l can be designated 

53 



SynthesIs, charactenzatlOn and bIOphysIcal assessment of quantum dots and appbcatlOn In electrophysIOlogy 

to amorphous selenium (a-Se) which exhibits Raman shift (Llv) 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 ofMnSe QDs 

The Raman spectra ofthe 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 of257 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 

(Ceo = 5.99 [55]) and dielectric constant of the surrounding medium (Cs = 78.30) the 

lowest (/=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 
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Figure 2.18: Raman spectra of (a) MnSe-TGA (b) MnSe-SDS QDs 
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~127 em-I 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 em-I and 152 em-I are assigned to 

triogonal (t-Se), monoclinic (mono-Se) and amorphous selenium (a-Se) components. 

The Raman spectrum of the MnSe-SDS QDs is shown in Fig. 2.l8(b). Only two 

prominent Raman peaks have observed for this system. Here, the peak at -225 cm- I is 

identified as TO phonon mode of the MnSe system which is weakly blue shifted from the 

corresponding TO mode (219.5 em-I) 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 Frohlie 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 (t-Se), monoclinic (mono-Se) 

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

2.4. Characterization of ternary Cdl-xMnxSe QDs 

Herein, we discuss various properties of TGA coated compound semiconductor 

CdJ_xMnxSe QD systems. 

2.4.1 Structural and morphological analyses of ternary QDs 

The crystal structure and crystallographic orientation of the as-synthesized CdJ_xMnxSe 

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 

(28). 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 CdJ_xMn~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 28---35.7° and 48.7° which corresponded to (102) and 
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Figure 2.19: (a) XRD patterns of different Cd'_.lMnxSe 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 c 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), 

(1tO), (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 32.50 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 (III) and (200) 

diffraction peaks due to cubic CdMnSe phase are identified at 28--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- 8.3x 1 0-3
• 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 Cd2+ ions, is likely to induce such an observable effect. With calculation of the 

lattice parameters a. and c, using eqn. (2.11) and (2.12), it is assumed a standard error of 

±0.05%. It is observed that, with increasing x from 0 to 0.8, the cia value vary between 

~ 1.62 and 1.66. With x = I, the pure MnSe QDs have experienced the least cia value 

(1.61). We anticipate that, Mn2+ ions occupy the CdSe lattice mainly along the c-axis 

[59]. As for x=0.8 composition, all the Mn2
+ 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 ofCd1_xMn,Se NCs 

Stoichiometry Dcry £: Through XRD cia Through cia 
parameter, (nm) (x 10-3) analyses (XRD) Vegard's (Vegard) 

x (A) law (A) 
0 3.7 -3.0 a=b=4·33, 1.62 a=b=4.3, 1.62 

c=7.03 c=7.0J 
0.3 9.6 -7.4 a=b=4.44, 1.65 a=b=4.26, 1.63 

c=7.37 c=6.95 
0.8 4.5 -8.3 a=b= 4.21, 1.66 a=b=4.l9, 1.63 

c=6.98 c=6.85 
1 7.0 -1.1 a=b=L.dt;, 1.61 a=b=~·iTj 1.61 

c=6·1S c=6·SL 
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We also intended to verify if there is a possibility of formation ofhetero-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] LIS to predict the effective lattice 

parameter (aefI = beff and ceff) given by: 

aeff = x aMnSe + (I-x) a CdSe 

Ceff = X CMnSe + (I-x) CCdSe 

(2 .14 (a» 

(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 magn itudes of aelT 

and Ceff 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 . rt is worth mentioning here that, the conditions x = 0 and x = 

1 basically represent independent CdSe and MnSe phases and the deve lopment 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 

(a) (b) 

Figure 2.20: TEM images ofCd '.xMn,.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 OD. 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 Cdz_xMnxSe 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 Cdl_xMnxSe ODs of varying x. The 

response indicates adequate quantum confinement in the ODs. as evident from the blue

shifting of the onset of absorption, with increasing x. Since our OD 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) - (f). 

Without inclusion of Mn, the absorption maximum of pure CdSe QDs is observed to be 

located at ~430 nm (2.8 e V) (Fig. 2.21 (b»; which is strongly blue shifted from the bulk CdSe 

value (A=714 nm, Ex=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=O.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 sJrd exchange 

interaction between electrons confined in the conduction, valence band electrons states and 

those located in the partially filled Mn2+ states [63-65]. This explanation [66] is also 
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F igure 2.21 : (a) Optical absorption spectra of Cd{.xMnrSe QDs. The fi rst order deri vative spectra 

of QD systems, wi th varying stoichiometric parameters are shown in (b)-(t). The variation of 

band gap with x and a schematic of band gap engineeri ng are presented in (g) and (h); 

respectively. 
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supported by the argument that, the replacement of Cd by Mn (in Cd'_xMnxSe, 0.3 $x 

:S0.8) would help varying the energy gap between 1.74 and 3.5 eV for the bulk CdSe (x = 
0), and the WZ-MnSe (x=l) systems; respectively [23]. The bowing parameter, flw, for 

Cdl_xMnxSe system has been calculated by following equation, 

(2.l5) 

Eg MnSe and Eg CdSe 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 presented 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 (ti) Effect of stoichiometry variation on the optical emission spectra 

Figure 2.22(a) depicts the emission spectra of Cd'_xMnxSe 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 run 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 Cd~ ;Mno 3Se -system' is blue-shifted to -484 nm [63]. While 

the pe'ak at -510 nm ensure presence of shallow, virtual' levels of the QDs [69], the 

'appearance of a small peak at -580 nm is believed to be owing to the pseudo-tetrahedral 

(4TI7
6A 1) transition 'of the Mn2+ i~ns iritroauced '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'c~mplexity 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 Cdl_xMnxSe QDs [65, 70,71]. The 

deconvoluted peaks, located at -640 and -670 run, can be due to the deep trap levels. 

Possibly, the origin of these defect levels is related to the T Cd- VSe divacancy centers§§ 

§§ Appendix-4 
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associated to the absence of Cd2+ and Se2- in the nanocrystaIline elements [65, 72,73]. 

On~ 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, EmJ and Em2) as 

well as from the bulk-like NCs (labeled as, EbJ ) that might occur in ternary Cd'_xMnxSe 

QD systems (Fig. 2.22(b)). Interestingly, the excitonic emission at --484 nm of 

CdJ_TMnxSe QDs is almost suppressed by sufficiently large non-radiative channels via 

~628 nm peak [69]. Further, the band edge emission response of Cd'_xMnxSe 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 4r / G)-6AJ (6S) of the Mn2+ ions [75]. With an increasing x 

from 0.3 to 0.6, the non-radiative emission via trap levels that originated from the VCd-VSe 

di-vacancies, is completely disappeared. This indicates that, the replacement of VcrVSe 

vacancies by Mn2+ ions is more effective in the QDs with an increased Mn2+ concentration 

[69]. 

Referring to Cdo 2MnO sSe QDs (of x = 0.8), the NBE emission is located at ~473 
, 

nm apart from the existence of a shallow level positioned at ~521 nm. No orange 
.., .; ~ i 

emission is inadvertently detected in ,this configuration. Moreover, as for MnSe QDs 

(x = I), the NBE emission response is located at ~400 nm. The emission 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 of CdJ_xMnxSe QDs is extremely 
" . t 1 ... 

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 Mn2+ emission, as for x = 0.8 case, signifies that Mn2+ 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 ¥n2+ 

concentration. An increasing Mn2+ ions with increasing x, reduces the average distance 

between the two Mn2+ ions thus favouring diffusion of these magnetic ions from the 

nanocrystal core to the nanocrystal surface [74]. The diffusion of the Mn2+ ions through 
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Figure 2.22: (a) Room temperature PL spectra of QDs with different stoichiometric parameters, 

0S.~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 Mn2+ (ionic 

radius ~82 pm) is smaller than the ionic radius of the Cd2+ (ionic radius ~95 pm) ion, it is 

quite apparent that, this diffusion is substantial in Cd/_xMnxSe NCs [74]. The existence of 

Mn2+ 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' _xMnxSe 

QD systems 

x Band gap NBE emission Defect emission peak (nm) 
energy (Eg) peak (nm) 

Metastable Shallow trap Mnl+ Deep trap 
WZ core emission Orange emission 

emission (nm) 

0 2.8 590 - - - 657 
0.3 2.58 484.3 - 510 580 628 
0.6 2.59 480 - 512 550 -
0.8 2.67 473 - 521 - -
t 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] 

(2.15) 

Here. Ww is the longitudinal optical phonon frequency of the QDs. The strength of 

interaction is expected to playa 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 "ww and 

LlStokes for different QD systems, the parameter S may vary appreciably. As for CdSe, 

Ww= 210 cm,l (0.03 eV) and for MnSe, Ww= 257 cm,l (0.034 eV). For the compound 

system. we assumed Ww= 210 cm,l, and predict that no significant change of Ww is 

likely to occur with alteration ofx [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 Mn2+ 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 Cdl,xMnxS systems. Since the Huang-Rhys factor 

depends strongly on the distributions of the density of electron and hole charges [791, 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 NBEPeak Difference, Coupling 
peak (eV) (eV) .d Stokes (e V) Strength 

(S) 
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=O.3 is shown in Fig. 2.23. The Cdo7Mno3Se system has exhibited only one 

mode identified at ~202 cm'l which is close to the LO phonon mode of CdSe QDs (ww= 

210 cm,I). Apart from the distinct Ww peak, existence of broad feature in the high 

54000 
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Figure 2.23: Raman spectra ofCdl.xMnxSe QDs for x=O.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. I 7 (a) 2. I 8(a). 

Considering, cvw=202 cm-1
, 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 [I]. 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 c1usterity. In this chapter, we study the 

assessment of CdSe-PY A QDs while varying concentration of cadmium precursors 

(Cd2+/Se2
-), 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 (Mn2+/Se2
-). In order to evaluate the QD dispersion in cell media, 

special emphasis is given to study the media dependent optical responses of CdSe-PY A 

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 [4,5J. We assessed commonly used cell 

culture media: a) Dulbecco's Modified Eagle Media (DMEM) ®, b) Minimum Essential 

Medium (MEM) ® and c) Roswell Park Memorial Institute-1640 (RPMI) Q\l 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 PV A dispersed CdSe-

QDs 

The optical properties of CdSe-PY A 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 Cd2+;Se2
- precursor concentration on the UV -Vis spectra 

of CdSe QDs, dispersed in PYA solution. All the spectra were acquired using PYA as 

reference in the spectrophotometer. The samples of QDs of varying concentration ratios 

of Cd2+/Se2
- i.e. , I: I, 2: I, 3: I, 4: I were labeled as S\, S2, S3, S4; respectively. In all the 

cases, the onset of absorption is found to be blue shifted from the bulk value (Aonset ~ 714 

nm). This implies effective quantum confinement of the charge carriers in the QDs. The 

samples S3 and S4, (curves (i ii) and (iv» w ith a higher concentration of Cd2+ exhibit 

strong 1 s-I s excitonic absorption, at Aex = 310 nm. Conversely, for a low concentration of 

Cd2
+ the QDs exhibit featureless characteri stics with long tailing, depicting adequate 

inhomogenity in the samples (S" S2. curves (i) and (ii». Th is ground state exc itonic 

absorption value (~3 1 0 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 Cd2
+. This behavior was also witnessed by other groups [7-9] . 

[t is possible that, a proportionally large concentration of Cd2
+ ions (as compared to Se2

-

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 Se2
- precursor, facilitates 

growth of smaller sized QDs [7]. A large number of nucleation sites, around 
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Figure 3.1: (a) UV-Vis and (b) PL spectra ofCdSe ODs derived from a precursor ofCd2+/Se2
-

ratio (i) 1 :1, (i i) 2 :1 , (iii) 3: 1, and (iv) 4:1 
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the Cd2+ ions is because of smaller ionic radii ofCd2+ ions (~109 pm) as compared to the 

Se2
- 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 

Sl. CdH:Se.l- Wavelength Band gap Blue shift Average Size 
No. Ratio (nm) (eV) energy (eV) ofQDs (nm) 

1 1: 1 495 2.50 0.76 4.5 
2 2: I 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 Cd2+ 

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 (A.BE) and the defect related emission (ADE). The }'BE is found to be 

located at ~380 nm with a full width at half maxima (FWHM) ~65 nm. The A.DE is in the 

range of 415-428 nm for QDs derived from precursors of varying Cd2
+

/Se2
- ratios (1 : 1 to 

4: 1). For smaller values of Cd2+/Se2
- ratio (S] and S2 of curves (i) and (ii)), the emission 

response are seen weaker. But with the increase of Cd2
+ concentration, the PL intensity 

(}.BE) gets enhanced with sample S3 (curve (iii)) exhibiting very strong feature (FWHM ~ 

59 nm). The ADE peak however, remains significant for a varying Cd2+/Se2- ratio in S], S2 

samples. The ratio of band edge-to-defect emission intensities falls in the range 1.01-1.27 

for different cases ofCd2+/Se2
- (St to S4). 

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 Sl and S2. signifies inadequate surface passivation of 

the QDs. Previously, a lowered of concentration of Cd2
+ was found to be insufficient for 

an effective dispersion in PYA [6]. The intense band edge emissions, for S3 and S4, are 

ascribed to significant passivation of surface defect mediated through non-radiative 

centres. Whereas, a significantly higher Cd2
+ concentration is likely to results inadequate 

surface capping by the PYA host [7] . This is why we observed a reduced intensity wrt 

band edge-to-defect related emission, for S4 as compared to S3. The sharp absorption 

features and symmetric luminescence behavior of S3 and S4 samples indicate a narrow 

size distribution of the synthesized CdSe QDs. 

As the effect of reactant concentration provided the best quality spec imen for 

[Cd2+]/ [Se2
,] = 3: I (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 PYA 

dispersed QDs obtained for different reaction times but for a fixed Cd2
+ concentration. 

The reaction time was counted right after the Se02 reactant was added into the Cd2+/PYA 

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

(a) 

300 400 500 600 700 350 400 450 500 

Wavelength (nm) Wavelength (nm) 

Figure 3.2: (a) UV-Vis and (b) PL spectra ofCdSe QDs of reaction time (i)IO, (ii) 30, (ii i) 60, 

(iv) 90, and (v) 120 minutes 

78 



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

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 PYA 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 A verage Size 
time (nm) (eV) energy (eV) ofQDs (nm) 
(min) 

1 10 - - - -
2 30 - - - -
" 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 ABE is found to be located at ~380 nm and ADE 

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 Cd2
+ and Se2

- 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 careftJlly 

examined different reaction conditions as discussed below. 
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The QD samples were processed by varying TGA concentrations of I , 5, 10% and with 

molar concentrations (of Mn2+;Se2.) as 2: 1, 3: 1,4: 1. We labeled the respecti ve samples with TGA 

concentration of 1,5,10% as TI , h T] and with Mn2+;Se2
' molar ratios of2:1, 3: 1,4: 1 as p" P2• 

PJ. Note that, PI is equivalent to sample TJ. 

3.2.1. Effect of TGA concentration 

Fig. 3.3(a) shows the effect ofTGA concentration on the UY-Yis spectra of MnSe-TGA QDs. As 

can be found, the samples TI (curve (i» and T] (curve (ii» have exhibited relatively long tailing 

feature as compared to TJ (curve (i ii» in which the prominent absorption peak is located at ~303 

nm (Eg -4.09 eV). This implies effective quantum confinement of the charge carriers in the QDs 

which is characterized by a blue-shift (~.59 eY) from the bulk value (E!,~3 .5 eV) of the WZ

MnSe system [11-14). But the estimated value of Eg is ~ 1.6 fold larger as compared to the RS 

type MnSe (~2.5 eY) system [11]. A slight blue shifting of ~0. 07 eY from the bulk val ue can be 

noticed for sample T2• On the other hand, in case of sampl e T I , 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 T3 are fairly small and are in the range of ~.07-0.5 eY. This could be due to the highly 

localized nature of 3d e lectronic bands of Mn atoms (14] . Correspondingly, the 

(a) 

(c) 

"'" = !l. 
'" (J 

= <OS 
.J:J ... 
Q 

'" .J:J 
< 

.c 
'(ii 

= 
'" C 

(b) 

---= 
~ 
.c 
'(ii 

= 
'" C 

300 400 ~o 600 700 

Wavelength (nm) 

(d) 

- Experimental graph 
-- A

SE
-397nm 

•• u •• ); 1»'- 460 nm 

- Peak sum 

350 400 450 500 550 600 650 700 

Wavelength (om) 
300 

(i) 

350 400 450 SOO 550 600 

Wavelength (nm) 

- EJperiemental graph 
_. 1

1111
- 400 um 

...... A. nr.-461 om 

- Peak sum 

400 SOO 600 

Wavelength (nm) 

Figure 3.3: (a) UY-Vis and (b) PL spectra of MnSe-TGA QDs prepared with different TGA 
concentration of (i) 1% (T,), ( ii ) 5%, and (T2) (iii) 10 % (T3) , for a fi xed Mn2+;Se2. = 2: 1. In (c) and 
(d), the deconvoluted PL spectra of QDs of T2 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 (Aex=300 nm) of the MnSe 

QD systems T I , T2, 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 (ABd, whereas the broad and asymmetric one is due to the defect related 

emission (ADE)' The ABE of the samples T2 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 I , 

the ABE position is located at ~406 nm but )'DE 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" T2 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 T2 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 ABE ADE IBE/IDE 
concentration wavelength, energy Eg energy,AEg (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 T3). As the QDs are characterized by a blue-shifted, sharp excitonic absorption 

feature along with an intense band edge emission response, we opted T3 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 

(Mn2+;Se2
-). The sample PI (Fig. 3.4(a), curve (i», exhibits a strong excitonic absorption 

feature at ~303 nm (Eg = 4.09 eV). Whereas, with an increasing value of the precursor 

ratio (P2, curve (ii) and P3, curve (iii)) a significant red shifting (M ~1.03 eV) of the 

exciton peak is observed (A = 408 nm, Eg = 3.03 eV). It may be noted that, the band gap 

of sample PI is slightly blue shifted (~0.59 eV) from the bulk value ofWZ type MnSe (Eg 

= 3.5 eV). In contrast, the samples P2 and P3 derived with higher Mn2+ concentrations 

show an adequate blue shift (~0.5 eV) wrt the bulk RS type structure (Eg = 2.5 eV). This 

may suggest that, with the incorporation of an excess amount of Mn2+ concentrat ion, 

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 Mn2+ 

/Se2
- ratio of (i) 2: I (PI)' (i i) 3: I (P2), and (iii) 4: I (P3) 
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The PL responses of MnSe QDs with different Mn2+/Se2
• precursor ratios are depicted in 

Fig. 3.4(b). The spectrum recorded for sample PI (curve (i)) exhibits near band edge 

emission (A.BE) at ~400 nm [15] along with surface defect related emission (ADE) at ~459 

nm [16] . Conversely, intense emission bands are observed at ~515 nm and ~5 17 nm as 

for samples p ] (curve (ii» and P3 (curve (iii»; respectively. The PL emission intens ity of 

the P3 sample is adequately lowered as compared to the P2 specimen. The deconvoluted 

PL spectra (not shown) have revealed other emission peaks located at ~554 nm and ~566 

nm ; for P2 and P3 samples; respectively. These emission bands are ascribed to the 3d 

electron transitions of Mn2+ [14] . A lowered emission intensity value by a factor of ~ 1. 18 

in case of P 3, sample over the P2 one, is probably due to the strong interaction of the 

neighboring Mn2+ ions at the nearest, the second nearest, and at the third nearest 

neighboring-sites owing to the availability of substantiall y concentration ofMn2+ [1 7] . 

The crystallographic planes and phase of the as-synthesized MnSe QDs derived 

fo r different precursor ratios have been identified through XRD anal ysis. Fi g. 3.5(a) and 

(b) depict XRD patterns of MnSe QDs, prepared from different precursors of Mn2+ /Se2. 

and for a detinite concentration ofTGA (10%). Referring to Fig. 3.5(a) (Mn2
+ /Se2-= 2:1) 

the diffraction peaks located at 25.8°, 26.8 0 , 28.6°, 36.1°, 43.9 0, 47.8 0, 50.2 0, 52.05 0 , 

53 and 58.7 0 correspond to ( 100), (002), (101), (102), (I 10), (103), (200), (I 12), (20 I) 
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Figure 3.5: XRD patterns ofMnSe QDs prepared with 10% TGA and ofMn2+/Se2' Ca) 2: I (b) 3: I 

83 



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

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 MnSe2 

phase is also witnessed at a diffraction angle of ~23.8° (JCPDS-653336) and 31.4° [II] 

(shown with * mark). The XRD pattern of the sample P2 (Mn2
+ /Se2

- = 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 (1CPDS-270311). Moreover, trace amount of MnSe2 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 [Mn2+]/ [Se2
-] = 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 -PV A QDs in cell culture media 

First, we have analyzed the dispersion stability of CdSe-PV A 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-PV A 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 ofCdSe-PVA QDs in ditferent 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 exciton ic 

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 %, MIP/Se2-= 2: I) 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 RPM I 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 ofBSA 

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-PV A 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-PV A and MnSe-TGA QDs 

in cell culture media. 

CdSe-PVA MnSe-TGA Maximum PL intensity 
ratio (with BSAIwithout 

BSA) 
Dispersing with with BSA without BSA with BSA CdSe MnSe 
media out inclusion inclusion inclusion 

BSA 
inel 
USIO 

n 
A A (nm) A (nm) A (nm) Dispersing Ratio Ratio 
(nm) media 

00 300 - 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-PY A QDs, even in absence of dispersing agent has been 

observed. 

3.3.3 Aging effect of CdSe- PV A 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-PY A QDs in different dispersing media (a) PBS, (b) DMEM, 

(c) MEM, and (d) RPMl with aging. The insets show the change of/m: and I j)f; wi th aging in the 

respective media in presence of dispersing agent BSA. 
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With aging, though the maximum intensity of the CdSe-PY A QDs increases, the near 

band edge emission intensity (1m,) gets suppressed over defect related emission intensity 

(1m) when the QDs are dispersed in PBS media (Fig. 3.8(a». The 181: response which is 

about 1.2 times of ir>}' on the day of synthesis is reduced by a factor of ~2.58 after 8 days 

of aging. Whereas, the emission intensity of CdSe-PYA QDs in OM EM 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 IH/: in the OMEM media, is 

always dominant over I f)E in 3 and 8 days of aging. With a dominant response over 1f)E, 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 RPMl cell 

culture media (Fig. 3.8(d) , with a dominant IIJI: response over 181: with aging, the QO 

emission follows a reverse trend in comparison to OMEM and MEM media. The aging 

dependent fBE to f OE 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-PV A QDs in different cell culture media 

Dispersing Aging 
media (days) 

PBS I 

3 

8 

OMEM 1 

3 

8 

MEM I 

3 

8 

RPM] I 

3 

8 

IBEIIDE 

1.2 

0.6 14 

0.43 

0.8 

1.56 

1.8 

1.15 

1.21 

1.94 

0.73 

0.76 

0.74 

_ dayt 
_ day3 
_ day8 

PBS DMEM MEM RPMI 

Dispersing media 

Figure 3.8 (e): Graphical representation of 

intensity ratios of CdSe QDs in different 

dispersing media with aging 

88 



Synthesis, characterization and biophysical assessment o/quantum £lOIS and application ill electrophysiology 

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

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

of the MnSe-TGA QDs 10 different dispersing media and also responses due to 

independent aging effect. In PBS media, the PL emission response wrt 18£ and IDE 

experienced a steady rise up to 5 days of aging. 

As shown in Fig. 3.9(b), the near band edge emission intensity (lBE) 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. [n this 
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Figure 3.9: PL spectra of MnSe-TGA QDs (prepared with TGA: 10% and Mn2+/Se2
. =2: 1) (when 

BSA is added as dispersing agent) in dispersing media (a) PBS, (b) DMEM, (c) MEM, and (d) 

RPM) 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 5 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 RPM! media the defect related emission behavior is 

adequately intense after J 5t and 3rd days of aging. The variation of IBdIDE 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 
media (days) 

PBS I 
3 

5 
DMEM I 

3 

5 
MEM I 

3 

5 
RPM) ) 

.... 

.) 

5 

l8dlDE 

3.06 

3.09 

3.02 

1.65 

1.30 

0.76 

2.02 

2 

1.58 

0.76 

0.85 

1.27 

Figure 3.9 (e): 

_ dayt 
_ day3 
_day S 

Graphical 

representation of intensity ratios of 

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- PYA 

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 PYA coated superparamagnetic iron oxide nanoparticles 

(SPION) and BSA coated Ti02 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 (Ca2
+, 

Mg2) 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 [I]. 

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 

QDs 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: Citrus x 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 PYA as well as in lemon water media. The characteristic QD 

excitonic feature is relatively broad in citric acid (lemon water) media than the neutral 

PYA 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, 

PV A 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 ().BE) and defect-related emission (A'DE) ' While the first peak is located at ~380 

nm for both PV A and citric media, the respective ADE 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 ~0.6) and 1.07; respectively for citric (pH = 3.42) and PYA 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 PV A and lemon water media. Because of the 
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Figure 3.10: (a) UV-Vis and (b) PL spectra ofCdSe QDs in (i) PYA, 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 

QDs becomes more asymmetric in this media as compared to others. 

Figure 3. J I depicts a set of spectra highlighting studies with regard to stabi lity of 

the QDs due to independent aging effect in respective media. As shown in Fig. 3. 1 J (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; E=2.98 to 2.61 eV) of the emission peak (as well as absorption peak, 

Fig. 3.11 (c») 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 PYA is esterified to PVA-C in 

presence of the citric acid (C6H80 7) contained in the lemon water [22]. 
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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 ( c) shows the UV -Vis spectra of QDs in rose water with aging. 
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The schematic representation of esterification reaction of PYA with lemon water (citric 

acid) is given below. 

I PYA I CITRIC ACID I 

~ ~? 
~ OC- CH,-CH- CH1-COOH 

I I 
HrCH )11 ( CRr CH -r.-t- CH.r-CH}-

I PY:\·c I 

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

water media 

As far as QD stability is concerned, the carboxyl-functionalized PV A host provides a 

better environment over the untreated PV A [22]. This is because of the availability of 

ample amount of free Cd2
+ ions which are capable of imparting charge balancing with 

carboxylate (COO-) ions. Consequently, it results in a more stable colloidal system. 

Moreover, after esterification of PYA with citric acid, it becomes moderately hydrophilic 

in nature as compared to the h ighly hydrophilic behavior of untreated PYA . Thi s is the 

reason why PYA-C has a large affinity tor cell attachment and spreading. This modified 

PYA 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 PYA-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 di ssolved 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-Vi s and (b) PL spectra of MnSe-TGA QDs in (i) disti lled 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 disti lled water can be observed from the PL spectra (Fig. 

3. I 3(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 (J'Bd, 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 Mn2+ (4TI -t-rA I). 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. 1 3(b), curve (i)). 
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Figure 3.15: PL spectra of MnSe-TGA QDs (prepared with TGA: 10% and Mn2+/Se2
. =2: I) with 

aging effect when dispersed in (a) rose media (b) lemon water media 
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of MnSe-TGA QDs considering agmg 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 9th and I ih 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. 

97 



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

References 

[1] Ji, Z., et al. Dispersion and stability optimization of Ti02 nanoparticles in cell 

culture media, Environ. Sci. Technol. 44( 19), 7309--7314, 2010. 

[2] Jing, L., et al. Surface-biofunctionalized multicore/shell CdTe@SiO(2) composite 

particles for immunofluorescence assay, Nanotechnology 22(50). 505104, 2011. 

[3] Poderys, Y., et al. Interaction of water-soluble CdTe quantum dots with bovine 

serum albumin, Nanoscale Res. Lett. 6, 9, 20 II. 

[4] Bihari, P., et al. Optimized dispersion of nanoparticles for biological in vitro and 

in vivo studies, Part. Fibre Toxieol. 5( 1). 14, 2008. 

[5] Elgrabli, D., et al. Effect of BSA on carbon nanotube dispersion for in vivo and in 

vitro studies, Nanotoxicology 1(4), 266--278,2007. 

[6] Gupta, P. & Ramrakhiani, M. Influence of the particle sIze on the optical 

properties of CdSe nanoparticles, Open Nanoscience Journal 3, 15--19, 2009. 

[7] Shah. C. P., et al. Precursor concentration and temperature controlled formation of 

polyvinyl alcohol-capped CdSe-quantum dots, Beilstein J. Nanotechnol. 1( I), 

119--127,2010. 

[8] Sharma, H., et al. Effect of ratios of Cd: Se in CdSe nanoparticles on optical edge 

shifts and photoluminescence properties, Physica E 31(2). 180--186. 2006. 

[9] Simurda, M., et al. Modification of carrier dynamics in CdSe nanocrystals by 

excess Cd in deposition bath. Physica E 36(2), 205--210,2007. 

[10] Brus, L. E. A simple model for the ionization potential, electron affinity, and 

aqueous redox potentials of small semiconductor crystallites. J. Chem. Phys. 

79(11),5566--5571.1983. 

[11] Sines, I. T., et al. Colloidal synthesis of non-equilibrium wurtzite-type MnSe. 

Angew. Chem. Int. Ed. 49(27), 4638--4640, 20 I O. 

[12] Pradhan, N. & Peng, X. Efficient and color-tunable Mn-doped ZnSe nanocrystal 

emitters: control of optical performance via greener synthetic chemistry, J. Am. 

Chem. Soc. 129(11), 3339--3347,2007. 

[13] Furdyna, J. K. Diluted magnetic semiconductors, J. Appl. Phys. 64(4), R29-

R64,1988. 

98 



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

[14] Heulings, H. I., et al. Mn-substituted inorganic-organic hybrid materials based on 

ZnSe: Nanostructures that may lead to magnetic semiconductors with a strong 

quantum confinement effect, Nano Lett. 1( 1 0), 521--526,200 I. 

[15] Lei, S., et al. Solvothermal synthesis of a-MnSe uniform nanospheres and 

nanorods. Mater. Lett. 60( 13-14), 1625--1628, 2006. 

[16] Zhu, K., et al. Manganese-doped MnSe/CdSe core/shell nanocrystals: preparation, 

characterization, and study of growth mechanism. J Mater. Res. 26( 18), 2400--

2406,2011. 

[17] Biswas, S., et al. Optical and magnetic properties of manganese-incorporated zinc 

sulfide nanorods synthesized by a solvothermal process, J Phys. Chem. B 

109(37), 17526--17530,2005. 

[18] Yang, X., et al. Morphology-controlled synthesis of anisotropic wurtzite MnSe 

nanocrystals: optical and magnetic properties, CrystEngComm 14(20), 6916--

6920,2012. 

[19] Petri-Fink, A., et al. Effect of cell media on polymer coated superparamagnetic 

iron oxide nanoparticles (SPIONs): colloidal stability, cytotoxicity, and cellular 

uptake studies, Ellr. J Pharm. Biopharm. 68(1), 129--137,2008. 

[20] Maiorano, G., et al. Effects of cell culture media on the dynamic formation of 

protein-nanopartic1e complexes and influence on the cellular response, ACS nano 

4(12), 7481--7491. 2010. 

[21] Boonsongrit, Y., et al. Controlled release of bovine serum albumin from 

hydroxyapatite microspheres for protein delivery system, Mater. Sci. Eng. B 

148( I), 162--165, 2008. 

[22] Mansur, H. S., et al. Synthesis and characterization of CdS quantum dots with 

carboxylic-functionalized poly (vinyl alcohol) for bioconjugation. Polymer 52(4), 

1045--1054, 2011. 

[23] Thomas, L. V., et al. A biodegradable and biocompatible PVA--citric acid 

polyester with potential applications as matrix for vascular tissue engineering, J 

Mater. Sci. Mater. Med 20(1), 259--269,2009. 

[24] Feng, L., et al. Petal effect: a superhydrophobic state with high adhesive force, 

Langmuir 24(8), 4114--4119,2008. 

99 



CHAPTER- 4: Magnetic Properties of as Synthesized MnSe 

QDs 



CHAPTER 4 

Magnetic Properties of as synthesized MnSe QDs 

Magnetic materials can be classified by their response to an externally applied magnetic 

field. The types of magnetism are described as: diamagnetism, paramagnetism, 
(, 'J £ ~ I J ( • ~ ~ ~ 

ferromagnetism, anti ferromagnetism and ferrimagnetism, depending on the orientations, 
, "':!' 

nature and magnitude of the magnetic moments. The origin of magnetism is normally 
I ~ <' I'J , • '! J 

attributed to the orbital and spin motion of electrons and how the electrons interact with 
• ~ c .. _ .. p I ". J 1 ~ j I 

one another as pertaineq to their spin. Diamagnetism is the fundamental properties of all 

materials which display weak repulsion to an applied magnetic field giving rise to 

negative susceptibility (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 magnetic 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 material 
, . 

Spontaneons 
Ferrimagnedsm f1llf· 

doma.1D formation Antiferromagnetism tllltl 
Ferromagnetism tttttt 

Magnetic field 

No domain [ Paramagnetism tlltll 
formation Diamagnetism 

111111 

Figure 4.1: Schematic diagram of different types of magnetic behavior in presence of a magnetic 

field . , 

is placed in a magnetic field, the magnetic moments of the atoms align along the direction 
j. J , j 

of the applied magnetic field forming a weak net magnetic moment. These materials do 
.. , .-' A " 

not retain magnetic moment when the magnetic field is removed. Materials with 

ferromag,netism behavior, have aligned atomic magnetic moments of equal magnitude 

and their cry,stalline structure provides direct coupling interaction between the moments 

[1]. Accord,ingly, it results a spontaneous magnetization in the absence of an applied 
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magnetic field. Antlferromagnetic 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, 
" r 

but the magnetic moments do not cancel out. This is because of different magnitudes of 
I ; ( .... ~ ~ 

magnetic moments resulting in a net spontaneous magnetic moment. When placed in a 

magnetic field, anti ferromagnetic and ferrimagnetic materials show a behavior similar to 
I I l ~\ t n >/ 

that of ferromagnetic ones. Figure 4.1 shows the schematic of different types of magnetic 
, I ) 

effects when a material is subjected to an external magnetic 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 ofthe 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 (Tc) or Neel (TN) temperatures, 

and the coercivity field (He) 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 3cf half 

filled shells in MnSe NPs and corresponding Mn2+ - Mn2+ 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 
I 

capping with a thiol group, charge transfer between the SH- group and surface atoms 
I 

takes place, thereby 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 Cd1-xMnxSe systems for a 

definite value of the stoichiometry parameter, x. 
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4.1 Magnetic response ofTGA coated MnSe QDs 

Figure 4.2 depicts temperature and field dependent magnetization responses of MnSe 

QDs derived from a fixed precursor ratio of Mn2+/Se2
- (=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 Nee} temperature (TN) is located 

at ~39 K. Whereas, the QDs prepared with a coating layer of 10% TGA concentration is 

characterized by a non-sharp TN value of 59 K (Fig. 4.2(b». Below TN, the specimen is 

anti-ferromagnetic and above TN 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 

anti ferromagnetic 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 (He) value of ~1520 G and remanence (Mr) of ~1.2 emu/g (Fig. 4.2(c» has 

been observed for the system. Our TN and He values are comparable with the values 

predicted for the WZ type MnS nanowires (Tr 30 K, He=1020 G) [9] and those of 

tetrapod-shaped MnSe nanocrystals [10]. In contrast, the respective TN, He and Mr values 

were found to be ~59 K, -56 G and -0.0002 emu/g in case of 10% TGA coated QDs. The 

magnitude of TN and He 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 ofTGA concentration level (Fig. 4.2(e) 

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,!) corresponded to TGA concentration of 1 % and 10% and for a 

constant molar concentration of Mn2+/Se2-= 2: I; 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 TN. 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 3d orbitals of 

Mn2+ 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 TN) 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 I % 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 (Mn2+/Se2
- =2:1). The Hr and Mr values 

are measured at 27 K 

SI. TGA Neel temperature, TN Coercivity, He Remanence, 
No concentration (K) JGl Mriemu~ 
1 1% 39 1520 1.2 

2 10% 59 56 0.0002 
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4.2 Magnetic features of binary and ternary Cd/_xMnxSe QDs 

We have also evaluated the magnetic features of the TGA-coated Cdt _x MnxSe QDs. 

Figure 4.3 depicts temperature and field dependent magnetization responses of the Cd,_ 

xMnxSe QD system. In zero field cooling (ZFC), the sample was fi rst 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 tield of 500 G. As can be seen from 

Fig. 4.3(a), no peak is clearly observed for x=O.3. This suggests that, the sample is 

paramagnetic in this case since at low Mn concentration , the individual Mnl+ spins exist 

in isolation from one another [14] . In a prev ious work, a similar behavior was also 

witnessed for Zn' -xMnxS nanoparticle system, with a lower value of Mn concentration 

[I~]. On the other hand, the QD system exhibited a Neel temperature (TN) val ue of ~59 

K, corresponding to a stoichiometric parameter ofx= 1 (MnSe). 

Figure 4.3(b) shows the M~H hysteresis plots of the NP system with x=O. 3 and I 

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' _xMnxSe system for different stoich iometric values. Thi s 

condition offers an equal magnitude oftield strength as contributed by the SH-group of 
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Figure 4.3: (a) ZFC and (b) hysteresis curves ofCd/_xMnxSe systems measured at 27 K, for x = 

0.3 and x = I 
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TGA the layer in all the cases. But, with increasing value of x, the Mn2+ concentration at 

the QO surface increases, thus exhibiting enhanced charge transfer events between the 

SH- group and Mn2+ 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 va lue of Mn2+ ion concentration, for a higher value of x. is associated 

with a se lf diffusion mechanism as discussed in Chapter 2. 

It is worth mentioning to here that, in II-VI semiconductor, the substituted 

paramagnetic Mn2+ ions exh ibit spin 5/2, and clusters are formed by anti ferromagnetic 

interaction among neighbouring and next-neighbouring Mn spins [161 Increasing of Mn 

content, the cluster size increases by coupling of more and more spins in the cluster [ 16 J. 
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 QOs coated with a long 

chain, anionic surfactant SOS. 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 

fiel d of ~ 100 Oe app lied. The fi gure-inset depicts the ZFC curve highli ghting Neel temperature 

T". (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 ofMnSe-SOS QOs (SOS 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 T = 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. In comparison to the Neel temperature (TN) lO% TGA coated QOs 

(average size, d=14 nm, obtained from Chapter 2) at ~59 K, the Neel temperature (Tv) of 

10% SOS coated QOs (average size, d=1O.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 TN 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 [11] and MnO [l~] NCs. Note that, the observed Neel temperature 

resembled the value for oleic acid (organic surfactant, OA) capped tetrapod-shaped 

MnSe NCs (T r35 K) and close to the value of WZ MnS nanowires (T r30 K) [9]. 

As can be seen in the FC and ZFC magnetization plots, the SOS coated MnSe 

QOs display a characteristics splitting (bifurcation) feature below a critical temperature 

TbJ - 41 K. The irreversibility arises owing to the formation of magnetic domains and 

domain-wall movement [1 q], which leads to the reorientation of Mn2
+ spins, in domain 

boundaries [10]. A similar bifurcation of the FC and ZFC can also be observed in case of 

different transition metal compounds and transition metal dopped compound [21,21.]. 

The bifurcation temperature T~f, depends on the magnetocrytalline anisotropy, applied 

magnetic field, coericivity etc [2')J. 

The magnetic hysteresis curve of MnSe-SOS QOs (measured at 27 K) is 

presented in Fig. 4.4(b). The QOs exhibited a coercivity (He) of ~787 Oe and remanence 

(Mr) of ~2.22 emu/g. 

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

be etliciently 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 observ_ed·that using of same coating agents,. TGA, the charge transfer behavior 

between SH-' and- QDs of types MnSe and CdJ_xMnxSe varies substaially influencing their 

magnetic properties: Similarly, use' of different-coating agehts,TGA/and 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. In fact, 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 I mM aqueous NaBH4 

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 J.lg/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 = 103 daltons = I. 66 X 100J-i Kg 

Where, 1 dalton=l 66 x 10
020 

Kg 
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temperature for I h followed by centrifugation at ~5,OOO rpm, for 10 min. The tinal 

residues, as obtained through filtration steps, were thoroughly washed with di stilled 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 di scussed 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.I(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 

(ABE) and defect related emission (ADE) peak remain at same positions after BSA 

conjugation. The ABE and AOE of TGA coated CdSe QDs are observed at ~590 nm and 

~657 nm; respectively in both BSA non-conjugated and conjugated case. Similarly, SDS 

(a) (b) 

( i) ~ii ) 

375 450 525 600 675 750 3~1 400 450 Soo !ISO 6{U) 

\Vavclcngth (nm) \Va\'elen~th (nm) 

Figure 5.1: PL spectra of (i) non-conjugated and (ij) BSA conjugated (a) CdSe-TGA (b) CdSe

SDS QDs 
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coated CdSe QOs exhibit A.BE at ~418 nm and ADE ~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 QOs to the BSA molecu le 

by quenching its intensity. Whereas, BSA acts as surface passivator in case of BSA 

conjugated CdSe-SDS QOs with respect to the non-conjugated ones resulting 

enhancement of PL intensity. 

S.1.1(b) TR-PL study of non-conjugated and BSA conjugated CdSe QDst 

The fluorescence decay profiles of TGA (or, SOS) coated co lloidal 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 timesca le. In case of non

conjugated CdSe-TGA QDs, the parameters are found to be Tl ~5.42 ns, r2~47 .03 ns (Fig. 

5.2(i» . As for SDS coated QDs, the respective decay constants are est imated as r \_0.53 

ns, r2~ 1.6 ns (Fig. 5.2(ii». Here, the shorter life time (rl) can be ascribed to the direct 

radiative transi tions of the free excitons (core-state recombination) while the second, a 

relatively slower component (r2) is believed to be due to the rad iative recombination via 

Z-t-

~ 
1000 1- ,-

"""' 
~ 

(lJ ;; 
~ - . 

e'II '-' 
(j 
til 

OJ:) 100 'I hl1 ~ 411'1 

0 - (i) -til -C 
::s 10 
0 

-= (h' ) U 

(i i) 
I 

0 SO 100 150 200 

Time (ns) 

Figure 5.2: (a) TR-PL spectra of (i) CdSe-TGA (ii) CdSe-SDS (iii) CdSe-TGA-BSA (iv) CdSe

SDS-BSA QDs (2ex=375 nm, 2"",= 400 nm). Inset shows the clear plot ofTR-PL spectra ofCdSe

SDS QDs. 
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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: 

'[ avera{Je 
_ Alr1+A2r~ 

(5.1 ) 

where A I and A2 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, T2 

of CdSe-TGA QDs is ~29.5 times larger than the T2 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, TI~2.81 ns and Tr23.12 ns, and with an average lifetime of Tav 

~ 19.24 ns (Fig. 5.2(iii». As for SDS capped QDs, the respective time constants are 

predicted to be TI ~1.54 ns and T2 ~7.75 ns (Fig. 5.2(iv)). With the attachment ofBSA 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 TI '(2 Al A2 Tal' QDs TI T2 AI A2 T m , 

(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 r av of CdSe-SDS-BSA QDs is ~ 1.82 times larger than r av 

of CdSe-SDS QDs. From the magnitude of AI and A2, for CdSe-SDS-BSA QDs, the 

probability of recombination via. surface traps is drastically suppressed as compared to 

the probabi lity of core-state recombination. In addition, with BSA conjugation, the 

probabi lity of core-state recombination (intensity AI) is drastically increased by factor 

43625 (Tab le 5. 1) over BSA conjugated CdSe-SDS QDs. 

With BSA conjugation, the enhancement of maximum PL intensity of CdSe-SDS 

QDs a long with increase of average li fetime (diminishing probability of recombi nation 

via. surface traps and increasing probability of core-state recombination), suggests that 

BSA acts as a efficient surface passivator for SOS 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 

QOs 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 QOs, 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 

ofBSA 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, T1-0.60 ns, 

Tr2.61 ns and T3-3401.8 ns (Fig. 5.4(i». The respective time constants for the SDS 

coated MnSe QDs are found to be T1_1.04 ns, Tr 5.11 ns and Tr 5.II ns (Fig. 5.4(ii». The 

time constant TI is due to the direct exciton recombination, T2 is assigned to surface

trapped excitons, whereas, the third component, T3 is assigned to radiative and nonraditive 

response due to carriers trapped at the surface sites [7]. The T3 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: 

(5.2) 

Where, A1 , A2, 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 7"1 -0.55 ns, 7"2 -2.36 ns, 7"3 -7.24 ns 

and with an average lifetime of Tav -4.71 ns (Fig. 5.4(iii». Whereas, for SDS capped 

MnSe-BSA QDs the respective time constants are found as T1 -0.92 ns, 7"2 -3.7 ns, T3 

-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 AI) increases by 
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Figure 5.4: (a) TR-PL spectra of (i) MnSe-TGA (ii) MnSe-SDS (ii i) MnSe-TGA-BSA (i v) 

MnSe-SDS-BSA QDs (A.n =375 nm, ),"",= 400 nm). The schematic shown in (b) depicts radiati ve 

Inonradiative pathways in the MnSe-QD systems. 

Ta ble 5.2: Different decay parameters related to MnSe QD systems 

Non-conjugated QDs BSA conjugated QDs 
QDs 

MnSe-
TGA 

MnSe-
SDS 

! , ! ] ! J A, A2 AJ QDs ! , ! ] ! 3 A, A2 A i 
(ns) (ns) ( ns) (ns) (ns) (ns) 

28 MnSe 
3401. 347. 2.4 3101. -TGA 1304. 834.5 418.7 

0.60 2.61 9 04 I 20 0.55 2.36 7.24 40 6 9 
910.4 MnSe 

5.11 929 12 0 -SDS-
75076 5488. 535.6 

1.04 5.11 51.7 4.8 0.92 3.7 9.24 3.78 24 1 
0 

- 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. Whi le, BSA acted as a surface 

passivator in case of BSA conjugated SOS 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 Oi) PL spectrum ofCdSe-TGA 

QDs (b) the overlapping integral spectrum (J(A.») vs. A. between the two spectra, with J(A. 

expressed in M-'cm-'nm4
• 
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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 (TDA<TD). 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] 

(5.3) 

Here, F D (/i) is the integrated fluorescence intensity of the donor, GA is the molar 

extinction coefficient of the acceptor. In this case, £.:4 = 43824 Morl cm'l at 280 nm (for 

BSA protein) and /i is the wavelength in nanometers. The strength of overlapping integral 

(maxima) is of the order of ~2.8x I 016
, 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] 

(5.4) 

where FDA is the integrated fluorescence intensity of the donor (CdSe-TGA) in presence 

of the acceptor (BSA) and F D 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, Rot [10]. It represents the donor-acceptor separation distance at which 

the FRET efficiency is ~50%. 

(5.5) 

t Appendix-8 
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Here, k is the dipole orientation factor and its value is 2/3 for randomly oriented dipoles 

[10], 11 (1.33) is the refractive index of solvent, Q)Q 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 Ro 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(IIErl)I/6 (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 ~5.9x1015. 

Following discussion meant for CdSe system, the values of Ro 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(2) (M'lcm'lnm4) (maxima) 2.8x l0 16 5.89x 1 0 15 

Ro (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(A. ) vs. A between the two spectra, which is 

expressed in M" cm" nm4
• 

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 QOs were assessed by 

targeting isolated human lymphocytes, collected voluntarily. Anti-coagulated human 

blood was diluted with phosphate butfer 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 of200 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% C02) 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 ofQOs are performed by using in vitro or in 

vivo assays. Among the most commonly used method in vitro studies is the MTT assay. 

This is a colorimetric technique which helps in evaluating the viability of live cells. The 

SOH (succinatedehydrogenase) from mitochondria ofliving cells is likely to reduce MTT 

to formazan, which is an insoluble purple precipitate that subsequently, redissolved in 

OMSO (dimethyl sufloxide) [II]. 

The cytotoxicity assay was performed by measunng the viability of cells 

according to the method described by Oenizot 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 so lution was evaluated through 

spectrophotometrical means. An increase, or decrease in cell number resul ted 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 availab le without much difficulty, we intended to 

explore the influence of MnSe-TGA QDs on the cell viabi lity. The study was carried out 

using different amou nts of MnSe QDs. As can be noticed from Fig. 5.7(a), with the 

treatment of a 0.2 ).!M MnSe QDs (for 8 h), the lymphocyte cells sustain a maximal 

viability of 98.3%. Whereas, the cell v iability, which was fairl y uniform (~95%) upto a 

QD concentration of 0.5 ).!M, get drasticall y 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 (nj=4). All the results were expressed as means±SD from four 

independent sets of experiments. Each of the columns reflect the cell viabili ty. Resu lts were 

stati sticall y analyzed by student 's {-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::SO.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 ~M. 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 RPM] media and then supplemented with 

10% FBS, in presence of different QDs. The cells were incubated at 37°C and in 5% CO2 

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 

(t) depict bright-field and fluorescent images of the cells treated with MnSe-TGA QDs. 
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(a) 
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Figure 5.8: Bright-field imaging of lymphocyte cells with (a) CdSe-TGA (c) CdSe-SDS QDs. 

The fluorescent imaging mode (Aex = 300 nm) of the respective QDs in the cells is shown in (b) 

and (d). The bright-field and fluorescent (A.ct = 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-SOS QOs, 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 QOs in the cellular environment. The bright-spots, in each of the 

fluorescent images, basically represent a number of QOs 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-I.46r§ software® and following previous works reported elsewhere 

[14-16], one can make a quantitative assessment of the fluorescence count of the 

respective QOs (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 

QOs coated with TGA and SOS capping layers. The corrected total fluorescent (CTCF) 

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

§ Appendix-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 biocompatibili ty 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 

(a) (b) 

(c) (d) 

Figure 5.9: Selected fluorescent and background areas of fluorescent image of (a) CdSe-TGA (b) 

S TGA (
d) MnSe-SDS QDs while treated with the lymphocyte cells 

CdSe-SDS (c) Mn e-
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Figure 5.10: Histograms representing the fluorescence counts of (a) CdSe-TGA (b) CdSe-SDS 

(c) MnSe-TGA (d) MnSe-SDS QDs corresponding to different select fluorescent areas 

considering without (Int. Den.) and with (CTCF) background fluorescence. 
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Figure 5.11: Histograms representing the average value of[nt. Den. and CTCF of di fferent types 

QD systems. 
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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. Simi larly, 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 

(c) 
Ave~rge lorDen 
a\"era&e CTCF 

MnSe-TGA MnSe-TGA-USA 

QD systems 

Figure 5.12: (a) Bright fi eld and (b) fluorescent fi eld (Aex = 300 nm) imaging of lymphocyte 

cells using MnSe TGA QDs while considering BSA as a dispersing agent. Whereas, (c) 

represents the hi stograms 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. S.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. S.8(f). The effect of BSA could be clearly visualized by a superior QD 

fluorescence over the MnSe-TGA one (Fig. S.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.S.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 (Iysosomes, cytoplasm, 

mitochondria etc.) by modifying their surface (functional) property [17]. 

5.4 Imaging of MnSe QDs in live cells 

The cellular uptake ofQDs and the distribution arrangement ofMnSe 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 

with 10% v/v FBS in a S% C02 in humidified atmosphere at 37° C. Since the cells 

experience very fast growth and degeneration, the media was supplemented by 100 llg/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 (EDT A) 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 glml 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 ~ 1 00 J..ll of cell 

line was gently placed into the collagenated region. The dishes containing cell~ 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% CO2 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 (10. 10 J..lg/J..l\) was injected into the central region of the disc containing cells. The 

cells were incubated for 30 min in 5% CO2 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 ofMnSe TGA QDs inside NIH 

3T3 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 ofthe 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 fol1owed 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: ··ROIl, ROI2, 

ROB) and in cytoplasm region (selected regions: ROI4, ROI5). 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, ROI5) significantly remain higher with time (Fig. S.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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CHAPTER 6 

Application in Electrophysiology: Micropore formation, Lipid 
extraction and Ion channel Recording 

Ion selectivity, ion conduction, and ion channel activation are generally characterized by 

electrophysiological experiments such as, patch ,clamp and planar chip technology [1-3]. 

However, the later technique (which is based on solid supported bilayer experiment) is 

found to be advantageous( over traditional patch-clamp one owing to viable cost, 

preparatory conditions, simplicity of design, high reliability, versatility along with fast 

data acquisition [4,5]. The ion channel studies, in real cells, are generally based on patch

clamp techniques [3] whereas the practice of planar chip method is relatively new and is 

limited to artificial bilayers only [5,6]. The artificial bilayer membrane can be used as a 

model system to explore transient nanopore creation in presence of a field. On the other 

hand, in planar chip technique, the ion channel response, is largely dominated by thermal 

and electromagnetic noises along with the effective bi layer capacitance arising due to 

characteristic properties of the solid substrates. Thus, a stable bilayer (with a low 

effective bilayer capacitance) along with reduced thermal and electromagnetic nOIses 
... , { 

(arising from the surrounding environment) is highly desirabl,e for a superior ion channel 

experiment. Note that, a substrate having a good mechanical and thermal stability is only 

capable of supporting a stable bilayer. In addition, the substrate material should 

contribute only weakly to the effective bilayer capacitance. This is possible only if one 

works with a thick and low dielectric constant material. A small area of the electrolytic 

chamber can also offer an added advantage. 

In this chapter, we touch upon appreciable conditions for ion channel 

measurement across a stable bilayer. Moreover, we highlight several useful techniques 

for, obtaining micropores (apertures) of different desired diameters. An emphasis is also 

given to· explore the possibility of reducing the effective bilayer capacitance and 

theoretical electromagnetic noise. A qualitative as well as quantitative analogy of several 

materials (e.g., Teflon (PTFE), Polypropylene (PP), Polystyrene (PS), Cellulose Acetate 

(CA), Polyethylene terephthalate (PET), Poly (methyl methacrylate) (PMMA) , Quartz, 

Glass, Mica and Silicon) have been worked out on a comparative basis. 

The micropore formation, lecithin extraction, lipid bilayer formation around the 

micropore are discussed along with the whole electrophysiology set up. Finally we 
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demonstrate CdSe QD induced ion channels across the s6y~extracted lecithin bilayer. 'The 

experimental results are then analyzed in the light of simple theoretical models on 

nanopore creation by the aggregated QDs. 

6.1 Dielectric noise and effective capacitance 

The conductance fluctuation, across a s~lid-supported rec~nstituted phospholipid bilayer, 

provides the desired testimony in support of single ion channel events. As compared to 

the traditional patch clamp method, the planar chip technique has an improved 

experimental design, accessibility and precision control. However, the utility of planar 

bilayer method for studying single ion channel dynamics is limited primarily because of 

background current noise [7-9]. By suppressing rms noise, it is possible to resolve the 

small single-channel conductance states along with the fast gating dynamics. Moreover, 
, ' 

by determining the individual sources of noise, it is, now possible to create an' 

environment for selective ion channel measurement. It may be noted that, in the planar 

chip technique, a bilayer is supported on the micropore located at the centre of the 

substrate material. 

The nature of thermal energy dissipation results in thermal noise from the 

dielectric material and this type of noise is also known as dielectric noise. The power 

spectral density of dielectric noise, SD2(f) and the r~s dielectric nois~, ID(fc) can be 

expressed as [5]: 

si (f) = 8 xkTDPDf (6.1 ) 

(6.2) 

where, k is the Boltzmann constant (1.38 x 10.23 
] K!), Dj is the dissipation'factor of the 

material; CD is the capacitance of the dielectric, cj=1.3 for a noise source with a power 

spectral density that! grows linearly as a function of frequency f, and Ic is the cut-off 

frequency. Although the dissipation factor is frequency dependent, it has a constant value 

in the frequency range between 1 kHz and 100 kHz [5, 10]. The dissipation factor, Df is 

contributed by the nature of the substrate, 'electrode holders etc. and they contribute 

unequally to the magnitude'of CD in eqn. 6.2. In the present work, we consider Dfas the 

dielectric loss of the substrate material (in which the' pore is fabricated) which 
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significantly contributes to Co. In the eqns. 6.1 and 6.2 therefore, it is reasonable to 

replace CD with Cse, where Cse is the substrate capacitance. The capacitance of this 

substrate material is given by: 

C = ErEoA 
se ts (6.3) 

where, A is the area of the substrate material; I':r is the dielectric constant of the substrate 
~ ~ If .,. _.., ... 

material; 1':0 is the permittivity of free space (err: 8.854x10-12F m-1
); and Is is the 

thickness of the substrate material." 

In an electrophys'iology experiment,' the accuracy of temporal change of current 

flowing through the pore is determined 'by the signal bandwidth. To obtain a high 

bandwidth of the signal, the accessi't,le p'aramei~r that could be adequately minimized is 

the total effective capacitance. The total capacitance can be expr.essed as [5]: 

(6.4) 

where, Cel is the capacitance of the immersed electrode (-10 pF) [5] and membrane 

capacitance Cm can be written as: 

Table 6.1: Physical properties of the substrate materials 

SI. Substrate Dielectric Dissipation Density Thermal Melting Young's 
No. constant Factor (Df ) (P) Conducti point modulus 

(er ) (g/cm3
) vity (Tm) eC) (Y) 

(K) (Gpa) 
(~ml!Q 

1 PTFE 2.1 8xl0-4 2.12 0.26 327 0.5 
2 PP 2.2 3xlO-4 0.95 0.1-0.22 165 1.5-2 
3 PS 2.5[11] }x}O-4 1.06 0.14 240 3-3.5 

4 CA 2.9 13x 10-4 1.28 0.16-0.36 159.02 2.4-4.1 
5 PET 3.1 16><10-4 0.98 0.24 260 2-2.7 
6 PMMA 3.6 15x lO-4 1.17 0.20 140 3.4 
7 Quartz 3.8 O.lx 10-4 2.21 1.36 1650 71.7 
8 Borosilica 4.5 0.0017 2.3 1.1 820 45 

te glass 
(Coming 

7?60) 

9 Mica 6.2 0.001 2.8 0.71 1340 60 
10 Silicon 11.8[12] 0.032 2.32 150 1410 70 
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(6.5) 

Here, Cs and dp signify specific capacitance of the bilayer and diameter of the pore; 

respectively. For the sake of simplicity, one can ignore the electrodes contribution in the 

electrophysioiogical recording experiment [10]. Some of the physical properties of the 

bilayer supporting solid materials are given in Table 6.1. 

6.1.1 Effect of micro pore size on the bilay~r membrane capacitance 

An aperture located on the substrate, generally supports a reconstituted phospholipid 

bilayer. Beyond a critical diameter of the aperture, the lipid bilayer membrane is likely to , , 

rupture when subjected to a small mechanical and electrical disturbance. This is because . -', \ ~ , -; 

of the ultra thin nature (~4 nm) of the phosp~olipid bilayer membrane [13]. The selection 

of a suitable micropore diameter would help not only in providing low membrane 
" 

capacitance but also higher mechanical stability. 

Fig. 6.1 represents a characteristic plot of membrane capacitance vs. pore 

diameter of the substrate material (eqn. 6.5). The membrane capacitance increases 

steadily with increase in pore diameter, while considering a constant specific capacitance 

(Cs) of 0.5 ~F /cm2 [4]. It can be seen that, for a pore diameter within a range of ~10-100 

~m, the membrane is characterized by a very low capacitance in the range of ~0.4-40 pF. 

In reality, a pore size of -1 0-40 ~m could raise difficulty in safe handling with the 
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Figure 6.1: Membrane capacitance as a function of pore diameter 
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suspended bilayer. The bilayer, with pore diameter in the range of ~40-1 00 Ilm, however, 

gives moderate capacitance values (~7-40 pF). On the other hand, the membrane 

capacitance can be significantly large (~40- I 56 pF) as for considering pores of larger 

diameter (~100-200 Ilm). 

For the sake of convemence, the pore diameter ~80-1 00 Ilm is generally 

recommended which accounts for fairly moderate values of capacitance (~25-40 pF). 

The significance of using planar chip technology within this range of diameter is also 

highlighted by various workers [10, 14]. Since, the overall idea is to suppress the 

effective capacitance, the contribution of the substrate capacitance should be smaller, or 

comparable to the bilayer capacitance value (~25-40 pF). The selection of a good 

substrate candidate, with a desired dimension, would certainly help in acquiring a low 

value of effective capacitance. The variation of substrate capacitance for different 

substrate candidates is discussed below. 

6.1.2 Parameters which have direct influence on the substrate capacitance 

As expected, the stability and the effective capacitance of the reconstituted lipid bilayer 

depend mainly on the area of the electrolytic chamber created, thickness and dielectric 

constant of the substrate material used in the electrophysiology study. 

Fig. 6.2 represents the variation of substrate capacitance as a function of 

electrolytic area created on different substrate materials of finite thickness. In most of the 

electrophysiological experiments, the desired thickness of the substrate varies between 

~ 150 to 300 Ilm [2, 5]. It can be observed from the Fig. 6.2 (a) that for a constant area of 

~0.78 cm2 (corresponding to an electrolytic chamber of dia ~ 1 cm), PTFE material has a 

very of low value capacitance (:S9 pF), when thickness is varied within 150-300 Ilm. 

However, working with such a small area is extremely difficult in real situations. An area 

of the order of ~1.76 cm2 (dia ~1.5 cm) is also characterized by a low capacitance (~10-

21 pF). But for a larger electrolytic area of ~ 4.8 cm2 (dia ~2.47 cm), the capacitance is 

quite high (~29-60 pF). This clearly indicates that, PTFE could provide a capacitance 

value smaller than the bilayer capacitance value and for an effective area of ~ 1.76 cm2 

and substrate thickness ~ qO-300 Ilm. Moreover, materials such as PP, PS, also give 

smaller values of capacitances (~11-22 pF, ~12-26 pF, ~15-30 pF), as compared to the 
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bilayer capacitance for an electrolytic area of ~I.76 cm2 (Fig. 6.2 (b)-(d)). In contrast, as 

shown in Fig. 6.2(e)-6.2(h), the respective capacitance response of the substrate materials 

such as, PET, PMMA, quartz and glass (for an area of ~I.76 cm2 and substrate thickness 

~150-300 11m) predict capacitance values in the range of ~16-31 pF, ~18-37 pF, ~19-38 

pF, and ~23-46 pF. Note that the lower end capacitance values (150 11m thick substrate) 

are comparable to the bilayer capacitance (25-40 pF for an aperture of dia ~80-1 00 11m). 

However, as can be observed from the Fig. 6.2 (i) and 0), substrates like silicon and mica 

would show larger values of capacitances (~31-64 pF and ~62-123 pF) as compared to 

the corresponding bilayer capacitance. 

It is now apparent that, with materials like polymers, glass and quartz one can 

obtain effective capacitance comparable to the bilayer capacitance while a proper choice 

is made on electrolytic area and substrate thickness. We anticipate that an electrolytic 

area of ~ 1. 76 cm2 (dia. ~ 1.5 cm) and substrate thickness of ~ 150 11m are suitable choices 

for achieving a reduced effective capacitance without losing the bilayer stability. The 

viable choice could provide a means for better physical handling of the electrophysiology 

set-up. 

Shown in Fig. 6.3 is the variation of the substrate capacitance with the dielectric 

constant of the substrate candidates for a definite electrolytic area (~I.76 cm2
) and 

substrate thickness (~150 11m). As can be found that, PTFE has the lowest capacitance 

(~21 pF) value owing to its small dielectric constant. On the other hand, polymers (PP, 
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Figure 6.3: Capacitance VS. dielectric constant of the substrates 
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PS, CA, PET, and PMMA), show relatively low values of capacitances (~22-37 pF), 

while glass and quartz exhibited moderate values in the range ~39-47 pF. Materials with 

higher dielectric constant values, for instance, silicon (~63.9 pF) and mica (~ 122.5 pF) 

are associated with a very larger value of capacitance. Although substrate with a small 

dielectric constant can be opted, however, glass and quartz are generally considered 

owing to higher mechanical strength and thermal stability (see, Table 6. 1). 

6.1.3 Dielectric noise caused by the substrate materials 

In a typical electrophysiology experiment, generally ion channel proteins are generally 

inserted across a reconstituted phospholipid bilayer. In order to record the current 

fluctuation due to insertion of ion channel proteins, it is desirable that the bilayer 

supporting substrate (planar chip) posses a good dielectric response with a minimal signal 

attenuation. Since the current fluctuation occurs in tens of pA level , rms noise should be 

much lower to help detecting and isolating actual current burst signals. In this context, 

low dissipation factor (Dr) of the substrate is highly desirable. This wou ld facilitate the 

detection of single ion channel events while recording current bursts in the 

electrophysiology setup. 

Fig. 6.4 (a) depicts the variation of rms dielectric noise with dissipation factor 

(dielectric loss) of the respective substrate materials for a constant cut-off frequency (f~= 

10kHz) and constant substrate capacitance comparable to the bilayer capacitance (~20 
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pF) (eqn. 6.2). For instance, ~ 150 Ilm thick PTFE exhibits this order of capacitance, for 

an electrolytic area ~ 1.76 cm2
. It can be observed that quartz possesses extremely low 

value of dissipation factor and thus, associated with a very low rms dielectric noise 

(~0.03 pA). Similarly, polymers (PS, PP, PTFE), mica, glass, CA are characterized by 

fairly small values of noise (~0.11-1 pA). On the other hand, it can be seen that polymers 

like PMMA and PET exhibit moderate values of rms noise (~1.4-1.45 pA). Conversely, 

silicon deals with a relatively higher rms dielectric noise compared to the above 

mentioned substrates (~2.05 pA). Moreover, it can be observed that the dielectric noise 
,-

has an exponentially decreasing trend with the increasing thickness of the substrate 

materials (Fig. 6.4 (b)). The materials e.g., quartz, mica, glass and polymers (PTFE, PS, 

PP) are characterized by a very low dielectric noise (~0.04-0.48 pA) when the thickness 

varies between ~150 and 300 Ilm. 

From the present discussion, one can say that in order to the support a 

mechanically stable lipid bilayer, appreciable range of diameter of the aperture can be 

~80-1 00 Ilm (em ~25-40 pF), while working area and the thickness of the substrate are 

~1.76 cm2
, and ~150-)00 Ilm; respectively. Moreover, it is found that, materials having a 

low to moderate dielectric constant like polymers (PTFE, PP, PS, CA, PET, PMMA), 

quartz and glass were found to exhibit effective capacitances comparable to the bilayer 

capacitance (~25-40 pF). Though, glass and quartz provide higher capacitances compared 

to the polymers,. the former is more advantageous owing to better mechanical strength 

and thermal stability. However, glass and quartz can be more attractive over other 

candidates owing to low values of dielectric noise. In addition, optical transparency in the 

visible to IR range w.ouJd serve ·as an,added advantage for simultaneous electrical and 

optical recordings. On the .contrary, the use of silicon and mica is limited due to high 

dielectric constant (aT1d hence, high capacitance' values) even though they possess good 

mechanical strength. I 

~ "1 : j 

6.2 Micropore formation on substrat~ material 
.J I ~' • • 

The purpose of creating a micropore on the substrate is to use it in planar chip set-up, 

where two electrolytic chambers are isolated by an artificially reconstituted bilayer. There 

are a number of different techniques that can be employed to create micropores in 
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selectively chosen solid substrates. The techniques of making an aperture include, micro

drilling, spark assisted [15-17], laser ablation [18,19], e-beam [5, 20], and methods etc. 

6.2.1 Spark assisted technique 

The spark assisted'.(SA) method is generally employed owing to its cost-effectiveness and 

simplicity in design/assembly consideration. We made an attempt to create micropores on 

the";"" 150 !Jl11 thick chip (cover~lip) made of borosilicate glass. The schematic of the set

up1used for the SA method is shown in Fig. 6.5(a). 
" 

Materials used in the experiments are 

(i) Induction coil (Model 25 M.M.SPARK, applied voltage 12 V) which was used to 

maintain a high voltage across the electrodes. 

(ii) Electrically insulating coverage around the cover slip that separates two 

electrodes 

(iii) Two needle shaped electrodes: one of graphite (tip diameter ~500 J.1m) and other 

of silver (tip diameter ~500 J.1m). 

(iv) One screw gauge (least count: 0.01 mm, Mitutoyo Co.) for adjusting the air gap 

between the two electrodes. 

(v) Suitable DC power supply (~12 V max.) 

First, all the components were kept on a vibration free table. With the help of a screw 

gauge, an air gap of ~ 10 J.1ID is establ ished between the two electrodes along a vertieal 

configura~jon. The surrounding area of the chip was made insulated with an, insulating 

cover to minimize the scattering. The electrodes were subjected to a 12 V DC supply 

with the help of an induction coil that is capable of generate a high voltage spark across 

the tips of the electrodes, consequently' an aperture, of definite dimension is created on 

the substrate due to breakdown through electrically i!1sulating region. This is equivalent 

to plasma arc discharge through the insulating media. We considered forming 

micropores with this arrangement, without and with thinning procedure. For thinning, 6N 
, , . 

NaOH solution was used over 6 h in the cover slip followed by generation of spark across 

the thinned area make aperture. 
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(a) 
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electrode 
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Insulating coyer 

~ I E---. Io~uctioQ >- coli 

'1 
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Figure 6.5: (a) Schematic of the spark assisted setup for creating micropore (not to scale) (b) 

actual set up used in our laboratory 

(a) (b) 

(c) o 

Figure 6.6: SEM image of a SA micropore formed (a) with pre thinning (b) without thinning the 

glass substrate (dia- IO 11m) (c) Optical microscopic image of a micropore (dia-6.62 lJm) in a 

glass substrate without thinning 
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Fig. 6.6 represents typical micrographs of the micropore formed on different borosilicate 

glass substrates of thickness ~ 150 Ilm, considering both pre-thinning and without pre

thinning procedure. As can be found, by adopting thinning procedure, micropore is 

generated but without a well defined circular shape (Fig. 6.6 (a)). Whereas, a direct 

treatment of the glass chip with the spark (without pre-thinning) results in a nearly 

spherical aperture of diameter ~ 10 Ilm dia. which can be revealed from the SEM image 

shown in Fig. 6.6(b). An aperture of dia. ~6.6 Ilm can be obtained with the application of 

a voltage of ] 0 V without pre-thinning, as observed from optical microscopy image 

shown in Fig. 6.6 (c). Unfortunately, micropores of these size could be efficiently used in 

animal cell studies [21] but not good enough to support planar lipid bilayers. Our 

experimental conditions did not provide pores of larger size, though it was demonstrated 

earlier that with the application of a very high voltage (~30 V), pores of diameter ~300 

Ilm could be achieved [15]. Therefore, we looked for an alternate strategy to obtain pores 

of dia. 80-100 Ilm. 

6.2.2 Laser drill method 

The micropore formation by a laser assisted method was carried out at Laser Biomedical 

Applications & Instrumentation Division, Raja Ramanna Centre for Advanced 

Technology (RRCA T), Indore. Fluorine laser mask projection has been used to micro

machine the holes in different materials namely, glass cover slip, PMMA, cellulose 

acetate and polyimide. With this procedure the ideal micropore diameter useful for lipid 

bilayer experiment has been obtained for cellulose acetate substrate only*. Cellulose 

acetate sample is coated initially with NOA 61 UV epoxy on both sides and holes were 

ablated in the UV epoxy under 157 nm irradiation at 6.4X with 22 m] pulse energy (455 

mJ/cm2 fluence) at 100 Hz frequency of operation for 220s (integrated power density 570 

J/cm2
)) till the UV epoxy has been completely removed on both the sides, thereby 

exposing the sample with a circular pore. This has then been etched using 20% HF acid 

solution for 20 minutes thus creating a thorough hole of ~ 100 Ilm diameter in ~ I 00 Ilm 

thick cellulose acetate substrate slip (Fig. 6.7). 
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Figure 6.7: I 00 ~m hole in cellulose acetate substrate created by laser drill method 

6.3 Extraction of lecithin from soya-bean seed 

Lecithin is a yellow-brownish fatty substance, generally found in animals and plant 

tissues and comprise of phosphoric acids, cho line, glycero l, phospholipids etc . It contains 

(21 %) phosphatidylcholin (PC) and (20%) phosphatidylethanolamine (P E). A lecithin 

molecule consists of a hydrophobic tail and a hydrophil ic head. When lip ids are ' painted ' 

in an aqueous solution across an aperture they self-assemble spontaneously where 

l.11l~'lttlrated fatt~· 

llcid 

o 

G lycerol 

Choline group 

Snlura ted f;lll~' 

;lc!d 

Figure 6.8: Schematic diagram of molecular structure of lecithin 
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hydrophobic and hydrophilic- ends align independently, thereby forming a stab le bilayer 

[22]. The typical thickness of the lecithin bilayer is ~4 nm. Figure 6.8 shows the 

schematic diagram of a lecithin molecule. [n real cells, phospholipids are the key 

elements of the bilayer membrane which regulate the flow of ions and other important 

molecules for cellular activity. Knowing that lecithin is a major source of phospholipids 

available in nature, we intended to work with bilayer derived from lecithin. The natural 

lecithin which was extracted from soya-been seed (model RKS-18) through solvent 

extraction process followed by water degumming process [23,24]. The step by step 

procedures are as described below. 

6.3.1 Cleaning and crushing of soya-bean seed 

At tirst, the collected soya-beans are cleaned, dried and de-hulled prior to oil extraction. 

The soya-bean hulls need to be removed as they absorb oil and give lower yield. The de

hulling is done by cracking the soya-beans and making a mechanical separation of the 

hulls and cracked soya-bean. The cracked soya-bean seeds are crushed with the help of a 

grinder prior oil extraction. The photographs shown in Fig. 6.9 are snapshots of soya

bean seeds (used for lecithin extraction) before and after grinding. 

(a) (b) 

Figure 6.9: Soya-bean seed (model RKS-18) (a) before and (b) after grinding 
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6.3.2 Solvent extraction process 

Figure 6.10: Typical solvent extraction system 

The soya-bean flakes were placed into cellulose thimble in a solvent extraction system 

(Socs Plus) [25] and then combined with solvent hexane, which extracts the oil by 

dissolving it out of the flakes . Using heat a strong vacuum, the hexane is evaporated from 

the flakes , and recycled for further extraction processes. While the hexane free crude 

soybean oil is taken for further refining. Fig 6.10 shows a snap-shot of the solvent 

extraction under operation . 

6.3.3 Degum ming process 

The crude soya-been oil obtained through solvent extraction method is likely to contain 

several impurities. The oil insoluble impurities were removed by filtration , whereas, the 

oil soluble impurities were removed by adopting following method: 

Crude soya-bean oil (50 ml) was kept in a 500-mL round bottomed flask fitted 

with a stirring shaft and a padd le shape 7.5 em long teflon impeller driven by a variable 

speed motor. The oil was purged with nitrogen through a sinter glass stick for 2 min and 

then brought to the desired temperature under a nitrogen blanket. Following by starting of 

the motor, desired amount of distilled water (5%) was added to it. When degumming was 

completed, the mixture was cooled down to 40° C and the gums were separated by 

centrifugation (at ~6000 rpm) for J 5 min. The degummed oil was removed by 

decantation. Furthermore, in order to isolate lecithin partitioning the crude gu ms, equal 
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weight of crude gums along with an equal weight of hexane were stirred in a magnetic 

stirrer. With the magnetic stirring, absolute ethanol was then added until a distinct phase 

separation is occurred. At the time of phase separation, the lower layer, consisting of 

water and ethanol, was discarded and the upper layer containing lecithin was made free 

of solvent at 30° C under vacuum. Table 5.2 gives the phosphatide composition of the 

phosphatide fraction in lecithin obtained from soya-bean oil. 

Table 6.2 Composition (wt%) of phosphatides of lecithin obtained from soya

bean oil 

Phosphatides Soya-bean oil 

Phosphatidylcholine 32 

Phosphatidylethanolamine 23 

Phosphatidylinositol 21 

Phosphatidic acid 8 

Others 16 

6.4. Bilayer formation and QD induced ion channel response using planar chip 

technology 

Recognizing the importance of the lipid bilayer membrane in cell biology and biomedical 

applications, the use of size controlled QDs, in these 2-dimensional membrane structures, 

seems demanding and of significant interest in nanobio-interface applications. It may be 

noted that, nanopores and nanoporous artificial membranes were found extremely useful 

in the fields of bioengineering and environmental sciences, to name a few scope for DNA 

translocation [26], fuel cell studies [27], coulter counter device [28], and ultra-high water 

purification systems [29]. 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 governed 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 
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linking intracellular compartments with the extracellular matrix. Moreover, the unhealthy 

and disease-affected cells, both in animal and plant kingdoms, do not support normal ion 

transport process thereby causing abnormal intracellular activity. The ion channel studies, 

in real cells, are generally based on patch-clamp techniques [3], whereas, the practice of 

planar chip method is relatively new and is limited to artificial bilayers only [5,6]. The 

artificial bilayer membrane can be used as a model system to explore transient nanopore 

creation in presence of a field. In this context, the nanopore creation due to oligomeric 

aggregation of inorganic QDs will provide a closer account to understand ion transport 

mechanism in live cells and signaling activity including labeling with fluorescent QDs. 

Below we discuss steps involved in studying the electrophysiology experiment using 

QDs. 

6.4.1 Building Faraday cage and electrophysiology system 

As mentioned above, mechanical as well as electrical stability of the lipid bilayer is very 

much critical in every ion channel experiment. The current fluctuation across a bilayer is 

very sensitive even to the slightest mechanical and electromagnetic noise. Microscopic 

movement and vibration present in all buildings can be damped out by an appropriate 

vibration isolation table placed at a suitable location. 

The complete ion channel experiment was performed using a patch-clamp 

amplifier (EPClO)t and patch master software (HEKA Elektronik, Germany)®. The main 

amplifier had an extension called the head-stage which was capable of interfacing 

amplifier and the planar chip components. Different components such as. patch clamp 

amplifier (main device), head stage (pre-amplifier) and lipid bilayer design were placed 

in a Faraday cage. The cage was connected to the building ground in order to reduce the 

electromagnetic noise to a minimum possible value. The side walls of the Faraday cage 

were draped by thick aluminum sheets. The electrophysiology setup along with patch 

master and fit master® data acquisition software was installed on a PC running on OS 

Windows 2007®. The following photograph shows the patch clamp set up along with 

Faraday cage, main amplifier and the computer interfacing. Fig. 6.11 shows the 
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specimens used in our laboratory for ion channel recordings. Note that , we preferred to 

use cellulose acetate as the bilayer supporting substrate as we could not obtain well 

detined pores on the coverslip (glass substrate). We have performed the lipid bilayer 

experiment using a ~ 100 flm th ick cellulose acetate substrate that has a centrally located 

aperture of dia ~ 100 flm. The cellulose acetate system was chosen as it possesses good 

dielectric properties with a low dielectric constant, low dielectric loss and high values of 

elastic modulus that are comparable to the values observed for other polymeric materials 

Figure 6.11: (a) Ion channel recording setup (b) main amplifier (c) head stage pre-amplifier that 

connects electrolytic chamber and the main amplifi er (d) monitor of PC displaying use of 

patchmaster software® laboratory 

1 - Ql>s+I\CI 
burr~r 

Ag/'\~n 
r lrflrodrs 

1(('1 

burr.r 

Ampliner '--_ .... 

L~rilhin --n::a=~=;;;;;;~;;f.;F1I'" 
bila~·tr on 
fpllulo.. ..,t+HooO 
ar(,ptalp 

Bor05i1ifal~ 
---•• Glan 

Figure 6.12: Schematic of IOn channel measurement setup featuring different important 

components 

156 



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

(teflon, PP, PET). The cellulose acetate substrate with an aperture (of diameter da= 100 

!lI1l is shown in Fig. 6.7. A lecithin lipid bilayer membrane was formed around the 

aperture by a painting method [30-34] following an established procedure (Montal

MUeller technique):;: [22, 35-37]. The schematic of the set up used for ion channel 

experiment is illustrated in Fig. 6.12. 

6.4.2 Formation of a stable lecithin bilayer around the aperture 

Shown in Fig. 6.12, an experimental set-up is divided into two parts and they are 

connected via a small orifice (100 ,.un in diameter) located at centre of a cellulose acetate 

substrate that separates one chamber (cis) from the other (trans). Both the compal1ments 

are filled with ele<;,trolytic, solution (1 mL of 1M KCI, 10 mM I;IEPES at pH= 7.5 at room 

temperature). The paintinKw~~ done by using a thin brush and ~preads a small amount of 

lipid/hexane solvent around the aperture on the trans side. This results in the formation of 

a monolayer of lipids on each side. The t~o lipid monolayers are then p.ulled naturally 

by van der Waals forces to a close proximity, in a process known as "thinning". 

Thick layer of lipid solution is thinned down by a pressure in the upper chamber. In the 

thinning process, primary contribution come from Platue-Gibbs border suction (PGB); 

which arise due to the surface tension of the curvature of the annulus (plateau-Gibbs 

border) [38,39]. As the film ,apP,roaches the thickness of a few hundred Angstroms, 

a second driving force, i.e. the van der Waals attraction between the aqueous phases on 

the either side of the thin bilayer become apparent. [39]. This is followed by simultaneous 

action of PGB suction and van d.er Waals attractive force, but in opposite direction to 

make the thinned bilayer stable. 

The impermeable lecithin bilayer acts as a partition between the two 

compartments (cis and trans-chambers) containing electrolytic buffer. As mentioned 

above, the compartments were connected to the patch clamp amplifier via a pair of Ag/ 

AgCl electrodes prepared in 0.5 M KCl (Fig. 6.12). The resulting current fluctuations 

were filtered by a low-pass filter (with a four-pole Bessel filter at I kHz, with a sampling 

frequency of 10kHz). In order to suppress electromagnetic noise, the whole setup was 
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kept in a Faraday cage with ground connected. to the building ground. The amplified 

current was recorded in a PC operating on OS windows 2007® using. the patchmaster 

software®. 

The bilayer capacitance is given by: Cm = JI(dV/dt) [40]. Here, J is the measured 

current across the bilayer in response to an applied voltage ramp dV/dt. In the present 

case, 100 m V was applied for 20 ms, thus giving a ramp of dVldt = 5 V Is. The membrane 

current was found to be ~209.5 pA (Fig. 6.13). Three traces were shown to ensure 

stability with lapse of time. The (lecithin) bilayer membrane capacitance was estimated to 

be ~42 pF. Theoretically, lecithin membrane capacitance is predicted as ~57 pF (for soya

lecithin bilayer Cs ~0.75 IlF/cm2 [41]) by using eqfi. 6.-5. I 

For obtaining a stable bilayer, the whole aperture was believed to be covered by 

the bilayer itself. In that case, the diameter of the aperture (da) is equal to the membrane 

carrying pore diameter (dp). The relation between membrane capacitance (Cm) and the 

diameter (dp) of the membrane carrying micro-pore can' be expressed by: 

(6.6) 

Here, A =~ d~ is the area of the bilayer membrane, 80 is the permittivity of the free space 

(so = 8.85x 10.12 F/m), 8m is the dielectric constant of the membrane and de is the thickness 

of the lipid bilayer. Considering 8m of lecithin equals to the dielectric constant 

-c r: .. 
;I 

300.,..... __ ............ "'""_-... ...... ~...-_ .... 

150 

o ......... ........................... . t.... .. ................ _ .................... . 
! 

U .150 

i 
! 
i 

.... i 
"'1" 

.. 300 .... ~--..,....... ... -......... !~ .......... _ ............... _ .... 

o 10 15 . 20 
Time (ms) 

Figure 6.13: Variation of current with the application ofa ramp voltage (100 mV/20 ms) across 

the lecithin bilayer, recorded at different times 
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of the' supported lipid bilayer (8",= 3) in the aqueous solution [42], the lecithin bilayer 

thickness is calculated as -4.96 nm. The bilayer under study was found to form a giga 

seal (-3-10 GQ) around the micropore that is responsible for partitioning the two 

electrolytic chambers. The bilayer was fairly stable up to a time duration of -390 s. The 

stability of the bilayer could be realized from a fairly uniform value of the membrane 

current (-209 pA), recol'ded at different intervals (Fig. 6.13). 

6.4.3 QD induced ion channel response and induce nanopore formation 

Biological membranes play an important role in the normal functioning of all biological 

cells. They maintain concentration gradients of ions inside and outside the cell by acting 

as a selective filter for ions and molecules of specific kind. The selective flow of ions 

across the membrane is governed by ion channels caused by special kind of proteins [43]. 

These proteins could form pores across the membrane which can open and close 

selectively. For basic understanding of th.e Rroperties and functioning of biological 

membranes as well as ion chant)els, som_e model systems such as, artificial planar lipid 

bilayer membrane; artificial Iiposomes has been used by various groups. Our study on ion 

channel has value, in the sense, that, we used natural lipid extr,act derived from soya-seed. 

The bilayer formatiol) around an,.apertur~ across a new substrate material, cellulose 

acetate is also a new addition to the study. The observed ion channel activity in our set-up 

is as detailed below. 

After obtaining a stabl,y bilayer around the aperture, 4.2 nmol/ml water soluble 

CdSe QDs (-20 lun size)**** were injected into the cis compa11ment of the electrolytic 

chamber with the help of a Hamilton® microsyringe. Note that, while trans- side of the 

chamber was connected. to the head stage of the amplifier, the cis- compartment was held 

at virtual ground. The noise level of the whole setup was reduced to < 2 pA by grounding 

the Faraday cage with the ground of the building. About a minute later the QDs are 

added, current bursts were observed in response to an applied voltage across the lecithin 

bilayer membrane. Fig. 6.14 depicts the traces of cunent fluctuation when the bilayer was 
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Figure 6.14: Current fluctuatIOn measured across the lipid bilayer due to insertion of QDs at a 

biasing voltage ofCa) -to mY (b) -20 mY (c) -90 mY 

subjected to different biasing voltages of -10 mY, -20 mV and -90 mV (Fig. 6.14). An 

apparently enhanced current magnitude was witnessed with an increasing biasing voltage 

from -10 to -20 mY. We anticipate instant oligomeric aggregation of QDs in the lecithin 

bilayer, allowing counter ions to pass through the nanopores under an external field. A 

higher voltage indeed facilitates a higher concentration of ions resulting in a higher 

magnitude of the current burst. But an extremely high voltage (-90 m V), since the 

leakage current was extremely large, we failed to record 'and extract the current bursts 

(due to QD aggregation) with absolute certainty. The leakage current, as a result of 

rupture of the bilayer, is generally noticed in the form of overall snift of the plot from the 

base line (Fig. 6.14(c)). The plots representing number of events vs. current histograms 

over a number of experiments are shown in Fig. 6.1S. The main figure is a histogram to 

represents current vs. channel events corresponding to a biasing voltage. This has been 

replotted in terms of conductance (IN) response to channel events (insets of Fig. 6.IS). 

All these have been explored by using OriginPro-8.S software. As can be found, there 

exist two dominant conductance states: a high-end level of -14.3 nS and a low-end one as 

-6.3 nS (inset of Fig. 6.1S(a)), corresponding to a bias voltage of -10 mY. The respective 

conductance levels, corresponding to a higher bias voltage (-20 mY), are -21.1 nS and 

-II nS (inset of Fig. 6.1S(b )). Earlier, the prime conductance value of -2.3 nS was 

observed by a group where -12 nm CdSe QDs were inserted in an artificial phospholipid 

bilayer [37]. Moreover, the high-end value (-14.3 nS) is close to the conductance value 

-IS.8 nS, as predicted theoretically for ion channels created by 12 nm CdSe QDs and 

reported in an earlier work [44]. The dwell time, which signifies the duration of on/off 

condition of a particular 
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Figure 6.15: Event vs. current histograms of QD induced ion channels, corresponding to the bias 

voltages of (a) -10 mY (b) -20 mY. The fi gure-insets show the respective conductance-histograms 

for identifY ing indiv idual open conductance states, away from the closed states 

Flow ofions: 1(", CI· 

Lipid bilayer 

Figure 6.16: Schematic of flow of ions th rough nanopores created by aggregated QDs across a 

lecithin bilayer 

conductance state, as a result of ion channel acti vity can be estimated by averaging over a 

number of events. In the present case, the magnitude of dwell times are predicted as 

~384, 400 ps and 390, 4 11 ps, as fo r - 10m V and -20 m V bias ing voltage cases; 

respectively. 
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Note that, each of the QDs has a permanent dipole moment that can be influenced 

by the application of an electric field producing a torque on the QD dipole. The torque 

produced. enforce QDs to insert into the bilayer. In this context, it is to be noted that the ... ... 
torque is the cross product of dipole moment p and the electric field vector EF. i.e . ...... ... 
TF=P xEF• When the angle between dipole moment and electric field vector is 90° torque 

experienced by the QDs is maximum. In this situation, dipole-dipole attraction 

mechanism becomes dominant over Brownian movement, yielding an aggregated 

structure with a nanopore that could allow ions to pass through (Fig. 6.16). 

6.4.4 Assessment of ion channel activity through simplified models 

Know that, the conductance value is the intrinsic parameter of a definite ion channel and 

is largely dependent on the interface region of the nanopore created by QDs in aggregate 

form. As far as the interface region is concerned. there can be two possibilities of well

defined nanopore geometry: spherical and non-spherical nanopores. For mathematical 

simplicity, generally spherical nanopores are treated without considering curvature effect. 

Non-spherical nanopores involve complicated formula but better suited for large 

aggregation number. By assessing the behavior of ion passing mechanism through 

different shaped pores, one can control the ion channel activity in a more precise way. 

Presuming the ion mobility as uniform throughout the experimental chamber (ion 

mobility inside the pores is the same as in the bulk), here we discuss both the options to 

adjudge our experimental results. 

Modell: Ion channel activity due to spherical nanopores 

This is an oversimplified version of the entrapped region created by spherical QDs. In 

this case, the conductance level Gs can be related to the spherical shaped nanopore of size 

d"pore as [37]; 

(6.7) 
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Here, ddol is the diameter of the QDs participating in the aggregated structure, (7 is the 

conductivity of the electrolytic buffer. The conductivity of the 1 M KCI+ 10 mM HEPES 

buffer at 300,K is -98 mS/cm, whereas size of the CdSe QDs used,in the experiment is 

-20,run. 

; , 

Model 2: Ion channel activity due to non-spherical nanopores 

Pores of non-spherical geometry are mostly considered due to insertion of helical proteins 

in cell-membranes leading to ion channels. We can also use the relevant formula in the 

present case, owing to the curved surfaces of,the QDs and knowing that, the aggregated 

system is far from static equilibrium. Since the pores are created by aggregation of QDs 

with curved surfaces, in reality, one cannot expect ,formation of spherically symmetric 

entrapped regions (spherical nanopores). In that case, ion channel conductance (GIlS) in a 

bilayer membrane can be related to the diameter of the QD-induced nonspherical pore as 

per following relation [45-47]: 

\ 2 
G :;:, uLndnpore 

,11S, 4(1+(71dnspore)/4] , 
(6.8) 

Here, I is the length of the pore and '(7 bemg'the conductlvity of the buffer. In our case, 1= 
, 

4.96 inn which is the thickness of the lecithin membrane; dllSpore is the diameter of the 

nonspherical pore formed as a result of QDs aggregatIon. Note that, the conductance 

values for model-l and 2 are dimensionally differed bi a length parameter "r'. In the 

model-2 the resistance (Rns) is defmed as Rns=(IIGn..) [45-47]. 

J 'Referring to model-I, and considering two conductance values of 6.3 nS and 14.3 

'oS (corresponding to a bias voltage -10m \1), we predict the size (dspore) of the spherical 

nanopores as -4 run and -6.09 nino As for the case of the bIasing voltage of -20 mY, the 
, . \ 

respective pore diameters of the spherical nanopores were calculated to be -5.3 run and 

-7.5 run which corresponded to the' conductance lev~ls of 11 nS and 21.1 nS; 
• r eJ j.}"1, I J-

respectively. The corresponding pore diameters, as calculated using model-2 and 

applicable for the non-spherical nanopores (dnspore), were estimated as -0.95 nm and -1.5 

om, for a bias voltage of -10 mV and -1.22 run and -1.8 run for a bias voltage of -20 mY. 

Appar~ntly, dn.<pore :5; dspo;e: It ~y be noted that, consideratIon of non-spherical pore fonnatIon is a 

better approximation (over spherical ones) which could account for interfacial effec~ and 
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possible surface charge interactions among neighboring QDs. The consideration 

of non-spherical pores over spherical ones was also accommodated in a similar work 

[48]. Not surprisingly, the ion channels induced by the QDs can be dependent on the 

shape of the nanopores, which may be due to nonstatic nature of the aggregated QDs. 

Previously, nanopore shape- dependent ion conductance fluctuation was noticed for 

KasA potassium channels [48]. It was believed that, when the bilayer is SUbjected to a 

biasing field, the QDs permeate and aggregate owing to a net dipole moment of the dots 

[49]. However, the formation of nanopore is a transient,process and can be affected by 

thermal effects and stress fluctuation. In presence of an external electric field, the QDs 

(with a dipole moment) would experience a torque enforcing their insertion into the 

membrane. The aggregation behavior of the QDs is believed to be dQe to the dominance 

of electrostatic interaction of the dots over Brownian agitation, resulting in' a 

conformation of minimum surface energy. 

As stated above, the variation of pore conductance strictly depends on the shape 

of the pore as well as on the diameter of specific nanopore. More precisely, the pores are 

created by the transient aggregation of QDs, creating current bursts of varied magnitudes. 

Now both the models can be used independently to compute the number of QDs (No) 

involved in the creation of an aggregated structure, described by the following relation 

[49]: 

(6.9) . 

The spherical shaped nanopores, exhibiting high (14.3 nS) and low (6.3 nS) values of 
, 

conductance states are as a result of aggregation of 3.6 and 3 nos. of QDs; respectively 
~ \ \ ~? • : I 

(Table 6.3). The corresponding NQ values were -2.6 and -2.4, for non·spherical pores. It 
~ I ~ If j ~ , 

is worth ~entioning here that, a coplanar assimilation of -3 QDs would represent a close-

packed network and ions are not necessarily allowed should the pores are filled with lipid 
, , ' 

molecules. It is very likely that, the migratiQn of ions through the nanopores is bighly 
r • I j 

stochastic in nature, but capable of forming most probable ion conductance states owing 
, ' 

to activity of transient pores. This is because, an aggregation number with NQ < 3 has no 

physical meaning, as far as the entrapped region is concerned. But, an aggregation of 3 

QDs would repres7nt a minimum energy configuration that might describe a sqtall, open 
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conductance state when ions make their way for free passage, in response to a biasing 

voltage of -10 mY. In contrast, in a spherical nanopore approximation (model-I) an 

aggregation of ~3.6 QDs would indicate momentary involvement of an extra quantum dot 

in the aggregated state, giving rise to the formation of a larger nanopore, and 

consequently a higher conductance level. On the other hand, referring model-I, number 

of aggregated QDs corresponding to the conductance values of ~ 11 nS and 21.1 nS 

(gating voltage -20 m V) were found to be ~3.4 and ~3.9; respectively. In contrast, with 
• 

reference to model-2 (non-spherical pores), the relevant conductance states are 

characterized by an aggregation no. (NQ) of ~2.55 and ~2.7. The different parameters 

(pore diameter, no of aggregated QDs, conductance value) of ion channels created by the 

application of different bias voltage for both the models are highlighted in the Table 6.3. 

Owing to the consideration of larger sized QDs in our experiment, the spherical 

pore size created by the QDs is found to be comparatively larger than the ones reported 

by other groups [37,49]. Theoretically, an aggregation of 5,6 QDs may be possible, but 

in reality, thermal agitation is likely to perturb such a configuration for a longer duration 

of time [44]. Consequently, it can flip either to 3 or, nearly 4 QD aggregation thereby 

exhibiting an assembly of minimum energy configuration that is thermodynamically 

favorable. The undulation of QD aggregation may also be responsible for this flipping 

action. It is highly likely that, the QDs which experience oligomeric aggregation depart 

from their exact positions with time. As a result, channel events may exhibit stochastic 

Table 6.3: Different parameters related to QD induced ion channels considering different 

models 

Bias Conductance Model 1 Model 2 
voltage (nS) 
(mV) Spherical Aggregation Non spherical Aggregation 

Nanopore no.ofQDs nanopore dia no.ofQDs 
diameter (nm) (No) (nm) (NQ) 

-10 6.3 4.0 3.0 0.95 2.4 
14.3 6.09 3.6 1.5 2.6 

-20 11.0 5.3 3.4 1.22 2.55 
21.1 7.5 3.9 1.8 2.7 
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trend due to dynamic nature of ion conducting pathways (nanopores). Nevertheless, the 

most probable states can be ascertained through histogram traces performed on a number 

of channel events and using available theory of nanopores. We also invoke that, the 

observation of two conductance states, for a given biasing voltage not necessarily 

represent independent states but may call 'for simultaneous opening of an independent 

state. In this regard, mixed states due to simultaneous opening of fundamental states need 

to be addressed, which is one of our future objectives. Note that, the ion channels could 
, 

not be recorded at a higher biasing voltage owing to bilayer instability which caused large 

leakage current followed by abrupt. 
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CHAPTER 7 

A Theoretical Approach on the Aggregation of Spherical QDs into 
Reconstituted Phospholipid Bilayer for Ion Channel Activity 

! ' ~ 

Over the years, as an essential and promising component of nano-biotechnology, size 

selective QDs have gained accelerating research interest owing to their ability to act as 

carrier to trans locate proteins, drug molecules and other useful materials into cells and 

biomembranes [1-4]. The potential biomedical application of QDs, in fact, requires a 

precise control over QD-cellular interaction, while ensuring a high degree of selectivity 

and bio-compatibility. Govern'ed by thetino-diffusing property, the interaction can largely 

dependent on a particular QD geometry. The shape of the QDs also plays key role on the 
, 

nature of interaction with the biomembrane and shape of the nanoparticles (NPs) has a 
• • f • 

direct influence on'the ceIllit'ai-' uptake process [5-8]. The geometry effect is likely to 

dictate their ability 'to' seleCt 'specific cell types and'may alter' the dwell time response 

inside the cell. It may be noted that, the penetrating capability iof the NPs across a lipid 

bilayer, is determined by the! contact" area, the orientation between the particle and the 

lipid bilayer, apart from their h~drophilic and hydfophobic functionality at large [9-11]. 

For a particle undergoing Brownian motion, the mean square displacement (MSD) 

is defined as the square of the displacement of the particle at one time relative to the 

position of the particle at zero time, averaged over many particles [12]. In case of 

unobstructed (simple) diffusion which occurs partly due to thermal effect, the MSD of the 

diffusing particle is directiy proportional to time, But in disordered systems such as in 

cell membrane, the'MSD is proportional to a fractional power of time not equal to one 

besides the simple one. The non-typical, obstructed diffusion is recognized as anomalous 

diffusion [13]. 

The simple diffusion of a particle is possible only in homogeneous free solution. 

But while it moves through semi permeable membrane e.g., live cell, lipid bilayer 

membrane etc. their diffusion is hindered by different diffusible and immobile molecular 

crowding agents such as, lipid domains, proteins, immobile species and several 

cytoskeleton elements. In this case, the particle departs from simple Brownian mechanics 

and show several other modes of complex diffusion including confined, sub-diffusion, 

and heterogeneous diffusion [14]. 
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Typically, a lipid bilayer is nothing but a thin polar membrane made oftwo lipid 

leaflets with hydrophilic 'head' groups on both the sides while hydrophobic 'tails' 

immersed in the core. Because of this 'hydrophilic-hydrophobic-hydrophilic' makeup, 

cell membranes present an obstruction to most polar molecules. In order a NP to 

permeate through the bilayer, there must be an interface between the NP and the lipid . . 
bilayer so that the NP could be delivered easily without affec,ting the bilayer stability 

[15,16]. In this regard, the surface morphology of It he NPs, playa critical role wh~le NPs 

fInd their way in the bilayer [17]. The NPs cO,ateg ~itq a strucJUred surface monolayer of 

hydrophobic and hydrophilic ligands are capable of penetrating the lipid bilayer via 
# ." .;, > ,... 

interaction between the NPs and the lipid. When, surface of the.NP is composed of a 

mixture of hydrophobic and hydrophilic ligands, ,they are capable of rearranging 
, ' , 

themselves in order to maximize their favorable intera~ti(;ms with the hydrophobic core 

[18]. When a hydrophilic NP comes in contact with, the lipid bilayer, the hydrophilic 
# ) ,.! 

heads of the bilayer get attracted by the NPs, wh~le the hy~ophobic tails are repelled and 

consequently, generating a hydrophilic h.ole around it .inside the bilayer [19]. 

In this chapter, we have highlighted the movement of spherical QDs in different 

environments, namely electrolytic solution and lipid bilayer, in their pre-aggregated state. 

Both qualitative as wel1 as quantitative analogies on the behavior of the Brownian motion 

of spherical QDs are discussed in conjunction with the formation mechanism of 

aggregated states responsible for the evolution of various ion conducting pathways (ion 

channels). At first, a theoretical model is developed with. respect to diffusion aspect of 

spherical QDs and later, a correlation is put forward between the aggregated s~ates of the 

QDs and ion channel conductance states. In every case, the dependence of mean square 

displacement (MSD) [12] and relaxation time (r) has beeD; evaluated as a function ofQD 

size (spherical QDs and that of the aggregated structure). The schematic shown in Fig 7.1 

(a-d) depicts the nature of Brownian motion of spherical QDs with special consideration 

to complete insertion and partial insertion across the bilayer. 
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(a) 

(c) 

L~I -
Figure 7.1: Schematics representing the behavior of QDs in (a) electrolytic solution and (b) lipid 

bilayer in pre-aggregated state. The QD aggregated state with full and partial insertions arc 

depicted in (c) and (d); respectively 

7.1 Brownian movement of spherical QDs in different media 

7.1.1 In electrolytic solution 

The MSD «?» of a spherical QD undergoing Brownian motion in free solution, in 2-

dimension is given by [20] , 

< / >=4Dol (7. 1) 

Here, D o is the diffus ion coefficient of the QD and t is the diffusion time [12] . 

According to the Stokes-Einstein re lation, the diffusion coefficient (Do) of a 

spherical QD of diameter d in :liee so lution is given by [20,21]: 

kT 
Do=--

31T1Jsd 
(7.2) 

where, k is the Boltzmann constant, T is the absolute temperature. 1]s is the viscosity of 

pure solvent. 

The re laxat ion time (r,) j.e., time in which QDs undergo Brownian movement to a 

distance equal to the radius of the QDs and experience successive collisions in the 

electrolytic solution, can be expressed by: 

r, = (%)2 
Do 
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Substituting Do from Eq. (7.2), we get 

_ (~)z 
T,.-(~) 

31f1/s d 

(7.3) 

Essentially, a large particle size and a higher particle concentration may suppress the 

bilayer stability significantly by increasing their surface coverage in the bilayer (20]. In 

principle, the parameterization ofQD size, depending on their concentration, is beneficial 

while considering tolerable insertion in the bilayer of interest. As shown earlier, in 

electrolytic solution, the concentration of the salt (i.e., NaCI (0-300 mM)] has a little 

effect on the diffusion behavior ofthe QDs (CdSe-ZnS) [20J. Nevertheless, concentration 

of the QDs is likely to affect the diffusion response of the individual QDs. The effective 

diffusion coefficient (Del) of a QD in an electrolytic solution is given as [22], 

(7.4) 

Here, kd is the interdot interaction parameter and C is the QD concentration in the 

solution. As in the present case we consider only neutral hydrophilic QDs, it is expected 

that the diffusion response is affected only by permanent dipole-dipole interactions 

among them. Whereas, other interaction phenomena such as, electrostatic, hydrodynamic 

interaction etc. will have the least effect. For dipolar interaction cases, the interaction 

parameter (dipole strength) can be defined by [23,24] 

u 
)...==

I kT 
(7.5) 

Here, V == - e
2

d
2 

3 represents attractive interaction energy [25] between the two dipoles 
471EoEsL; 

(QDs) (diameter d) separated by a distance Li in an electrolytic so Jution of dielectric 

constant Es (for water Es==78). kT signifies thermal energy associated with the system. 

Now substituting }'i for kd in eqn. (7.4), i.e., considering attractive dipole-dipole 

interaction, we have 

Further, the concentration dependent MSD (MSDc) ofa QD in an electrolytic solution can 

be rewritten as 
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(7.6) 

and, the relaxation time as, (7 .7) 

7.1.2 In reconstituted phopholipid bilayer (pre-aggregate state) 

"1 dI2 

Figure 7.2: A scheme of membrane inclusion of size dl2 in a lipid bilayer of surface viscosity rIm 

surrounded by viscous fluids of viscosities r; J and y! 2 

Unlike the Brownian movement of a particle in a homogeneous medium, in the lipid 

bi layer environment, the particle movement is characterized by a well known Sa.rfman

Delbruck (SD) approximation, which accounts for the diffusion coefficient and the 

particle size [26,27]. The SD model describes the hydrodynamic problem of translational 

and rotational diffusion of the membrane inclusions surrounded by the respective media 

with respective bulk viscosities '1 I and '12, shown schematicaUy in Fig. 7.2 (28] . 

As per the hydrodynamic model, the membrane inclusion of diameter d is 

characterized by a reduced size, eh = dllh , where h = ~ can be defined as the 
711 +112 

hydrodynamic length scale or the Saffman-Delbruck (SD) length [29] . The translational 

and rotational diffusion of the particles in the membrane would change depending on the 

ratio of Ch = dlh and the model is valid especially for d < Cli [30]. Essentially, the 

diffusion of a particle of diameter d, in the lipid bilayer, can be described as [26,27, 31] : 

kT 
DL = -4 h [In (AL) -Y] 

1f11m 
(7.8) 

Here, h is the lipid bilayer thickness and for a phospholipid bilayer h =4 nm, 7] ", is the 

surface viscosity of the membrane (for a homogenous membrane, 7]m71h with )1 as bulk 

viscosity) [28] and fJ is the viscosity of the membrane surrowlding fluid. By and large, 
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the SD approximation is accurate for Tfm«Tf [32]. In addition, AL=2!E:" = 1J~)' where Tfm= 

4x 10-10 Pa.s.m [28, 32], and 1]1.2 = 10-3 Pa.s (see Fig.7.2), and y = 0.577 is the Euler's 

constant [30]. Therefore, eqn. (7.8) is valid only for the particles having radius ~ < 1Jm. 
2 27] 

For the free diffusion of spherical QDs in a lipid bilayer, the MSDL «/» is 

given by [33) 

</>=4DLt (7.9) 

Substituting eqn. (7.8) into eqn. (7.9), the MSDL can be redefmed as, 

</>=4{~ [In (Ad - yJ} t 
41f1Jmh 

(7.10) 

The relaxation time, in this case, is given by 

or, fL = kT (~)2 
{--h [In (JLJ-Yl} 41t1Jm 

(7.11 ) 

Owing to dipole-dipole interaction (with QD concentration C) in lipid bilayer, the 

expression for MSDLC can be stated as, 

or, 

Putting E:L = 2 , for lipid bilayer [34] in the expression U = - e
2

d
2 

3' 
41fEoE[L( 

In this case, relaxation time expression can be redefined as, 

(7.12) 
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I.e., (7.13) 

7.1.3 In reconstituted pbopbolipid bilayer (aggregated state or, ion conducting state) 

As reported earlier [35], after insertion into the bilayer, QDs aggregate and form ion 

conducting pores. The diameter of the pore (dpore) formed as a result of aggregation of N Q 

number ofQDs, is given by [35]: 

(7.14) 

Here, ddol is the diameter of the participating QDs (assuming negligible inhomogenity) 
I •• " 

that results in the formation of a nanopore. Using this relation, for a uniform size of QDs, 

the diameter of the P?res corresponding to an aggregation of a certain no. of QDs can be 

predicte~l. 

The conductance state (G), and the diameter of QDs forming pores can be 

expressed as per the following equation [36], 

Therefore, 

2 
G= u rr d pore 

4ddot 

1 

d - (~)2 pore - u rr (7.15) 

Here, (J is the conductivity of the bulk solution (98 mSie/cm of 1 M KCl+20 mM HEPES 

buffer at pH 7.5) [36]: used in the lipid bilayer experiment. We can evaluate the 

translational Brownian motion (MSDu and ru) of the aggregated structure, representing 

the conductance state G by substituting ddol (diameter of QD) by d pore (diameter of QD 

forming pore) in eqn.(7.1 0) and eqn.(7 .11); respectively. 

The MSDu of the aggiegated structure formed by spherical QDs during current 

burst can be expressed as, 

(7.16) 

Here, 1 

(
ddotG)2 

11 rru 
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Accordingly, the relaxation time, in this case, can be formulated as 

(7.17) 

Here, DLA={~ [InCA;') - yl} is the diffusion coefficient of the conductIve QD ion 
41lTJm h 

channel across the hpid bilayer. 

7.2 Assumptions made in the theoretical treatment 

An associated problem with the QDs for tracking molecules in live cells IS theIr scope of 

nonspecific adsorption. Of technological interest, we considered here spherical QDs of 

dimension in the range of d = 2-20 nm. Note that, in the respectIve range of dimensions, 

the reduced size of both the QD types l.e., Esp have values« 1. In other words, the length 

scale falls within the scope of the SD approximation (eqn. (7.8». Moreover, the reduced 

size of the aggregated structures, formed as a result of assimilation of spherical QDs (ELA) 

is expected to be «1 for a given value of d. 

The exclusive use of the SD equation (eqn. (7.8)) is considered for exploitmg 

diffusion dynamics of the QDs in their aggregated state. In the present work, the QDs are 

presumed to be hydrophilic, so that an easy permeation through the bIlayer can be 

ensured while dictated the mechanism is by simple diffusion dynamics. 

Applying a theoretical treatment on the suitably chosen range of spherical QDs, 

we obtained several characteristic plots that meaningfully describe the nature of diffusion 

dynamics of the pre-aggregate and aggregated states. We h~ve studied free diffusion 

considering a typical diffusion time as 0.1 sec, for the calculation of MSD. The viscosity 

of the solvent and temperature of the solution are considered as 0.862 cP and 298 K 

(room temperature); respectively. Whereas, for lipid bilaxer the temperature is assumed 

to be 298 K, equal to the electrolytic solution. 
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7.3 Movement of QDs in different media 

7.3.1 In electrolytic solution 

In an electrolytic solution, the free diffusion of a QD can be affected by its size, QD 

concentration and viscosity of the solvent. First we consider that there is no any 

interaction between the QDs. As can be observed from Fig. 7.3 that MSD falls rapidly 

and then slowly with the increasing the size of the QDs (eqn. (7.1)). Conversely, the 

relaxation time, Tr shows a reverse trend (eqn. (7.3)). The -2 nm QD sized has a 

characteristic MSD magnitude of -1 0.12 ~tm2. However, the 20 nm dots exhibited a much 

lowered MSD as -1.01 ~m2. The respective Tr values are estimated as -0.03 and -39.52 

10 .w 
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Figure 7.3: A1SD and T, VS. size of spherical QDs in electrolytic solution 
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~s; respectively, Thus, the smaller QDs experience a larger magnitude of MSD but a 

reduced value of relaxation time. The red-dotted line curve (a) depicts a close fit of MSD 

dependency on diameter, d. The fitted curve, in fact, signifies bi-exponential decay 

behavior: y = AI exp (-x/d l ) + A2 exp (-x/d2) + Yo, withyo= 0.760, AI = 6.064, d l = 6.376, 

A2 = 22.785, d2 = 1.306. Thus, one can easily predict the MSD of a spherical QD for a 

known value of d, as per formulation. This gives MSD = 6.064 exp (-d/6.376) + 22.785 

exp (-d/l.306) + 0.760. On the other hand, the variation of relaxation time T
" 

with d, 

exhibited a bi-exponential growth trend (green dotted curve, curve (b» fo Howing y = A I 

exp (xld l ) + yo where yo = -3.313, AI = 1.812, d, = 6.3. Similarly, the value of T, • 

corresponding to any value of d can be calculated by using T,. = 1.812 exp (d/6.300) -

3.313. 

The effective dipole-dipole interaction between QDs is considered assuming 

interdot separation as 2 nm (eqn. (7.6) & (7.7). Knowing the dipole interaction 

parameter, Ai is a function ofQD diameter, d, the following plots can be obtained for both 

the small (2 run), and large (20 nm) sized QDs. As can be evident from Fig. 7.4(a) and 

7 .4(b), MSDc and TC are not affected with the increase of QD concentration from 1-10 

)J.M for both the QD sizes with respective interaction parameters as Aj= 0.35 and 35. 

7.3.2 In lipid bilayer, in the pre-aggregated state of QDs 

In a bilayer, the diffusion response ofthe spherical QDs, can be affected by QD size and 

concentration. While temperature of the lipid bilayer is considered same as the 

electrolytic solution, one can address the diffusion behavior of QDs in pre-aggregate 

state, as described below. 

Figure 7.5 display a size dependent. weak exponential decay and raising behavior 

of the MSDL (curve a, with fitted graph y = yo + A I exp (-(x-xo)Id,), yo = 0.227, xo = 

1.826, AI= 0.807, d j = 7.451) and the relaxation time, TL (curve b with fitted curve y =: AI 

exp (xld,) + Yo, yo = -3.117, A I = 2.876, d l = 11.1 08) while QDs undergoing diffusion 

in the bilayer (eqn. (7.10) and (7.11». The 2 nm QDs posses an MSDL is -1.03 ~m2, 

whereas, 20 nm QDs as, ~0.28 ~m2. It predicts, MSDL are nearly -10 times smaller than 

those found in the electrolytic media and consistent to the value predicted experimentally 

[37]. The reduction of MSDL is attributed to the components such as, higher viscosity of 
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the bilayer than the electrolytic counterpart. In contrast, the relaxation time (TL) of ~2 nm 

sized QDs in lipid bilayer is found to be ~9.7 times relaxation times in the electrolytic 

solution. On the other hand, for ~20 nm QDs in the electrolytic so lution, exhibit ~2.7 

times the relaxation time in lipid bilayer. This indicates greater local ization of smaller 

sized QDs across the bilayer over that of the larger ones (QDs). 

It is also important to assess the diffusion response for a varymg QD 

concentration. Figures 7.6(a) and (b) show MSDLc (and TLc) versus concentration ofQDs 

in lipid bilayer and in presence of dipole-dipole interactions between the QDs (for QD 

dia. = 2 om and 20 nm) separated by a distance of ~2 nm (using eqn. (7 .12) and (7.13». 
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Figure 7.5: MSDL and r L vs. size of spherical QDs in lipid bilayer 
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Here, the MSDLC and the !LC are found to exhibit nearly analogous behavior as obtained 

in case of electrolytic solution, for both the sizes. But it may be noted that the dipole 

interaction response is stronger in lipid bilayer than the electrolytic media with dipole 

interaction parameter Ai = 14 and 1400 for 2 and 20 nm QDs; respectively. 

7.3.3 In lipid bilayer, in the aggregated state of QDs 

Earlier, it was demonstrated that after insertion of QDs into the lipid bilayer, in presence 

of an electric field, the QDs aggregate and form ion conducting pores. In the lipid bilayer, 

the pore formation is established as a result of aggregation of a minimum number (3 nos.) 

ofQDs [35]. 

During current bursts, owing to different conductance states of the QD induced 

ion channels, the addition and subtraction of QDs may occur in an aggregated state 

similar to the case of alamethicin ion channel [38]. The diffusion behavior of aggregated 

QDs (representing different conductance states) is useful in the study of QD ion induced 

channels on the assumption that, pre-aggregate states do not correspond to appreciable 

conductance fluctuations. Using eqn. (7.14) we obtained a set of plots on the size of pores 

formed by the QD aggregation undergoing diffusion across the reconsti tuted lipid bilayer 

(Fig. 7.7). As can be seen, the pore dia. tends to increase with the aggregation number as 

well as with the size of the QDs. For an aggregated structure of3 QDs (each of dia. 12 

3 4 6 
N Q 

Figure 7.7: Size of the nanopore (dpore) formed by aggregated QDs vs. no. of aggregated QDs of 

various size 
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Figure 7.8: Conductance state and MSD va lue vs . no. of aggregated spherical QDs, with (a) fu ll 

insertion (GF, MSDuF) (b) partial insertion (Gp, MSDl.;w) cases shown independently 

nm), the size of the pore is estimated to be ~ 1 . 85 nm, and is consistent to an earlier report 

[36]. Note that, with NQ = 6, the pore formed by the QDs becomes nearly equal to their 

finite size. Therefore, any structure fonned with this value of Nr) corresponds to a 

conductance state between 3-6 QD aggregates with high-end conductance state fo r NQ = 6 

and low-end state for NQ = 3. This is because, for any aggregation with NQ > 6 would 

result in a situation where the pores can accommodate additional QDs that lead to 

intermediate (sub-) conductance states. 

It is also important to encounter the nature of QD insertion fo r definite ion 

channel activity. In the present case, we have considered two extreme cases of QD size: 

the first , - 2 nm QDs- a case of complete insertion into the --4 nm thick bilayer 

(Fig.7.1(c» . Second, - 12 nm QDs- a case of partial insertion (Fig. 7. I(d» . Fig. 7. 8 

depicts variation of conductance and the MSDLA values with the no . of aggregated QDs 

while considering the response under full (MSDuF) and partial insertion (MSDLAP) cases 

(Fig. 7.8 (a) and (b») . Each of the conductance state corresponds to the current burst 

across the bilayer and thus depicting an abrupt ion transduction pathway. As a general 

trend, it can be observed that in both the cases, the MSDLA follows an exponentially 

growing behavior with the aggregation number of the QDs (NQ) . From the titted curve 

(green dotted line), one can easily determine the movement of an aggregated structure 

depending on NQ and insertion behavior. As for full and partial insertion cases, the 
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respective simplified relations of the MSDLAF and MSDLAP can be stated as MSDLAF = 

-3.272+0.666 exp (0.555NQ) and MSDLAP = 1.045+3.890 exp (-0.547 NQ). 

For NQ = 3 (each of QD dia. ~2 nm), the conductance (GF) associated with the 

current burst (ion channel) is estimated to be ~0.368 nanoSiemens (nSie), whereas 

MSDLAF is ~2.38 11m2
• Similarly, for NQ = 4, the GF and the MSDuF are ~2.64 nSie and 

~2.06 11m2
; respectively. In contrast, aggregated structure formed by NQ = 6, has 

corresponding values as ~15.39 nSie and ~1.77 11m2
• 

In the same way, the conductance states can arise due to the aggregation of larger 

sized QDs (each of dia.12 nm) which predict that the minimum conductance value (Gp) 

for a current burst is -2.2 nS. This value is in close agreement with the experimentally 

observed conductance state [36]. The corresponding MSDup is -1.79 11m2
. Moreover, the 

conductance state (Gp ~15.8 nSie) described for NQ = 4 is accompanied by an MSDLAP 

value of -1.47 11m2
• Similarly, a high value of conductance level (Gp ~92.3 nSie), with 

NQ = 6 is characterized by a reduced MSDLAP value of -1.18 11m2
. 

The intersection point of conductance and MSDu responses for both the size 

dependent situations tum out a common aggregation number of ~4.6. The corresponding 

parameters for 2 and 12 urn QDs are ~5.73 nSie, -1.95 1!ffi2 and ~35 nSie, ~1.36 11m2; 

respectively. Since the MSDLA is ~ 1.4 times smaller in case of larger sized QDs 

(MSDu.p< I.4MSDuF), it is likely that the QD aggregates are associated with slow 

undulatory motion and thus establishing stable ion conducting pathways. Also a larger 

sized QD aggregation is characterized by a -6 fold increment in conductance 

corresponding to the smaller sized ones (MSDL~P>6MSDLAF). 

As expected, the aggregation state of -2 om sized QDs shows a weak undulation 

behavior with accompanying current burst, than the movement of a single -2 nm sized 

QDs (MSDur<MSD) in the electrolytic solution (Fig. 7.3). But, these aggregated 

structures (NQ = 3, 4, 5, 6) characterize higher diffusive response in comparison with a 

bare 2 nm QD (MSDuF>MSDL) in the pre-aggregate state in the bilayer (MSD[ ~1.03 

11m2) (Fig. 7.5). On the other hand, the MSDLAP of the conductance state, due to the 

aggregation of only 3 nos. of 12 nm sized QDs exhibits a nearly equal value (-1.7 1!ffi2) 

to that ofa bare, 12 urn sized QD (MSDLAPo;:;;MSD for NQ = 3) in the electrolytic solution 

(~1.68 11m2) (Fig. 7.3). A higher conductance states, as described by 4, 5 and 6 QDs 
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aggregation, the corresponding MSDLAP ; value gradually reduces, g1Vmg 

MSDLAP<1.14MSD (for NQ == 4), MSDLAP<1.3MSD (for NQ == 5) and MSDLAP<1.42 MSD 

(for NQ == 6). In contrast, for these conductive states, the resulting aggregated structures , 
exhibit higher undulation behavior than the pre-aggregated bare 12 nm QDs (MSDL -0.44 

~m2, Fig. 7.5, MSDLAP>MSDL). Consequently, we get MSDLAP>4MSDL (for NQ == 3), 

MSDLA P>3.28MSDL (for NQ == 4), MSDLAP>2.9MSDL (for NQ= 5) and MSDLAP>2.63MSDL 

(for NQ== 6). 

Thus, it is now apparent that the complex lipid bilayer environment has a control 

on the diffusion behavior of the aggregated structures created by complete insertion of 

smaller sized (-2 nm) QDs. In this case, their thermal motion is restricted within the 

viscous lipid bilayer surrounding. Consequently, there is a significant reduction of their 

mobihty in the medium as compared to the electrolytic environment. Alternatively, the 
, . 

aggregated structure formed as a result of the partial insertion of larger sized (-12 nm) 

QDs is not substantially affected. This is due to the fact that, the aggregated structure 

may come in contact with a substantial volume of the electrolytic environment. Note that, 

in both (complete insertion as well as partial insertion) the cases, the high viscous nature 

of the bilayer would bind the bare QDs more tightly in the pre-aggregate state than the 

aggregated state. Thus, the thermal movement of the pre-aggregate QDs is largely 
, 

obstructed relative to the aggregated ones. 

Tt can be found from Fig. 7.9, the relaxation time increases by nearly -56 and -64 

folds for Nr 6 and corresponding 2 and 12 nrn QDs; respectively. As for -2 nrn sized 
• • " I 

QDs the}elaxation times for associated conductance states are obtained as, 0.004 ~s (NQ 

== 3), and 0.033 Ils (NQ == 4), 0.225 Ils (NQ == 6). Similarly, 12 nm QDs forming aggregated 

structure exhibit 0.191, l.67, 12.11 ~s for N Q ::= 3, 4,5,6; respectively. This signifies that 
, 

the relaxation time is higher for a larger value of NQ (exhibiting higher conductance 

level) and larger size QD (d). In other words, a larger aggregated structure as well as 

larger sized QDs respond slowly to the thermal agitation even though, while representing 

defmite ion transport pathways. With adequate curve fitting, relevant expressions that 

account for relaxation time with aggregated number (in both full and partial insertion 

cases) can be obtained a!1d stated as 'CL4F == 0.247 exp (NQ/1.489) -1.760 and 'CLAF == 

0.00583 exp (Nd1.575)-0.036 
• t 
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Figure 7.9: Relaxation tIme vs. no. of aggregated sphencal,QDs, for (a) full insertion (fLAF' (b) 

partial InSertion (fLAP) 

The rLAF of the aggregated structure fanned by 3 QDs (each of dia. 2 nm) in the 

bilayer is - 9 times lower than the bare 2 nm QDs (rLAF < rr for NQ = 3) in the electrolytic 

solution (-0.04/1s). Whereas, the aggregated state created by 4 QDs exhibits nearly same 

order (-0.034 Ils) (rLAF;:;; rr for NQ = 4). The other aggregated states with NQ = 5,6 are 

characterized by higher values of relaxation times that a single -2 nm sized QD 

experience (rLAF> 3.05 rr for NQ = 5, and rLAF > 6.6rr for NQ = 6) in the electrolytic 

environment (Fig. 7.3). In fact, all the aggregated states exhibit lower values of relaxation 
I 

time that a bare QDs (rLAF < rL) exhibits in the pre-aggregate fonn (-0.38 Ils) (Fig. 7.5). 

Conversely, -12 run sized QDs forming aggregated structure with NQ = 3, 4 and 5 are . , , 
associat~d with the lower values of relaxation times (rLAP<rr) corresponding to the bru:e 

QD in the electrolytic solution (k -8.53 Ils). Accordingly, we observe rLAP<44.6r, (NQ = 

3), rLAP<5.2rr (NQ = 4), rLAP< 1. 66rr (NQ = 5) (Fig. 7.3). Interestingly, we get (rLAP> l.4r, .. 
for NQ= 6. 

The aggregated states (NQ = 3, 4) fonned by 12 run sized QDs, exhibit smaller 

relaxation times ('LAP<28.21 rL, 'LAP<3.20'L for NQ = 3, 4), than a bare 12 nm QD in pre

aggregate state in lipid bilayer (rL -5.36 Ils) (Fig. 7.5). The aggregated state with NQ = 5 

exhibit fLAP ;:;; rL, while NQ = 6 state is characterized by ruP>2.25rL. Hence, it signifies 

that, the response time of ~n aggregated structure with NQ == 4 of 2 nm QD~ aggregating 

into a bilayer is close to that of the response of individual QDs in the electrolytic 

solution, and the response time of an aggregated structure formed by assimilation of 5 
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number QDs aggregation (each of QD 12 nm dia.) is similar to the response of each QD 

in the pre-aggregated state. This suggests that as the size of the QDs increases, they tend 

to respond in nearly equal time in comparison to a pre-aggregated structure while 

undergoing diffusion. Further, it is also clear that an aggregated structure with more no. 

of QDs move slowly with respect to their equilibrium position. 

Moreover, it is found that, an aggregated structure formed by the later kind (d = 

12 nm) of QDs exhibits a six fold increase in the conductance value compared to the 

former one (d = 2 nm). Consequently, the response time of the conductance states of the 

ion channel formed by the larger sized QDs is ~50 times greater than the states created by 

smaller sized QDs. 

From the present discussion, one can say that in absence of interdot interaction, 

the translational MSD (and relaxation time) ofQDs in electrolytic solution as well as in 

lipid bilayer in the pre-aggregate state, would decrease (and increase) with the QD size. 

Moreover, the translational MSD (and relaxation time) of an aggregated structure, inside 

the reconstituted lipid bilayer also decreases (and increases) with the no. of QD 

aggregates (NQ) and with the size of the individual QDs (d) in the structure. In presence 

of interdot (dipole-dipole) interaction, however, with the increase of concentration, the 

diffusion behavior ofQDs remains unaffected both in the electrolytic solution and in the 

lipid bilayer in pre-aggregated state. Based on these analysis we argue that, QD 

concentration within range ~ 1-10 IlM can be desirable for ion channel and 

electrophysiological studies. Also, the larger aggregated structures of the QDs 

representing higher conductance states of ion channels are thermally stable with higher 

orders of relaxation times. Furthermore, the MSD of partially inserted QD aggregates has 

a lower magnitude than the fully inserted ones. Also, as the MSD of an aggregated 

structure is higher than the pre-aggregate counter part, the diffusion response is slower in 

the later case. This fact was also substantiated in case of higher diffusion response of the 

QDs in intracellular environment of live cells [30]. 

Our model is based on the independent opening and closing of individual ion 

channels. Tn this regard, the diffusive response of QDs either in isolated form or in 

aggregated form was discussed with special reference to size of QDs and surrounding 

environment. For simultaneous opening and closing purpose one need to include further 
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CHAPTER 8 

Conclusion and Future Directions 

With the progressive development of biocompatible QDs, their usefulness could be 

immediately realized in biomedical and nano-biotechnology fields [1]. Highly 

fluorescent, non-toxic, water soluble QDs of various kinds are already in use as far as 

bio-Iabeling/sensing is concerned [2]. The quest for magneto-fluorescent materials is still 

on. The present work exploits the possibility of using a wurtzite phase, MnSe QD system 

in biophysical environment owing to their excellent fluorescent and magnetic responses 

[3]. Both CdSe, MnSe quantum dots have been studied with regard to colloidal stability, 

surface functionalization, cytotoxicity and bioirnaging features. The optical stability was 

evaluated for of all the synthesized QDs with regard to varying reactant concentration, 

pH and aging prior biophysical characterizations. 

First water soluble CdSe QDs were fabricated using PV A as the host matrix. The 

optical characteristics were compared in citric and rose-water environment. Next, CdSe 

and MnSe QDs were synthesized independently with TGA and SDS as capping agents. 

To make a stoichiometry dependent study, the water soluble, ternary QDs of Cd/_xMnxSe 

(x = 0 to I) systems were also investigated considering TGA as capping agent. All the 

synthesized QDs were characterized by standard characterization techniques such as, 

TEM, XRD, UV-Vis, PL spectroscopy, Raman spectroscopy, FTIR spectroscopy etc. 

The optical absorption and photoluminescence behavior of Cd/_<MnxSe QDs are 

found to be largely affected by the Mn2+ concentration. From the absorption spectra, the 

observed blue-shift of the absorption peak with increasing stoichiometry x, can be 

attributed to sJrd exchange interactions between electrons confined in the conduction, 

valence band electrons states and those located in the partially filled Mn2+ states. The PL 

spectra signify the occurrence of characteristic orange emission due to participation of 

Mn2+ ions only, with the incorporation of magnetic impurities in the NC core. As for 

larger values of x (2:0.6), we observed a suppression/disappearance of the 4TI _6A I 

transition assisted via Mn2+ ions. Besides, the dominant character of the transitions from 

the trap levels as well as the internal Mn2+ transitions relative to the recombination of 

electron-hole pairs can be witnessed in the PL spectra. The deep defects occurring in 

Cd/-xMnxSe QDs were attributed to the presence of VccrVse divacancies in the hexagonal 

wurtzite structure. 
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The optical absorption as well as PL emission of the synthesized CdSe QDs are 

strongly modulated and found to be dependent on varying Cdz+/Sez- concentration, 

reaction time, dispersing medium and on aging effect. The QDs prepared from larger 

Cd2+ /Se2
- ratio (3: I) of the precursor are expected to be mono disperse, of smaller 

diameter which showed intense emission characteristics. Moreover, the average size of 

the QDs is expected to be uniform beyond a reaction time of 60 min. Similarly, the 

optical properties of the MnSe QDs are found to be strongly manifested depending on the 

capping agent and reaction environment. The crystal structure of the MnSe QDs are 

optimized to wurtzite (WZ) type for a TGA concentration of 10% and Mn2+ /Se2
- ratio of 

2: 1. The synthesized WZ phase, MnSe QDs exhibited enhanced optical response with a 

quantum yield as high as -75% as compared to the Rhodamine 6G®. 

In addition, we have studied the optical stability of CdSe-PVA and MnSe-TGA 

QDs, using BSA as dispersing agent in different cell culture media. In cell culture media, 

a high ionic strength results in dominant van-der Waal attraction over electrostatic 

repulsive behavior, yielding agglomerated particles. The CdSe QDs dispersed in PV A are 

generally stable in cell culture media, even in the absence of any dispersing agent. In 

contrast, the MnSe-TGA QDs experienced spontaneous aggregation when they are 

directly transferred to the cell culture media. Moreover, the addition ofBSA as dispersing 

agent has significantly improved the QD dispersity in DMEM and MEM media over 

RPMI-1640 one. The variation of QD stability, in different cell culture media, is likely to 

be dependent on the degree of protein interaction mechanism in the respective media. 

Furthermore, the CdSe-PVA QDs, in lemon water,indicated a better optical response than 

in rose water media. The carboxyl (-COOH) functional group available in the PV A 

dispersed CdSe QDs is esterified to PV A-C in the citric acid media, ensuing an improved 

stability [4]. Whereas, in case of MnSe-TGA QDs the higher stability in lemon water 

media is attributed to the formation of di-carboxylic acid layer around the surface of the 

QDs through intermolecular hydrogen (H-) bonding. 

The magnetic characterization of the MnSe-TGA QDs has revealed surface 

dependent magnetic property for varying TGA concentration. The higher value of Neel 

temperature (TN = 59 K) exhibited by 10% TGA coated MnSe QDs is attributed to the 

adequate charge transfer between the SH- group and Mnz+ ions. In contrast, for lower 
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concentration ofTGA (l %), charge transfer mechanism is low thereby providing a lower 

magnetic ordering (TN =39K) in the QDs. The Neel temperature was different for 

different TGA concentration, the QDs being antiferromagnetic below Neel temperature 

and above it paramagnetic in nature. From the hysteresis plots it can be observed that, 

10% TGA coated QDs possess a lower value of coercivity as compared to the 1 % TGA 

coated one at low temperature. Thus, as for biological relevance, 10% TGA QDs is a 

suitable choice, where the QDs are expected not to agglomerate on removal of the 

magnetic field. Also, magnetic characteristics are found to bedependent on the 

stoichiometry parameter x, in ternary Cd'_xMnxSe QD systems. The self-diffusion 

behavior of the Mn2+ ions, for a larger value x could provide a higher value of Neel 

temperature (x =1). With increasing x, the diffusion of Mn2+ ions from the core to the 

surface would facilitate the charge transfer between Mn2+ ions and the capping agent 

TGA. At a lower x, however, most of the Mn atoms are likely to concentrate in very 

small clusters providing thereby isolated Mn2+ spins. Accordingly, the QD system is 

characterized by a paramagnetic feature. From the magnetic behavior of SDS capped 

MnSe QDs, a bifurcation between the ZFC and the FC is witnessed which may be due to 

theformation of magnetic domains and domain-wall movement [5,6]. In this QD system, 

the Neel temperature and bifurcation temperature are found as, 35K and 41K; 

respectively. 

The BSA conjugation aspects of CdSe and MnSe QDs, suggest that the TGA 

coated QDs can efficiently participate in FRET energy transfer process. This was 

ascertained from the PL, TR-PL and overlapping behavior of acceptor (BSA) absorption 

spectra and donor (QDs) emission spectra. The energy transfer efficiency is found to be 

-71 % and 65% for CdSe-TGA and MnSe-TGA QDs; respectively. Whereas, for SDS 

capped QDs, BSA would act as a surface passivator, thus facilitating enhanced radiative 

emission response of the conjugated QDs. The cytotoxicity study has revealed a lowered 

toxicity level of the MnSe QDs as compared to the CdSe QDs. This may be because of 

lower photo-bleaching behavior ~f the Mn2+ precursor as compared to Cd2+ one under UV 

environment. Note that, former is a hard Lewis acid while the latter is a soft one. From 

the fluorescence microscopy data, it can be seen that, all the synthesized QDs are highly 

biocompatible with a high fluorescent contrast in cellular (lymphocyte) environment. The 
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fluorescent imaging capability (CTCFs) of the QDs is found to vary with capping agent 

and system types. Furthermore, the cellular uptake of the MnSe QDs, as evident from a 

clear bioimaging response, is demonstrated to be more advantageous in case of use of 

BSA as a dispersing agent in the cell culture media. Most importantly, the confirmation 

of intracellular localization of the MnSe QDs is also affIrmed throughconfocal 

microscopy experiments, while targeting on live NIH-3T3 cells. 

As an important application in electrophysiology, the CdSe QDs are employed for 

studying current bursts (ion channel) in an artificial bilayer membrane (soy-extracted 

lecithin bilayer). The CdSe QDs exhibited voltage dependent current fluctuation with 

well-defmed conductance states. With the application of different biasing voltage, the 

concentration of ions passing through the pores created by QD aggregation is believed to 

have changed. The number of QDs participating in the formation of nanopores generally 

vary and also, that the specific conductance state is largely dependent on the shape of the 

nanopores. We discussed our results based on 'spherical' and 'non-spherical' models 

[7,8]. While formation of spherical pores raise over simplification approach, the non

spherical nanopores are believed to be more practical so as to explainthe flow of ions and 

interrelating with a fmite conductance state [9]. A conductance state of ~ 14.3 nS, created 

by an aggregation of ~3.6 QDs, resulted in a spherical nanopore of diameter ~6.09 nm. 

This was corresponded to a biasing voltage of -10 mY. Whereas, a lower conductance 

state of ~6.3 nS is observed corresponding to an aggregation of 3 QDs. On the other 

hand, similar conductance states might have been created by non-spherical nanopores of 

a relatively smaller diameter of ~1.5 nm (with NQ = 2.6) and ~0.95 nm (with NQ = 2.4). 

With an increase of biasing voltage to -20 mY, the conductance values are increased to 

~11 nS and 2l.l nS which corresponded to a spherical nanopore diameter of ~5.3 and 7.5 

nm; respectively. In contrast, the sizes of the non-spherical nanopores, for the respective 

conductance states, are estimated as ~ 1.22 nm and ~ 1.8 nm. A large magnitude of the 

conductance state at a higher biasing voltage (as compared to the lower one), is because 

of the flow of higher concentration of ions through wider nanopores which includes 

interfacial curvature effects. 

In the light of a theoretical framework, the Brownian movement of QDs was 

explored for different situations [10]. In the pre-aggregate state, owing to a higher 
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relaxation time experienced by smaller QDs (~2 nm) they tend to get localized more 

tightly in the bilayer as compared to the larger sized QDs (~20 nm). Moreover, an 

aggregated structure is found to be more diffusive than a bare QD, in the pre-aggregate 

state. The relaxation time shoot up by a factor of ~56 and ~64 folds for highest (6 QDs 

aggregation) conductance state with respect to the lowest one (3 QDs aggregation) for ion 

channels created by fully (each QD size ~2 nm) and partially inserted (each QD size~12 

run) aggregated structures; respectively. Consequently, the response time of the 

conductance states of the ion channel formed by the larger sized, partially inserted QDs is 

about 50 times greater than the states created by smaller sized, fully inserted counterparts. 

It also provided the highest conductance value (~92.31 nS)and an MSD of ~ 1.18 ).lm2
• 

The important fmdings of the present thesis can be summarized into following points: 

(a) Processing of non-iron based, highly fluorescent, magnetic QDs ofWZ phase 

MnSe system 

(b) Improved biocompatibility and efficient bioimaging ofMnSe QDs in live cells 

(NIH-3T3) 

(c) Recording of ion channels across a lecithin (soy-extracted) bilayer due to 

insertion of CdSe QDs 

(d) Efficient FRET mechanism between TGA coated CdSe and MnSe QDs with BSA 

proteins 

( e) Optimal conditions for obtaining CdSe and MnSe QDs as luminescent probes 

The prospective studies that can be planned in near future can be as highlighted below. 

(a) The water soluble, nontoxic, non-iron based, MnSe QDs can work as an 

alternative candidate to conventional iron based non fluorescent nanoparticles in 

different areas of biophysical and biomedical research. More control studies e.g., 

size dependent correlation on fluorescence and magnetic characteristics are 

needed prior relevance in cellular imaging in vivo, targeted drug delivery 

including examination of intracellular processes and deep penetration into tissues. 

(b) As an important concept for specific biophysical application, highly fluorescent 

CdSe and MnSe QDs, in lemon water environment, could provide an improved 
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optical stability against environmental degeneration. Size dependent aspect may 

also be considered to evaluate their efficiency. 

(c) The ion channel activity displayed by the CdSe QDs, in a natural phospholipid 

bilayer, will provide a closer account to understand ion transport mechanism in 

live cells. The magneto-gated/light-gated ion channels could also be explored 

when subjected to static magnetic field/light illumination. 

(d) Permeation of non-spherical QDs into bilayers and correlation with current bursts 

will provide a completely new approach on obtaining a definite conductance state 

of interest. This may fmd immense value in screening suitable QDs meant for 

precise control of ion channel activity. 

Finally, as nanotechnology is an emergmg field with plentiful promise in health and 

energy sectors, however, the industrial and commercial use of nan om ate rials is still under 

scrutiny owing to several environmental issues. Toxicity, waste management, and other 

health hazard issues are required to be fixed at an early stage so that living organisms and 

the ecosystem can be protected at large. 

198 



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

References 

[1] Alexson, D., et al. Semiconductor nanostructures in biological applications, J. Phys. 

Con dens. Matt. 17(26) R637--R656,2005. 

[2] Menon, 1. u., et al. Nanomaterials for photo-based diagnostic and therapeutic 

applications, Theranostics 3(3), 152--166,2013. 

[3] Sarma, R., et al. Physical and biophysical assessment of highly fluorescent, magnetic 

quantum dots of a wurtzite-phase manganese selenide system, Nanotechnology 25(27), 

275101,2014. 

[4] Mansur, H. S., et al. Synthesis and characterization of CdS quantum dots with 

carboxylic-functionalized poly (vinyl alcohol) for bioconjugation, Polymer 52(4), 1045--

1054,2011. 

[5] Chemova, N. A., et al. Solitary excitations and domain-wall movement in the two

dimensional canted antiferromagnet (C2N2 HIO)v 2FeP04(OH), Phys. Rev. B 70(14), 

144405, 2004. 

[6] Midya, A., et al. Magnetocaloric effect in HoMn03 crystal, Appl. Phys. Lett. 96(14), 

142514 - 142514-3,2010. 

[7] Noronha, F. S., et al. Macrophage damage by Leishmania amazonensis cytolysin: 

evidence of pore formation on cell membrane, Infect.limmun. 68(8), 4578--4584,2000. 

[8] Ramachandran, S., et al. Current bursts in lipid bilayers initiated by colloidal quantum 

dots,Appl. Phys. Lett. 86(8), 083901--083903,2005. 

[9] Sarma, R. & Mohanta, D. Recording ion channels across soy-extracted lecithin 

bilayer generated by water-soluble quantum dots, Phi/os. Mag. 94(4),345-357,2014. 

[10] Sarma, R. & Mohanta, D. A Comprehensive view on the brownian motion of 

quantum dots in electrolytic solution, lipid bilayer and their aggregated state in the lipid 

biomembrane, J. Comput. Theor. Nanos. 9(8), 1070--1077,2012. 

*** 

199 



Appendix 



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

Appendix-l 

Analytical techniques employed 

QD size and morphological features were revealed through high resolution transmission 

electron microscopy (HRTEM, lEOL, JEM-2100) working at an accelerating voltage of 

200 kV. Whereas, the structural phase of the samples under study was characterized by 

an X-ray diffractometer (XRD, MiniFlex, Rigaku) equipped for CuKa radiation (A,=1.543 

A). The characteristic optical absorption features were recorded through UV-Visible 

optical absorption spectroscopy (UV 2450, Shimadzu Corporation), whereas 

photoluminescence (PL) spectra were obtained by using a PerkinElmer LS 55 

spectrophotometer. In the latter case, the PL data was acquired through a computer 

controlled standard monochromator based photodetection system. The JR-acti~e 

vibrational features were assessed through Fourier transform infrared (FTIR) (Nicolet 

model Impact-41O) studies. As for FTIR study of the as-synthesized QD systems, solid 

powder was employed to make pellets in KBr. Furthermore, vibrational features were 

explored by Raman spectroscopy using a micro- Raman spectrometer (Renishaw, UK) at 

room temperature. On the other hand, magnetic characterization and carrier lifetime 

measurement of the QDs were performed by a vibrating sample magnetometer (YSM, 

LakeShore's 7400 series) and a time resolved photoluminescence system (TR-PL, 

LifeSpec II, Edinburg Instruments, UK); respectively. Finally, bright field as well as 

fluorescence imaging of the lymphocytes (treated with QDs) was adopted using a Leica 

DM 3000 fluorescence microscope under uniform light exposure and using a 40X 

objectiveINA=1.25. The confocal microscopy experiment was carried out by using Leica 

DM (TCS SP 5) confocal microscope using a 60X objective/NA=I.25. 
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Appendix-2 

X-Ray diffraction technique (XRD) 

XRD is a versatile technique exploited to recognize the crystal structure and composition 

of a material. In this method, an X-ray beam is allowed to strike a target material and the 

beam is diffracted according to well known Bragg"s law. The characteristic of the target 

material is identified from the received diffraction pattern. Physical properties such as 

amount of crystallinity, stress, strain, and defects are investigated with this technique. 

Moreover, XRD is also used in indentifying size distribution of the particles by 

measuring full width at half maxima (FWHM) of various peaks. Crystallite size (Dcry) 

can be estimated using popular Williamson-Hall (W-H) equation: 

flCosf)= 4lOsSin8+kJJDcry 

Here, A is the wavelength of the CuKa line (1.543 A), f3 is the full width at half maxima, 

e is the Bragg's diffraction angle and I( is the shape factor (~O.9). By plotting the values 

of f3 cose against 4 sin e, micro strain (lOs) of the nano-crystallites could be obtained from 

the slope, and the average crystallite size from the intercept on the vertical axis. 
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Appendix-3 

Raman spectroscopy 

Collective vibrations of atoms or molecules occur in crystals are defined by quasi

particles, phonons. For a three-dimensional (3D) solid containing N unit cells with p 

atoms each, (3pN-6) different phonons can propagate and their wavevectors (k) exists in a 

volume of the reciprocal space called the Brillouin Zone (BZ). The phonon having in and 

out phase oscillations of neighboring atoms are termed as acoustic and optical phonons; 

respectively. Both acoustic and optical phonons can be obtained as longitudinal or 

transversal, depending on whether the atoms move parallel or perpendicular to the 

direction of wave propagation given by' k. Consequently, we can have longitudinal (LA) 

and transverse (TA) acoustic phonons and longitudinal (LO) and transverse (TO) optical 

phonons/vibrations. In addition to the ordinary lattice vibrations in a bulk solid 

(phonons), there exist surface optic (SO) phonon, which is the quantum of a lattice 

vibration mode associated with a solid surface. Surface vibrations are however, distinct 

from the bulk vibrations, as they arise from the abrupt termination of a crystal structure at 

the surface of a solid 

When light incident into solid state molecules, some part of the light is elastically 

scattered from the phonons. This is called Rayleigh scattering. In contrast, the Raman 

scattering defines the inelastic scattering of light with a different frequency from the 

phonons. In principle, Raman effect, can be explained by the deformation of molecules 

with molecular polarizability a in presence of electric field E. E is originated from an 

oscillating electromagnetic wave sourced from an incident laser light with photon of 

frequency Va. Upon interaction of E with the sample, molecule deforms due to the 

induced electric dipole moment P=aE and start vibrating with characteristic frequency 

Vm• The resulting frequency of scattered light is reduced to Vo-V m• This Raman frequency 

is called Stokes frequency. 

Raman spectroscopy can evaluate dual properties of an investigated material; 

electrical as well as mechanical. And, two kinds of parameters influence the Raman 

spectra: i.parameters acting on the "mechanics" (atomic mass, bond geometry), and 2. 

parameters acting on the "charge transfer" (iono-covalency, band structure) [J). 
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Appendix-4 

Origin of deep trap level 

In an ideal crystal lattice of a semiconductor, if there is deviation of atomic positions 

from their designated positions defects are arises. In a semiconductor, if an atom is 

removed from its regular lattice site, the created empty lattice site is termed as vacancy 

defect. A divacancy defect will occur when two vacancies come together with the 

removal of two neighboring atoms form a stable complex. Divacancies in semiconductor 

can be created by particle irradiation either as primary defect or as a secondary defect by 

pairing of single vacancies. These defects may introduce electronic energy states into the 

semiconductor band-gap such as shallow level defects and deep level defects. Shallow 

lavels are located near their related band edge and they are thermally ionize at room 

temperature. In contrast, deep-level traps are "deep" in the sense that the energy required 

to remove an electron or hole from the trap to the valence or conduction band is much 

larger than the characteristic thermal energy kT, where k is the Boltzmann 

constant and T is temperature. In CdSe WZ bulk system two broad deep level emissions 

are observed at energy of 1.30 and 1.05 e V [I]. The origin of these luminescence centres 

can be explained by V Cd-V Se divacancy centre model as proposed by Schneider et al [2]. 

According to this model Vcd and Vse are monovalent acceptor and donor pair and there is 

a strong tendency for their association either with foreign impurities or by forming 

nearest neighbor cation-anion divacancies (VCd-Vse,).This divacancies have much higher 

activation energy for diffusion, as compared to the monovacancies. Consequently, 

cation-anion divacancies become dominant stoichiometric lattice defect in as-grown 

CdSe, and other liB-VI compounds [2]. In WZ CdSe, two different types of VCd-VSe 

associates create the observed two deep trap level emission responses orienting along two 

directions. One divacancy is oriented along the hexagonal c axis and the other is oriented 

along the basal Cd-Se bond directions. These two different types of divacancy become 

energetically different after trapping electron and hole pair. In QDs, the radiative or 

nonradiative relaxation of excitation via these deep level states competes with the 

recombination in the intrinsic excitonic states and reduces the intensity of excitonic 

emission [1]. 
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Appendix-5 
The Franck-Condon approximation 

Classically, Franck-Condon principle is based on the approximation that an electronic 

transition is most likely to occur without changing the position of the neuclei in a 

molecular structure. The transition occurs is a vertical transition with momentum 

conservation. Quantum mechanically this principle defines that, the intensity of a 

vibronic transition is proportional to the square of the overlap integral between the 

vibrational wavefuntions and the two states involved in the transition [3]. After an 

electronic transition, the nuclei respond by moving to a new equilibrium position which 

results change of the molecule to the excited state configuration. The configuration 

change is called as lattice relaxation and the energy involved in the process is called 

relaxation energy [4]. The emission follows the same path in reverse direction. The 

relaxation of the nuclei position can be defined as Stokes shift, which is the difference 

between the absorption and emission maxima. Within the Franck condon approximation 

the electron phonon coupling strength is defined by Huang Rhys parameter S. 

q; 
Nuclear Coordinates 

Figure: Franck-Condon principle energy diagram. Since electronic transitions are very 

fast compared to nuclear motions, vibrational levels are favored when they correspond to 

a minimal change in the nuclear cordiantes. The potential wells are shown favoring 

transitions between v= 1 and 2 
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Appendix-6 

Brus model 

Brus has developed a popular effective mass model relating particle size and band gap 

energy of a semiconductor which can be expressed as follows: 

E = E (0)+ h

2

• [~+~J 
g g Bd· ms mh. 

Here, Egis the bandgap of nanopartic\e, Eg(O) is the bulk band gap, me * is the effective 

mass of electron, mh* is the effective mass of hole ~nd d is size of QDs. For CdSe QDs 

me* and mh* are 0.13mo and 0.45mo; respectively. Eg(0)=1.74 for CdSe QDs. Putting these 

values in the above equation the size of CdSe QDs can be calculated by using the 

following equation [5] 

Eg=1.7+3.7Icf 
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Appendix-7 

TR-PL spectroscopy 

Spectral and temporal evolution of the emission ofa sample can be determined by TR-PL 

spectroscopy when the sample is illuminated by a short pulse of light. In a 

semiconductor, the characteristic charge carrier lifetime decay, from excited to ground 

state, is classified as radiative and non-radiative. 

Figure: Schematic depicts radiative and non-radiative decay parameters in a semiconductor 

system 

The photoluminescence decay rate of a can be expressed as sum of the radiative (kR) and 

non-radiative (kNR) decay rates [6]: 

kPL=kR+kNR 

Knowing that decay rates and decay time constants are inversely related [7], we have 

-I -1+ -I 
fPL = fR fNR 

fPL =( fR+ fNR) irRiNR 

Wheref?£, fR, andfNRare the time constants of PL, radiative decays and non radiative 

decays. 

The decay parameters are highly dependent on the nature and dimensions of the 

materials. Furthermore, surface effects, dopants, impurities can introduce significant 

variations in this parameter. Thus, interaction of semiconductor with the surrounding 

environment is reflected in TRPL spectra. Hence, the TRPL is highly suited for the 

analysis of the phenomena that determine fast charge carrier dynamics in a 

semiconductor. 
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Figure: Variation of energy transfer efficiency (EF) in percentage with donor and acceptor 

separation distance r. The Forster radius (Ro) is shown by arrow mark where FRET pair shows 

50% energy transfer efficiency. 
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Appendix-9 

Calculation of CTCF using ImageJ (J-1.46r) software 

Image analysis techniques are applied to count the total fluorescence in a QD treated cell 

using software ImageJ(J-l.46r). It is a basically a public domain Java image processing 

program that was developed at the National Institute of Health, USA [8,9]. The basic 

steps involved in counting of fluorescent cells are listed below: 

1. The fluorescent image to be analyzed is imported into the software. 

2. The basic measurements to analyze the cell such as area, mean gray value and 

Integrated Density are then adjusted using the software menu bar. 

3. A specified area for the fluorescent stained cell for analysis is selected using free 

hand selection. This helps to quantify a specific region of the imported cell for 

fluorescence. 

4. Background (the non - fluorescent part of the image) is selected to minimize the 

maximum errors in the fluorescent counting of a cell. For the background selected 

region area, mean gray value and integrated density are calculated. 

5. From the results, the total fluorescence per cell is then analyzed using Excel sheet. 

6. Repetition of above steps for different fluorescent and background selected 

regions to obtain results with minimum error. 

7. The corrected total fluorescent (CTCF) intensity value is calculated for each case, 

using the relation given by, CTCF= Integrated density - (Area x mean 

fluorescent of background setting) and average is calculated 
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Appendix-10 

Laser drill method used for micropore formation 

Using laser ablation method Glass cover slip was ablated under 157 nm irradiation at 

6.4X with 22 mJ pulse energy (455 mJ/cm2 fluence) at 50Hz for 25 s (integrated power 

density 570 J/cm2» to create a thorough hole of - 160 f.lm diameter in - 150 f.lm thick 

cover slip (Fig. 6.7(a)) .The 1 mm thick PMMA sample was ablated under 157 nm mask 

projection with same pulse energy for 250s at 100 Hz so as to create a micropore of 

diameter - 80 f.lm (Fig. 6.7(b)). In contrast, the - 60 f.lm thick polymide sample took 50 s 

(100 Hz) to form a 110 f.lm sized hole, as shown in Fig.6( c) 

(a) (b) (c) 

Figure: (a) 160 ~m hole in borosilicate glass cover slip, b) 80 ~m hole in PMMA, c) 11 0 ~m 

hole in polyimide 
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Appendix-ll 
EPC 10 Patch-clamp amplifier 

The complete ion channel experiment was performed using a Patch Clamp Amplifier 

(EPCIO) and patch master software (HEKA Elektronik, Germany) ®. The patch clamp 

technique permits high-resolution recording of the ionic currents flowing through a cell's 

plasma membrane. With different configurations, patch clamp amplifier allow to record 

and manipulate the currents that flow through single ion channels or multiple ion 

channels i.e across the whole plasma membrane. EPC 10 Patch clamp amplifier is a 

complete data acquisition system acquainted with Patch master software. Patch master 

software includes a digital storage oscilloscope, a variable analog filter, a sophisticated 

pulse generator and a fully featured data acquisition analysis system. The detail regarding 

the mentioned amplifier can be obtain by following web-link 

www.heka.com 
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Appendix-i2 
Montal-Miieller technique (Painting method) 

The painting method was first described by Mueller and colleagues [10, 11]. It is the 

simplest one for obtaining fast forming bilayer on solid substrates or across apertures. In 

the technique, an experimental chamber is divided into two parts and they are 

connected via a small micron size aperture (80-100 )..lm in diameter) located on the 

center of a suitable hydrophobic substrate material. Both the compartments are filled 

with aqueous solutions followed by painting a lipids-solvent (hexane) mixture on 

both sides of the aperture using thin brush. This results in formation of bilayer in 

presence of different forces. 

Hydrostatic 
pressure fr-om the 
uppe.r ehamber 

PGB suction 

Bilaver . 
Annulus / 

Figure: Schematic of a bilayer forming in an aperture in presence of different forces 

Although it incorporates hydrocarbon molecules from the organic solvent that 

affects lipid thickness, it is widely used even today [12]. 
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Appendix-13 

Optical characterization of water soluble CdSe QDs used in ion channel 
experiment 

-. = 
~ 
c 
.~ 

= 
~ 
= ~ 

300 400 SOO 
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280 420 560 
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700 

Figure: Optical absorption and de-convoluted photoluminescence spectra ofCdSe QDs 
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Abstract 
CombInIng fluore~cence and magnetic features In a non-Iron based, select type of qUdntum dots 
(QDs) can have Immense value In cellular ImagIng, tagging and other nano-blO Interface 
applIcations, mcludmg targeted drug delIvery Herem, we report on the collOIdal synthesl~ and 
phy~lcal and bIOphySical assessment of wurtzlte-type mangane~e ~elenIde (MnSe) QD~ In cell 
culture media Aiming to proVide a SUitable collOIdal system of bIOlogical relevance, different 
concentrations of reactants and hgands (e g , thlOglycohc aCid, TGA) have been conSidered The 
average ~Ize of the QD~ IS ~7 nm, which exhibited a quantum Yield of ~75% d~ compdred to 
rhodamIne 6 G dye® As revealed from time-resolved photoluminescence (TR-PL) response, the 
near band edge ell1lSSlOn followed a bl-exponentlal decay feature With charactenstlc times of 
~O 64 ns and 3 04 ns At room temperature, the QDs were found to exhibit paramagnetic features 
With coerClvlty and remanence tmpelled by TGA concentratIOns With BSA as a dIsperSIng 
agent, the QDs showed an Improved optical stablhty In Dulbecco's ModIfied Eagle Medla® 
(DMEM) and MInimum .&sentlal Medla® (MEM), as compared to the Roswell Park Memonal 
Instltute® (RPMI-1640) media FInally, the cell Viability of lymphocytes was found to be 
strongly Influenced by the concentratIOn of MnSe QDs, and had a ~afe hmlt upto 0 5 JJM WIth 
BSA inclUSIOn In cell media, the cellular uptake of MnSe QDs was observed to be more 
prominent, as revealed from fluorescence Imaging The fabncatlOn of water soluble, nontoxIc 
MnSe QDs would open up an alternative strategy In nanoblOtechnology, while pre~ervIng their 
lumInescent and magnetic properties Intact 

Keywords quantum dot, semiconductor, emiSSIOn, cell culture, blOlmaglng 

(Some figures may appear In colour only In the onhne Journal) 

1. Introduction 

Semiconductor quantum dots (QDs) find Widespread apph
catIOn mostly due to their bnght fluorescence property 

3 AuthOr< to whom any corre~pondence ~hould be addres~ed 

0957-4484/14/275101+15$3300 

Manganese selentde (MnSe) IS a clas~lc example In the famIly 
of chalcogentdes and blnary-semlcondm.tor systems MnSe 
QDs, In partIcular, have attractIVe magneto-optiC responses 
oWing to the aVaIlabilIty of a large number of unpaired 
electrons In Mn2

+ high-spIn state, along with Size-dependent 

optical gap!> that could vary ovel d blOdd Idnge of the 

© 2014 lOP Publishing Ltd Pnnted In the UK 
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electromagneuc spectrum (from ultravIOlet (UV) to vmble 
wavelengths) (I, 3] Essentially, MnSe comes m two poly
morphic forms a-MnSe with a cubiC modIficatIOn that gIVes a 
rock salt structure (RS), and WIth a hexagonal modificatIOn of 
zmc blende (ZB, p-MnSe) and wurtzlte structures (WZ, y
MnSe) [4, 5] The octahedrally coordmated RS structure of 
MnSe offers a stable cubiC phase, whIle the system IS meta
stable m the hexagonal configurauon [5, 6] Although ZB and 
WZ types of MnSe are qUIte unstable and are extremely rare, 
they are of slgruficant mterest because of theu structural 
compatibility With other II-VI semiconductor systems whIch 
are not only fluorescent but are also highly photostable [7] 
Moreover, the cooperative effect of fluorescence re::.ponse and 
magnetIc ordenng could offer a new WIndow for tunIng 
bnght-fluorescence Imaging In response to an externally 
applIed magnetic field 

To date, amongst hIghly fluorescent semiconductor sys
tems, Cd-based ones (e g , CdSe, CdTe, CdS and CdSe/ZnS 
core shell QDs) have received maximum attentIOn 10 bIO
phySIcal research, partIcularly as taggIng, labelIng and Ima
gmg agents Nevertheless, the blOcompauble nature of these 
QDs, m a cellular envIronment and under UV I1lummatIon, 
remamed questionable OWIng to hIgh tOXICity level of free Cd, 
thereby IInuung applIcatIOns m nano-blOtechnology and 
blOengmeenng field::. [8, 9] Smce the energy of the UV 
radIation IS close to the chemIcal bond energy, the semI
conductor partIcles are lIkely to expenence photolyuc dIS
solutIOn, releasmg tOXIC heavy metal IOns of Cd2+ Replacmg 
Cd WIth Mn (for Instance, chOOSIng MnS and MnSe mstead of 
CdS and CdSe), would help reduce the tOXICIty level by 
avoldmg the photobleachIng of Mn2+ [10-13] The Mn2+ 
precursor IS a hard LeWIS aCId [II, 14] whIle the Cd2+ pre
cursor 1<; relatively <;ofter one, so the former IS les<; reactive to 
the surroundmgs, thereby expenencIng a much lowered 
photobleachmg compared to the latter [II] WhIle employmg 
QDs In nanoblO-Interface research, everyone IS concerned 
about cntlcallssues such as water solubIlIty, blO-functlOnahty 
and blO-speClficlty In thiS regard, MnSe QDs are lIkely to be 
more envlronment-fnendly and blOcompatible, With reduced 
cellular tOXICity [15] By adoptmg a sUitable approach, the 
surface-modified QDs could not only provIde water solubility 
but also bloconJugatlOn capabIlIty through the use of effectIve 
linkers, such as SIlIca, polymers, thlOl-IIgands, phospholIpid 
mIcelles and surfactant molecules [I6, 17] Cellular bIOlogy 
expenments are generally conducted In a complex bIOlogICal 
envIronment whIch contaInS a mixture of ammo aCids, salts, 
glucose, vltamms and other nutnents Undoubtedly, It IS 
extremely Important to evaluate QD behaVIOr m such envir
onments both In vitro and In VIVO studies It was known that 
bare nanopartIcles tend to agglomerate ImmedIately after they 
are added to the culture media In thiS regard, surface func
tIOnality, along WIth the presence of some essential bIological 
matenal::. (such as protem, ::.erum and nutnent::.), could largely 
help m obtammg a stable disperSIOn of the deSired 
QDs [18, 19] 

Tn thl<; work, we demonstrate a convenIent collOidal route 
for syntheslzmg water-soluble MnSe QDs, usmg thlOglycohc 
aCid (TGA) as the cappIng agent/ligand Although pure 
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glycolic aCid IS water soluble, TGA 1<; somewhat not when 
present In an excess amount, but due to Its capabilIty of 
proVidIng effiCIent coatIng and extra-photostabIlity to the 
fluOle<;cent QD::., there has been a rapid growth m the 
development of TGA-capped QDs for bIOlogical applications 
[20, 21] We optimize the synthe<;l<; of water <;oluble WZ
structure MnSe-TGA QDs by standardiZIng different factors, 
VIZ, the concentration of the cappIng agent (TGA) and the 
QD precursor ratio (Mn 2+/Se2

-) As mentIOned above, In 
order to evaluate the QD-dlsper<;IOn abilIty III cell media, 
speCial emphaSIS was given to deCipher the media-dependent 
optIcal response of MnSe-TGA QD<; while bOVIne serum 
albumIn (BSA) was used as a disperSIng agent Note that 
BSA IS the most abundant proteIn In blood plasma [22], and It 
has been Widely used as a model proteIn for dIsperSIng 
nanopartIcle<; 10 phY<;lologlcal flUld<; [23, 24] In thl<; work, 
apart from phYSical charactenLatlOns, we assessed the 
response of TGA capped MnSe QDs m commonly used cell 
culture media a) Dulbecco'::. Modified Eagle Media 
(DMEM)®, b) MInimum EssentIal MedIUm (MEM)® and c) 
Ro,well Park Memonal InstItute (RPMI-I640)® medIa In 
additIOn, a cntlcal evaluatIOn with respect to the cytotoxIcity 
aspect of the MnSe-TGA QDs IS discussed and the cellular 
uptake of the QDs by lymphocyte cells (obtamed from human 
blood) IS highlIghted through f1uore::.cence Imagmg data 

2. Experimental details 

2 1 Matenals and reagents 

The chemIcal<; used 10 thiS work mclude mangane<;e chlonde
letra hydrate (MnCI2 4H20), fetal bovme serum (FBS), hls
topaque and cell culture media, all purlhased from Hlmedla 
Pvt Ltd The selenIUm diOXIde (S,e02) and TGA were 
obtained from Melck Speclahtle::. Pvt Ltd, wherea::. the 
sodIUm hydroXIde (NaOH) was purchased from Quahgen::. 
Fme ChemIcals Ltd SodIUm borohydnde (NaBH4) and BSA 
were purchased from Sigma-Aldnch, Mumbal 

22 SyntheSIS of TGA coated MnSe ODs 

In a tYPICal <;ynthe<;j<; procedure, 0 62 g of MnCl2 4H20 and 
o II g of Se02 were dissolved In 22 mL deIOnIzed (MIIhpore) 
water, followed by the additIOn of 0 I g of NaBH4 as a 
reductant The pH of the solutIon was then adjusted to II by 
dddmg dqueou::. NdOH m d drop-wl::.e mdnner Next, 2 mL 
TGA was mixed undel vigorous stiffing (~350 rpm, 5 mms) 
whIle the temperature wa<; set at 60°C Fmally, the solutIon 
was transferred to a 50 mL teflon-lIned staInless steel auto
clave, and after sealIng properly It was subjected to oven
hedtmg (~180 0c) for 6 h On completIOn of the reactIon III 

the solutIOn phase, the autoclave was allowed to cool down to 
room temperature The precursor extract was then subjected 
to centnfugatlOn (~5000 rpm) followed by filtratIOn u<;fng a 
Whatman® filter paper In order to remove the excess amount 
of TGA from the QD surfaces, the preCIpItate (reSIdue) was 
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washed several times with DI water folloWIng a procedure 
reported by other workers [25] 

SInce TGA can be tOXIC, the punficatlon of TGA-capped 
QDs IS extremely Important pnor to bIOlogical applIcation 
One useful strategy for punfymg magnetic nanoparucles IS 
the use of an external magnetic field [26] A permanent 
magnet can be used to magnetize the particles so that they 
become attached to each other and subsequently parucle:, can 
be separated from the unbound TGA The excess unbound 
TGA needs to be poured away, while the nanoparucles rue 
required to be washed repeatedly Usmg thiS procedure, the 
trace amount of TGA could be effiCiently controlled m the 
final product of the WZ MnSe quantum dots 

The QD samples were processed by varyIng TGA con
centratIOns of I, 5 and 10% and molar concentrations of 
Mn2+/Se2

- as 2 I, 3 1 and 4 1 We labeled the respective 
samples with TGA concentratIOn of 1, 5 and 10% as Tb T2 
and T3 and With Mn2+/Se2

- molar ratIOs of 2 ], 3 ] and 4 1 as 
Sb S2 and S3 The sUb:,equent chemIcal reactIOns resulting In 
the MnSe QDs are as given below 

DZSSOGIatlOn MnCl 2 -+ Mn2+ + 2 cr 

Inztzal ReductIOn Se02 -+ SeQ + 112 0 2
-

Subsequent ReductIOn SeQ -+ Se2
-

? 2_
180

•C ) Complete Redox ReactIOn Mn-+ +Se =:::} MnSe ( QD:, 

2 3 Optical response of MnSe-TGA ODs In culture media 
environment 

In order to examme photostabilIty of the QDs In culture 
media, a senes of expenmental steps was employed follOWIng 
an earlIer report [23] At first, a SUItable amount (~20 
JJMJJL- I

) of MnSe-TGA QDs wa:, :,omcated In DI water 
followed by the addition of 30 jJg mL -I BSA proteIn and, 
finally, different cell culture media In separate petri-dishes 
The specimen samples were Incubated at ~37 °c for 
about 6 h 

2 4 CytOtOXICity studies with MnSe-TGA ODs 

24 1 Isolation, culture, and treatment of lymphocytes The 
cytotoxIcity effect of the MnSe-TGA QDs was assessed by 
USIng Isolated human lymphocytes, collected voluntanly 
Anti-coagulated human blood was dIluted With a phosphate 
buffer solution (PBS) (v/v 1 1) followed by the formation of a 
6 mL layer In 6 mL hlstopaque (l 07 g mL-l

) Subsequently, 
It wa:, centrifuged at 400 g for 30 mIn and lymphocytes were 
collected from the buffy layer The Isolated lymphocytes were 
then wa~hed With 2 mL PBS and 2 mL RPMI-1640 medIa 
through centrifugation steps separately for 10 mIn at 250 g 
[27] The pelleted lymphocytes were then suspended In 
RPMI-I640, and VIabilIty was checked by the Trypan blue 
exclUSIOn method USIng a hemocytometer [28] Lymphocytes 
With a viabilIty of more than 90% were used for subsequent 
study Ahquots of 200 mL of Isolated cells were cultured In 
RPMI-1640 supplemented With 10% heat-mactIvated FBS 
Imtlally, cells were Incubated (at 37°C In 5% CO2) for 4 h In 
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RPMI-I640 Without FBS The cell~ were then treated as per 
expenmental reqUIrement and mamtamed with the mcluslon 
of FBS for 8 h 

242 MTT assay The cytotoxIcity a:,:,ay wa:, performed by 
measurIng the ViabilIty of celb according to the method 
descnbed by Demzot and Lang [29] The key component [3-
(4, 5-dlmethylthlazol-2-yl)-2,5-dlphenyl tetrazohum bromIdeJ 
(MIT) IS yellOWish In color and the mitochondrIal 
dehydrogenase of viable cells cleave the tetrazollum flng, 
Yleldmg purple In:,oluble formazan cry:,tab, which were 
dissolved In a SUitable solvent (30) In thiS repoTt, 0 1% TGA 
was used as the vehicle In which MnSe-QDs were su~pended 
The resulting purple solution wa~ evaluated through 
spectrophotometrical means An Increase or decrease m cell 
number resulted m a concomitant change In the amount of 
formazan formed and would mdlcate the degree of 
cytOtOXICity caused by the test matenal Bnefly, after 
treatments, cells were treated With 1 % of MIT fOJ 2 h, then 
the formazan crystals were dissolved m solvent and the 
absorbance of the solutIOn was measured at 570 nm The 
background absorbance was measured at 690 nm and was 
~ubtracted from 570 nm The ab,orbance of the control cell, 
was set at 100% viabilIty and the values of the treated cells 
were calculated as a percentage of the control 

2 5 Fluorescence Imaging study In vitro 

Isolated lymphocyte~ were cultured In RPMI-1640 media 
supplemented With 10% FBS m the presence of MnSe-TGA 
(or MnSe-TGA-BSA) :,y:,tem:, and mamtamed for 10 h at 
17°C In 5% CO2 In an Incubator Before treatment with 
MnSe-TGA (or MnSe-TGA-BSA), the lymphocyte~ were 
grown without FBS for 2 h Imagmg of different specimens 
wa~ carned out Independently under a fluore~cence 

microscope 

2 6 AnalytIcal tools and techmques 

The charactenstlc optical absorption teatures were recorded 
through UV-vlslble optical ab:,orptlOn :,pectro:,copy (UV 
2450, Shlmadzu CorporatIOn), whereas photolumInescence 
(PL) spectra were obtaIned by U~illg a PerkmElmer LS 55 
spectrophotometer In the latter case, the PL data was 
acqUIred through a computer controlled standard mono
chromator-based photodetectlon system The structural phase 
of the sample:, under :,tudy wa:, charactenzed by an x-ray 
diffractometer (XRD, MmlFlex, Rlgaku) eqUipped for CuK" 
ladIatlon (). = 1 543 A), wherea~ the MnSe QD ~Ize and 
morphological features were revealed through high resolutIOn 
transmiSSion electron microscopy (HRTEM, JEOL, JEM-
2100) workmg at an acceleratmg voltage of 200kV The 
VibratIOnal features were explored by Raman spectro~copy 
usmg a micro-Raman spectrometer (Remshaw, UK) at room 
temperature Furthermore, JR-actlve VibratIOnal feature~ were 
assessed through Founer transform mfrared (FT-IR) (Nicolet 
model Impact-410) studies As for the FTIR study of as-
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Figure 1. (a) Optical absorption and (b) photoluminescence spectra of MnSe-TGA QD~ prepared with different TGA concentratIOns of (i) 1% 
(TI), (II) 5% (T2) and (iii) 10% (T3) for a fixed Mn2+/Se2- = 2: I. In (c) and (d), the deconvoluted PL spectra of QDs of T2 and T3 specimens 
are shown with experimental and empirical traces. 

synthesized MnSe-TGA QD system, solid powder was 
employed to make pellets in KBr. 

On the other hand, the camer lifetime measurement and 
magnetic characterization of the QDs were performed by a 
time resolved photoluminescence system (TR-PL, LifeSpec 
II, Edinburg Instruments, UK) and a vibrating sample mag
netometer (VSM, LakeShore's 7400 series), respectively. 
Finally, bright field as well as fluorescence imaging of the 
lymphocytes (treated with MnSe QDs) was adopted using a 
Leica OM 3000 fluorescence microscope under uniform light 
exposure and using a 40X objectivelNA = 1.25. 

3. Results and discussion 

3.1. Optimization of control parameters through optical 
spectroscopy studies 

In order to achieve quality water soluble WZ MnSe-TGA 
QDs, we have carefully examined different reaction condi
tions, which are as discussed below. 

4 

3.1.1. Effect of TGA concentration. Figure 1 (a) depicts the 
effect of the TGA concentration on the UV -visible ~pectra of 
MnSe-TGA QOs. As can be seen in the figure, the samples TI 
(curve i) and T2 (curve ii) show relatively longer tailing than 
Tl (curve iii), in which the prominent absorption edge was 
located at ~303 nm (El; ~ 4.09 eV). This implies effective 
quantum confinement of the charge carriers in the QDs, and 
that characterize a blue shift (~0.5 eV) from the' bulk value 
(Eg ~ 3.5 e V) of the WZ-MnSe system [I, 3, 15, 31 J. But the 
estimated value of El; is ~ 1.6 fold larger than the RS type 
MnSe (~2.5 eV) system [I}. A slight blue shifting of 
~0.07 eV with respect to the (WZMnSe) bulk value was 
noticed for the QDs of sample Tz. On the other hand, in the 
case of sample T), we observed a blue ~hifting (~0.73 eV) 
with respect to the bulk RS type MnSe. Note that the 
observed blue shifts for samples T2 and T) are very small, and 
are in the range of ~0.07-O.5 eV. This could be due to the 
highly localized nature of 3d electronic bands of Mn atoms. 
Correspondingly, the quantum confinement induced by 
cordially bonded organic layers might lead to a much 
smaller change in these bands [':II]. 



Nanotechnology 25 (2014) 275101 R Sarma elal 

(a) (b) 
(ii) 

400 500 600 700 400 500 600 700 

Wavelength '(l1m) Wavelength (om) 

Figure 2. (a) Absorption and (b) photoluminescence spectra of MnSe (TGA: 10%) QDs with different Mn2+/Se2- ratios of (i) 2: I (SI), 
(ii) 3: 1 (S2) and (iii) 4: 1 (S)). 

The corresponding photoluminescence (PL) spectra 
(Acx = 300 nm) of the MnSe QD systems Tb Tz and T3 are 
shown in figure I (b). Each of these emission spectra was 
subjected to deconvolution to uncover different peak posi
tions. Upon deconvolution (shown for Tz and T3 samples in 
figures I (c) and (d», each of the emission spectra was found 
to comprise of two emission peaks: the narrow and symmetric 
one is ascribed to near band edge (NBE) emission (ABE), 
whereas the broad and asymmetric one is due to the defect 
related emission (ADE)' The ABE of the samples Tz and T3, 
located at ~397 run and ~400 run, were close to the near 
band-edge emission (~364 nm) of the ZB type MnSe system 
[32]. As for T" the A.BE position was located at ~406 nm, but 
the ADE peak was positioned at ~460 nm for all the specimens. 
The defect-related emission may have arisen from the defect 
states in the metastable WZ nanocrystal core [33]. The 
respective band-edge-to-defect related emission intensity 
ratios were estimated as ~ 1.03, 0.58 and 2.37 as for T/, T2 
and T3 systems. It is quite apparent that the NBE response of 
10% TGA coated MnSe QDs is much more prominent with a 
full width at half maximum of ~81 nm. A stronger defect
related emission of Tz over TJ was predicted due to the 
inadequate passivation of QDs by the linkers in the former 
case. On the other hand, the intense and symmetric NEE 
emission was evident due to significant passivation of the 
surface defects in the metastable WZ MnSe QDs of sample 
T3 , where a higher percentage of the capping agent TGA was 
considered. As these QDs are characterized by a blue-shifted, 
sharp excitonic absorption feature along with intense and 
symmetric band edge emission response, we opted for sample 
T3 for further exploration of the effect of precursor 
concentration. 

3.1.2. Effect of precursor concentration. Figures 2(a) and (b) 
depict the dependence of the absorption and emission 
behavior of MnSe QDs coated with 10% TGA and prepared 
at a definite precursor concentration ratio (Mn2+/Se2-). The 
sample S, (figure 2(a), curve i), exhibits a strong excitonic 
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absorption feature at ~303 nm (Eg =4.09 eV), whereas, with 
an increasing value of the precursor ratio (S2, curve ii and S3, 
curve iii), a significant red shifting (tlE ~ 1.03 eV) of the 
exciton peak was observed, which corresponds to A = 408 nm 
(Eg = 3.03 eV). It may be noted that the band gap of the 
sample SI is slightly blue shifted (~0.59 eV) from the bulk 
value of the WZ type MnSe (Eg = 3.5 eV). In contrast, the 
samples S2 and S3 derived with higher Mn2+ concentrations 
showed an adequate blue shift (~O.5 eV) with respect to the 
bulk RS type structure (Eg = 2.5 e V). This may suggest that, 
with the incorporation of an excess amount of Mnz+ 
concentration, there could be a partial phase transformation 
of the WZ phase to an RS one [34J. 

The PL responses of MnSe QDs with different Mnz+/Sez-
precursor ratios are depicted in figure 2(b). The spectrum 
recorded for sample S, (curve i ) exhibits NEE emission 
(ABE) at ~400 nm [321 along with surface defect related 
emission ().DE) located at ~459 nm [33] (the deconvolution 
is not shown). Conversely, intense emission bands were 
observed at ~5 1 5 nm and ~517 nm as for samples S2 (curve 
ii) and S3 (curve iii), respectively. The PL emission 
intensity of the S3 sample is adequately lowered as 
compared to the 52 specimen. The deconvoluted PL spectra 
(not shown) have revealed other emission peaks located at 
~554 nm and ~566 nm, for S2 and S3 samples, respectively. 
These emission bands are ascribed to the 3d electron 
transitions of Mn2+ [31 J. An emission intensity lowered by 
a factor of ~ 1.18 in the case of the 53 sample over the 52 
one is probably due to the strong interaction of the 
neighboring Mn2+ ions at the nearest, the second nearest 
and at the third nearest neighboring sites owing to an 
increased concentration of Mn2+ [34J. From the above ., 
discussion, it is now apparent that the QDs as derived 
from [Mn2+V[Se2-1 = 2: 1 and a TGA concentration of 10% 
(with 51 == T3) are likely to display strong, blue shifted 
excitonic absorption and prominent band edge emission 
features. 



Nanotechnology 25 (2014) 275101 A Sarma etal 

(a) (b) 

- • 'Io!>" 
:::. 

• S 
~. 

~ =-jj :;; 

l •. ~ I _lII. ..lIiL.Jl. 
~-. ~ .....--

20 30 40 50 
26 (degrees) 

60 70 60 70 40 so 
29 (degree~) 

20 30 

Figure 3. X-ray drlfractograms of MnSe QDs prepared With 10% TGA and Mn2+/Se2
- (a) 2 1 and (b) 3 I 

The quantum YIeld of the MnSe-TGA QD~ can be 
evaluated USIng the relation [35] 

(I) 

where Q and Qrcf represent the respective Yields of the QDs 
and reference specimens, I (QDs) and fref (reference) are the 
Integrated errusslOn mten~ltles, A (QDs) and ArLf (reference) 
are the absorption mtensltles, and n (sample) and nref 

(reference) are the refractive Indices of the solvents 
Consldenng rhodamme 6 G® as the reference, the quantum 
Yield of the MnSe QDs was calculated to be ",75% 

3 2 Crystal/ographlc and morphological features of MnSe ODs 

The crystallographic planes and phase of the as-synthesized 
MnSe QDs can be IdentIfied through XRD analyses The 
analy~l~ was requlfed to ascertam the de~lfed WZ phase of the 
synthesized MnSe product, as predIcted through optical 
behavIOr (sectIOns 1 1 1 and 3 1 2) Figures 3(a) and (b) 
depict XRD pattem~ of the MnSe QD products, a~ prepared 
from different precursors of Mn2+/Se2- = 2 I (SI) and 3 1 (S2), 
for a fixed concentration of TGA (10%) Refemng to 
figure 3(a), the dIffraCtion peaks located at 258°, 268°, 
286°, 502°, 5205° and 53° correspond to the (l00), (002), 
(101), (200), (112) and (201) crystallographic planes of the 
hexagondl WZ MnSe crystal structure and are consl~tent with 
available reports [I, 7] Moreover, the MnSe2 phase IS also 
observed 10 the form of an unpunty at a dIffractIOn angle of 
"'238° and 314° [I] The lattIce parameters (a:;:;b and c) can 
be estimated uSlOg the followmg relation applicable for a 
hexagonal system 

and 
... 
da = (8/3)"2 (3) 

Here, a = 3 9 A and G = 6 34 A, nearly consistent With an 
earlier report [I] Furthennore, by usmg the Wilhamson-Hall 
equation [16], we estimated the average crystallite sIZe (d) a~ 
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",7 nm and a negative rrucro~tralO magmtude of the order 
'" 10-3 A ~mall, negative ~Iope wa~ believed to have amen 
due to a nom mal stram broadenmg effect and mdlcates the 
presence of more relaxed crystallites P7] 

The XRD pdttem of the \dmple S2 1\ shown 10 

figure 3(b) The subsequent diffractIOn peaks at 298°,438° 
and 51 I ° corre~pondmg to the (Ill), (220) and (311) cry~
tallographlc planes depict an RS type MnSe crystal structure 
(JCPDS-270311) [1R] The peaks at ",23 7° and 46° could be 
due to the coexistence of the MnSe2 phase with MnSe The 
RS type structuIe wa~ al~o predicted for the S2 ~ample, a~ 
descnbed m Section 3 I 2 

The VISible eVidence of the MnSe QD ~y~tem (Sd I~ 

depicted m the TEM micrograph (figure 4) Isolated, ~phencal 
QDs WIth an average slze ..... 7 nm can be found with a particle 
~Ize dlstnbut!on highlIghted III the figure lll~et (figure 4(a» A 
magmfied view of the QDs IS shown 10 figure 4(b), where 
latttce fnnges of each of the QDs are clearly VISible How
ever, the mdlvldual planes were more dlstmct 10 the enlarged 
view of a ~lngle QD, Incorporated a~ the Ill~et III figure 4(b) 
The Interplanar spacing IS estimated as ~O 25 nm, which IS 
III close agreement With an ember repolt on the WZ-type 
MnSe system [7] Tn additIOn, a few pomt defects (vacancies) 
and edge-dIslocatIOns were Identified 10 the correspondmg 
Image, which are hIghlighted by red and pmk arrow~, 

I e~pectlvely 

3 3 Explonng optIcal phonons and molecular VIbrations In 

TGA coated MnSe ODs 

Raman spectroscopy deals with the inelastIC scattenng of 
Itght fLOm both molecular <;pecIe~ and <;oltd-<;tate obJect~ It 1<; 
pOSSible to predIct different VibratIOnal modes through Rdman 
spectroscopy studies The Raman spectrum of the WZ-type 
MnSe QDs (of SI ~peclmen) I~ ~hown m figure 5(d) The 
lespectlve Raman peaks at 225 and 295 cm- I were Identified 
as transverse Optlcdl (TO) and longltudmal optical (LO) 
phonon modes of the MnSe sy~tem The blue shIfting of the 
TO and LO phonon modes from the ZB bulk MnSe values of 
2195 and 257 cm- I [~9), respectively, may suggest strong 
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Figure 4. HRTEM images of MnSe QDs (TGA = 10%, Mn 2+/Se2
- = 2: I) at (a) low and (b) high magnifications. The: hi , togralll shown as the 

figure inset (a) depicts the particle-size distribution . The enlarged, isolated QDs are shown in (b), and with crystal lattice fri nges in the lWO 
inset figures (upper ~3 nm, lower ~7 nm QD). 
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Figure 5. (a) Raman and (b) FI1R speclra of MnSe-TGA QDs (TGA = 10%, Mn 2+/Se2
- = 2: I). 

phonon confinement in the system under study [40, 41]. 
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 sub
stantial increase in the force constant value as a result of the 
decrease in the interatomic distances. In vibrational transi
tions, the wavenumbers vary approximately in proportion to 
kl/" where k is the fmce constant Consequently , an enhanced 
magnitude of the force constant would be characterized by a 
shifting of the Raman band towards a higher wavenumber 
side [42, 43]. 

As the surface optic (SO) vibrational mode of the 
nanoparticles generally exists in-between LO and TO phonon 
frequencies, the Raman peak at ~244 cm- I is attributed to SO 
phonons. The frequency of the SO modes is dependent on the 
dielectric environment of the QDs as proposed by Klein et al 
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and expressed as [44]: 

w/ == [ WTU 
2 ((z + I) /1 } 

+ wio ( E~/ Ed ) ] / [ ( (i + I) / l} + E./ Ed J. (4) 

where 1 = I, 2, 3 .. ... The high frequency dielectric constant 
(E~) of the MnSe system is 5.99 [45] and the constant of the 
sUlTOunding medium (Ed) is 78 .30 for water [46]. The esti
mated value of the SO mode (~228 cm -I) corresponding to 
the lowest (I = 1) state is very close to the experimentally 
observed value (~244 cm- I

). 

The weak mode observable at ~ 127 em- I might have 
arisen from the longitudinal acoustic (LA) phonons [47], 
whereas no Raman peak corresponding to the transverse 
acollstic phonon (T A) mode was duly witnessed. On the other 
hand, the peak observable at ~506 cm- I can be identified as 
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the collective feature due to the combination of LO and TO 
modes. The peaks at -140 cm- I and 152 cm- I can be 
assigned to trigonal (t-Se). monoclinic (m-Se) and amorphous 
selenium (a,Ii-Se). which would exhibit Raman shifts (.::lv) in 
the range of 14(}-150 cm -I. The assigned Raman peaks of the 
MnSe QDs are highlighted in table 1. 

The Raman shifting due to the phonon confinement effect 
can be described by the confinement model. The size
dependent Raman shift can be represented by [48]: 

.::lw = weD) - (vo = -A (a jdcluJ. (5) 

Here. weD) is the frequency of the phonon in a nanocrystal of 
size D, Wa is the frequency of the bulk MnSe, .::lw is the 
Raman frequency shift, a is the lattice parameter (a = 0.432 
nm) of MnSe, dc/li x is the nanocluster size, and A and yare the 
parameters related to nanocrystal geometry. The parameter A 
has a value of 52.3 cm- I in the Richter model, and the value 
of the Griineisen parameter (y) is 1.1 and is relevant for LO 
mode of the bulk IT-VI semiconductor systems [49]. Putting 
these values into equation (4), the size of the QDs is estimated 
as -8.5 nm. This value resembles closely the crystallite size 
and average pa.nicle size obtained through XRD and TEM 
analyses. 

The FTIR spectrum of MnSe-TGA QDs is depicted in 
figure 5(b). Four prominent IR- sensitive vibrational peaks 
were clearly distinguishable in each of the FTIR spectra of the 
MnSe-TGA QD system. These are located at -3447 cm- I

, 

1634cm- l
, 1383cm- 1 and -644cm- l

. The peak at -3447 
cm- I was believed to be due to the hydroxyl O-H stretching 
mode of the TGA molecule. The peak at -1634 cm- I may 
have arisen due to the asymmetric vibrational peak of the 
-COO- group of TGA molecules [15] , whereas, the peak 
corresponding to the C=O stretching vibration is identified at 
-1383 cm- I [50]. Consistent with other repons, the peak 
witnessed in a relatively low wavenumber regime (-644 
cm-') can be ascribed to the vibrational response due to 
Mn-OH stretching [51] . 

3.4. Carrier lifetime measurements of TGA coated MnSe ODs 

The life-time aspect associated with the calTier recombination 
events can be revealed by TR-PL measurements . In general, 
the PL decay curve of colloidal NCs has a bi-exponential 
form, given by [52]: 

(6) 

Here, 'I and '2 are the decay time constants of the rapid and 
slow processes, and A 1 and A2 are the corresponding emission 
intensities. We intended to explore the time-resolved char
acteristics around the main, NBE emission peak, observable 
at 400 nm. The TR-PL spectra of TGA-coated MnSe QDs, 
measured for two close emission wavelength values (Am' = 
400 and 420 nm), are depicted in figure 6. It is quite apparent 
that the emission kinetics have a stretched-exponential trend 
with a dependence on the radiative emission line. Interest
ingly, the TR-PL data exhibited bi- and tri-exponential fits for 
emission wavelengths of -400 and 420 nm, respectively. For 
the aforesaid cases, the reduction of PL intensity with time is 
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Figure 6. TR-PL spectra of MnSe-TGA QDs (TGA = 10%. Mn 2+/ 
Se2

- = 2: 1). Blue and red experimental traces basical ly represent the 
nature of PL decays corresponding to A<", = 400 nm and 420 nm, 
respectively. The inset shows the scheme of radiati ve /nonradiative 
pathways in the MnSe-QD system. 

Table 1. Ass ignment of Raman peaks of the MnSe QD system. 

Reported/ Measured 
SI. predicted* values 
No Assigned mode values (em-I) (em-I) 

WLA 127 127 
2 lV-ro 2 19.5 225 
3 Ws o (WI, 1= I ) 228* 244 
4 WI.O 257 295 
5 WLO+ WTO 520* 506 
6 Mixed-phase/defect 140- 150 140, 1'12 

arisen peaks (trigonal 
(t-Se), monoclinic 
(m-Se) and amor-
phous (a",-Se) 
selenium) 

accompanied by two independent mechanisms and with dif
ferent decay parameters. The time constants, associated with 
the TR-PL spectrum 0[-400 nm emission, are '1 - 0.64 ns and 
' 2 ~ 3.04 ns with the cOITesponding intensities found to be 
A, = 3 1 8 14.4 and A2 = 682.4 in arbitrary units. Here, the 
shorter life-time can be ascribed to the direct radiative tran 
sitions of the free excitons (core-state recombination). while 
the second, a relatively slower component, is believed to be 
due to the radiative recombination via surface-trap si tes [53]. 
A nearly -4.7 fold increment in the core-state recombination 
response over the surface-trap ones was anticipated in thi s 
case. On the other hand, the PL decay is mediated via three 
independent processes corresponding to an emission wave
length -420 nm. The decay parameters, as predicted from 
most suitable (tri-exponential) fitting. are ,,- 0.56 ns, 
T2 ~ 2.42 ns and '3 = 7.45 ns, with respective intensities of 
A, = 141 2.27, A2 = 859.03 and A3 =40 1.87. Here, we assign" 
to the core-state recombination. '2 to the surface-trapped 
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excltons and T3 to the radiatIve and nonradlatIve responses 
due to carners trapped at the surface sItes [54] On companng 
the TR-PL spectra of 400 nm errussIOn with that of the 
420 nm one, It IS qUIte clear that both the fast (Td and slow 
(T2) components become faster by ~ I 2 tImes In the latter 
case, and along wIth the evolutIOn of a thIrd component T3 

The pos~lble radIatIve pathways WIth vanous decay compo
nents are schematlcalIy shown as Inset of figure 6 Note from 
the magnItudes of AJ and A2 that the probablhty of core-state 
recombmatIon IS drastIcally suppressed as compared to the 
probabIlIty of recOmbInatIOn vIa surface traps Moreover, PL 
decay vIa surface trapped excltons and carner trappIng at 
surface sItes becomes competItIve m thIS case We antIcIpate 
that the long exponentIal behavIOr WIth tIme constant T3 

would suggest the locahzauon of carners on the surface states 
WIth a <;mall overlap between electIon and hole wavefunctIon<; 
[55] A stronger localIzatIon event IS hkely to exhIbIt more 
promInent exponential stretchmg and, hence, a longer decay 
parameter 

35 Magnetic properties of TGA-coated MnSe aDs 

We have also evaluated the magnetIc features of the TGA
coated MnSe QDs In thIS regard, the effect of TGA con
centratIon on the magnettc response of the QDs ha~ been 
explored FIgure 7 depIcts temperature and field dependent 
magnettzatIOn responses of MnSe QDs prepared WIth 1 and 
10% TGA concentrattons, and at a fixed precursor ratIO 
(Mn2+/Se2

- =2 1) In zero field coolIng (ZFC) condItIOns, the 
sample was first cooled down to a temperature of 27 K under 
no field, and then the magnettzatlOn sIgnal was recorded In 
the warmmg process when subjected to an apphed field of 
500 G As can be seen from figure 7(a), the 1 % TGA-coated 
QD system has a Neel temperature (TN) located at ~39 K In 
contrast, the QDs prepared WIth a coatIng of 10% TGA are 
charactenzed by a non-~harp TN value of 59K (figure 7(b)) 
Below TN, the specImen IS antl-ferrromagnetIc In nature and 
above TN It would behave as a paramagnetic system owmg to 
the lIkely randorruzatIon of moments assocIated WIth the 
magnetIc ordenng process Note the exhlbltton of a steady fall 
m the magnetIzatIOn m figure 7(b), whIch could represent the 
coexl~tence of anti-ferromagnetic and paramagnettc ordenng, 
but to dIfferent degrees FIgures 7(c) and (d) represent 
respectIve M ~ H hystere<;ls plots of the MnSe QDs (WIth 1 
and 10% TGA concentratIOns) measured at 20 K It was 
revealed that 1% TGA functIonahzed QDs have an antI-fer
romagnetIc hysteresIs WIth a coerclvlty (He) of ~ 1520 G and a 
remdnence (Mr) of ~I 2 emu g-I (figure 7(c» Our TN dnd H( 
values are comparable WIth the values predicted for the WZ 
type MnS nanowlre<; (TN= 30 K, He = 1020 G) [55] and those 
of tetrapod-shaped MnSe nanocrystals [7] In contrast, the TN, 

He and Mr values were found to be ~59 K, ~56 G and 
~O 0002 emu g-I In ca~e of 10% TGA coated QD& The TN 

and H( values are close to the WZ type, sphencal shaped and 
water droplet-shaped MnSe nanopartIcles [I] Nevertheless, 
the MnSe QD<; expenence charactenc;tIc paramagnetic fea
tures at room temperature (figures 7(e) and (f), IrrespectIve of 
the TGA concentration level 
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The surface defects along WIth a layer of ~urfactants 
could Influence the magnettc propertIes of the nanopartlcles 
drasttcalIy, especIally when thermal agnatIon IS lowered 
WIth the decreaSIng ~Ize of the NP~, ~urfdce contnbutJon to 
the magnetIzatIOn Increases as compared to the core of the 
partIcles [56] However, total magnetizatIOn I~ expected to be 
contributed to by both ~urface ~pIn<; and the core of partlcle~ 
It IS worth mentIOnIng here that the electronIC structure of the 
whole system can be adequately controlled by the strength of 
mteractIon of cappmg molecule1> WIth NP ~urfdce~ Earher, It 
was demonstrated that the vanatlOn of the electronIc structure 
ha<; a strong Influence on the magnetIc propertIes [57, 'i8] 
Moreover, thlOls are regarded as excellent candIdates for 
Inducmg magnetIc propertIes, even In dIamagnetIc substances 
[58--61] By cappIng WIth a thlol group, charge transfer 
between the SH group and surface atoms take<; place, theleby 
IndUCIng a net magnetization [57] In our case, a larger value 
of Neel temperature exhlbned by 10% TGA-coated QDs 
suggests that a relatIvely hIgher thermal energy I~ reqUIred to 
dIsrupt the magnetIc ordenng as expected In 1% TGA-coated 
QD~ WIth a smaller TN It IS pO<;~lble that a proportIonately 
large no of Mn2+ IOns are aVaIlable on the surfaces of MnSe 
QDs of hIgher TGA concentratIOn, whIch mIght undergo an 
efficIent charge transfer process between the TGA molecule 
and the 3d orbltab of Mn 2+ 10n1> and become re1>ponslble for 
dIsplayIng a strong magnetIC response Moreover, whIle a 
higher TGA concentration leads to a gradual decrement of the 
magnetic moment wnh temperature, a steep fall was realIzed 
for a lower TGA concentratIOn (figures 7(a), (b» Thus a 
small magnItude of thermal energy (at low TN) I~ 1>ufficlent to 
bredk the ordenng of magnettc moment~ In the latter Cd~e 
The surface-dependent magnetIc properties of MnSe nano
partIcles have al~o been reported by other worker~ [7, 62] 
Addlttonally, a lowered value coerclvlty of 10% TGA-coated 
MnSe QDs at a low temperature proVIdes an advantage over 
the collOIdal &tablhty of QDs A lowered coerclvlty Indlcate~ 
the qUIck dIsappearance of magnetism wnh the removal of the 
applIed field Comldenng the fact that QD~ would not 
agglomerate upon the removal of the field [56], the MnSe 
QDs WIth 10% TGA could be the preferred chOIce over ItS 1% 
counterpart for safe bIOlogIcal applIcatIOn DIfferent magnetIc 
pdrdmeters, dS predIcted for MnSe QD~ of VdryIng TGA 
concentratIOns, are hIghlIghted In table 2 

3 6 BIophYSical evaluatIOn of TGA-coated MnSe aDs 

3 6 1 DisperSion and stablflty of MnSe-TGA aDs m cell culture 
media The optlcdl re1>ponse dnd collolddl ~tdblhty of the 
fluorescent QDs, In dIfferent chemIcal enVIronments, are 
legarded as essential prerequmte~ for me In blOlabelIng and 
blOsensIng apphcatlons It IS known that dIfferent dIsperSIng 
agents, such as FBS and BSA proteIns, have an InfluentIal 
role on the ~tdblhty of the QDs III d blologlCdl envIronment In 
thIS regard, we performed a comparatIve study of the MnSe 
QDs (of SI specImen) In dIfferent dIsperSIOn medIa and by 
comldenng both the presence and ab~ence of the dl~per~mg 
agent (BSA protem) FIgure 8(a) demonstrate<; that, 10 the 
absence of dlsperslllg agent (BSA), the excltoOlc absorpllon 
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Figure 7. (a), (b) ZFC curves of different MnSe QDs obtained for a low field of ~500 G and applied at a temperature of 26 K. The figure 
inset, depicting the magnetization peak, represents the Neel temperature. The sub-figures (c), (d) and (e), (f) highlight the hysteresIs loops of 
MnSe QDs measured at 26 K and 300 K, respectively. The insets of (c), (d) depict the region around the zero field. The respective subtigures 
(a), (c), (e) and (b), (d), (f) correspond to TGA concentrations of I % and 10% for a constant molar concentration of Mn2+/Se2- = 2: I. 

Table 2. Magnetic parameters of MnSe QDs (Mn2+/Se1
- = 2: I). The H, and M, values were measured at 26 K. 

SI. No TGA concentration 

I 1% 

2 10% 

Neel temperature, TN (K) 

39 (sharp) 
59 (non-sharp) 

10 

Coercivlty, H, (G) 

1520 
56 

Remanence, M, (emu g-I) 

1.2 
0.0002 
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Figure 8. (a) Absorption and (b) photoluminescence spectra of MnSe QDs (TGA = 10%, Mn 2+/Se2
- = 2: I) in different dispersing media in the 

presence and absence of the dispersing agent BSA. (c) Depicts maximum PL intensity of MnSe-TGA QDs with aging effect when BSA was 
added as a dispersing agent. 

peak at ~303 nm of the MnSe QDs in PBS remains 
unaffected as observed in the aqueous media. Conversely, 
the absorption peak is red-shifted to ~3 13 , ~321 and 
~329 nm, when QDs were dispersed in DMEM, MEM and 
RPMI-\640 media, respectively. This indicates the Likely 
aggregation of the QDs in these media. Essentially, in cell 
culture media, a high ionic strength is responsible for the 
dominant van-der Waal's attraction over electrostatic 
repulsive behavior, and this is the reason why QDs might 
coalesce into larger sized ones [18]. In contrast, a fairly stable 
dispersion of the MnSe-TGA QDs was observed upon the 
addition of BSA into the respective media. The exciton 
absorption peak (~303 nm) seems unaltered in PBS and 
DMEM media, whereas it was slightly (~308 nm) and 
significantly (~327 nm) red-shifted in MEM and RPMI-
1640 media, respectively. Thus, we can predict that the 
interaction of the BSA dispersing agent with the constituents 
of the cell culture media has strong influence on determining 
the colloidal stability of MnSe QDs. Similarly, the enhanced 
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emission response of the QDs with BSA dispersion signifies 
an improved QD stability as compared to the case of nonuse 
of the dispersing agent (figure 8(b». Moreover, in presence of 
the BSA protein, MnSe-TGA QDs in DMEM and MEM 
media exhibited stronger PL responses over the RPMI- I640 
one. This may suggest considerable surface passivation of the 
QDs in the former media with effective absorption of BSA 
compared to the latter one. 

Figure 8(c) depicts a series of maximum intensity 
profiles, highlighting responses upon BSA inclusion in 
different cell culture media. The nature of radiative emission 
with aging can also be evaluated. As compared to the RPMI-
1640 cell culture media, the MnSe-TGA QDs are likely to 
experience stable emission features in DMEM (3 days of 
aging) and MEM media (5 days of aging). An enhanced 
stability of PYA-coated SPION and BSA-coated Ti02 

particles in DMEM media, over RPMI- I640 media, was 
predicted in earlier works [ J 8, 63]. Not surprisingly, in 
DMEM and MEM media, owing to the presence of a larger 
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concentratIOn of dIvalent catlon~ (e g Ca2+. Mg2+), they are 

hkely to act as an effectIve bndge to bmd negatIVely charged 
BSA protem molecules on one side With the negatively 
charged TGA-codted QDs on the other side [18] In 
contrast. a relatively higher concentratIOn of phosphdte 
10m m RPMI-I640 media, would compete with BSA 
molecule~ to ad~orb mto the QD ~urface~ re~ultmg m 
m~tabdlty Earlier an almo~t 70% relea~e of BSA from 
hydroxyapatite mlcrospheres was reahzed m half an hour m 
the pre,ence of 10 mM pho~phate, a~ reported by Boomongnt 
and coworkers [64] 

3 6 2 Cytovaclty assessment and blolmagmg of lymphocytes 
usmg MnSe ODs First. we Intended to explore the mftuence 
of MnSe QD~ (of SI ~peclmen) on lymphocyte cell vldblhty 
The study was carned out usmg dIfferent amounts of MnSe 
QDs synthesIzed from the plecursor of 10% TGA and Mnz+/ 
Sez- = 2 I A~ ~hown m figure 9(A) With the treatment of a 
111M MnSe QD for 8 h, the lymphocyte celb were beheved 
to ~u~tam with a maximal vlablhty of 98 3%, wherea~ the cell 
VIability whIch was fairly ulliform (-95%) up to a QD 
concentratIOn of 0 5 11M, gets drastically reduced with the 
further mcrease of QD concentration It may be noted that the 
~urvlva1 of the maxImum amount of cell~ I~ ot utmo~t 
necessity to unravel the cellular uptake mechallism and 
blOimagmg re~pome undel select eXCItatIOn Thl~ call, tor the 
use of MnSe QDs under a safe hmlt. whIch could help 
mmlmlze the cytOtOXICity and other envIronmental and 
health hazard I~~ue~ We ~peculate that the ~afe lImit m our 
Cd~e I~ below 0 511M It IS pOSSible that. dependll1g on the 
maclOmoleculdr structural orgallizatlOn of the cell~ and their 
phy"ologlcal ~tate, the ~afe lurut of u~lllg MnSe QD<; rrught 
vary from one cell type to another For mstance, healthy and 
dIsease affected cells, mcludll1g epIthelIal, epidermal and 
eplthermdl celb mdY nece~~dnly not reqUire .1 ~Imddr 

concentratIOn of QDs for explOltlllg the safe cellular uptake 
proce~~ Our MnSe QD~ could have Immeme potential III 

cellula! ~tudy while U~lllg magnetic and erru~~lOn le<;pome, 
collectively unhke conventIOnal systems where the use of 
simultaneous properties IS quite lImIted 

FIgure~ 9(B) (d-f) depict cell Imdglllg re~pon~e~ WIth 
regard to the treatment of MnSe QDs to the lymphocytes 
Figures 9(B) (a) and (d) are ba<;lcally bnght and ftuOle~ 
cence Image snapshots of the untreated lymphocyte cell~ 
(without the addition of QDs) FIgures 9(B) (b) and (e) 
depIct the uptake of the MnSe QD~ by cultured lymphocyte 
cell~ (without con,ldenng .1 dl~per,mg dgent) III bnght dnd 
fluorescence Imagmg modes, respectively The photographs 
depIct the high blOcompaubillty and fluOle<;cent behaVIOr of 
the QDs III a cellular envIronment Furthermore, we 
assessed the cellular uptake of the QDs while consldenng 
BSA .1, .1 dl,per,lllg dgent III the culture medIa 
FIgures 9(B) (c) and ([) depIct bnght and fluorescence 
Images demonstratmg the cellular uptake response III the 
pre<;ence of BSA In the culture medIa It wa<; confirmed that 

BSA ha<; a remarkable stand with regard to a better QD 
dIsperSIOn and a faIrly homogeneous cellular uptake The 
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one-to one corre<;pondence a~ eVIdent from the bright field 

vIew and bnght, Isolated spots of the fluore<;cent Image I~ 

qUite apparent III thIS case The effect of BSA could be 

clearly vlsuahzed by a supenor QD fluorescence re<;ponse 

over the other dl~cu~~ed one~ The celluldr uptdke and 

blOlIndgmg le"pon.,e., dre believed to be ,Iglllficantly 

affected by the nature of ~urface functlOnahzatlOn and the 
u<;e of BSA a<; a dl<;per<;mg agent 

4. Concluding remarks 

We have demomtJated the ,ynthe,l<; and phY"lcal and bIO

phYSIcal charactemtllS of TGA-coated, WZ-pha~e MnSe 

QDs of average sIze -7 nm Apart from IdentlfYll1g vanous 

Raman and IR active modes m the sy~tem we observed 

multI-exponentIal PL decay around the NBE eml~~lon The 

QD~ exhibIted pardmdgnetlc behdvlor dt room temperdture 

and a mIxed anti-ferromagnetic and palamagnetll ordenng at 

low tempeldture The optical and collOidal <;tabillty of the 

MnSe QD~, III dlffelent cell cultUle media wele found to 

Improve WIth the mdu~lOn of BSA as a dlsper~mg agent 

From the cytotOXICIty mea~urement~ on lymphocyte" we 

pI edIct that the safe IIITIlt of usmg MnSe QDs III bIOphYSIcal 

,1pphcatlOns IS below 0 511M In addItIOn, we have notIced an 

Improvement on the lymphocyte cell Imaglllg capab!llty 01 
the QDs when BSA was used dS a dlsper~mg dgent III the 

RPMI-I640 medld 
Though we dre aWdre of edrher worb on Mn-doped 

<;y~tems [65-67], the pre~ent work. I, u1llque 111 the seme tlMt 

the ~tudled 'y.,tem " both a <;emlconductor dnd a magnetIc 

one, whIch can be made stable even m the WZ phase and 

finally can be effiCIently employed 10 lellular IInagmg These 

water-soluble WZ-MnSe QDs can be regarded as an alter

ndtlve candIdate m blOphy~lcal and blOmedKdl re:,earlh, 

\\ here both ftuore.,lence and magnetIc re~pon:,e:, are dc,lrcd 

<;1I11Ultaneously Relently. we explored londultance flUCtUd

tlon., dCro~~ leclthll1 bdclyer, due to the uedtlon of ndnOpOle., 

a., d re<;uit of the ll1<;eltlon of CdSe qUdlltum dOh [6~] We 

al~o demonstrated d llldgneto-gated Ion channel respon~e due 

to the ll1Sertlon of magnetIte nanoparucle, 111 d11lnclal bilayer., 
[6Sl] In thl~ context, the Il1ve,tlgated MnSe QD, can be 

advantageous with regard to the SIITIultaneou<; rClOrdll1g of 

optical and electncal data when ~ubJected to statIc m,lgnetlc 

flelds or light JlIUll1lllatlOn The optical stabilIty at QDs 111 

dltterent cell wltllle medIci dlong WIth 111111lmdl tOXll1tj level 

\\!l1 certall1ly provIde a valuable platfonn 111 blOphysICdl, 

bIOmedIcal dnd ndnoblotechnology resedlch Tn addlllon, 

<;Ultable deployment of the<;e QD, would find potentldl 111 

frontier appllcatloll<;, mcludmg targeted drug dehvery 

cnablll1g the dIrect vl~uahzatJon of ndnocarners' transport at 

subcellular resolutIOn Both from dldgno~tJc and therdpeutlc 

pOll1t~ of vIew the eXamll1dtJon of Il1tracellulJr proce~;,e, and 

dcep penetratIOn Il1to tI~~ues can find a remark.able advantage 

\\lth the use ot such QDs 
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Figure 9. (A) Effec t of MnSe- TGA QOs on lymphocyte cell viability assessed with the MIT assay (1/ = 4). All the results were ex pressed as 
mean ± SO from four independent sets of experiments. Each of the columns refl ects the cell v i a bili~ . The results were statisti cally analyzed 
by Student 's [·test fo r the signifi cant difference between the group means using GraphPad software . The significant difference between the 
experimental and the control group was set as *p ~ 0.05. (B) Bright lield imaging of lymphocyte ce lls (a) without QDs. (b) with QDs and (c) 
with QOs with BSA in the culture media. The respective fluorescence imag ing ()'cx = 300 nm) can be seen in (d), (e) and (0 Note the ce llul ar 
uptake of QOs in (e) and (f) and their correspondence with bright fi eld views (b) and (cl. 
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We report on the quantum dot (QD)-induced ion channels across a 
soya-derived lecithin bilayer supported on a laser drilled of -100 11m aperture 
of cellulose acetate substrate that separates two electrolytic chambers. Ade
quate current bursts were observed when the bilayer was subjected to a gating 
voltage. The voltage-dependent current fluctuation, across the bilayer, was 
attributed to the insertion of -20 nm sized water-soluble CdSe QDs, forming 
nanopores due to their spontaneous aggregation. Apart from a closed state, the 
first observable conductance levels were found as 6.3 and 11 nS, as for the 
respective biasing voltages of -10 and -20 m V. The highest observable 
conductance states, at corresponding voltages were -14.3 and 21.1 nS. 
Considering two simplified models, we predict that the non-spherical pores 
(dnspore) can be a better approximation over spherical nanopores (dspore) for 
exhibiting a definite conductance level. At times, even dnspore ~ 4dspore and 
that the non-spherical nanopores were associated with a smaller No. of QDs 
than the case for spherical nanopores, for a definite conductance state. It 
seems like the current events are partly stochastic, possibly due to thermal 
effects on the aggregated QDs that would form nanopores. The dwell time of 
the states was predicted in the range of 384-411/lS. The ion channel mecha
nism in natural phospholipid bilayers over artificial ones will provide a closer 
account to understand ion transport mechanism in live cells and signaling 
activity including labelling with fluorescent QDs. 

Keywords: quantum dot; absorption; emission; bilayer; ion channel 

1. Introduction 

Semiconductor quantum dots (QDs) are now recognized as efficient luminescent probes 
in biophysical research owing to their unique optoelectronic properties such as, size
dependent colour tunability, broad absorption but narrow emission line-width, resistance 
to photobleaching and multiplex capabilities [1-3]. Recognizing the importance of the 
lipid bilayer membrane in cell biology and molecular biology, the use of size-controlled 
QDs, in these 2-dimensional membrane structures, is highly demanding and of signifi
cant interest as far as nanobio-interface application is concerned. It may be noted that, 
nanopores and nanoporous artificial membranes were proven to be useful in the fields 
of bioengineering and environmental sciences, to name a few, scope for DNA 
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translocation [4], fuel cell studies [5], Coulter counter device [6] and ultra-high water 
purification systems [7]. 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 governed by the control uptake/release of ions and other molecular spe
cies 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 and disease-affected cells, both in animal and plant kingdoms, do not support 
normal ion transport process thereby causing abnormal intracellular activity. The ion 
channel studies, in real cells, are generally based on patch-clamp techniques [8], 
whereas the practice of planar chip method is relatively new and is limited to artificial 
bilayers only [9, I 0]. The artificial bilayer membrane can be used as a model system to 
explore transient nanopore creation in presence of a field. 

Lecithin, is a yellow-brownish fatty substance, generally found in animals and plant 
tissues which comprise of phosphoric acids, choline, glycerol, phospholipids etc. It 
contains (21%) phosphatidylcholin (PC) and (20%) phosphatidylethanolamine (PE). A 
lecithin molecule consists of a hydrophobic tail and a hydrophilic head. When lipids are 
'painted' in an aqueous solution across an aperture they self-assemble spontaneously 
where hydrophobic and hydrophilic ends align independently, thus forming a stable 
bilayer [11]. The typical thickness of the lecithin bilayer is -4 nm. 

, In this work, we demonstrate the possible electrophysiological application of highly 
fluorescent CdSe QDs. First, a stable lecithin bilayer is formed across an aperture of a 
cellulose acetate substrate that separates two electrolytic chambers. Then, current fluctu
ation was assessed in response to an applied voltage. Moreover, we correlate the ion 
conduction phenomena of voltage-gated ion channels [12] with the resulting nanopore 
created as a result of oligomeric aggregation of CdSe QDs. Furthermore, the experimen
tal results are discussed in the light of simple theoretical models on nanopore creation. 

2. Experimental details 

This section describes synthesis and characterization of colloidal QDs including set-up 
for measuring ion channel activity. 

2.1. Synthesis of colloidal CdSe QDs 

First, 0.62 g of cadmium nitrate-tetra hydrate [Cd(N03)2.4H20, 99% pure, Merck] was 
dissolved in 100 mL of water followed by stirring for 20 min at 60°C temperature. The 
pH of the solution was adjusted to 11 by adding aqueous sodium hydroxide (NaOH) in 
a dropwise manner. A few minutes later, 0.111 g of selenium di-oxide (SeOl> 99.5% 
pure, Merck) was put into the above sol followed by addition of 0.1 g of sodium boro
hydride (NaBH4) as a reductant. Finally, the mixture was subjected to vigorous stirring 
(~250 rpm) for 1 h and at a temperature of 100°e. The final product was obtained 
through repeated centrifugation and filtration. The involved chemical reaction for 
obtaining QDs is as follows: 

. Cd2+(aq.) + Se2- (aq.) ~ CdSe (QDs) 
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2.2. Optical and microscopic characterizations 

Optical absorption response was revealed by UV-Visible absorptIon spectroscopy (UV 
2450 Shimadzu), whereas photoluminescence (PL) spectrum was obtained from a LS 
55 Perkin Elmer spectrophotometer, with a Xe lamp as the excitation source ()'ex = 
280 nm). The data acquiSItion was processed through a computer-controlled standard 
monochromator-based photodetectIon system. The morphological characterization of the 
CdSe QDs was performed by a high-resolution transmission electron mIcroscope 
(HRTEM, JEOL, JEM-2100) working at an accelerating voltage of 200 kV 

2.3. Bilayer formation and measurement of ion channel activity 

The lipid bilayer experiment was performed using a cellulose acetate substrate. The 
cellulose acetate system is chosen as it possesses good electrical properties (low 
dielectric constant, low dielectric loss), good thermal properties along with high value 
of elastic modulus that are comparable to the values observed for other polymeric mate
rials (Teflon, PP, PET) generally used for this type of application. A substrate, having a 
good mechanical and thermal stability, is capable of supporting a very stable bilayer. In 
addition, the substrate material with low dielectric constant and dielectric loss can con
tribute only weakly to the effective capacitance and thus may help even in the detection 
of single ion channel events. The physical parameters related to cellulose acetate sub
strate are shown in Table I. In a typical ion channel experiment, the preferred diameter 
of the aperture is in the range of -80-100 /lm [13]. Shown in Figure I, is an aperture 
(of diameter da = 100 /lm) located at the centre of the cellulose acetate substrate, which 
was deVeloped by using a femto-second KrF excimer laser available at RRCAT, Indore. 
In order to obtain a lecithin bilayer, we have extracted soy lecithin from soya-bean seed 
(model RKS-18) through solvent extraction process followed by water degumming 
process [14,15]. 

The complete ion channel experiment was performed using a patch-clamp amplifier 
(EPCIO) and patchmaster software (HEKA Elektronik, Germany)®. The main amplifier 
had an extension called the head-stage which was capable of interfacing amplifier and 
the planar chip device. The head-stage was connected to Ag/ Agel electrodes for the 
data acquisition of single ion channels across the lipid bilayer (Figure 2). A lecithin 
lipid bilayer membrane was formed around the aperture by a painting method following 
an established procedure (Montal-Mueller technique) [II]. The impermeable bilayer 
would act as a partition between the two compartments (cis and trans chamber) contain
ing electrolytic buffer (1 mL of 1 M KCI, 10 mM HEPES at pH = 7.5 at room temper
ature). As mentioned above, the compartments were connected to the patch clamp 
amplifier via a pair of Ag/AgCI electrodes prepared in 0.5 M KCI (Figure 2). The 
resulting currents were filtered by a low-pass filter (with a four-pole Bessel filter at 

Table 1. Physical properties of the cellulose acetate substrate. 

Thermal 
Dielectric Density Cf) conductivity (K) Melting point Young modulus 

Substrate constant (c:r ) gmlcm- W/m/K (TM)OC (Y) Gpa 

Cellulose 2.9 1.28 0.16-0.36 159.02 2.4---4. J 

acetate 
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Figure 1. (colour online) A cellulose acetate specimen (with 100 ~lIn aperture) used to suppOli 
lecithin bilayer. 
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Figurc 2. (colour online) Schcmatic of a typical ion channel mcasurement setup showing 
different components. 

1 kHz, with a sampling frequency of 10kHz by a computer with an analog-to-digital 
converter). In order to suppress electromagnetic noise, the whole set-up was kept in a 
Faraday cage with ground connected to the building ground. The amplified current was 
recorded in PC which works on OS windows 2007® using the patchmaster softwareilll

. 

3. Results and discussion 

The optical characterization, formation of a stable lecithin bilayer and JOn channel 
response as a result of QD insertion, are as discussed below. 

3.1. Optical studies of water-soluble CdSe QDs 

The optical absorption and emission characteristics of water-soluble CdSe QDs are 
presented in Figure 3. The UV-vis optical spectrum is characterized by a strong Is-Is 
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Figure 3. (colour online) Optical absorption and de-convoluted photoluminescence spectra of 
CdSe QDs. 

excitonic absorption at -303 nm (Eg = 4.09 eV). The quantum confinement of the 
charge carriers in the QDs has led to significant blue shift of the onset of absorption 
with respect to the corresponding bulk value (Aonset - 716 nm). The ground state exci
tonic wavelength value is comparable with that of the value (-310 nm) predicted in an 
earlier work where polyvinyl alcohol (PVA) was used as a dispersing medium [16]. The 
photoluminescence spectrum of the CdSe QDs (under an excitation wavelength of 280 
nm), is shown as an inset. The PL response of the QDs is mainly contributed by band
edge (A.Bd and defect (AOE) related emissions. The respective positions of ABE and ADE 
are located at ABE at -380 and -443 nm. In fact, the asymmetrically stretched PL curve 
is due to significant contribution of AOE emission which is attributed to the radiative 
transitions mediated via trap states. The trap states can be produced by structural 
defects, such as atomic vacancies, local lattice mismatches, dangling bonds, or 
adsorbates at the surface [17,18]. The difference between the absorption and emission 
maxima, which is also called the Stokes shift, is given by [\9] 

Llstokes = 2SliwLO (1) 

Here, S is defined as Huang-Rhys parameter which represents the electron phonon cou
pling strength of the QDs and COLO is the longitudinal optical phonon frequency 
(=210 em-I) of the CdSe QDs. The value of IicoLQ of CdSe QDs is approximately 
30 meV [20]. Considering IiwLQ value in Equation (1) and measuring the absorption 
and emission peak from Figure 3, the Huang-Rhys parameter (.5) is calculated to be 
-13.3. A high coupling constant value, as a measure of strong electron phonon interac
tion, may signify discretization of optical modes due to phonon confinement effect [21]. 

3.2. Evidence of formation of a stable lecithin bilayer around the aperture 

The bilayer capacitance is given by: em = ll( d V/dt) [22]. Here, J is the measured current 
across the bilayer in response to an applied voltage ramp dV/dt. In the present case, 
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Figure 4. (colour online) Variation of current with the application of ramp voltage in the lecithin 
bilayer, recorded at different times. 

100 m V was applied for 20 ms giving out a ramp of d Vldt = 5 V Is. The membrane 
current was found to be -209.5 pA (Figure 4). Three traces were shown to ensure 
stability with lapse of time. The estimated (lecithin) bilayer membrane capacitance is 
found to be -42 pF. Theoretically, lecithin membrane capacitance was predicted as 
-57 pF by using the following relation [9]: 

11: 2 
Cm=Cs4dpl (2) 

where, Cs is the specific capacitance of the soya-lecithin bilayer (-0.75IlF/cm2) [23]. 
For obtaining a stable bilayer, the whole ~perture is believed to be covered by the 
bilayer itself In that case, the diameter of the aperture (da) is equal to the membrane 
diameter (dp ). Again, in planar lipid bilayer experiment, the membrane capacitance (Cm ) 

and the diameter (dp ) of the membrane carrying micropore are related as, 

C _ sOsrA 
m - d . (3) 

Here, A = ~d; is the area of the membrane, GO is the permittivity of the fi'ee space 
(Go = 8.85 x 1O-12Flm), Gr is the dielectric constant of thy membrane and d is the thick
ness of the lipid bilayer. Considering Gr of lecithin equal to the dielectric constant of the 
supported lipid bilayer in the aqueous solution (c;r = 3) [24], the lecithin bilayer thick
ness is calculated as -4.96 nrn. The bilayer under study was found to form a giga seal 
(-3-10 GQ) and the bilayer was fairly stable up to a time duration of 390 s. The stabil
ity of the bilayer can be assessed from a fairly constant value of membrane current 
(-209 pA), recorded at different time (Figure 4). 

3.3. QD induced ion channel response, nanopore formation and theoretical 
assessment 

After obtaining a stable bilayer around the aperture, 4.2 nrnol/ml water-soluble CdSe 
QDs (-20 nm size as revealed from HRTEM micrograph, Figure 5) were injected into 
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Figure 5. HRTEM image of a CdSe QD, showing lattice fringe pattern. 

the cis compartment of the electrolytic chamber with the help of a Hamilton® microsy
ringe. Note that, while trans-side of the chamber was connected to the head stage of the 
amplifier, the cis-compartment was held at virtual ground. The noise level of the whole 
set-up was reduced to <2 pA by grounding the Faraday cage with the ground of the 
building. About a minute later the QDs were added, current bursts were observed in 
response to an applied voltage across the lecithin bilayer membrane. Figure 6 depicts 
the traces of current fluctuation when the bilayer was subjected to two different biasing 
voltages of -10m V (Figure 6(a)) and -20 m V (Figure 6(b )). An apparently enhanced 
current magnitude was witnessed with an increasing biasing voltage. We anticipate 
instant oligomeric aggregation of QDs in the lecithin bilayer, allowing counter ions to 
pass through the nanopores under an external field. A higher voltage indeed facilitates a 
higher concentration of ions resulting in a higher magnitude of the current burst. The 

(a) (J (b) 
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Figure 6. Current fluctuation measured across the lipid bilayer due to inseltion of QDs at a 
biasing voltage of (a) -10mV (b) -20mV 
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plots representing number of events vs. current histograms over a number of experi
ments are shown in Figure 7. As can be found, there exist two dominant conductance 
states: a high-end level of 14.3 nS and a low-end one of 6.3 nS (inset of Figure 7(a», 
corresponding to the bias voltage of -10m V. The respective conductance levels, corre
sponding to a higher bias voltage (-20mV), are 21.1 and 11 nS (inset of Figure 7(b». 
Earlier, the prime conductance value of ~2 . 3 nS was observed by an earlier group where 
12 nm CdSe QDs were inserted in an artificial phospholipid bilayer [25]. Moreover, the 
high-end value (~14 . 3 nS) is close to the conductance value - 15.8 nS, as predicted 
theoretically for ion channels created by 12 nm CdSe QDs and reported in an earlier 
work [26]. The dwell time, which signifies the duration of onloff condition of a particu
lar conductance state, as a result of ion channel activity can be estimated by averaging 
over a number of events. Tn the present case, the magnitude of dwell times are esti
mated to be 384, 400llS and 390, 411 Ils, as for -10 and -20 m V bias-voltage cases, 
respectively. 

(a) 
Closed state --.. 

'" ISO 4j 

.t:I e 
:= 14,3 nS 6.3 nS 
= 100 -= ~ ~ ~ 
~ 
~ -15 

50 Conductance (nS) 

-40 -60 -80 -100 -120 -140 -160 

Current (pA) 

Closed state --

21.1 nS 11 nS 

Conductance (nS) 

o -100 -200 -300 -400 
CUI'rent (pA) 

Figure 7. (colour online) Event vs. current histograms of QD induced ion channels, correspond
ing to the bias vo ltages (a) -) 0 mY (b) -20 mY. The figure-insets showing the respective conduc
tance histograms for identifying individual open conductance states, away from the closed states. 
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Know that, the conductance value is the intrinsic parameter of a definite ion channel 
and is solely dependent on the interface region of the nanopore created by QDs in aggre
gate fonn. As far as the interface region is concerned, there can be two possibilities of 
well-defined nanopore geometry: foonation of spherical and non-spherical nanopores. 
For mathematical simplicity, generally spherical nanopores are treated without curvature 
effect. Non-spherical nanopores involve complicated fonnula but better suited for large 
aggregation number. Presuming ion mobility unifonn throughout the experimental cham
ber, here we discuss both the approximations to adjudge our experimental results. 

Model J: Ion channel activity due to spherical nanopores 
This is an oversimplified version of the entrapped region created by spherical QDs. Tn 
this case, the conductance level Gs can be related to the spherical-shaped nanopore of 
size dsporc as [25]: 

(4) 

Here, D is the diameter of the QDs fonning the aggregated structure and (J is the 
conductivity of the electrolytic buffer. The conductivity of the 1 M KCl + 10 mM 
HEPES buffer at 300 K is -98 mS/cm, whereas size of the CdSe QDs used in the 
experiment is ~20 nm. 

Model 2: Ion channel activity due to non-spherical nanopores 
Pores of non-spherical geometry are mostly considered due to insertion of helical pro
teins in cell membranes leading to ion channels. We can also use the relevant foonula 
in the present case, owing to the curved surfaces of the QDs and knowing that, the 
aggregated system is far from equilibrium. Since the pores are created by aggregation 
of QDs with curved surfaces, in reality, one cannot expect foonation of spherically 
symmetric entrapped regions (spherical nanopores). In that case, ion channel 
conductance (Gns) in a bilayer membrane can be related to the diameter of QD-induced 
non-spherical pore as per following relation [27-29] 

(Jlnd~spore 
Gns = -=--,-------'~--,-..,-: 

[4(1 + ndnspore/4)] 
(5) 

Here, I is the length of the pore and (J being the conductivity of the buffer. In our case, 
I = 4.96 nm which is the thickness of the lecithin membrane; dn~pore is the diameter of 
the nonspherical pore fonned by the QDs. 

Referring to modell, and considering two conductance values of 6.3 and 14.3 nS 
(corresponding to a bias voltage -10 mY), we predict the size (dspore) of the spherical 
nanopores as --4 and -6.09 nm. The corresponding pore diameters, as calculated using 
model 2 and applicable for the non-spherical nanQPores (dnspore) were estimated to be 
~0.95 and ~ 1.5 nm. Apparently, dnspore ~ dspore. As for the case of the biasing voltage of 
-20 mY, the respective pore diameters of the spherical nanopores were observed to be 
-5.3 and -7.5 nm that corresponded to the conductance levels of 11 and 21.1 nS, 
respectively. The non-spherical pores are, however, characterized by a smaller 
dimension of ~1.22 and ~1.8 nm in this case. 
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It is likely that non-spherical pore formation is a better approximation which could 
account for interfacial effects and possible surface charge interactions among neighbour
ing QDs. The consideration of non-spherical pores over spherical ones was also realized 
in a similar work [30]. Not surprisingly, the ion channels induced by the QDs can be 
dependent on the shape of the nanopores, which may be due to the non-static nature of 
the aggregated QDs. Previously, nanopore shape-dependent ion conductance response 
was noticed for KasA potassium channels [30]. It was believed that, when the bilayer is 
subjected to a biasing field, QDs permeate and aggregate owing to a net dipole moment 
of the dots [31]. However, the formation of nanopore is a transient process and may be 
affected by thermal effect and a stress fluctuation. In presence of an external electric 
field, the QD with a dipole moment experiences a torque thus enforcing its insertion 
into the membrane. The aggregation behaviour of QDs is believed to be due to the 
dominance of electrostatic interaction of dots over Brownian agitation resulting in a 
conformation of minimum surface energy. 

As stated above, the variance of pore conductance strictly depends on the shape of 
the pore as well as on the diameter of specific nanopore. More precisely, the pores are 
created by the transient aggregation of QDs, creating current bursts of varied magni
tudes. Now both the models can be used independently to compute the number of QDs 
(N) involved in the creation of an aggregated structure, described by the following 
relation [31]: 

dsporc, dnsporc = D dot [1 / sin( 180/ N) - 1] (6) 

The spherical shaped nanopores, exhibiting high (14.3 nS) and low (6.3 nS) values of 
conductance states are as a result of aggregation of 3.6 and 3 Nos. of QDs, respectively 
(Table 2). The corresponding N values were 2.6 and 2.4, for non-spherical pores. It is 
worth mentioning here that a coplanar assimilation of -3 QDs would represent the most 
close-packed network, and ions will not be necessarily allowed should the pores be 
filled with lipid molecules. It is very likely that the migration of ions through nanopores 
is highly stochastic in nature, but capable of forming most probable ion conductance 
states owing to activity of transient pores. This is because an aggregation number 
N < 3 has no physical meaning, as far as the entrapped region is concerned. But an 
aggregation of 3 QDs would represent a minimum energy configuration that might 
describe a small, open conductance state when ions make their way for free passage, in 
response to a biasing voltage of -10m V. In contrast, in a spherical nanopore approxi
mation (model 1) an aggregation of -3.6 QDs would indicate momentary involvement 

Table 2. Different parameters related to QD induced ion channels considering different models. 

Modell Model 2 

Bias Spherical . Aggregation Non-spherical Aggregation 
voltage Conductance nanopore No.ofQDs nanopore diameter No.ofQDs 
(mY) (nS) diameter (nm) (N) (nm) (N) 

-10 6.3 4.0 3.0 0.95 2.4 
14.3 6.09 3.6 1.5 2.6 

-20 11.0 5.3 3.4 1.22 2.55 
21.1 7.5 3.9 1.8 2.7 
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of an extra QD in the aggregated state, giving rise to the fonnation of a larger nanopore 
and consequently a higher conductance level. On the other hand, number of aggregated 
QDs corresponding to the conductance values of 11 and 21.1 nS (corresponding to a 
gating voltage -20 mY) are found to be 3.4 and 3.9, respectively. Tn contrast, with 
reference to model 2 (non-spherical pores), the relevant conductance states are charac
terized by an aggregation No. of 2.55 and 2.7. The different parameters (pore diameter, 
no of aggregated QDs and conductance value) of ion channels created by the applica
tion of different bias voltage are depicted in the Table 2. 

Owing to consideration of larger sized QDs, we observed that the spherical pore 
diameter created by the QDs are comparatively larger than those reported by other 
groups [25]. Theoretically, an aggregation of five, six QDs may be possible, but in real
ity, thennal agitation is likely to perturb such a configuration for a longer duration of 
time [26]. As a consequence, it can flip either to three or, nearly four QD aggregation 
exhibiting a minimum energy configuration that is thennodynamically favourable. The 
undulation of QD aggregation may also be responsible for this flipping action. It is 
highly likely that QDs which experience oligomeric aggregation depart from their exact 
positions with time. As a result, channel events may exhibit stochastic trend due to 
dynamic nature of ion conducting pathways (nanopores). But the most probable states 
can be ascertained through histogram plots on a number of channel events and using 
theory of nanopores. We also invoke that, the observation of two conductance states, 
for a given biasing voltage may not represent independent ones but may call for simul
taneous opening of an independent state. In this regard, mixed states due to simulta
neous opening of fundamental states need to be addressed, which is in progress. It may 
be noted that, the ion channels could not be recorded at a higher biasing voltage owing 
to bilayer instability causing large leakage current. 

4. Conclusions 

Monodisperse, water-soluble CdSe QDs of average size of ~20 nm have been 
synthesized and characterized. The synthesized QDs exhibited voltage-dependent cur
rent fluctuations across the reconstituted soy-extracted lecithin bilayer supported on a 
cellulose acetate substrate. A higher biasing voltage could facilitate the migration of a 
higher concentration of ions, thereby exhibiting a higher current fluctuation. The ion 
channels were believed to be caused by the passage of ions through entrapped regions 
of the QD aggregates (nanopores). The number of QDs, responsible for creating a con
ductance state was found to vary with the model type and characterized by different 
nanopore size. As a general trend, non-spherical nanopores with a smaller diameter, 
would exhibit similar ion conductance pathways as the case for spherical nanopores 
with a larger diameter. Referring to spherical nanopore fonnation, a conductance state 
of ~14.3 nS was believed to be created by an aggregation of ~3.6 QDs and with a pore 
diameter of ~6.09 nm (under a biasing voltage of -10m V); a lower conductance state 
(~.3 nS) was realized corresponding to an aggregation No.3 and with a spherical nano
pore size of 4 nm. In contrast, in the model which is based on creation of non-spherical 
pores, the respective conductance states were believed to be created by a relatively 
smaller pore diameter of ~1.5 nm (QD aggregation of N = 2.6) and ~.95 nm (QD 
aggregation of N = 2.4). By increasing the biasing voltage to -20 mY, the conductance 
values were increased to 11 and 21.1 nS which corresponded to 5.3 and 7.5 nm of the 
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spherical pores, and 1.22 and 1.8 nm as for diameters of the non-spherical pores. Being 
the aggregation number N 53 is physically unrealistic in view of nanopore formation, 
the migration of ions could be stochastic due to non-static feature of the aggregated 
QDs owing to thermal effects. While the models, to a large extent, describe the QD 
induced nanopores and consequently, ion channel activity, more work in this direction 
is required to incorporate the effects due to QD size and shape distribution. Once this is 
worked out, one can really get access to control the ion conducting pathways in a more 
precise way. 

The voltage-gated ion channel activity generated by highly fluorescent CdSe QDs in 
naturally extracted lecithin bilayer supported on a new substrate material would find 
ample scope in biochemical detection, DNA sequencing, cellular drug delivery and 
other electrophysio\ogical applications. 
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In thiS report, we present the colloidal synthesIs and environmental stability of CdSe ODs uSing PVA 
(polYVinyl alcohol) as a dispersing media Aiming to provide a stable colloidal system for biological 
study, different ambient condttlons, such as different Cd2+ concentration, reaction time and pH 
values Moreover, the aging effect has been studied by solubilizing the ODs uSing natural media 
lemon (cltnc aCid) and rose water The optical properties Investigated by different spectroscopIc 
tools have revealed that CdSe ODs are more stable In cltnc enVIronment due to estenflcatlon 01 PVA 
to PVA-C (functlonalizatlon with carboxyl group) Highly fluorescent CdSe-ODs In cltnc enVIronment 
would lind scope In biophysical applications including Imaging and labeling molecules 
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1. INTRODUCTION 

In recent years, semiconductor nanocrystals, or quantum 
dots (QDs) are regarded as effiCient lumIne~cent probe~ 
and labels for numerous biological apphcatlons ThiS IS 
because they dIsplay unique optIcal and optoelectronic 
propertle~, ~uch as, ~Ize dependent tunable color, narrow 
emission lIne-width, resistance to photobleachmg and mul
tiplex capablhtle\ 1-3 De~plte the potential use of QD~ 
as fluorescent probes In bIOlogical environment several 
I~\ues are need (0 be addressed wluch Include envI
ronmental stabilIty, size selectivity, blO-speclfictty etc 2 

A\ d first strategy, the QDs were synthesized Vld var
IOUS methods m hydrophobic media e g, uSing organic 
~olvents hke m-octylphosphme and tn-n oCf)/phosphme 
OXide (TOPITOPO) at high temperatures 4 The solvents 
were used both for bare and core-shell type of QDs 
These QDs are soluble only In nonpolar hydrophobiC sol
vent such as chloroform They are mostly tOXIC to bIO
logical matenab To overcome the~e mfficulty, several 
attempts have been made for syntheSIZing water solu
ble QD~ 5-8 Unfortunately, these synthesIs proce\ses were 
found to be comphcated which use expensive precursors 
In thiS regard, QD ~ynthesls In polymers (e g , polYVinyl 
alcohol (PVA), polYVinyl pyrroltdone (PVP) can be an 
mterestIng approach due to theIr commerCial avallabJilty, 
water ~olublhty and blO-compatIblhty 9 Moreover, these 
polymenc hosts are not only capable of Improving the 

• Author to whom corre.pondenee .hould be addre.sed 
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surface passlvdtlOn of the QD~ but dl\o enhdnce the exci 
tOniC emiSSIOn These polymers have been Widely used for 
encapsulating semiconductor nanocrystals HH3 

In recent decade~, a great deal of re\earch work on QD\ 
(of II-VI compound ~emlconductor ~y~tem) hdve been 
carrted out worldWide Of particular Interest cadmIUm 
~elemde (CdSe) which I~ regarded a~ a ~U1table optoelec
tronic candidate due to ,In ddvantage of Idrge bdnd gdp tun
ablltty and bnght emiSSion response It was predicted that 
CdSe QD~ are about ~ 20 ttme~ bnghter and 100 tJme~ 
more stdble thdll Single rhodamine 6G dye molecule\ 14 

Moreover, It was reported that the toXICity level of Cd2+ 
IOn reduces In nanometer reason when It form CdTe 
or CdSe compound thdll the element,J! Cd 15 In dddl
tlOn, cytotoxIcity In the cellular level study IS mainly 
contnbuted from the capping matenal rather than cOle 
metd!IOld complex It~elf 16 Con\equently, there eXist plen
tIful scope for safe uSing of nanoscale CdSe In biological 
systems 

To u~e the QD~ 111 bIOlogical apphcatJon wch a\ 
blOsenslng, blOlabehng, blolmaglng, It IS very much Impor
tant to understand the parameters that Influence their Opti
cal propertle~ ~Igntficantly In thl\ work, we report the 
preparauon of hlgh-qudhty CdSe QD~ dnd their ~tdblhz .. -
lion consldenng different factors such as varying concen
trauon of cadmIUm precur~or, reactIOn time and aging etc 
In dddltlOn, a ~pecldl emphdSls WdS gIVen on the \tudy of 
disperSing media dependent stability of CdSe QDs by COI1-
~Idenng natural medIa the fir~t bell1g ro~e water and the 
other one IS Cllnc medld (denved from lemon) 

1941 49UUnOl2l410011008 dOl 10 I 1 66/nnl 2012 I,J? 1 
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2. EXPERIMENTAL DETAILS 

The protocol u~ed for the synthesIzIng and charactenzIng 
QD~ are as detaIled below 

2 1. SynthesIs of CdSe QDs 

At first, 10% PYA solutIOn was prepared by dissolvIng 
10 g of PYA In 100 mL distIlled water followed by stlr
nng for 3 h Then 0 62 g of cadmIUm nItrate-tetrd hydrate 
[Cd(N03)z 4HzO] wa~ dl~solved In 100 mL of water fol
lowed by stlmng for 20 mIn at 60 DC temperature 20 mL 
of 10% PYA was added to Cd2+ solutIOn dunng stlmng 
The pH of the solution was adJu~ted to 11 by dddIng 
~odlUm hydroxide (NaOH) In a drop-wise mdnner Then, 
o II g of selenIum dl-oxlde (SeOz) was added after some
time and then followed by addition of 0 1 g sodIUm boro
hydnde (NaBH4) The purpose of addIng reductant NaBH4 
was to reduce Se02 FInally, the mixture was subjected to 
~tlmng for 1 h at 100 DC temperature In order to exam
Ine the photostability of PYA dispersed CdSe QDs In nat
ural media, the QDs were dispersed In freshly prepared 
lemon water dnd In rose water The pH of the undlspersed 
CdSe-PVA wa~ found to be dra~hcally changed from a 
value of pH = 7 02 to 3 42 and 7 42 In lemon and rose 
water media, respectively 

The follOWIng chemical reactIOns are favoured In the 
fonnallon of CdSe QDs 

DISSOCiatIOn Cd(N03)2 ---+ Cd2+ + 2NO;- (I) 

HydrolysIs Se02 + H20 ---+ H2SeO j (2) 

Reducllon H2Se03 ---+ NaHSe ---+ Se (3) 

Subsequent ReductIOn Se ---+ Se2- (aq ) (4) 

Complete Redox Reacllon 

Cd2+(aq )+Se2-(aq) ---+ CdSe(QDs) (5) 

2.2. CharacterizatIOn Techniques 

The ~tructurdl charactenzdtlOn of the CdSe QD~ Wal. 
perfonned by a high resolutIOn transmiSSIOn electron 
microscopy (HRTEM), (Model JEM-2100, at NEHU) 
workIng at an acceleratIng voltage of 200 kV The Optl
cdl absorptIOn study was performed by the UV-VIsible 
absorptIOn spectroscopy (UV 2450, Shlmadzu Corpora
tIOn) The size dlstnbutlon aspect of the QDs was also 
studied by dynamiC hght scattenng (DLS) (nano ZS90, 
Malvern Instruments, UK) techmque The room temper
dture photolummescence (PL) spectrd were revealed by 
USIng a PerkIn Elmer LS 55 spectrophotometer, havmg 
Xe lamp as the excitatIOn source (Aex = 280 nm) The 
data were collected by a computer controlled standard 
monochromator based photodetectlOn system 

2 

3. RESULTS AND DISCUSSION 

For meamngful applicatIOn In bIOlogical ~y~tem~, the 
QDs need to pass through a senes of stablhty and com
patlblhty te~t~ It I~ e~~enual to ~tudy the factOr> that 
have slgmficant Influence on their dimenSIOn, optical 
ab~orptlon and eml~~lon characten~tlc~ We have Inve~
tlgated the dependence of PYA dispersed CdSe QDs on 
the reactant concentration, reaction IIIne and on agIng 
The samples of QDs of varyIng concentration ratio of 
Cd2+/Se2- Ie, I 1,2 1,3 1,4 I are labeled a~ SI' S2' S3' 
S4' respectively 

3.1. Bare and Hydrodynamic Size of QDs 

Mlcro,copy expenment Wd~ performed on QD-'dmple S3 
The TEM micrographs of the as-synthesized CdSe QDs 
dre ,hown In Figure I(d) The averdge ,Ize of the QD~ I, 
found to be ~ 20 nm with large-sl7ed ones, more spher
ICdlly symmetnc a, compdred to the ,mdller one~ The 
large size could be due to QD-coalesce as there was an 
unavOIdable time gdp of 6 ddy~ from the ,ynthe'I' to TEM 
expenment The Impression of aggregated structures (at a 
low mdgmficatlOn) could dl~o be due to QD IIlldge contr,l,t 
of subsequent planes But, Isolated and non aggregated 
QD~ can be clearly wltne"ed .It d higher mdgmficdtlOn, 
shown In the mset of Figure I(a) Further, the eVidence of 
clear ldttlce fnnge, ha' en,ured good cry,tdlhmty of the 
sample (Fig I(b» The perfect penodlclty of the lattice 
dtom~ was mo~tly wltne,~ed In the core, whIle llU"Ing 
atoms and planes were observable close to the surface 
The typical Interplanar 'pacmg (d) Wd' e,umdted to be 
~ 0 33 nm which IS close to the value predicted 111 an ear
lier work 17 A, can be found at the upper nght "de portion 
of the figure, the onentatlon of atomic plane~ has altered 
with respect to the lower part We 'pecuI.lte the eXI,tence 
of some edge dislocation 111 the QD-matenal IH This edge
d"locdtlOn could occur a' a result of undeveloped latllce 
planes at the QD surfacelboundary 

The DLS ~tudy I~ ba,>ed on the pnnclple of hght '>Cdt
terIng that IS used to probe parucles undergOIng B rowl1lan 
1110tlOn 111 a given medIUm Therefore, 1I1,ledd of predlctmg 
core-size It IS capable of providIng Intonnatlon with regard 
10 hydrodyna111lc dldflleter Typlcdl Gdu"ldn fitted 'lze dl'>
tnbutlon plots of the QDs, as oblaIned from DLS measUle
ment, are ~hown m FIgure 2 The averdge '>Ize, of the QD,>, 
In different media are presented In Table I The hydrody
ndllllc sIze of the QD,> 111 PYA only medIa I~ ~ 15 nm The 
size becomes 14 5 and 19 nm when they were dispersed 111 

lemon water, and ro,e water media, re,pecllvely Further, 
the FWHM value has substanllally dropped from a value 
of ~ 68 In PYA only media to ~ 47 In lemon w,lter media 
thus IndicatIng a narrow size dlstnbutlon In cltnc envllon
ment Wherea~, the FWHM 111 ro'>e media hd~ mcred,ed 
to ~ 7 8 slgmfYIng thereby enhanced polydlsperslly 111 the 
'>y,tem 
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Fig. J. (a) TEM image or CdSe QDs. (b) The eil larged view with lalliee rrillges. 

3.2. Effect of Reactant Concentration 

Figure 3(A) depicts the effec t of Cd2+ /Se2- precursor con
centration on the UV-Vis spectra of CdSe QDs, dispersed 
in PYA soluti on. Tn all the cases, the onset of absorpti on 
was found to be blue shifted from the bulk value (Aon'" ~ 
716 nm). This implies effective quantum confinement of 
the charge carriers in the QDs. The samples (53' 54) with 
hi gher CdH concentration exhibit strong I s- I s excilOni c 
absorption at Acx = 310 nm . A low concentration of Cd2+ 
leads to the featureless characteristics with long tai ling 
depicting inhomogeneity in the samples (51,52), The posi
tion of the ground state excitonic absorption was also 
observed previously where mercapto-acetic acid was used 
as a capping agenc. 19 Our results indicate the formation 
of smaller sized QDs for precursors that are rich in CdH . 

This behavior has also been witnessed in other works w -22 

It may be due to the fact that proportionately larger con
centration of Cd2+ ions (compared to Se2

- ions) prov ides 
suitab le nuclear sites for the growth of CdSe QDs. Con
sequently, an adequate number of nucleation sites at a 
given concentration of Se2

- precursor would lead to the 
formation of smaller sized QDs.20 A large no. of nucle
ation si tes around the Cd2+ ions is because of smaller ionic 
radii of CdH ions (~ 109 pm) compared to the Se2- ions 
(~ 184 pm). The optical band gap of the QDs can be 
calculated from the respective onsets of absorption. The 
calculated band gap values can be used to estimate the 
average size of the QDs as per eqn. given by Brus et al2 1 

The estimated band gap and QDs sizes are found to be in 
the range of ~ 2.5- 3.7 eV and ~ 4 .5-2.7 nm ; respectively 
(Table IT). 

The PL spectra of CdSe-PVA QDs of different CdH 

concentration. under an exc itation wavelength 280 nm, 
arc shown in Figure 3(B). The PL spectra of QDs are 
chiefly comprise of two emiss ion peaks: emiss ion due to 
the band-edge emission (ABE) and the defect related emis
sion (A oE )' The ABE was found to be located at ~380 nm 
with a FWHM ~ 65 nm. The AOE was in the range of 

Nanosci. Nanotechnoi. Lett. 4, 1-8, 2012 

4 15-428 nm fo r QDs derived from varying Cd2+ /Se2-

ratios (\: \ to 4: \) . For lower values of CdH iSe2- ratios 
(51' 52) ' the e miss ion response is weaker. But wi th the 
increase of CdH concentration. the PL intensity (ABd ge ts 
enhanced with sample 53 ex hibiting strongest response 
(FWHM ~ 59 nm). The ADE peak. however remains sig
niticant for vary ing Cd2+ ISe2- ratio (5\ . 52) samples. 
The ratio of band edge-to-defect em iss ion intensity varies 
between 1.0 I and 1.27 for different Cd2+ ISe2- ratios 

(51 to 54)' 
The observed defect re lated em iss ion response is at

tributed to the radiative trans it ions mediated via surface 
trap states. The states are created by entrapped elec
trons inside a selenium vacancy with holes in the valence 
bandn .24 As observed from the PL spectra, the dom inant 
feature of defect related emi ssion over the band edge emis
s ion, in samples 51 and 52' signifies inadequate surface 
passivation of the QDs. Previously, a lower Cd2+ con
centrat ion was considered to be insufficient fo r effective 
d ispersion in PYA. I ~ In our case, the intense band edge 
emissions, for S3 and 5., are due to significant pass ivation 
of the surface defec ts. Note that, a higher Cd2+ concentra
ti on would experience insufficient PYA host for effect ive 
cappi ng20 and that is why we observed reduced band edge
to-defect re lated emission for 54 as compared to 51' The 
sharp absorpti on features along with sYlll lll t: tri c lumines
cence behavior of 53 and 5. samples indicate narrow size 
distribution of synthesized QDs . 

As the effect of reactant concentration provided the best 
quality sample for [Cd2+J/[Se2- J = 3: 1 (5J , we opted thi s 
precursor for studying the effect of reaction tilllt:. aging as 
well as the role of two different natural media. 

3.3. Effect of Reaction Time 

Figures 4(A) and (B) show the dept:ndt:nct: of absorption 
and emission properties of PYA dispersed QDs with reac
ti on time for a fixed Cd1+ concentrati on. The reac tion time 
was counted right after the SeOl reactant was added into 

3 
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Table I. Hydrodynamic size of CdSe QDs predicted by DLS technique. 

Mean size of 
SI. no. Medium pH CdS. QDs (nm) 

PVA 7.02 15 
2 Rose water 7.42 19 

3 Lemon water 3.42 14.5 
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the CdH /PYA precursor. Upto 30 min of reaction, only 
featureless characteristics were observed revealing thereby 
no excitonic absorption . A sharp absorption response was 
observed at ~ 328 nm when the reaction was allowed for 
60 min and beyond. Since the position of the absorpti on 
max ima did not change with time the average size of the 
QDs are expected to be uni fo rm . Previously, it was argued 
that PYA matrix would restrict the growth of the particles 
and therefore, the growth process becomes homostatic20 

The PL response of the CdSe-QDs depicts asymmet
rically stretched spectra as shown in F igure 4(B). Upon 
deconvolution (not shown), the ABE was found to be 
located at ~ 380 nm whi le ADE is pos it ioned at ~ 4 17 nm , 
when the reaction time was varied in the range of 

Table Il. Energy gap and the average size of the CdSe QDs. 

Band gap Blue-shift Average size 
SI. no. Cd' +:Se'- A U1hcl (eV) enagy (eV) (eI) (nm) 

1:1 495 2.50 0.76 4.5 
2: I 4Y7 2.49 0.75 4.4 

3: 1 32R 3.78 2.M 2.7 
4 4: 1 330 3.75 2.0 1 2.8 
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FIg 4 (A) Absorpllon spectra of CdSe QDs prepared WIth a reaCllOn 
time of (a) 10 (b) 30 (c) 60 (d) 90 (e) 120 mm (B) Photolummescence 
'pcctra of CdSe QDs prepared With a of reacllon ume of (a) 10 (b) 30 
(c) 60 (d) 90 (e) 120 mm 

10-120 mm Although, defect related errusslOn was promi
nent for samples prepared WIth short reaction time envlfon
ment, the overall PL emiSSIOn was found to be strongest 
for the sample prepared under 60 mm of duratIon Fur
ther mcrease of reactIon time leads to the pOSSibilIty of 
collectIVe assimIlatIOn of nanocryst.ulltes leadmg to sup
pressed emISSIOn response Whereas, insufficIent reaction 
tIme would lead to unsaturated bonding between Cd2+ and 
Se2- IOns It I~ quIte apparent that 60 mm of reactIOn dur d
tlOn I~ good enough to ensure a ~harp exciton absorptIOn 
and Intense emiSSIOn response 

3.4. Role of Dispersive MedIa and Aging 

The typtcal absorptIOn and emtSSlOn behavior of CdSe
QDs dtspersed In different disperSive media are shown 
In Figures 5(A) and (8), respectIvely One can notice 
from the absorptIon spectra that the excItofilc absorptIon IS 

located at ~300 nm (~4 13 eV) for neutral PYA as well 
a~ lemon water medta The charactenstIc excltofilC fea
ture IS relatIVely stronger and broader for CItrIC medIa than 
the PYA only medIa The response of rose water medIa 
I~ charactenzed by d slgruficant red shift (~O 76 eV) of 

Nanoscl Nanotechnol Lett 4, 1-8, 2012 
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Fig 5 (A) AbsorptIOn spectrd and (B) photolumllle.cence spectrd of 
CdSe QD< m (a) PYA pH = 7 06 (b) rose water pH'" 7 42 and In 

(l) lemon w.ter pH = 3 42 medlJ The delllnvoul.ted <ml"lon re\p<,"\e 
of QDs In lemon water medium I. depicted In (C) 

the exciton absorptIon dlong With broJdened db'>orptlOn 
behaVior 

Figure 5(8) sigfilfie'> the PL re~pon\e of QD\ dl'>per,ed 
In the lemon water, PYA and rose water media Each of 
the PL ~pectra I~ compTl,ed of two eml<;<;lon band" band
to-bdnd emIssIon (ABE) dnd defect-reldted eml~&lon (ADE) 
both In case of lemon water and PYA media While the 
fiN peak IS located dt ~ 380 nm for both the Cd\e&, the 
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AOE maxIma are positioned at ~ 430 nm and ~ 416 nm (A) 

In lemon water and PYA media, respectively Note that, 
the defect-related emiSSIon intensIty IS predominantly high 
In case of lemon water than the other envlfonment The 
ratio of the band edge-to-defect eml~Slon Inten~lty w~ 

found to be ~ 061 and 1 07, respeclively for lemon water 
(pH = 342) and PYA medIa (pH = 702) The decon
voluted response of the PL curve IS shown by dotted 
hnes m Figure 5(C) Interestingly, the QDs In rose water 
media exhibit suppressed emiSSIOn response The respec
ttve Intenqty of the band edge eml',lOn I' reduced by a 
factor of ~ 1 8 and 1 5 d~ compared to the PYA and lemon 
water media Because of the Improved defect reldted em,,-
slOn behaVIOr m lemon water, the emission response of the 
QDs becomes more asymmetnc In this media as compared 
to others 

Figure 6 depicts a set of spectra highlighting ,tudle, 
with regard to the ~tability of the QDs due to mdependent 
dglng effect In respective media As shown In Figure 6(A), 
the near band edge emiSSIOn (NBE) gets Improved by fac
tor of ~ 4 when the specimen was subjected to agmg for 
6 days m lemon water However, exesslve agmg effect 
did not show further Improvement The emHSlOn re'pon,e 
" suppre"ed when the ~peclmen wa~ aged for 10 day~ 
In this case, the emiSSion feature IS chardctenzed by dll 
enhancement of ~ 27 w r t as-synthesized QD sample 
As a general trend, the peak due to the defect related 
emiSSIOn of QDs m lemon water gets suppressed With 
aging However, tt IS eVIdent from FIgure 6(B) that CdSe
QDs In ro~e water exhIbit red \hlftlng (from A = 416 to 
475 nm, E = 298 to 261 eV) of the eIDlSSlOn peak wHh 
the agmg effect The red shifting can be dscnbed to the 
size effect oWing to the c1ustunng of QDs Surpnslngly, 
though a peak-shift was eVIdent WIth agmg, the overall 
emISSion mtenslty remained unaltered for all the specI
mens Figure 6(C) accounts for comprehensIve QD stabIl
ny of the aging effect wlule refemng to rufferent merud 
Tn ro,e water, the NBE Inten,lIy remained con~tdnt With 
agmg while In PYA medIUm, the NBE mtens/ty dId not 
vary substantially up to 6 days But there IS a drastic reduc-
tIOn of NBE for 10 days of agmg Contrary to these obser-
vation" the emISSIOn mtensIty IS 'Igmficantly enhanced m 
lemon water for 6 day, of agmg beyond which only a ,low 
decay was realized Compared to the case of PYA, the 
NBE for lemon water IS found to be ~ 3 5 and ,..., 7 2 times 
more mtense for an agmg duration of 6 days and 10 days, 
respecuvely In contrast, In rose water, the NBE IS about 
~ I 6 and I 8 time, less Intense m reference to PYA only 
media Therefore, among all these media, the cltnc media 
I, most effective and ensure adequate stabIlity 

We have compared the optical properties of CdSe QDs 
dIspersed In natural medIUm (lemon and rose water sepa
rately) WIth the laboratory prepared dlspersmg solution at 
fixed pH For pH control In CdSe-PVA solutIOn, few drops 
of dll HCl and NaOH were added to make pH = 3 42 
dlld 7 42, respectively We depict below the charactemuc 
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FIg 6 (A) Phololummv,ccnce ,peCUd of CdSc QD, m lemon wdter 
of pH 342 (B) Photolummmccncc spectrd of CdSc QD, 111 TO'C w.ter 
of pH 742 (e) MaxllTIUm Inten"ty versu< no ot day< ot CdSe QD< In 
(d) PYA pH = 7 02 (b) ro,e W.ter pH = 7 42 dnd In (e) lemon wdter 
pH = 3 42 medIUm 

photolumInescence response of CdSe-PVA QDs In lemon 
water and HCl medIa at same pH of 3 42 (Fig 7(A», as 
well as m rose water and NaOH media of same pH = 7 42 
(Fig 7(B» It can be seen that 111 HCl media, the PL 
tnten~lIy I~ dropped by a factor of ~ 4 2 a, compared to 
lemon wdter C<lSe Aho, defect reldted eml~\JOn re~pome 
I~ not promInent In HCl medIa Note thdt In NdOH medld, 

Nanosci Nanotechnol Lett 4, 1-8 2012 



Sarma e/ al SynthesIs, StabIlIzatIOn of CdSe Quantum Dots and the Role of Rose Water and Cltne Envllonment 

--a 

--b 

~ 

~ 
" £ 
.: 

~ 
350 400 450 500 550 

Wavelenglh (11m) 

(B) 

--a 

350 400 450 500 550 
W3\elenglh (nm) 

(C) 

--a 

--b 

300 400 500 600 
Wavelength (nm) 

FIg 7 (A) PholOlumme.cence spectra of CdSe QDs In (a) lemon waler 
(b) HCI media of same pH 3 42 (B) Phololumlnescence spectra and 
(C) dbsorpllon spectra of CdSe QDs m (a) rose water and (b) NaOH 
media of <arne pH 7 42 

the QDs show shghtly Intense emIsSIon respon~e than In 
rose water but With shlfung of the band-edge emISSion 
peak The absorpuon response of the rose water and NaOH 
medIa IS shown In Figure 7(C) 

The probable reason for the hIgher stabIlIty of QDs 
In lemon water medIa may be attrIbuted to the fact that 
the PYA I~ estenfied to PVA-C In pre~ence of cltnc dCld 
(C6Hg0 1) contaIned In the lemon water 25 The schematIc 

Nanosci Nanotechno/ Lett 4, 1-8,2012 

representauon of estenficdtlOn reactIOn of PYA with lemon 
water (CllnC aCid) IS as given below 

~ 
9H ?C--CH, ?H 

-CH,-CH ;;;--r- CH,-cH --r.;;- + HOOC-CH,-Cr-CH -COOH 

COOH 

CITRIC ACll) 

~ ~? 
9C-CH, ?C-CH,-CH-CH,-COOH 

-CH,-CHr;;-r- CH,- CH -r,;-r-CH,-CH)-

I P\H I 

As far as QD stabilIty IS concerned, the carboxyl
functlOnallzed PYA host proVides better envIronment over 
untreated PYA 23 ThIS IS because of larger avaIlabIlity of 
free Cd2+ IOns whIch are capable of ImpartIng charge 
balancmg wIth carboxylate (-COO-) lon~ Consequently, 
It re~ult~ In a more ~table collOidal ~y~tem Moreover, 
after estenficatlon of PYA wIth cltnc dCld It become\ 
moderately hydrophluc In nature compMed to the hIghly 
hydrophIlic behaVIOr of untreated PYA dnd thdt 1\ why 
PVA-C has a Idrge dffinIty for cell dttdchment dnd \predd
Ing ThIS modIfied PYA I; reasondbly Ie;; cytotoxIc dnd 
therefore attractIve for cellular studIes 24 

On the other hand, In rose water medIa, because of the 
presence of geranIol In the rose oIl the PYA-rose water 
mlxure becomes superhydrophoblc In nature 2S This super
hydrophobIc oll-In-water system behaves as a mlceller 
based mlcroreactor system Consequently, there IS a hIgh 
probabIlity that QDs would come close to each other and 
coalesce out~lde the~e mlcroreactor~ Thl~ could le,ld to a 
red ~hlftIng both In the eml~~!On ~pectra a~ well a~ ab~orp
tlon ~pectra (Flg\ 2 and 3) 

4. CONCLUSIONS 

In thIS work, we demon~tTated the evolutIOn of OptI
cal response of CdSe QDs In natural med13 cnnc and 
rose water envIronment The optical absorptIOn as well as 
emISSIve behaVIOr of the syntheSized QDs were strongly 
modulated and found to be dependent on varyIng Cd2+ / 
Se2- concentratIOn, reaction lime, dlspersmg medIUm and 
on agmg effect The QDs prepared from larger Cd2+/Se2-

ratio (3 I) of the precursor are expected to be monodls
perse, of smaller diameter and show Intense emIssIon 
charactenstlc~ Moreover, the average ~Ize of the QD~ I~ 
expected to be umform beyond a reactIon time duration 
of 60 mIn Further, III term\ of stab,lity, the QD\ In lemon 
water ha~ d better optlcdl re~pome thdn ro\e wdter medld 
The Injection of carboxyl (-COOH) functlon,t1 group With 
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the PYA is provIded by the estenficauon of PYA to PVA-C 
In the CItriC aCId medIa 21 It was also apparent that, though 
pH ha~ some role In determining optical propertle~ of the 
QDs but they are chiefly governed by the conshtuent~ of 
lemon water and rose water 

Essentially, highly fluorescent CdSe QDs In cltnc medIa 
would proVide an Important system for specific bIOphysIcal 
apphcauons oWing to hIgher stablhty against envlronmen
tdl degeneratton The media can preserve QDs for a longer 
duration of ume ensunng stablhty and reltablltty 

Acknowledgments: The authors thank DST, New 
DelhI for financial ~upport (project no SR!FTPfPS071 
2008) and colleagues for valuable dISCUSSIOn 
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A Comprehensive View on the Brownian Motion of 
Quantum Dots in Electrolytic Solution, Lipid Bilayer and 

Their Aggregated State in the Lipid Biomembrane 
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PO. Napaam, Assam 784028, India 

The present work highlights size-dependent diffusion response of quantum dots (ODs) in electrolytic 
solution and reconstituted phospholipids. While accounting for the Brownian motion across the 
biomembrane, we considered both nonaggregate and aggregated form of ODs to represent ion 
channel response correlating a definite conductance state with a select nos. of 00 aggregation. 
The mean square displacement (MSD) of partially inserted ODs (each of 12 nm) is found to be 
suppressed by a factor of 1.4 compared to those of fully inserted ODs (each of 2 nm) ensuring that 
former is more stable against thermal agitation with the response time (7t 2) nearly 50 times than 
the later case (72), Further, an aggregated structure with larger sized ODs tending to show nearly 
competitive diffusion behavior compared with that of the electrolytic solution. Also, for both partial 
and fully inserted conditions 7 increases substantially (nearly ~56 and ~64 folds; respectively) for 
highest (6 ODs aggregation) compared the lowest one (3 ODs aggregation) . A comparative study of 
the Brownian motion of ODs will largely help in assessing nature of 00 migration in biomembrane 
and shall provide deep insight to understand OD-induced ion channels and signal transduction in 
biological systems for nanobiotechnology applications. 

Keywords: Ouantum Dot, Brownian Motion, Relaxation Time, Bilayer, Ion Channel. 

1. INTRODUCTION 

inorganic semiconductor nanocrystals, also called colloidal 
quantum dots (QDs), are regarded as useful fluorescent 
labels for staining cells. The use of semiconductor nano
crystals/QDs, in biological systems, has emerged as an 
important aspect in fundamental biophysical areas of 
research as well as in nanobiotechnology applications. 
Owing to their novel optical properti es such as size depen
dent tunable color, narrow emission line-width, resistance 
to photobleaching, they have potential biomedical appli 
cations ranging from intracellular tagging of biological 
molecules to applications such as tracking devices for neu
ronal receptors and as interfaces between nerve cells. t-J 

As many of the applications of QDs in cell biology involve 
interaction with lipid bilayer membranes, the behavior 
of QDs on these structures is of significant interest to 
the scienti fic communities. It is already reported that li ke 
alamethicin (ion channel forming protein), QDs aggregate 

• Author to whom correspondence should be addressed. 

and form ion conducting pores across reconslituted lipid 
bil ayer.4.5 

For a particle undergoing Brown ian motion, the mean 
square displacement (M SD) is defined as the square of 
the displacement of the particle at one time relative to the 
position of the part icle at zero ti me, averaged over many 
particles.6 In case of un-obstructed (s imple) di ffus ion, the 
MSD of the diffusing particle is directly proportional to 
time. But in disordered systems such as in cell membrane, 
the MSD is proportional to a frac ti onal power of time 
not equal to one besides the simple one. These types of 
obstructed diffusion are called anomalous di ffusion7 

Simple diffusion of a particle is possible on ly in homo
geneous free solution. But while it moves through semi 
permeable membrane e.g .. live ce ll s, lipid bilayer mem
brane etc. their di ffusion is hindered by di fferem diffusible 
and immobile molecular crowding agents such as l ipid 
domains, binding sites in various immobile spec ies and 
several cytoskeleton elements. In this case, they deviate 
from simple Brownian mechanics and show several other 
modes of complex di ffusion (confined and sub-diffus ion), 
as like as heterogeneous di ffusion.R 
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In particular, in lipid bilayer QDs satisfy confined 
diffusion and directed diffusion along with the simple 
diffusion phenomena9 In this report, a special emphasis is 
given to simple diffusion of QDs (neutral) in pre-aggregate 
and aggregated (nano pore forming) state in lipid bilayer 
besides their behavior in electrolytic solution, as refer
ence. In every case, the dependence of MSD on their size 
(QDs and that of the aggregated structure) and concentra
tion are studied. Moreover, the Brownian responses of the 
aggregated structure in different conductance states of QD 
ion channel are studied. Here, we consider highly fluores
cent CdSe-ZnS lo hydrophobic QDs for our study, which 
is very much useful in QD induced ion channel technol
ogy. Because many of the applications of QDs in cell biol
ogy involve interaction with lipid bilayer membranes, the 
dynamic behavior of QDs on these structures is of signifi
cant interest. A qualitative as well as quantitative analogy 
on the behavior of the Brownian motion of QDs are high
lighted in the present work . 

2. BROWNIAN MOTION OF aDs IN 
DIFFERENT MEDIA 

The motion of an ultra small condensed matter system 
in air is different from its motion in other media. In this 
context. ion channe l formation across phospholipid bilayer 
as a result of QD aggregation requires critical analys is 
of QD movement as it passes through different media. 
The schematic shown in Figures I (a)--(d) depicts nature 
of the Brownian motion of QDs in different environment 
with special consideration to complete insertion and partial 
insertion across the bi layer. 

Fig. 1. Schemal ics represe nting the behavior of QDs in (a) electrol Ylic 
solution and (b) lipid bilayer in non-aggregated state. The QD aggregated 
slate wilh full insertion ano parti al insertion are depi cled in (c) ano (d); 
respeclively. 

2 

2.1. Electrolytic Solution 

The MSD( (r2» ) of a QD undergoing Brownian motion in 
free solution in 2-dimenslOns is given by11 

(I) 

Here, Do is the diffusion coeffic ient of the QD and [ is the 
diffusion time. 6 

According to the Stokes-Einstein relation, the diffusion 
coefficient (Do) of a spherical QD of diameter d in free 
solut ion is given by: II. 12 

kT 
Do= - - -

37T' TI ,·d 
(2) 

where, k is the Boltzmann constant , T is the absolute tem
perature, Tis is the pure solvent viscosity. 

The relaxation time (T) i. e ., time in which QDs undergo 
Brownian motion to a di stance equal to the radius of the 
QD and experience successive colli sions in the electrolytic 
solution can be expressed by: 

(d / 2)2 
T = ---

Do 

Substituting Do from Eq. (2), 

(3) 

Tn electrolytic soluti on, the concentration of the salt [i .e. , 
NaCI (0-300 mM)] has a little e ffect on the diffusion 
behavior of QDs (CdSe- ZnS). 11 Nevertheless, concentra
tion of the QDs would affect the diffusion response of the 
individual QDs. The effective diffusion coefficient (D,.tl 
of a QD in an electrolytic solution is given by1 1 

(4) 

Here, k" is the interdot interaction parameter and C 
is the concentration of QD in the solution . As in the 
present case we consider only neutra l hydrophobic QDs, 
it is expected that the di ffusion response will be affected 
only by permanent dipole-dipole interac tion among them. 
Other interaction phenomena such as electrostatic, hydro
dynamic interaction etc . will have least effect. For dipo
lar interaction cases, the interaction parameter (dipole 
strength) can be defined by1 4. 15 

U 
A=

kT 
(5) 

where, U = -(e2d 2 / 47T' l':ol':,e) represents attractive inter
act ion energy16 between the two dipoles (QDs) (each of 
diameter d) separated by a distance L in an electrolyt ic 
solution of dielectric constan t 1':, (for water, 1': ,. = 80). kT 
signifies thermal ene rgy associated with the system. 
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SubstItutmg A for k" 10 Eq (4), Ie, consldenng attrac
tive dlpole-dlpole mteractlOn, we have 

D" = Do(l +AC) 

Now the MSD of a quantum dot 10 an electrolytiC solu
tIOn Cdn be rewntten d' 

and, the relaxatIOn Ume will be 

(d/2)' (d/2)2 
T = -- = ~----'---'---:-:-: 

D" [Du(1 + AC)] 

2.2. Reconstituted Phopholipid Bilayer 
(Pre-Aggregate State) 

(6) 

(7) 

Tn !tpld btlayer, the water soluble QDs are attracted to 
the blldyer by electrm.tdllc mteractlOn eXI,lIng between 
the net negative charge, of QD, and the cattomc head
groups of the ItPld btlayer' 17 Moreover, due to presence 
of the permanent dipole moment 10 QDs they are mflu
enced by electnc held (~\O I.. V/cm) Tn Itpld btldyer. dpplt
cation of an electnc field produce .. a torque on the QD 
dipole and force them to msert mto the btlayer These QDs 
undergo very complex diffusIOns along WIth sImple diffu
SIOn, the way other membrane bound molecules do which 
have dlreddy been reported by Vdnou, worker .. 6 1&-20 The 
diffusIOn coeffiCient of a quantum dot 10 !tpld btlayer can
not be descnbed by Eq (2), but can be demonstrated by 
the Saffman-Delbruck theory 21 22 

kT 
DL = --[In(A/)-y] 

411'1/",iz 
(8) 

Here h IS the Itpld btlayer thIckness, for phospholtpld 
btl dyer h = 4 nm,23 1/", dnd 1] dre VI,coMtle, of the mem
brme (1 pOl .. e )24 dnd membrane .. urroundmg ftuld (001 
pOl,e),'5 respectively, A/ = 1/",h/1/(d/2), and y = 057 IS 
the Euler s constant The Eq (8) IS valtd only for the QD 
havmg radIUs d/2 < ltTJm/2TJ 'I " The typIcal value of 
1/",h/2TJ I .. ~200 nm 

For the free dl[fmlOn of QD .. 10 a ItPld btlayer, the MSD 
«r2» IS given by26 

(9) 

Sub,tltutmg Eq (8) mto Eq (9). the MSD can be rede
fined as 

(10) 

The relaxatIOn time 111 thiS case IS given by 

(d /2)Z 
T=---

DL 

or, 

(11) 
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OW1l1g to dIpole-dipole mterdctton (WIth QD concen
ttatlOn C) m ItPld bJlayer, the expressIOn for MSD Cdn be 
,tdted d, 

(rZ) = 4D,zl 

Where De2 = D, (I + AC) 
Ie. 

(r)=4 --[In(A/)-yj(I+AC) I , {I..T } 
411'1]",h 

(12) 

for s, = 2 (tor !tpld bllayerf7 tn the cxple,slOn U = 
-(e2d2 /411' sus ,Rl) 

Tn thIS case, the relaxatIOn time expressIOn "an be rede
fined a .. 

Ie. 

(d/2)" 
T=-

De2 

T = (d/2)2 (13) 
{(I.. T /411'1]"I1)[ln(A,) - yJ( 1+ AC)} 

2.3. Reconstituted Lipid Bilayer (Aggregated 
State or, Conducting State) 

A, reported edflIer. dfter 1I1 .. ertlOn ll1to the lIpid bildyer, 
QDs aggregate and form IOn conducttng pores The diam
eter of the pore (dporJ formed a, a re,ult ot dggregatlOn 
of N number of QDs IS gIven by· 

dporc = ddO'(sm~/N -I) (14) 

Here. ddo< IS the diameter of an mdlvldual QD partJu
pdtmg m the fOrmdtlon ot nmopore U'll1g thl' reldtlOn, 
tor a fixed size QDs, the diameter of pores corre .. pondtng 
to a defimte no of QD aggregatIOn ",Ill be predicted 

Agalll the conductance state (G) and the diameter of 
QD .. formll1g pore related by the !OllOWlllg equdtlOn ' 

Therefore, 

(15) 

Here, a lS the conducl1vHY of the bulk <;olul1on 
(98 mS/cm of 1 M KCl + 20 mM HEPES buffer dt pH 
7 'i)5 used m hp1d bIlayer expenment So, we can ,tudy the 
ttanslattonal Browman motIOn (MSD and T) of the aggre
gdted .. tructure m conduct.mce ,\dte G by .. ub,tttutmg dJ", 

(diameter of QD) by dp ,,< (diameter of QD formlllg pore) 
1Il Eq .. (10) dnd (II). re'pecl1vely 

The MSD of the aggregated structure dunng current 
bur,t can be expre<;<;ed a, 

, {kT [ " l} (r-)=4--ln(A/)-y t 
411'1]",h 

(16) 
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Here 

A, = T/",h 
T/(dd. G / 7T (T)11' 

Consequently, the relaxatIon tIme I e In thIs case the 
time for movIng a dIstance equal to the radIUs of the pore 
wIll be 

(dp'"j2) 
T = ---'':''-'--

DLA 
(17) 

Here DLA = (kT /47TT/nh)[In(AJ) - yj I, the dlffu\lOn 
coefficient of the conductIve QD IOn channel III thc lIpId 
bIlayer 

3. RESULTS AND DISCUSSION 

ApplYIng theoretIcal treatment on a gIven range of QDs 
(dla 2-20 nm) we obtaIned a no of characterIstIc plots 
that descrIbe the nature of the Browman motIon In dIf
ferent envlronment~ In every ca~e we are con~tdcnng a 
con\tdllt dlffu\lOn time 0 1 \ec for cdlculdtlOn of MSD 
We "ho encounter QD IIlduced IOn chdnneh where .I \pe
clfic conductance IS charactcllzed by a definite aggregatIon 
of certaIn no of QDs 

In an electrolytIc solutIOn the free dIffusIon ot a QD 
can be affected by It~ "ze QD concentratIon and vl~CO~lty 
of the ,olvent We hdve ,tudled the free dlffu\lOn cOfi\lder
IIlg \1'COMty of the wlvent dnd temperdture ot the wlutIon 
as 0862 cP and 298 K (room temperature) reSpectIvely 
In e1eLlrol) tIC solution It IS assumed that there IS no tnter 
actIOn between QDs In thIS conditIOn It can be observcd 
from FIgure 2 that MSD decled,e, rapIdly and then ,lowly 
WIth the mcred,e ot 'Ize of the QD, (Eq\ (J) dnd (2)) 
Conve"ely reldxdtlOn tllne T (m movmg the re,pedlve 
dla) shows the reverse behavIOr (Eq em Agam, It can 
be observed that for ~2 nm QDs the characterIstIcs value 
of MSD IS ~IO 12 J.Lm2 Moreover, for ~20 nm dots the 
MSD IS obtamed as I 01 J.Lm' The respectIve values for 
the T are 003 and 39 52 J.LS respectIve I) Thus smallel 
QD~ expenence larger MSD whIle pm~e~~lIlg lower mag 
rutude with regard to relaxdtlOn tllne 

TdkIng mto dccount mterdot \epdraUon .I, 2 nm we 
consIdered the effectIve dlpo!e-<hpole InteractIOn between 
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QD, whIle undergolllg dlffu\lOn (Fq' (6) dnd (7» Know-
1I1g the dtpole 1I1terdC(lOn pdrdmeter A .I'd !unlllOn of QD 
dIameter d (Eq (')) the tollow1l1g plot~ CJn be obta1l1ed 
for smallest (2 nm) and Idrgest (20 nm) "Led QD, A, can 
be eVIdent from FIgure, 1(a) and (b), the MSD and Tare 
not affected v. Ith the mcrease of QD concentral10n WIth1l1 
1-10 J.LM for both the CJ\es of QD sIze WIth respecuve 
1I1tcracUon parameter~ A = 0 35 and 35 

LIke the ca~e of an elLctrolyuc ~olutlOn the dlffu~lOn 
I e'pol1'e of 'phenc.I1 QD, embedded III d lipId biidyer 
Cdn be Jtfected by II, ,Ize dIld concentr.tllOn A..,..,ummg 
telllperJture of the lIpId biidyer ,Jme .I, the electrolyUc 
,0lutlOn one can address the dlffu"on behavlOl ot QDs 111 

pre-aggregate state as de,enbed bclow 
FIgure 4 dIsplays a weak. exponcntldl decdy dnd ral,-

111£ behavIOr of MSD dnd relaxation time (T) of thc QDs 
with theIr SIZe (Eq~ (10) and (II» III lipId biiayel whIle 
undergOIng dIffUSIOn There IS a 'Ignlhcant change 111 

the nature of the plot III thl~ ca~e thdn the ca~e a~ dl~
cu..,..,ed before Moreovel It I' found thdt for 2 nm paru
de" the MSD " ~ I 03 I.un' The correspond1l1g \ alue for 
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~20 nm QD, I, obtdtned d' 028 /Lm' The,e vdlue, of 
MSD Me near dbout to tune, ,mdller thdn that Wd:' found 
10 case of electrolytlL media and IS consistent with the 
value predicted expenmentally"ij The reductIon of MSD 
I' dltnbuted to the component' ,uch a\ hIgher VlscO,Ily 
of bilayer than the electrolytic solutIon Tn contrast com
pared WIth the electrolytlL .olutlon. the relaxation time 
has substantially tncreased for 2 nm QDs and by d fac
tor of ~9 7 On the other hdnd. the 20 nm ,Ized QD, 
exhibit lower vdlue of reldxdtlOn time (by d fdctor of ~2 7) 
compared with the electrolytIc :,olutlOn Thus It slgmfies 
that smaller sIZed QDs become more locahzed across the 
btlayer compared to the Idrger one, It I, aho Important 
to d"e" the dlffu\lOn re'pome tor Vdrytng QD concentrd
tlOn Figures 5(a) and (b) .how MSD versus concentratIOn 
of QDs 10 hpld btlayer and 10 plesenLe of dlpole-dlpole 
InteractIOn, between the QD, (for QD dla = 2 nm and 
20 nm) \epardted by d dl,tdnce of 2 nm (u'Ing Eq (12) 
and (\1» Here the MSD and the T are found to exhIbIt 
nearly analogous behavIOr a, obtatned In case of elec
trolytic ,olutlon for both the 'Ize, But It may be noted 
thdt the dipole Interdctlon re,pon\e I, ,tronger In hpld 
bilayer than the electrolytic media WIth values of A ~ 14 
and ~ 1400 for 2 nm and 20 nm Sized QDs respectively 

EarlIer 11 wa, reported that· after InsertIOn Inside the 
lIpid bilayer In presence of electnc field the QDs aggregate 
and form IOn conductIng pores In the hpld btlayer the 
pore formdtlon I' e,tdblI,hed d, d re,ult of dggregdtlOn of 
d mInimum (3 no, ) of QD, 4 DUrIng current bursts owmg 
to different conductance states of QD IOn channels the 
additIOn and substra(.tlon of QDs may occur \11 an aggre
gdted ,tdte '1l1111M to the Cd,e of dldl11ethlclll Ion chdnnel 29 

In thiS context. the diffusIOn behaVIOr of aggregated QD 
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structures (representIng dltferent conductdnce ,tate.) Will 
be u\eful In the ,tudy ot QD Induced Ion chdnnel, a"Ulll
mg that pre-aggregate ,tate, do not \.orre'pond to appre
Ciable conductance fluctudtlOns 

USIng Eq (14), we obtaIned a set of plots on the .Ize 
of pore~ formed by the QD aggregallon whllc undergo
Ing dlffu'lon aCro" d recon,tltuted Itpld btl dyer (Fig 6) 
A, Lan be ,een the pore dla I, founu to be lI1lrLd,ed wnh 
the no of aggregated QDs as well a, With the '>Ize of the 
QDs For an aggregated ,tructure of 3 QD, cdl.h of dla 
12 nlll, the size of the pore was estllnated to be ~ I 8'; nm, 
which" con\l,tent With dn edriter report' Note that, With 
6 no, of QD-aggregatlOn the pore formed by the QDs 
bCLOmes nearly equal to their fimte \ILC Therefore any 
.tructure formed as a result of aggregdllon 01 lllOI ethan 
6 QD, would corre'pond, to a conuuctdnl.e 'ldte between 
3-6 QD aggregate, With hlghe,t conuud.ll1ce ,tatl! for 6 
QDs and lowest one for 3 QD, An) aggregatIOn larger 
than 6 nos of QDs would result In a ;ltudtlon where the 
pores are capable of aCLOmmodatlllg dddnlonJI QD. lead
lI1g to intermediate (,ub-) londuLtdnl.e ,t,lte, Figure 7 dl,
pldy' d ,ene, of plot, l,-pre\entll1g ,I weak ,-xponelllldl 
del.ay behaVIOr of MSD ver,u, the no of QD aggregJte, 
(Eq (16» The MSD IS decreased or ll1cred,ed dependlllg 
011 the Increase of no of QD aggregatIon and on the ,Ize 
01 the ll1dlvldudl QD, SnmlMly Figure 8 repre,enb the 
vdlutlOn of reldXdtlon time (the time tah.ell by the dggre
gated QD, to move a dl,tance equal to thl! did of the 
pore) With the no of aggregated QD, fOi dlfterent sIzes 
of QDs (Eq (17» The I elaxatlOn tIme InCrCd,e' exponen
tIally WIth the no of QDs and size of thc mdlvluudl QDs 

U'Ing Eq (16). we obtaIned ,I ,e\ of repre,entatlve 
curve' that de'>Cnbe the vanatlon of Londuddn\.e dnd the 
MSD With the no of dggregated QDs (edl.h QD of dla 
2 nm and 12 nm respectIvely) (Eq (16» while LOnsldenng 
the response under current burst Eal.h of the LOnduLtance 
,tdte l.orre'pond, to the current bur,t .Il.ro" the bIldyer 
dnd thu, depictIng an Jbrupt Ion trJn,dUl.tlOn pdthwJY A\ 
a general trend It can be ob<;encd that when the con
dul.tance of the QD IOn channel lIlcrea'>es w nh the no of 
aggregated QDs the MSD drops In a ,ub-IInear way For a 
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3 nm,. of QD aggregation (each of QD dta. 2 nm), the con
ductance of the ion channel is estimated to be ~0.368 nS 
and the corresponding MSD i~ ~2.38 f.Lm2 Similarly, for 
a 4 nos. of QD aggregation, the conductance and the 
MSD are found to be ~2.64 nS and ~2 06 f.Lm 2 ; re~pec

tively. For a conductance ~tate created by 6 nos. of QD 
aggregation, the corresponding values are ~ 15.39 nS and 
~1.77 f.Lm 2

. In the same way. conductance states can arise 
due to the aggregatIon of larger sized QDs (each of dia. 
12 nm) which predict that the minimum conductance value 
for a current burst is ~2.2 nS and this value agrees reason
ably well with the experimentally observed conductance 
state.s The corresponding MSD is ~ 1.79 f.Lm 2

. Moreover, 
the conductance state (~15.8 nS) described by a 4 nos. 
of QD is accompanied by a MSD value of ~ 1.47 J.Lm 2 

Similarly, the highest conductance state (~92.31 nS), as 
a result of 6 nos. of QD aggregation is characterized by 
a reduced MSD value of ~ l.l8 f.Lm 2 As can be found 
from Figures 9(b) and lO(b) (Eq. (17)), the relaxation time 
increases by nearly ~56 and ~64 folds for highest (6 QDs 
aggregatlOn) conductance state compared with the low
est one (3 QD aggregation) for ion channels fOlmed by 
the aggregation of 2 and 12 nm QDs; respectively. For 
2 nm QD case, the respective values of the relaxation times 
for assocIated conductance states are obtained as 0.004 
J.LS (3 QD aggregation). 0.033 J.Ls (4 QD aggregation), 
0.225 J.Ls (6 QD aggregation). In the same way. for ion 
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channels wIth ~ 12 nm :-.ized QDs, the respective time con
:-.tants are charactenzed by 0.191, I 67, 12.11 J.Ls. This sig
nifies that the relaxation tllne i~ higher both fur more no,. 
of QD aggregation (exhibItIng higher conductance level) 
and for the larger sIze of each of the QDs. In other word:-., 
a larger aggregated structure as well as larger sIzed QDs 
respond slowly to the thermal agitation even though, while 
representing definite ion transport pathways. 

It is also important to encounter the nature of QD inser
tion and definite Ion conductIon mechanism through the 
reconstituted bIlayer. In the present case, we have con
sidered two extreme cases of QD size: the first, ~2 nm 
QD~-a case of complete lI1sertion into the ~4 nm thick 
bilayer (Fig. l(c)). Second, ~ 12 nm QD~-a ca:-.e of par
tial insertion (Fig. I (d)). Note that. an aggregated struc
ture formed by the later kll1d of QDs exhibm a six fold 
increase in the conductance value compared to the fortner 
one. Consequently, the response time of the conductance 
states of the ion channel formed by the larger sized QDs is 
~50 times hIgher than the states created by .,maller sized 
QDs. 

The intersection POll1t of conductance and MSD 
respomes for both the :-.ize dependent :-.ltuatJOm turn~ Oul 
a COimnon aggregation no. of 4.6. The corre:-.punding val
ues for 2 and 12 nm QD:-. are (~5.73 nS, ~ 1.95 J.Lm2) 
and (~35 nS, ~ 1.36 J.Lm2); respectively. Since the MSD is 
~ 1.4 times smaller in case of larger sized QDs, It IS likely 
that the QD aggregates are associated with slow undulatory 
motion thus e:-.tabli:-.hing ,table ion conducting pathway~. 
Also the larger sized QD aggregatlOn i:-. charactenzed by 
a ~6 fold increment corre,ponding to the :-.maller sized 

Fig. 8. RelaxatIOn lime versus no of aggregated QD. of Vanous size ones. 
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A~ expected. the aggregatIon ~tate of 2 nm QD~ ~how~ 
Ie" undulatton behavlOr (dunng current bUN) than a bare 
2 nm QD In electrolytIc solutIOn (FIg 2) For conductance 
'tate~ WIth 3. 4. 5. and 6 aggregatlOll'> of QD, the,e val
ue, are reduced by the factor, of ~4 28. ~4 91. ~5 35 
and ~~ 71 respectIVely But, these aggregated structure, 
show hIgher dIffUSIve response (by factors of ~ 2 ~ I. ~ 2. 
~I 83 ~I 71) In companson WIth a bare 2 nm QD m pre 
aggregate state across the bIlayer (~I 03 ,um2

) (FIg 4) 
On the other hand. the MSD of the conductance state due 
to the aggregatIOn of 3 nos of 12 nm QDs exhIbits nearly 
equal value (~I 7 ,um2

) to that of a bare 12 nm QD m 
electrolytIc solutIOn (~I 68 ,um2) (FIg 2) But as It goes 
to the hIgher conductance ~tate<; e g • WIth 4 5 and 6 aggre
gatlOn<;. the corre<;pondmg MSD value~ gradually decrea ... e 
by a factor of ~ I 14. ~ I 3 ~ I 42 compared to the elec
trolytIc envIronment For the,e conductIve 'tate .... the MSD 
whIch I, a me,\,ure of the \trength of undulatIOn I ... hIgher 
(by a factor of ~4. ~ 1 28. ~2 9. ~ 261) compared WIth 
the pre-aggregate bare 12 nm QDs (MSD ~O 44 ,um". 
FIg 4) Thus It IS apparent that the complex lipId bIlayer 
envIronment has a control on the diffUSion behaVIOr of 
the aggregated structures created by complete mser\lon of 
smaller Sized (~2 nm) QDs mto the bIlayer In thiS case 
theIr thermal motIon IS restncted wlthm the VISCOUS lipid 
bIlayer surroundmg Consequently there IS a sIgmficant 
reductIon of theIr mobIlIty III the medIUm "ompared to the 
electrolytIc ... olutlOn envIronment AlternatIvely the aggre
gated ,tructure formed by the partIal m ... ertlOn of Jdrgel 
\Ized (~I 2 nm) QD\ I' not largely affected Thl' I' due 
to the fact that the aggregated structure may come m con
tact with a substantIal volume of electrolytic environment 
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Note that m both (complete mser\lon as well a, partial 
m ... ertlon) the C.l'e' the high v!<.,cou ... n,\ture of the bilayer 
would bmd the bare QDs tIghtly m the pre-aggregate state 
as compared WIth the aggregated state Tim, the thermal 
movement of the pre-aggregate QD, 1\ largely ob,tructed 
relatIve to the aggregated ones 

Note thdl, the reldxdtIon time of ,Ill ,\ggreguted ,tructure 
I, higher or lower than the electrolytic ,olutton dnd hpld 
bIlayer III certam conductance states Let u, denote the 
relaxatIOn time the aggregated \lructure formed by 2 nm 
and 12 nm as T, and T12 , re'pectlvely The T2 of the uggre
gated structure formed by 3 QDs (each of 2 Ilm) In the 
bIlayer IS ~ 9 tlmes lower than the bare QDs 111 the elec
trolytIC ,olutlOn (~O 04 ,u'). whelea ... the aggregated ... tate 
cleated by 4 QDs exhibits nearly same OIdel (~O 034 ,us) 
The other dggregated ,tate, (with 'i and 6 no, of QD 
aggregatIOns) are chmactenzed by higher values of lelax
allon tllnes (by factors of ~3 O'i ~6 6, respectively) than 
a 'Illgle 2 nm QD expenence\ III the eledlOlyllL em'l
ronment (Fig 2) In fact all the aggregated ;t,lle, exhIbit 
lower value, of relaxatIOn tlIne than the bdre QD, In the 
pre-agglegate form (~O 38 ,us) (Fig 4) In lOntra,t the 
aggregated structures 01 1, 4 and ~ no, 01 12 nm QDs 
are a\\ocJated With the lower value ... of reldxatlOn lime, 
(TI2 ) (by a factor of ~44 6. ~5 2. ~ I 6) COl respondIng to 
a bare QD m the electrolytic ,olutlOn (~8 53 ,u') (Fig 2) 
InterestIngly the respon,e tlme of the large,t aggregated 
,t<lte (6 QD,) III the bIl<lyer I, ~ 1 4 tIme, hIgher th,In the 
bare QD III the electrolytlc <;olutlOn SlmIlaily. the aggre
gated states (With 1 nos of QD aggregation and -I nos of 
QD, aggregdtton) exhibit ,mailer reldxatton tllllC' (by la,,
tOl ~28 21 ~3 20) than the pre-agglegatc QD~ III hpld 
blldyer (~'i 36 ,u') (Fig 4) The aggregated ,We (<.,One
<;pondmg to a condudance ~tate created by 5 no<; 01 QD,) 
exhibit nemly equal relaxatIOn value (~'i 46 ,us) while a 
,tate repre\ented by 6 no ... QD ha, a Lompdr,ltlvely 11lghcr 
\alue (WIth a factor of ~2 25) Hence, It ;Ignlflc; tl1.lt the 
re'pon,e tIme of dn dggregated ,tructure With 4 no, of 
2 nm QDs aggregatIOn m a bilayer IS close to th,1t 01 the 
response of mdlvldual QD m electrolytIC solullon and the 
Ic'pon<;e time of 5 no, ot QD ... aggregdtJon (each 01 QD 
12 nm dla) IS SimIlar to the respon,e of each QD 111 the 
pre-aggregated ,tdte Thl\ prove, th<lt a' the 'Ize of the 
QDs Illcrea,es they tend to respond m nearly equal time 
m comparison to a pre-aggregate ,tructure whde undergo
II1g dlffu"'lOn Further. II I' al ... o clear that ,lll aggregat"d 
structure With more no of QDs move ,lowly with resped 
to their equlhbnum pO\ltlon 

From the pi esent dl,cusslon one Lall ,ay that III absellLe 
01 mterdot IIlteractlOn the translatIOnal MSD (and lelax
allOn time) of QD, 111 electrolytK ... OlutlOll d ... v;ell a, 111 

Itpld bIlayer m pre-aggregate slate would decrea,e (and 
mcred,e) WIth QD, "ze Moreover. the tlan ... I<I(lon<l1 MSD 
(and relaxatIOn time) of an aggregated ,tructure InSide a 
reconstituted Itpld btlaycl abo dCLredses (and Illcreases) 
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with the no of QDs aggregates and WIth the sIze of the 
individual QD, In the structure In presence of Interdot 
(dlpole-dlpole) InterdctJon however, With the Increa ... e of 
concentratJon the diffusIOn behavIOr at QDs remainS unaf
fected both In the eIectrolytJc <;olutlOn and the lipId bilayer 
In the pre aggregate ... tdte Bd,ed on the~e andIY,I, we 
argue that QD concentration within range ~I-IO MM wIll 
be mo,t ,ullable for IOn channel and electrophY'lOlogical 
studies Also the larger aggregated structures of QDs rep
resentJng higher conductance states of IOn channels are 
thermdlly more ~tdble WIth higher order, of relaxdtlOn 
tImes Furthermore, the MSD of partIall) Inserted QD 
aggregate, ha, a lower magmtude than the fully In'ierted 
ones FInally, a~ the MSD of dn dggregdted ~tructure I~ 

higher than the pre-aggregate countel part the diffusIOn 
re'pon ... e I, .. lower In the Idter Cd,e ThI' fdct Wd' aha ,ub
stantlated In case of hIgher diffusIOn response of QDs In 

Intracellular envIronment lU 

Our model 1\ bd\ed on the Independent openIng dnd 
clOSing of IndlVldual IOn channels In thIS regard, the dlf
fmJ\e re"pome of QO, eIther In I,olated form or Il\ aggre
gate form was discussed wIth speCial reference to size 
of QDs and surrounding envIronment For Simultaneous 
opemng dUd clo,mg purpo<;e one need to comlder further 
the interactIOn between mdlvldual Ion channels whIch IS 
In progre", 

4. CONCLUSIONS 

To conclude In the pre-dggregdte ... tdte OWing to highel 
relaxatJon lime expenenced by smaller QDs (~2 nm) 
they tend to be localized aero" the bllayer more lightly 
compared to the larger ~Ized QO~ (~20 nm) Moreover 
an aggregated structure IS found to be more diffusIve 
than a bdre QD In the pre-dggregdte ... tate The reldx 
alion tIme gets mcreased by a factor of ~'i6 and ~64 
folds for htghest (6 QDs aggregatIon) conductance state 
compdfed wIth the lowe~t one (1 QD, aggregatIOn) for 
IOn channels created by an aggregatIon of 2 and 12 nm 
SIzed QD" re ... pectl\e1y Con,equently the re'polI'e time 
of the conductance states of the 1011 challnel formed by 
the larger Sized QDs (Tp) IS ~50 tImes higher than the 
stdte, credted by ,mdller Mzed QO, (T,) It ha, dl,o pro
vrded with a hIghest conductance and MSD ot ~92 11 jJ.S 
and ~ I 18 Mm', re'ipectrvely In additIOn the relaxatIOn 
hme of the <lggregdted .,tructure dfOu,ed due to the 4 
nos QD~ aggregallon (each of QD sIze 2 nm) and due 
to 5 no~ of QD aggregatIon (each of QD ... Ize 12 nm) 
were found to be nearly equal to those of the electrolyllc 
solutIOn and the pre-aggregate state 1\1 the IIprd bilayer 

8 

re~pectrvely Under~tdndllJg dyn<lmrc~ at QD~ While JIM\"

Ing theIr ways through the semi pellneable blOmcmbrane 
would hnd ~cope when "'peclhc Ion chdnnel regul<ltlon <lnd 
targeted drug delivery 1<; deSired 

Acknowledgments: The authors thank DST, 
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References 

I L QI dnd X G.o E'polOP11I DIlI\ Dd,v 'i 261 (2008) 
2 D Alex,on eI.1 J PI" I Cundu" Mallil 17 R617 (2005) 
3 T Jamlc,on R Ba,h,hl D PetrO\a R POlack M Imom and A M 

Selfallan BIII",ale"al, 28 n 17 (2007) 
4 S Ramdlhdndwl G L Kum.... R " Bilek \\I \ dn der dlld 

W Ddmel App/ Pltll LUI 86 08390 I (2005) 
5 S A Klelll S J Wltk T J Thornton and J D Po,ner J Ph" 

CUlIf Sell" 109 012022 (2008) 
6 J A Dlx dod A S Velkm tn AflIllI /i" /J/Upl" , 17 247 (21/0/1) 
7 M J Saxton BlOl'lrll J 6h 394 (1994) 
8 S Jm and A S Verkman J Ph}, Cirelli BIll ,1>2, (2007) 
9 H Chen I Trtu,hkm M Stro\CIO dnd 1>1 Cho 8/111'1" I J 92 1199 

(2007) 
10 F Chen dnd D Genon N(II/o Lell 4 I X27 (2004) 
11 C Chen S Lm R CUI B Huang Z Tnn P Jiang D Pano and 

Z Zhang J Pin, Chu" C I 12 18904 (2008) 
12 Q LI R Hdn X Mcng II Udl dnd E S Yeung 411u/j I BUJ< hLln 

377 176 (2008) 
13 T Pon' H T Uyeda I L MedJl1t2 1nd H MatlOU"1 J Pin, 

Ch,m B 110 20308 (2006) 
14 J Abrahdm,on dnd J Md[\hdll J E/ulrOlllll 'i'i 41 (2002) 
15 J H E Promt<Iow A P Ga" and M Fenmg,er J C/telll PItI' 

102 5492 (1995) 
16 J Ged Bdnado,he M Mumbd ami M XldO PI", /i" 8 

74 1653'0 (2006) 
17 T A Spurlin dnd A A (Jl wtrth NwlO Ltli 7 'i, t (2007) 
18 D S Ban~' and C Fndlll BlOplll' J 89 2960 (200';) 
19 Q Tang dnd M Edldln /JIOI,/tl I J 84 400 (2003) 
20 G GUlgd> C Kdlla dnd M Wet>, FEB:' LUI 'i81 ';0')4 (2007) 
21 S J Bu"ell 0 L Koch Illd D A Hdmlller Blip/lII J 6K I~28 

(1995) 
22 A NdJI A J Le\!ne dno l' A PIII'U' /JIUph" J '13 L49 (21/07) 
23 I PfeIffer S PclrOim I Koper B K .. ,emu dnd M Zddl J Phil 

Cirem B 114 462, (2010) 
24 D B Kell and C M H1rm Erll Bllphvl J 12 1St (1985) 
25 B A Carnley C E'po"to T BdUml,drt and F L H Bru\\ n 8IU 

phI \ J 99 [A.j (2010) 
26 P Clcuta ~ L Keller ,nd ~ L Veatch , Ph" Chel" R III ~12X 

(2007) 
27 W Hanke and W R Schute BlOlop,dl Te,hnt4Ue, Pldndl lIpid 

BdJycr" Method... dnu \ppl!CJlIOlh Ac..tdcIHh.. Pre .... ' London 
New Yor~ (1993) 

28 X Chen A K" A Zettl dnd C R BcrltlZlI P\ IS 104 8218 
(2007) 

29 J E Hall I Vodyanoy r M Bald,ubl 1111 IIl1dll dnu G R Ma[\h Itt 

BtophH J 4, 233 (198~) 
30 I Y WonJ B D Alm4u"t dllli N A Melo,h M"" I 7( <1", 11 14 

(2010) 

ReceIved 15 July 20 II A(cepted 16 Augu<;t 20 II 

J Comput Theor Nanosci 9 1-8 2012 



International Journal of Advanced Materials Science 
ISSN 2231-1211 Volume 3, Number 2 (2012), pp. 87-96 
© Research India Publications 
http://www.ripublication.com/ijams.htm 

Role of the Supporting Substrates for Implementing 
Planar Chip Technology in Ion Channel Experiments 

Runjun Sarma and Dambarudhar Mohanta* 

Nanoscience Laboratory, Department of Physics, 
Tezpur University, Assam-784028, India 

*Corresponding Author E-mail: best@tezu.ernet.in; 

Abstract 

We report here the suitable environment and material characteristics for 
employing planar chip technology meant for ion channel/electrophysiology 
experiments. The ion channel response, to a great extent, is influenced by 
thermal and electromagnetic noise and the effective bilayer capacitance arising 
due to the nature of substrate material. Ideally, the quality of a substrate 
(planer chip) is characterized by good mechanical strength, thermal stability 
and low dielectric constant. Since the ion channel dynamics across a 
reconstituted membrane is a stochastic phenomena, selection of a suitable 
substrate along with desired dimension are important aspects apart from 
surrounding electromagnetic noise. In the present study, we make a critical 
survey of various substrate materials (Teflon, Polystyrene, Polypropylene, 
PET, PMMA, Quartz, Glass, Mica and Silicon) of different dielectric constant, 
thickness and cross sectional area. We also encounter for the ideal 
environment for carrying out ion channel experiments. We suggest that for 
effective electrophysiology recording, working area of the electrolytic 
chamber and thickness of the substrate material can be of the order of -1.76 
cm2 (dia. -1.5cm) -150 ~m; respectively. Reduced dissipation factor, low 
effective capacitance combined with high mechanical stability, makes glass 
and quartz as the most suitable candidate for planar chip architecture. 

Keywords: Planar chip; bilayer; electrophysiology; ion channel 

PACS Nos.: 87.l4.Cc; 87.16 D-; 87.16.Vy; 87.85.dh; 87.80.Jg 

Introduction 
Most of the biological activities including cellular functions, in living organisms are 
regulated by ion transport mechanism [1]. The electrophysiological events in the cells 
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that include both prokaryotic and eukaryotic types generally involve ion channel (Na+, 
K+' Ca2+) processes [2-4]. In this context, both patch-clamp and planar lipid bilayer 
experiments allow studies with regard to the function of single ion channels [5-7]. In 
recent years, solid supported bilayer experiments are shown to be better methods over 
patch-clamp ones owing to several advantages including viable cost, preparatory 
conditions, simplicity of designing, reliable and fast data acquisition [8,9]. Moreover, 
the signal-to-noise ratio can be improved, to a great extent, in planar chip technology. 
In a typical planar chip method, a thin phospholipid bilayer (-4nm) is painted around 
a small aperture on a solid substrate which separates the two electrolytic chambers. 
The conductance fluctuation, as a result of ion migration, can be studied in relation 
with the application of biasing voltage across the bilayer [10, 11]. For a good ion 
channel experiment, it is desired that the bilayer be stable and the effective 
capacitance suppressed. It was known that a substrate having a good mechanical and 
thermal stability is capable of supporting a stable bilayer. In addition, the substrate 
material should contribute only weakly to the effective capacitance. In other words, 
one needs to work with thick and low dielectric constant materials. Small effective 
area of the electrolytic chambers will also be an additional advantage. 

In the present work, considering several technologically important materials, we 
elaborate upon conditions that are attractive for obtaining stable bilayers which could 
help performing meaningful ion channel experiments. A special emphasis is given to 
explore the possibility of suppressing effective bilayer capacitance and theoretical 
noise. Here we present a qualitative as well as quantitative analogy of several 
materials (e.g., Teflon (PTFE), Polypropylene (PP), Polystyrene (PS), Polyethylene 
terephthalate (PET), Poly (methyl methacrylate) (PMMA), Quartz, Glass, Mica and 
Silicon) that can help in predicting their suitability to act as bilayer supporting 
substrate in planar chip technology. 

Theory on dielectric noise and effective capacitance 
The conductance fluctuation, across a solid-supported reconstituted artificial 
phospholipid bilayer, provides a unique approach for studying single ion channels. 
Compared to standard patch clamp method, the planar chip technique has an 
improved experimental design and precision control. However, the utility of planar 
bilayer method for studying single ion channel dynamics may be limited primarily by 
the background current noise. By suppressing rms noise it is possible to resolve the 
small single-channel conductance states along with the fast gating dynamics. By 
determining the individual sources of noise, it is possible to create an environment for 
suitable ion channel measurements. Note that, for ion channel experiment based on 
planar chip technology, a bilayer has to be supported on the micropore located at the 
centre of the substrate material. The nature of thermal energy dissipation results in 
thermal noise from this dielectric material and this type of noise is also known as 
dielectric noise. The power spectral density of dielectric noise, SD2 (f) and the rms 
dielectric noise, ID(fc) can be expressed as [12J: 

SD2 (f) = 8nkTDCDf, (1) 
ID (fc) = 2 (KTDCD nc J) 1I2!c ; (2) 
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where, D is the dissipation factor of the material(s), CD is the capacitance of the 
dielectric(s), c}=1.3 for a noise source with a power spectral density that grows 
linearly as a function of f, and!c is the cut-off frequency. Although the dissipation 
factor is frequency dependent, it is usually approximated as a constant in the 
frequency range between 1 kHz and 100 kHz [8, 13]. The dissipation factor, D is 
contributed by the nature of the substrate, electrode holders etc. and they contribute 
unequally to the magnitude of CD in Eqn.2. In the present work, we consider D as the 
dielectric loss of the substrate materials in which the pore is fabricated, which 
significantly contribute to CD. In the eqns. (1) and (2) it is therefore, reasonable to 
replace CD with Cse, where Cse is the substrate capacitance. The capacitance of this 
substrate material is given by: 

A 
Cse=ErEo d (3) 

where, Cse is the substrate capacitance; A is the area of the substrate material; Cr is the 
dielectric constant of the substrate material; cO is the permittivity in free space ( co::::: 
8.854 xl 0 -}2 F m -I); and d is the thickness of the substrate material. 

In the electrophysiology experiment, the accuracy of temporal change of current 
flowing through the pore is determined by the signal bandwidth. To obtain high 
bandwidth of the signal, the most accessible experimental parameter that has to be 
minimized is the total effective capacitance. The total capacitance is given by [8] 

C/=Cm + Cse + Cel. (4) 

where, Cel is the capacitance of the immersed electrode (~1 OpF) [8] and 

Cm= Cs ~ d~ , the membrane capacitance. Here, Cs and dp are specific capacitance and 

diameter of the pore; respectively. As noise generated by the substrate material takes 
major rule than the electrode generated noise, for the sake of simplicity we ignore the 
later's contribution in the electrophysiological recording experiment [13]. Some of the 
physical properties of the bilayer supporting solid materials are given in Table 1. 

Table 1: Physical properties of the substrates materials 

SI. Substrate Dielectric Dissipation Density Thennal Melting Young's 
No. constant Factor (D) (p) Conductivity point modulus 

(k) III (10 in (Tm) in (Y) in 
~mJcm3 W/m/K °C Gpa 

1 PTFE 2.1 0.0008 2.12 0.26 327 0.5 
2 PP 2.2 0.0003 0.95 0.1-0.22 165 1.5-2 
3 PS 2.5 0.0001 1.06 0.14 240 3-3.5 
4 PET 3.1 0.016 0.98 0.24 260 2-2.7 
5 PMMA 3.6 0.015 1.17 0.20 140 3.4 
6 Quartz 3.8 0.00001 2.21 1.36 1650 71.7 
7 Borosilicate 4.5 0.0017 2.3 I.l 820 45 

glass 
I(Coming 7760) 

8 Mica 6.2 0.0012 2.8 0.71 1340 60 
9 Silicon 11.8 0.032 2.32 150 1410 70 
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Results and discussion 
By applying theoretical treatments on various materials, for different electrolytic area 
and thicknesses, we obtained characteristic plots necessary to assess the quality of the 
substrates. 

Effect of pore diameter on the membrane capacitance 
An aperture on the substrate generally supports a reconstituted pbospholipid bilayer. 
With an aperture of larger diameter, the lipid bilayer membrane become mechanically 
fragile and can be easily broken by small mechanical and electrical disturbance. This 
is because of the ultra thin nature (~4 nm) of the phospholipid bilayer membrane. 
Selection of a suitable diameter of the pore would help in providing not only low 
membrane capacitance but also higher mechanical stability. 

Fig.1 represents a characteristic plot of membrane capacitance vs. pore diameter 
of the substrate material. It is clear that membrane capacitance increases with the 
diameter of the pore for a constant specific capacitance (Cs) of 0.5 I1F Icm2 (9). It is 
seen that for a pore diameter ~ 10-100 11m, the membrane is characterized by a very 
small low capacitance in the range of ~0.4-40 pF. But for practical purpose, a pore 
with ~ 10-40 11m diameters is difficult in terms of visualization and handling with the 
suspended bilayer. The bilayer with pore diameter in the range -40-100 11m will give 
moderate capacitance values (~7-40 pF). On the other hand, for the pores having 
larger values of diameter (~lOO-200 11m), the membrane capacitance would increase 
to the range of ~40-156 pF. 
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Figure 1: Membrane capacitance as a function of pore diameter 

For the sake of convenience, the pore diameter ~80-1 00 11m is suggested which 
accounts for the moderate values of capacitance (corresponding capacitance -25-40 
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pF). Thus the suitable range of pore diameter that can be efficiently used in the planar 
chip technology is (-80-100 /lm). The importance of using planar chip technology 
within this range of diameter is also reported by various workers [13, 14]. 
Alternatively, the stability of a bilayer in the electrophysiology experiment is 
governed by the dimension as well as the dielectric properties of the substrate 
material. The overall idea is to suppress the effective capacitance. The contribution of 
substrate capacitance should be such that it is comparable or smaller than the value of 
the bilayer capacitance (-25-40 pF). The selection of a good substrate candidate with 
a desired dimension would help in obtaining low effective capacitance. The variation 
of substrate capacitance for different possible substrate candidates is discussed below. 

Parameters which have direct influence on the substrate capacitance 
The stability and the effective capacitance of the reconstituted lipid bilayer depend 
mainly on the area of the electrolytic chamber created on the substrate material, 
thickness and dielectric constant of the substrate material. 

Fig.2 represents the variation of substrate capacitance as a function of electrolytic 
area created on different substrate materials of given thickness. In most of the 
electrophysiological experiments, the thickness of the substrate varies between -150-
300/lm [6, 8]. It can be observed from the Fig.2 (a) that for a constant area 0.78 cm2 

(corresponding to electrolytic chamber of dia-lcm), PTFE exhibits very low 
capacitance (~9 pF) when thickness is varied within 150-300 /lm. However, 
mechanical handling of such a small area is difficult in real situations. Similarly, the 
area of the order of -1.76 cm2 (dia-1.5 cm) also characterized by a low capacitance 
(-10-21 pF). But for a larger area of - 4.8 cm2 (dia-2.47 cm), the capacitance 
becomes quite high (-29-60 pF). So this clearly indicates that PTFE is characterized 
by a capacitance less than the value of bilayer capacitance for an effective area of 
-1.76 cm2 and thickness-l 50-300 /lm. Similarly, materials such as PP, PS (Fig. 2(b), 
2(c)) also give lower values of capacitance (-11-22 pF, -12-26 pF), compared to the 
bilayer capacitance for an electrolytic area of -1.76 cm2

. 

In contrast, as shown in Fig. 2(d)-2(g), the capacitance response of the substrate 
materials such as PET, PMMA, quartz and glass (for an area of -1. 76 cm2 and 
thickness -150-300 /lm) predicts values -16-31 pF, -18-37 pF, -19-38 pF, -23-46 
pF; respectively. Note that the lower end values (150 /lm thick substrate) are 
comparable with the capacitance of the bilayer (25-40 pF for an aperture -80-100 
Jlffi). On the other hand, it can be observed from the Fig. 2(h) and 2 (i) that silicon and 
mica show very large values of capacitances (-31-64 pF and -62-123 pF) than the 
corresponding bilayer capacitance. 

Therefore, it is now apparent that with materials like polymers, glass and quartz 
one can obtain effective capacitance comparable to the bilayer capacitance by proper 
choice of adequate electrolytic area and substrate thickness. We expect that an 
electrolytic area of -1.76 cm2 (dia-1.5) and thickness of -150-300 /lm will be 
convenient for establishing reduced effective capacitance and also provides a means 
for better physical handling of the electrophysiology experiment. 
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Figure 2: Capacitance vs. area of the substrate (a) PTFE, (b) PP, (c) PS, (d) PET, (e) 
PMMA, (f) Quartz, (g) Glass, (h) Mica, and (i) Silicon 

Fig.3 represents the variation of the substrate capacitance with the dielectric 
constant of the respective materials considering the desired electrolytic area and 
thickness to be -1.76 cm2

• -150 flm; respectively. It can be observed from the Fig.3 
that PTFE, bearing least dielectric constant value and hence lowest capacitance (-21 
pF). Similarly, materials such as polymers (PP, PS, PET, and PMMA), show low 
values of capacitance (-22-37 pF) while glass and quartz exhibit moderate values of 
capacitance (-39-47 pF). But, materials having higher dielectric constant such as 
silicon (-63.86 pF) and mica (-122.5 pF) are characterized by larger values of 
capacitance. Thus it is clear that candidates with lower dielectric constant (PTFE, PP, 
PS, PET, PMMA, glass, quartz) can be potential candidates in the planar chip 
technology. However, glass and quartz are generally considered owing to better 
mechanical strength and thermal stability (see Table 1). 
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Figure 3: Capacitance vs. Dielectric constant of the substrates 

Dielectric noise generated by the substrate materials 
In a typical electrophysiology experiment generally ion channel proteins are inserted 
across a reconstituted phospholipid bilayer. In order to record the current burst due to 
insertion of ion channel proteins, it is desirable that the dielectric response of the 
bilayer supporting substrate (planar chip) be good with minimal signal attenuation. 
Since the current fluctuation would occur in tens of pA level, rms noise should be low 
enough for isolating and detecting the actual signals. In this context, low dissipation 
factor (D) of the substrate is desired. This would facilitate in the detection of single 
ion channel events while recording current bursts in the electrophysiology 
experiment. 

Fig. 4(a) represents the variation of rrns dielectric noise with dissipation factor 
(dielectric loss) of the respective substrate materials (PTFE, PP, quartz [15], PS [16], 
PET [12], glass [13], PMMA [17], mica [18], silicon [19] for a constant cut-off 
frequency (fc) of 10kHz and constant substrate capacitance comparable to the bilayer 
capacitance (-20 pF). For instance, PTFE exhibits this order of capacitance for an 
electrolytic area -1.76 cm2 and thickness-ISO Ilm. It can be observed that quartz is 
characterized by lowest value of dissipation factor and hence exhibits lowest rms 
dielectric noise (-0.03 pA). Similarly, polymers (PS, PP, PTFE), Mica and glass are 
characterized by small values of noise (-0.11-0.47 pA). On the other hand, it is seen 
that polymers like PMMA and PET exhibit moderate values of rms noise (-1.4-1.45 
pA). Conversely, candidate such as silicon higher rms dielectric noise compared to the 
above materials (-2.05 pA). Moreover, the dielectric noise has an exponentIally 
decreasing trend with the increasing thickness of the substrate materials (Fig.4 (b)). 
The materials e.g., quartz, mica, glass and polymers (PTFE, PS, PP) are characterized 
by very low dielectric noise (-0.04-0.48 pA) when the thickness varies between -150 
and 300 Ilm. 
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Figure 4: Dielectric noise vs. (a) Dissipation factor (b) Thickness of the substrate 
materials 

From the present discussion, one can say that the diameter of the aperture of the 
respective substrates should be in the range of -80-100 !lm (COl -25-40 pF) to obtain a 
mechanically stable lipid bilayer. Again, for convenience, the working electrolytic 
area and the thickness of the substrate can be of the order of -1. 76 cm2

, -150-300 !lm; 
respectively. It is worth mentioning here that though a substrate material of thickness 
-300 !lm provides comparatively lower capacitance than that of - 150 !lm, the latter 
is preferred owing to ease in making an aperture. Moreover, it is found that materials 
having low to moderate dielectric constant like polymers (PTFE, PP, PS,PET 
,PMMA), quartz and glass were found to exhibit effective capacitance comparable to 
the bilayer capacitance (-25-40 pF). Though glass and quartz provide higher 
capacitance compared to the polymers, the former is a better option owing to better 
mechanical strength and thermal stability. On the other hand, glass and quartz exhibit 
desired low values of dielectric noise and can be attractive ion channel experiment. In 
addition, optical transparency in the visible to IR range would be added advantage for 
simultaneous electrical and optical recording. Conversely, the use of silicon and mica 
is limited by high dielectric constant (and hence, high capacitance values) even 
though they possess good mechanical strength. 

Conclusions 
To summarize, in order to establish an ideal environment for the planar chip 
technology following pre-requisites need to be satisfied. 

1. The working area of the electrolytic chamber and thickness of the substrate 
can be -1.76 cm2 and 150 !lm; respectively. 

2. The bilayer supporting substrate bearing good dielectric properties (low 
dielectric constant and low dissipation factor) are desirable. 
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3. Glass and quartz are believed to be most preferred candidates for the 
electrophysiology experiment. Neither polymers, nor silicon I mica satisfy all 
the properties required for a substrate material. 
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We report on stoichiometry dependent manifested physical properti es of thioglyco lic acid (TCA) coa ted 
Cd, _xMnxSe QDs. While possessing a wurtzite phase , with increasing x, the QDs exhibited a notable 
blue-shifting of the onset of absorption. Attributed to VCd- VSe di-vacancies, the QDs describe an intense 
deep-defect related emiss ion response at smaller values of x (=0 to 0.3), Due to the facilitat ion of 
magnetic Mn2+ ion migration from the core to the QD surfaces, 4T, _GA, transi tion based Mn2+ orange 
emission get suppressed at a higher x (=0.6 to 1). While the Ff-IR spectra of the alloyed QDs display 
characteristic Mn-OH stretching mode at ~644 cm- ', the peak located at ~ 703 cm- ' is ass igned to Cd-Se 
bending. Furthermore, the QDs with a low x (=0.3 ), exhibit paramagnetic characteristics owing to the 
presence of uncorrelated, isolated Mn l + spins. The collective luminescence and magnetic features would 
find immense scope in bio-Iabeling and imaging applications, apart from solid state luminescent 

Keywo,-ds: 
A. Chalcogenides 
A. Nanostructures 
A. Semiconductors 
B. Chemical synthes is 
C. Raman spectroscopy 
C. X-ray diffraction 
D. Crystal structure 
D. Luminescence 
D. Magnetic properties 

1. Introduction 

components. 

Semiconductor nanocrystals are known for their bright 
e mission response with size dependent color tunability betwee n 
the ultra violet (UV) and near infra-red (NIR) region of the 
electromagnetic spectrum. Of particular interes t, the magnetic 
impurity doped systems (magnetic semiconductor nanocrystals/ 
quantum dots. ms-NCs/QDs), such as, nanoscale Cd, _xMnxSe 
systems. have received growing interest owing to their immense 
potential in magneto-optics, nonlinear optics, nano-photonics and 
nano-biotechnology. This is because, these QDs exhibit special 
properties, like localization of magnetic ions that res ult in fre e 
electron and hoJe carriers 11.21, size-dependent sp-d exchange 
interaction [3.4J along with introduction of new energy levels 
within the forbidden gap. The strong sp-d exchange interaction 
may result in enhanced spin relaxatio n i5 ]. giant Zeeman splitting 
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of the electron and hole states when subj ected to a magnet ic fi e ld 
[61, along with the formation of excitoni c magne tic pola rons [3,71· 
These interesting characteristics occurring in ms- NCs ensure the ir 
potential applicability in various fi e lds including spintro ni cs I S I, 
tunable lasers [9]. solar cells [iO]. magneto-optic e le m e nts [II]. 
quantum computing e tc. 

Over the years, magnetic semiconducto r sys tem s of the form 
All, _xMxBv1, (with cations All = Cd2

+ , M = Mn 2+, a nion BV1 = Se2 
) 

have drawn significant research inte res t owing to the strong 
dependence of sp-d exchange interaction on the amount of d oping 
(mole fracti on, x). Moreove r. highly fluorescent II- VI semiconduc
tor systems, mostly Cd-based ones (e.g., CdSe, CdTe , CdS, CdSe/ZnS 
core shell QDs etc. ), have been inves tigated in gr ea t detail 
including their exte nsive d e ployment in bio labe ling and bi oi mag
ing studies 1121. In this work, w e de monstrate J simple, user
friendly approach for synthesizing Cd, _ x MnxSe QDs, using 
thioglycolic acid (TGA ) as the capping age nt. Although TCA in 
excess amount is somew hat t oxic, but du e to its abili ty to p rov ide 
effective surface functionalization and ex tra-photostab ility to the 
fluorescent QDs, t he TGA capped QDs are fo und to be ex trem e ly 
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useful m practical situatIOns (13 141 Here. we discuss and compare 
structural. optical. VibratIOnal and magnetic responses of the 
synthesized QDs m conjunction with stOIchIOmetry vanatlOn 

2_ Experimental: materials and methods 

2 1 Production of Cd 1 xMnxSe quantum dots 

The step-by-step synthesIs protocols. for obtaining vanous QD 
systems with varymg stOlchlOmetnc parameter x. are as detaIled 
below 

2 11 QD synthesIs for x = 0 
The procedure of syntheslZlng CdSe QDs (x = 0) can be found 

elsewhere 1141 Here. we employ a modified method along with 
mcluslOn of an aniOniC surfactant as coatmg element At first. 0 93 g 
of cadmIUm nitrate-tetra hydrate [Cd(N03h 4H20j was dissolved 
m 100 mL of deIOnized (01) water followed by stirrIng (~250 rpm) 
at a temperature of 60 C. for 20 mm Then. 0 5 ml ofTGA was added 
to the Cd2

+ solutIOn under stirrIng The pH of the solutIOn was 
adjusted to ~ 11 by addmg aqueous sodIUm hydroXide (NaOH) In a 
drop-Wise manner Then. 022 g of Se02 was taken along With the 
02 g sodIUm borohydnde (NaBH4). added as a reductant Fmally. 
the mixture was kept under stirrIng for 1 h and at a temperature of 
80 C The precursor extract was then subjected to centnfugatlOn 
(~5000 rpm) followed by adequate filtratIOn usmg a Whatman 

x=1 

S 
e 

20 30 40 50 
26 (degree) 

filter H The preCIpitate was washed With DI water several times 
and finally. cleansed With ethanol 

2 12 QD syntheSIS for x = 1 
In a typical procedure. 062 g of manganese chlonde-tetra 

hydrate [MnCh 4H20j and 011 g Se02 were dissolved m 22 ml DI 
water followed by the additIOn of 01 g NaBH4 The pH of the 
solutIOn was adjusted to ~ 11 by addmg aq NaOH The stirrIng 
(~250 rpm) was ma1l1tallled at 60°C. for 5 m1l1 FoIlow1l1g the 
additIOn of 10% TGA the whole mixture was transfel red to a teflon
lIned stamless steel autoclave of 50 ml capaCity The autoclave was 
sealed properly and kept under oven at 180°C. for 6 h On 
completIOn of the reactIOn. the autoclave was cooled down to room 
temperature naturally The extract was subjected to centnfugatlOn 
(~5.000rpm) and subsequently. filnatlOn The lesldual content 
was washed away With 01 water repeatedly and finally. With 
ethanol The whole process was belIeved to faCilItate homogeneous 
growth of the MnSe QDs II:; I. 

213 QD syntheSIS fOi x =0 3 to 08 
A SUitable stOlchlOmetllc vanatlOn was conSidered 111 order to 

make a comparative account on mamfested properties of the 
syntheSized QDs The ternary QDs of Cd 1 xMnxSe. With x = 03.06. 
08 were prepared followlllg the aforesaid procedure but With a 
lIttle alteratIOn Here. consldenng a fixed amount of Se02. and 
NaBH4 as reductant. the Cd2

+ to Mn2
+ molar concentratIOn was 
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varied such that, x = 03, 06, 08 The reaction temperature, 
duratIOn of reactIOn and TGA concentration were kept unaltered 
as mentIOned m the aforesaid discussIOn 

22 Analytical techmques 

The structural characterIzatIOns of the as-synthesized samples 
were performed by powder diffractIOn techmque usmg an X-ray 
diffractometer (XRD, MmlFlex, Rlgaku) eqUipped for CuKa 
radiatIOn (A = 1543 A) High resolutIOn transmiSSIOn electron 
microscopy (HRTEM, ]EOl, ]EM-2100) workmg at an acceleratmg 
voltage of200 kVwas employed to confirm the formatIOn ofQDs of 
defimte size and shape The characterIstic optical absorptIOn 
features were recorded by a UV-VIS spectrophotometer (UV 2450, 
Shlmadzu Corporation), whereas photolummescence (PL) spectra 
were obtamed by a Perkm Elmer lS 55 spectrophotometer With a 
Xe lamp as the excitatIOn source (A = 350 nm) The data acqUisitIOn 
was made through a computer controlled standard monochroma
tor based photodetectlOn system Raman measurements were 
undertaken by usmg micro-Raman spectrometer (Remshaw, UK) at 
room temperature As for fourier transform mfrared (IT-IR, Nicolet 
[mpact-41O) stUdies, solid powder was employed to make pellets 
m KBr Fmally, both low and room temperature magnetic 
measurements on select samples were conducted With the help 
of a vlbratmg sample magnetometer (VSM, lake Shore, 7400 se
nes) 

3. Results and discussion 

Below we discuss varIOUS physical properties of the as
synthesized QDs of varymg x 

3 1 Structural and morpllOloglcal analYSIS oJ bmary and tel nary QDs 

The crystal structure and crystallographIC onentatton of the as
synthesized Cd 1 _xMnxSe QDs were Identified through XRD 
analyses I I; depicts a senes of XRD patterns of Cd 1 x MnxSe 
QDs prepared With different stOlchlOmetnc parameter, x As can be 
found, for x= 0 (CdSe) and x = 1 (MnSe), the systems show phase
pure hexagonal crystal structure but With dissimilar peaks 
correspondmg to dIfferent diffractIOn angles (28) For x = 0, the 
dIffractIOn peaks, located at ~351, 489, 522, 560, 645 and 67° 
corresponded to (102), (200), (004), (202), (203) and (211) 
crystallographic planes of the CdSe- QDs that crystallize mto a 
hexagonal wurtzlte (WZ) phase lIb [n contrast, MnSe- QDs (for 
x = 1), charactenze diffractIOn peaks positIOned at ~25 8, 26 8, 286, 
361, 439, 478, 502, 52 OS, 53 and 587° whIch corresponded to 
(100) (002),(101) (102),(110),(103),(200),(112)(201)and 
(202) crystallographIc planes of the hexagonal WZ MnSe structure 
and are consIstent to earher works 1 f IS] The MnSez phase, as 
eVident from the peaks at ~23 8 and 314°, IS likely to eXist m the 
form of trace amount of byproduct {17] On the other hand, a mixed 
phase ofWZ MnSe WZ CdSe and cubiC CdMnSe can be retneved for 
Cd] _xMnxSe QDs, and for x = 03 and 08 As for x = 03, the 
diffractIOn peaks that hlghhght WZ hexagonal phase of CdSe can be 
observed at 28~35 7 and 487' which correspond to (102) and 

Table 1 
PhYSICal parameters obtamed for Cd, x MnxSe QD systems 

(200) planes; respectively, In additIOn, the diffractIOn peaks 
noticeable at ~24 0, 25 8, 28 02, 43 9, 501,514,53 a and 574° are 
Identified as (100), (002), (1 01), (11 0), (200), (112), (201) and 
(2 a 2) crystallographic planes of MnSe Moreover, the cubiC phase 
of CdMnSe can be Identified owmg to the eXistence of the 
respective diffractIOn peaks located at ~28 7, 32 5° and are 
assigned to (111) and (200) planes (I epresented by • marks) 
[ ]') J At a stOlchlOmetl y value of x = 08, the diffractIOn peaks 
located at ~24 9, 26 7, 278,43 9, 49 0, 574, 670 represent ( 100), 
(002), (101), (110), (200), (202) (203) Clystallographlc planes 
of the WZ phase MnSe- QDs [n thiS case however, no diffractIOn 
peak due to mdependent CdSe phase could be wItnessed 
Nevertheless, the promment (111) and (200) dIffractIOn peaks 
due to the cubIC phase CdMnSe are IdentIfied at 20~296 and 
33 6" (shown by • mal ks) Moreover a Shlftlllg of the peal< pOSItion 
toward a higher diffractIOn angle IS realIzed m thiS case as 
compared to the case for x = 03 One can estImate average 
crystallIte size by usmg popular Williamson-Hall equatIOn, gIven 
by [20]: 

kA 
wcos8 = 41:sm8 + -D 

cry 
(1) 

Here, A IS the wavelength of the CuI<a lme (1 543 A), W IS the full 
Width at half maxIma (FWHM), e IS the Bragg's diffractIOn angle 
and K IS the shape factor (~O 9) By plottmg wcos8 agamst 45mB, 
the mlCrostram (I.) of the crystallItes can eaSIly be estImated from 
the slope, and average crystallite sIze (Dco-y) from the mtercept on 
the vertIcal aXIs [t can be noticed that, the QDs WIth a larger 
crystalhte Size, have a [ower values of mlClostlam and vIce versa 
(FIg 1 (b)) The average crystalhte sIze has mcreased from a value of 
~3 7-9 6nm, when x IS vaned wlthm 0 and 03, whereas pure 
MnSe QDs (x = 1) expenenced an avel age sIze of ~ 7 nm WhIle 
expenencmg a mll1lmal value COIl espondmg to x = 08, the 
magmtude of mlClOStiam was found to valY III the range of 11-
8 3 x 10-3 and WIth a negative sIgn The negative values of the 
measured mlcrostlalllS IIldlcate plesence of lelaxed clystailltes m 
the system under study ,21 I EssentIally, the alloyed crystallItes are 
much more relaxed as regards those of pure CdSe and MnSe 
systems The lattICe parameters, a(=b) and c can be calculated by 
uSlllg the relatIOns normally valid for a hexagonal system 

_1_ = i (112 + hk + k
2) f- f 

d~kl 3 a2 c2 

~ = GY
/2 

(2a) 

and (2b) 

Here, dhkl IS the mtel-planar separatIOn between the successive 
planes WIth mdex, I1kl The calculated values of a and c are depIcted 
m Tabk 1 and assummg a standard elfor of ±D 05% WIth an 
mcreasmg x value flom 0 to 08 the cia value was found to vary 
between 1 62 and 1 66 Whereas the pure MnSe QDs showed a 
lowered cia value of 161 We antICIpate that the Mn2+ lOllS are 
likely to occupy the CdSe lattIce mamly along the c-axls As for 

StOichIOmetry parameter x D"y t(x 10 3) Through XRD analyses cia Through Vegard s IdW cia 
(nm) (A) (XRD) (A) (Vegard) 

0 37 -30 a=b=45 c=73 162 a=b=43 [=701 163 
03 9,6 -74 a=b=444 c=737 165 a=b=426 c=695 1.63 
08 45 -83 a=b= 421 c=698 166 a=b=419 c=685 163 

70 -11 a=b=39 c=63 161 a=b=417 c=681 163 
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x=0.8 composition. all the Mn2
' ions are not necessarily fully 

embedded inside the CdSe core lattice. but can be available at the 
surfaces thereby affecting the magnitude of lattice parameters by 
substantial amounts (22] . 

We also intended to verify if the formation of QD hetero
structure is feasible or not. especially when consideri ng the 
coexistence of CdSe and MnSe phases. The criterion is that. the 
lattice constant of an alloy can be expressed through a linear 
interpolation between its constituents. In this case. Vegard's 
empirical law allows us to predict the effective lattice parameter 
(a = b) given by: 

(3 ) 

A similar formulation can also be employed for esti mating the 
effective parameter. CelT. The results are shown in Fig. t (c-d) and 
can be compared with the results obtained from XRD measure
ments and using Eq. (2). As can be found. at a lower stoichiometry 
parameter x. the effective parameters calculated through the 
Vegard 's relation have experienced much lower values than those 
measured through the XRD analyses. However, at a higher x value 
(with dominant Mn 2

• content). the acrr and CclT as predicted 
through Vegard's law tend to approach the calculated values 
revealed through XRD analyses (Fig. J(c-d)). In other words, th e 
formation of CdSe/MnSe QD heterostructure cannot be completely 
denied and possibly occur near x = 0.8. Knowing that, the 
conditions x = a and x = 1 represent the independent existence of 
CdSe and MnSe systems, the development ofQD heterostructure in 
these cases cannot arise. Apparently, we noticed significant 
departure of the parameters calculated by XRD with those 
predicted through Vegard's law (Fig. 1 (c and d ), Table I ). 

Fig. 2(a and b) represent typical TEM images of the QDs 
corresponding to x= 0.3 and x= 1. As revealed from the low 
resolution micrographs. the respective QDs are nearly spherical 

(a) 

(b) 

and with an average size of 0 ~ 9.6 nm and 7.0 nm. The average QD 
size has been estimated fro m the frequency vs. particle size 
histograms presented at the right hand side of upper and lower 
panels. Since the values are close to the average crystallite size 
predicted by XRD, the synthesized products characterize good 
amount of mono-crystallinity. The insets . shown in the upper left 
and lower right corners of each of the micrographs, are basically 
isolated views of single QD structures along with fast fourier 
transform (FFT) imaging. The lattice fringe patterns ofCdo.7Mno.3Se 
and MnSe QDs have showed respective inter-planar spaci ngs of 
~0.40 nm and 0.23 nm. A close look on the FIT imagi ng has 
revealed a number of diffracted spots that ensure a hexagonal 
pattern around the zeroth order. 

3.2. Analysis through optical absorption and emission spectroscopy 
studies 

The optical properties of Cd l _xMnxSe QDs. synthesized for 
different values of x. have been adequately analyzed through UV
vis and PL spectroscopy techniques and are discussed below. 

3.2.1. Effect of stoichiometry variation Oil tIle optical absorptioll 
response 

Fig. 3(a) shows the optical absorption spectra of different 
Cd 1 _xMnxSe QDs of varyi ng x. The spectra indicate adequate 
quantum confinement in the QDs systems. as significant blue
shifting was witnessed with increasi ng x. Since the investiga ted QDs 
are mostly alloyed types, we intended to evaluate the first order 
derivative plot of the absorption spectra to help evaluating major 
changes caused in a defini te QD system. The direct optical band gap 
(Eg) of the QDs under study ca n be predicted from the sharp peaks in 
the spectra (Fig. 3 (b-d), see also supplement). The absorption 
maximum of pure CdSe QDs is found to be located at ~430 nm 
(2.8 eV) (Fig. 3(b)) ; whi ch is strongly blue-s hifted from its 
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Fig. 2. TEM. FIT images and particle size hi stograms of Cd, .,Mn,5e QDs (a) x R O.3 and (b) x~ l. 
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Fig. 3. (a) Optical absorption spectra of Cd 1 xMnxSe QDs. The first order derivative spectra of the QDs with varying stoich iometric parameters are shown in (b- d) . A scheme 
on band gap engineering is presented in (e). (see also supplement for detailed plots). 

corresponding bulk CdSe value (). = 714 nm) [23 J. The compara
tively broad. subsidiary peak. observed at a relatively lower energy 
(2.4 eV) is believed to have arisen owing to the Urbach tailing as a 
result of carrier transition between the extended and the localized 
states. As for x = 0.3 (Supplement of Fig. 3). 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 increasing of Mn content (x = 0.6 and 1). has led to a band 
gap enhancement with the absorption maxima varying in the 
range 2.59-3 .95 eV (Fig. 3(c and d)). Conversely. in these cases. the 
secondary broad peak is completely suppressed. We speculate 
that. beyond a certain Mn-level. the band tailing as characterized 
by the Urbach states is minimal. as a result of which most of the 
transitions are likely to be accompanied via only extended states. 
As predicted earlier [24]. with increasing Mn2+ concentration. the 
red shift of the absorption maxima followed by blue-shifting can 
be attributed to bowing effect (Supplement of Fig. 3). Whereas. a 
significant blue shift is ascribed to the sp-d exchange interactions 
between electrons confined in the conduction and valence band 
electron states and those located in the partially filled Mn2+ states 
[8.24-26 J. This explanation [27J is also substantiated by the fact 
that. the replacement of Cd by Mn (in Cd, _x MnxSe. 0.3 < x < 0.8) 
would vary the energy gap between 1.74 and 3.5 eV. as for the bulk 
CdSe (x = 0). and the WZ-MnSe (x = 1 ) systems; respectively 117 j. 
The optical band gap of the QDs with varying stoichiometric 
parameter x. are highlighted in Table 2 . A scheme illustrating band 
gap engineering in the concerned QD systems can be found in 
Fig.3 (e). 

3.2.2. Luminescence response of QDs of varying stoichiometry 
Fig. 4(a) depicts the emission spectra of Cd' _xMnxSe QDs along 

with multi- peak de-convolution shown in dotted lines. Here. each 

Table 2 
Calculation of Stokes' shift and coupling strengths of the synthesized QDs. 

x Intense absorption NBE peak Stoke's shift. ASlokcs Coupling strength 
(eV) (eV) (eV) (S) 

0 2.8 2.10 0.7 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 

3.95 3.1 0.85 14.16 

of the spectra is characterized by a number of emission peaks. In 
case of CdSe QDs (x = 0). the first peal{ at ~590 nm is ascribed to the 
near band edge (NBE) emission [28 ]. The second peak. located at 
~657 nm. is due to radiative emission mediated via trap states of 
the QDs 129 J. With increasing value of x from 0 to 0.3. the NBE 
emission response of Cdo.7Mno.3Se system is blue-shifted to 
~484nm [3J. While the peak at ~51Onm corresponds to the 
shallow, virtual levels of the QDs \301 . the appearance of a small 
peak at ~580 nm is believed to be owing to the pseudo-tetrahedral 
transitions (4T, ->6A,) of the Mn 2+ ions introduced into the CdSe 
QDs [8]. The broad emission band, with peak maxima at ~628 nm. 
could not be fitted by single Gaussian-fit, thus signifying 
complexity of the ternary systems. The association of multiple 
emissions, with comparable probabilities. can be attributed to 
recombination events of different origins. Shown in Fig. 4(b), is an 
enlarged view of the PL spectrum with de-convolution relevant for 
QDs with x = 0.3. 

It may be worth mentioning here that. deep defect levels mostly 
appear in hexagonal wurtzite structures of CdSe. or Cd, _ xMnxSe 
QDs [26,31.32J. The de-convoluted peaks. located at ~640 and 
~670 nm. can be assigned to deep trap levels in the present case. 
Possibly. the origin of these defect levels is mediated via VCd - VSe 

divacancy centers available in the nanocrystaliine specimens 
[26.33.34]. 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 126.35]. In earlier works . the si ze 
dependence of these trapping levels was affi rmed for CdSe NCs 
[26J . Also one can explain independent emissions emanating from 
the QDs (labeled as. EIll , and E",2) as well as from the bulk-like NCs 
(labeled as, Ebll that might occur in ternary Cd, _xMnxSe QDs 
(Fig. 4(b)). Interestingly. the excitonic emission at ~484 nm of 
Cd, _xMnxSe QDs is nearly suppressed by sufficiently large non
radiative channels via ~628 nm peak [301 . The band edge emission 
response of Cd, _xMnxSe system. as for x = 0.6. is furth er 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. Moreover. 
the emission peak centered at ~550 nm, is ascribed to the 
forbidden d- d transitions (4T,(4C)_6A,(6S)) of the Mn2+ions 136J. 
Note that, with increasing x from 0.3 to 0.6. the non-radiative 
emission via trap levels that originated through VCd - VSc di
vacancies. is completely disappeared. This indicates that. the 
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Fig. 4. (a) Room temperature PL spectra of QDs with di ffe rent stoichiometri c parameters, (b) deconvoluted PL spectra of the QDs corresponding to x - 0.3. 

replacement of Vca - VSe vacancies by Mn2+ions is much more 
effective in the QDs with increased Mn2+content [30J. 

Referring to x = 0.8, the NBE emission of Cdo.2Mno.gSe QDs is 
found to be positioned at 473 nm, apart from a shallow level 
apparently located at ~521 nm. No orange emission can be 
inadvertently detected in this configuration. Moreover, as for 
MnSe QDs (x= 1), the NBE emission response is positioned at 
~400 nm, in contrast to the response of the ZB type MnSe system 
with the peak maxima located at ~364 nm [37J , The emission peak, 
as observable at ~459 nm, is accompanied by numerous defect 
states originated from the metastable WZ nanocrystal core (38) . 
Thus, the PL spectra of the Cd l _xMnxSe QDs is extremely sensitive 
to parameter x. A perturbed lattice structure, in each composition, 
and with different x can have direct influence on the emission 
spectrum of definite origin. Besides, the absence of Mn2+ emission, 
as for x = 0.8 case, signifies that Mn2+ ions are incorporated into the 
CdSe cluster through surface adsorption rather than direct 
inclusion into the CdSe core [8 \. This is expected especially at a 
higher concentration of Mn2+. An increased amount of Mn2+ ions 
effectively reduces the average distance between the two Mn2

' 

ions thus favoring diffusion of these magnetic ions from the 
nanocrystal core to the nanocrystal surfaces [35J. The diffusion of 
the Mn2+ ions through these NCs is known as, 'self-purification' 
mechanism and is an intrinsic property of impurities/defects in 
semiconductor NCs. As the ionic radius of the Mn2' is smaller than 
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the ionic radius of the Cd2+ ions, it is quite apparent that this 
diffusion would occur in Cd l xMnxSe NCs U5 \. The existence of 
Mn2

' in the CdSe has also been predicted from the XRD analysis 
discussed above. 

3.3. Electron- pilOnon coupling and a/1alysis through Raman 
spectroscopy 

The difference between the absorption and emission band edge 
maxima, which is also known as Stokes shift, can be expressed by 
i39 ] 

6 Stoke, = 2ShwLO (4) 

In the Franck-Condon approximation, W LO is the longitudinal 
optical (LO) phonon frequency of the QDs while S is the Huang
Rhys parameter representing electron-phonon coupling strength 
of the QDs. The strength of interaction, is expected to play a 
deterministic role on the optical and optoelectronic responses 
exhibited by a specimen of interest. Accompanied by phonons, the 
interaction is likely to facilitate an enhanced absorption near the 
fundamental band edge along with the broadening of the emission 
peak [40J . Considering different values of W w and .:\.S[okes for QDs of 
diverse kinds, there can be noticeable variation in parameter S. As 
for CdSe, ww=210cm - 1 (0.03 eV) 1,11 j and for MnSe, ww=257 
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Fig. S. Raman spectra of Cd, _ , Mn.,Se QDs with (a ) x= 0.3 and (b) x = I. 
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cm- t (0034eV) [42] For the alloyed system, we considered 
WLO = 210 cm-\ presuming that no significant change of WLO would 
occur With alteratIOn of x [22J The S values were calculated by 
uSing [Ig 3 and 4 and are hlghhghted In fable 2 A high couphng 
constant value In pure CdSe (x = 0) and MnSe (x = 1) cases, would 
signify radiative recombinatIOn due to many-body effects on the 
eXCltomc states of the NCs [271 A larger value of S displayed by the 
later may account for Inherent partICipatIOn of delocahzed 
electrons of the Mn2+ states Nevertheless, the ternary QDs are 
charactenzed by S < 1 and represent a relatively weak electron
phonon couphng A Similar range of Stokes' shift was witnessed m 
case of Cdt _xMnxS QD systems 127J Moreover, since the Huang
Rhys factor depends strongly on the dlstnbutlOn of the density of 
electron and hole charges [40J, we speculate that the charge 
distributIOn IS significantly manifested In the QDs of varying 
stOIchIOmetry The Stokes' shift and couphng strengths, as 
estimated for varying x, are hlghlJghted In Table 2 

We have also assessed a few samples through Raman 
spectroscopy studies The Raman active Vibrational features could 
be adequately probed through thiS technique The Raman spectra 
of the QDs (x=03 and x=l), are shown In fig 5(.1., b) The 
Cdo 7MnO 3Se QDs exhibited only one mode, Identifiable at ~202 
cm- I and IS close to the LO phonon mode of the CdSe QDs On the 
other hand, the pure WZ MnSe QD system showed Raman peaks at 
~295 cm- I and 225 cm- t which can be Identified as LO and 
transverse optical (TO) phonon modes of the concerned QD system 
(Fig 5(b» KnOWing that, high frequency (eoo) and static (eo) 
dlelectnc permittivity of MnSe as 59 and 10, the anticipated 
modes are In agreement WIth the popular Lydanne-Sachs-Teller 
expression, given by 

Eoo W¥o 
-=-2-
Eo Ww 

(5) 

The blue-shifting of the LO and TO phonon modes, from the 
respective modes of the bulk ZinC blend ZB MnSe of 257 cm- I and 
2195 cm- I suggests strong phonon confinement In the system 
14243 J Moreover, as the surface optiC (SO) vibratIOnal mode of the 

3500 2800 2100 1400 700 

-1 Wavenumber (em) 
FIg. 6 ITlR spectra of Cdl_.Mn.Se QOs WIth different values of x 

nanocrystals normally eXist In between LO and TO phonon 
frequenCIes, the Raman peak at ~244cm-1 IS attnbuted to the 
SO phonons The weak mode, observable at ~ 127 cm- I

, may have 
ansen due to the excitatIOn of longitudinal acoustic (LA) phonons 
[44} The peak at ~ 140 cm- I and 152 cm- I are assigned to tngonal 
(t-Se), monochmc (mono-Se) and amorphous selemum (a-Se) 
which charactenze Raman shifts In the range of 140-150cm- 1 

However, no such peaks could be noticed In case of QDs With 
x = 0 3 Apart from the dlstmct Ww peak, the eXistence of broad 
feature m the high frequency regime, baSically characterize mixed 
modes that are ongmated as a result of the supenmposltlOn of one 
or more low lYing Raman peaks 

34 Molecular VIbratIOnal analYSIS through Ff-IR spectroscopy 

Fig b depicts stOIchIOmetry dependent FT-IR spectra of 
Cd l _xMnxSe QDs The most prominent O-H stretchmg mode IS 
found to be common for all the speCimens, which typically eXist In 
the range of 3435- 3465 cm- I As for x = 0 the TGA coated QDs 
showed charactenstlc carboxyl (-COOH) and c=o stretchmg 
peaks found at ~ 1566 cm- I and 1380 cm- I

, respectively The peak 
observed at ~703 cm-' IS assigned to an effaceable bending of Cd
Se Itself [45] With Increasmg x value from 0 to 03, though the 
strength of the carboxyl (-COOH) and C=O peaks get conSiderably 
reduced, the pOSitIOns remained unaltered Note the Cd-Se bending 
peak, which IS adequately suppressed In thiS case On the other 
hand, a low Intense peak has been observed at ~603 cm -I, which IS 
close to the pOSitIOn of Mn-OH stretching peak noticeable at 
~644cm-'l461 A new, evolutIOnary peak IS amen at ~2109cm-I, 
when x was vaned from 06 to 1 ThiS peak can be ascnbed to the 
alkyl stretching (-C = C-) which may occur due to Vibrational 
twisting of the TGA molecules coated over the QD surfaces As one 
moves from x = 06 to 08 and finally to 1. a prominent vibratIOnal 
peak, located at ~644 cm-' can be witnessed due to charactenstlc 
Mn-OH stretching The morgamc elements and compounds bemg 
relatively heavy always correspond to low lYing frequencies In the 
FT-IR spectra AdditIOnally, CdSe (~5 8 g/cc) beang relatively denser 
than MnSe (~5 5g/cc), the former could accommodate indepen
dent modes that are observable In the form of OSCillatory peaks In 
the low wave number regime In contrast the OCCUI rence of close
spaced modes would exhibit supenmposed feature, which IS 
eVident In the form of a broad peak In the spectrum of MnSe 
system 

35 Magnetrc charactenzatron of syntheSIzed QDs 

We have also evaluated the magnetic responses of the TGA 
coated Cd, _ xMnxSe QD systems rig; 7 depICts temperature and 
field dependent magnetizatIOn responses of Cdl_xMnxSe QDs for 
x = 1 and x = 0 3 In zero field cooling (ZFC) condition, the sample 
was first cooled down to a temperature of 27 K under no field and 
then the magnetizatIOn Signal was recorded In the warmang 
process when subjected to an applJed field of 500 G As can be seen 
from Ilg 7(a) that, no peak IS apparently observed for x=O 3 ThiS 
suggests that, the sample remains paramagnetic and oWing to the 
fact that, at a lower Mn concentratIOn, most of the Mn atoms In 
Cd, _xMnxSe system are concentrated an very small clusters In thiS 
SituatIOn, the Mn2+ SpinS have Independent eXistence, largely 
Isolated from one another A Similar behaVIOr was observed for 
Znl _xMnxS nanopartlcle system With a lower value of Mn 
concentratIOn, as reported In an earher work [471 On the other 
hand, the QD system With x= 1 has a Neel temperature (TN) located 
at ~59K [15} Below TN, the speCimen IS anti-ferromagnetic m 
nature and above TN It would behave as a paramagnetic system 
oWing to randomizatIOn of moments associated With the magnetic 
ordenng process Note that, the exhibition of steady fall In the 
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FIg. 7 (a) ZFC curves (b) M-H hystereSIS traces of Cd l _ xMnxSe QDs measured at 26 K and for x - 03 and x-1 

magnetIzatIon response (for x=l case) would charactenze the 
mIxed phase of antI-ferromagnetic and paramagnetic ordenng 
Fig 7(b) depIcts a set of M ~ H hysteresIs plots of the nanopartlcle 
systems wIth x = 0 3 and 1, measured at 20 K EssentIally, the QDs 
are paramagnetic In nature Nevertheless, the TN value In our case 
(for x = 1) IS close to the reported WZ type sphencal shaped and 
water droplet-shaped MnSe nanoparhcles [15171 

The surface- defects along with a layer of surfactants could 
Influence the magnetIc propertIes of the nanopartlcles drastIcally, 
espeCially when thermal agitation IS lowered With decreaSing size 
of the NPs, surface contnbutlOn to the magnetIzation Increases as 
compared to the core of the particles [48J The total magnetizatIOn 
IS believed to be contnbuted by both surface SpinS as well as 
contributIOn from the core of the particles It IS worth mentIOning 
here that, the electrOnic structure as well as the magnetic property 
of the whole system can be adequately controlled by the strength 
of interaction of capping molecules with the NP surfaces ThlOls 
(-SH) are regarded as an excellent candIdate for indUCing 
magnetIc properties, even In diamagnetic substances [49-511 
By capping wIth a thlOl group, an effective charge transfer between 
the SH- group and the surface atoms would take place, indUCing 
there by a net magnetIZatIOn In the system [52] In our case, Since 
the Cd l _xMnxSe QDs of different stOIchIOmetriC values are 
prepared wIth a fixed TGA concentratIOn, magnetic response of 
the TGA coating layer can be faIrly Uniform Nevertheless, With 
increasing x the Mn2+ IOn concentratIOn on the surface IS on the 
rise, whICh In turn, Increases the charge transfer mechanism 
between the SH- group and Mn2+lOns ThIS IS the reason why a 
finite value of Neel temperature IS ascertained In thiS case as 
compared to the case of lower stOIchIOmetry where a clear 
eVidence of Neel temperature IS not ensured 

4, ConclusIOns 

We have demonstrated structural, optical emiSSIOn and 
magnetIc responses ofTGA coated Cd l _ x MnxSe QDs The optIcal 
absorptIon, photolummescence, and magnetic measurements 
have shown the dependence of the QDs on the concentratIOn of 
Mn2+ IOns In the system From the absorption spectra, the blue
shift of the absorptIOn peak With increaSing stOichIOmetry (x) IS 
attnbuted to the sp-d exchange interactIOns between electrons 
confined In the conduction, valence band electrons states and 
those located In the partially filled Mn2+ states The PL spectra 

sIgnify characteristIc orange emIssIon feature oWing to the 
incorporatIOn of magnetIc Impunty Mn2+ IOns In the core of the 
QDs However, QDs With a larger value of x (~O 6), have exhibIted 
suppressIOn/dIsappearance of the 4T1-

6Al transitions aSSIsted vIa 
Mn2+ IOns The deep defects occurnng In Cd l _xMnxSe QDs are 
attnbuted to the presence ofVCd-VSe dl-vacancles In the hexagonal 
WZ structure Refernng to FT-IR analYSIS, a prominent VibratIOnal 
peak at ~644 cm-1 can be witnessed due to Mn-OH stretching at 
higher values of x, apart from various stretching VIbratIons due to 
carboxyl and ketOniC groups Furthermore, the diffUSIOn behaVIOr 
of Mn2• Ions from the core to the QD surfaces IS charactenzed by a 
hIgher value of Nee I temperature for MnSe QDs (x= 1) At a lower x, 
however, most of the Mn atoms are likely to concentrate In very 
small clusters prOVIding Isolated Mn2• SpinS Accordingly the QDs 
exhibited paramagnetic feature 

The collectIve use of magnetic and fluorescent property of the 
QDs IS a challengmg Issue In nano-blO mterface applications 
consldenng ItS tremendous Impact In bIOengineering and bIO
medical research In thiS regard, a non-Iron based water soluble 
system like Cd 1 _xMnxSe can find Immense value and serve as an 
alternative candidate for the deSIred cause 
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1. Introduction 

ABSTRACT 

We demonstrate the usefulness of surfactant coated CdSe quantum dots in bio-imaging applications 
after evaluating their steady state and time resolved emission responses. The surfactant coated QOs. with 
the respective sizes of - 14 11m and 10 nm are synthesized considering two different types of coating 
agents. namely. thio-glycolic acid (TGA) and sodium dodecyl sulfate (50S). The steady state luminescence 
response is characterized by both near band edge (NBE) and defect-related emissions. but with a strong 
dependency on the nature of surfactant coating. Time resolved photoluminescence (TR-PL) studies have 
revealed bi-exponential characteristics with CdSe-TGA QOs exhibiting longer life t ime decay parameters 
than those ofCdSe-SOS QOs. To be specific. the fast (rd and the slow (-r2) components are characterized 
by ~ 10 and 30 times large r values in the former than the latter case. In the IT-JR spectra. several 
stretching and bending vibrations arc observed to be adequately in fl uenced by the nature of surfactant 
coating. The availability of plentiful Na + counter ions around 50S coated QOs. as evident from the IT- IR 
spectroscopy studies. can also be responsible for obtaining reduced size of the QOs. In contrast . Raman 
active modes are apparently distinguishable in TGA coated QOs. with LO and TO mode positions 
significantly blue-shifted from the bulk values. While attributing to the intense defect mediated 
emission of TGA coated QDs. the effect of TGA coating presented a stronger fl uorescence imaging 
capability over the SDS coated ones. A detailed assessment of fluorescent counts. as a basis of bio
imaging response. is being discussed on a comparative basis. 

1£ 2015 Elsevier BV All ri ghts reserved. 

Of typical size 1-10 nm. the three dime nsionally confined nano
scale structures. or semiconductor quantum dots (QDs). are recog
nized for displaying substantially enhanced energy gaps and atom
like discrete energy levels [1.21. ln recent decades. the importance of 
QDs has been extended to interdisciplinary arena of research with 
prime interest involving biophysical and nanobio- interface pro
cesses. For instance. the QDs could act as efficient luminescent 
probe in diagnostics [3] . therapeutics [41. surgical implants [51. and 
novel drug delivery systems i6.7]. This is because of their size 
dependent tunable color. superior photostability. and better phy
sico-chemical responses with improved surface reactivity. In chal
cogenide families of Cd X (X=S, Se. and Te) and ZnX (X=O. S. Se. and 
Te), cadmium selenide (CdSe) has a special place owing to the 
matchless advantage of large band gap tunability (over a broad 
energy spectrum) and brilliant emission response. Earlier. it was 

predicted that. CdSe QDs can be ~ 20 times brighter and nearly 100 
times more photo-stable as compared to single rhodamine 6G dye 
molecules I !:i] . 

Essentially. the success of any biophysical application large ly 
depends on water solubility. environme ntal s ta bility. bio-conj
ugation capability. and biocompatibility response of the QDs over 
a prolonged period of time. Since the uncoated QDs, owing to lack of 
surface passivation, suffer from adequate fluorescence quenching. 
an enhanced efficacy is normally realized through adequate surface 
modification and functi onalization with an tibod ies. pepticies and 
other small molecules of biophysical rel eva nce. The stable QDs. 
which exist in un-clustered form can be achieved by attaching 
organic ligands at the surface of the nano-crysta ls that include even 
QDs of core/shell types 191. These organic coa ting ligands are 
nonpolar in nature and are mostly insoluble in aqueous soluti ons 
[4J. In order to avoid the problem of solubility and stability several 
stra tegies have been adopted. for instance. by using different 
stabilizing agents. QDs can be made practica lly water soluble [IO!. 
The ligands used during synthesis provide ultimate surface coating 
anchor which need not require an additional exchange step. The 
ligand molecules carry function al groups that have high affinity 
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towards the nano-crystal surfaces at one end, and hydrophilic 
groups on the other end, thereby ensuring water solubility. In thi s 
regard, synthesis of thiol-coated CdSe QOs in aqueous solution was 
an appreciable effort !! 1.121. The use of amphiphilic ligands can also 
be employed where the native non-polar molecules of the amphi 
phil es work as binding intermediates. Sodium dodecyl sulfate (SOS), 
through its hydrophilic tail , can help transferring a va riety of 
hydrophobic QOs into the aqueous media 1131. 

As far as cellular imaging is concerned, while organic dyes 
possess relatively narrow absorption window and suffer adversely 
from photo-bleaching effect, the QOs are believed to be more 
sophisticated light emitting matter owing to their narrow and 
symmetric emission behavior 1!41. The unique properties of the 
QOs are well suited for dynamic imaging of live and fi xed cells and 
for multiplexed biomedical diagnostics with ultrahigh sensitivity 
1151. However, imaging of nucleus- free cells, e.g., elythrocytes and 
lymphocytes by the fluorescent QOs is least studied especially 
w hile considering the influence of different surfactant types into 
account. In this report, we describe a simple colloidal route of 
biocompatible CdSe QOs using TGA and SOS as coating agents. 
Moreover, we highlight the optical emission and carrier life time 
aspects along with vibrational features of th e QOs on a compara
tive basis. Finally, the fluorescent imaging response of the synthe
sized QOs is exploited on human lymphocyte cells. 

2. Experimental details 

2. 1. Fabrication of TCA and SDS coated CdSe QDs 

At first. 0.93 g of cadmium nitrate-tetra hydrate [Cd 
(N03 h· 4H20, Merck] is dissolved in 100 ml of deionized Milli
pore ~ water followed by stirring ( ~ 250 rpm, ~40 C) for 20 min . 
Then, 0.046 gi L of thioglycolic acid (TGA. Merck) and of 0.16 giL of 
SOS (Sigma-Aldrich, Mumbai) are added to two differen t solutions 
of Cd2+ during stirring. The pH of the solution was adjusted to 11 
by adding aqueous sodium hydroxide (NaOH, Merck) in a drop
wise manner. Next, 0.11 g of Se02 is added to the reaction mixture. 
followed by the inclusion of 0.1 g of solid NaBH4 . The mixture was 
then subjected to stirring for 1 h while temperature was set at 
80 'c. Finally, the precursor extract was subjected to centrifugation 
(~ 5000 rpm) followed by filtration using a Whatman '11 filter. In a 
subsequent step, the precipitate (residue ) was rinsed with distilled 
water several times. The whole process was repeated several times 
prior final washing wi th the AR-grade ethanol. 

2.2. QD treatment of lymphocyte ce lls 

The fluorescence imaging capability of the QOs was assessed by 
targeting isolated human lymphocytes, collected voluntarily. At 
first, anti-coagulated human blood was diluted in a phosphate 
buffer solution (PBS, Sigma-Aldrich) (v/v 1:1) and then, a layer (of 
volume 6 mL) was formed using 6 mL histopaque (HiSep, Himedia) 
( 1.07 g/ml). Subsequently, lymphocytes w ere collected from the 
buffy layer form ed as a result of centrifugation (at 400g) (Refri 
gerated Centrifuge, Model : 5430 R), for 30 min. The isolated 
lymphocytes were then washed with 2 ml PBS and 2 mL of a 
special media (RPMI-1640, Himedia ) through independent centri
fugation steps, each for 10 min at 250 g. The isolated lymphocytes 
were cultured in RPMI-1640 media and then supplemented with 
10% Fetal Bovine Serum (FBS, Himedia) , in the presence of QDs of 
similar concentration (~ 0.2 ~IM ) and for two different types of 
surfactant coatings. The cells were then incubated at 37 "C and in 
an environment of 5% CO2, nearly for 10 h. Imaging of normal and 
QO-treated cells was carried out independently with the help of a 
fluorescence microscope in ambient environment. 

2.3. Analytical characterization techniques 

The QO size and morphological features were revealed through 
high resolution transmission electron microscopy (I-IRTEM ) UEOL, 
JEM-2100) working at an accelerating voltage of 200 kV. The steady 
sta te luminescence response was studied by a PerkinElmer l5 55 
spectrophotometer. On the other hand, carrier li fetime decay 
measurements of the flu orescent QOs were carried out by a time 
resolved photoluminescence system (TR- PL, LifeSpec II, Edinburg 
Instruments, UK). While a laser of excitation wavelength Aex= 
375 nm was employed in the setup, the luminescence decay 
response was recorded independently (for two QO types) keeping 
the emission line fixed at A"m= 400 nm. The IR-active vibrational 
features were explored through Fou rier transform infrared (FT-IR) 
(Nicolet model Impact-41O) spectroscopy studies. Furthermore, a 
micro-Raman spectrometer (Renishaw, UK) equipped with He-Ne 
laser (A = 632 nm) was employed to exploit vibra tional character
istics of phonons in TGA and SOS coated QDs. Finally, bright field as 
we ll as fluorescence imaging response of the lymphocytes (treated 
with QOs) are examined using a Leica OM 3000 fluorescence 
microscope under uniform light exposure (UV lamp, excitation 
wavelength, and A(.x= 300 nm ) and using a 40X objectivel 
NA= 1.25. All the analytical instruments were operated at room 
temperature. 

3. Results and discussion 

Below we discuss TGA and SDS coated CdSe QDs characterized 
by different techniques. 

3.1. Morphological analysis through transmission electron 
microscopy studies 

The TEM images of the as-synthesized TGA and SOS coated CdSe 
QDs are shown in FIg. I A and B: respectively. The QOs are observed 
to be fairly spherical in shape and exist in un-clustered form, in 
isolation from each other (Fig lA(a) and B(a)). The average size (d) 
of the CdSe-TGA and CdSe-SDS QDs, as assessed from the histo
gram traces, are predicted as ~ 14.3 nm and ~ 10.9 nm: respectively 
(insets of Fig. I A(a) and B{a)). The fast Fourier transform (FIT) of an 
isolated CdSe- TGA QO is depicted in Fi,> t A(b). The Ilexagonal 
wurtzite crystal structure of the QO can be evident from the equi
spaced bright spots witnessed in the FFT image, indicating growth 
of the lattice planes along (101) and (102) directions. As fo r TGA 
coated QDs, the respective inter-planar spacings (d; ) corresponding 
to rhe lattice planes (101 ) and (102), are estimated to be ~ 0.35 nm, 
and ~ 0.22 nm. The inverse FFT pattern, show n in Fig. iA(c), 
illustrates a section of w ell- resolved lattice planes of a single 
CdSe-TGA QO. In case of an isolated CdSe~SOS QD, the d istinct 
diffraction spots corresponding to (101) plane could only be 
witnessed in the FFT image, as shown in Fig. I B{b). Correspondingly, 
the bright spots around the zone center indicate prominent diffrac
tion from the successive (10 I) planes having an in ter-planar spacing 
(d;) of ~ 0.35 nm. However, the spots corresponding to the (102) 
plane could not be resolved in this case. The inverse FFT pattern of 
an isolated CdSe-SOS QO has been depicted in Fig. J B(c). 

3.2. Analysis of steady stclte and time reso lved pholOlliminescE'nce 
responses 

The steady state, PL spectra of the CdSe QOs prepared wi th 
different coating agents are depicted in Fi~~ LA. The excitation 
wavelengths (,lex! are chosen from the strong absorption signature 
revealed in the optical absorption spectra (not shown) and accord
ingly, Aex=350 nm and 300 nm were considered for recording the 
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Fig. 1. A: (a) HRTEM image of CdSe-TCA QDs. Inset shows the particle-s ize distribution as histogram trace, ITr illl<lge of an isolated QD is show n in (b) along with spots 
indicating Miller indices, and (c) shows the inve rse FFT pattern highlighting well- resolved lattice planes. B: (a ) HRTEM image of CdSe-sDs QDs. Inset shows the parti cle-size 
distribution as histogram plot, FFT image of an isolated QD is shown in (b) alon g with spots indicating Mill er in dices, and (c) shows the inve rse FFT pattern highlighting well 
resolved lattice planes. 

respective emission responses of CdSe-TGA and CdSe-SDS QDs. As can 
be noticed. each of the emission spectra has two characteristic peaks: 
the first one is near band edge emission (ASE. NBE) which appears via 
direct radiative recombination. while the second one is attributed to 
the defect mediated emission (AVE. DE). As for CdSe- TGA QDs. the NBE 

is located at "-475 Illll and with a full w id th at half-maxima (FWHM) 
of "- 53 nm (hg. 2A(a)). Whereas. J broad, much intense DE peak can 
be foulld at "- 605 nm and with a FWHM of "- 134 nm. On the other 
hand. the SDS coated CdSe QDs exhibited ABE and AVE peaks that are 
located at ~ 418 nm and 575 11m; respectively (rig LA(b)). TIle 
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appearance of both the QD samples, under UV light illumination, are 
also shown in Fig. 2A. 

One can make out two important observations that, in case of 
TGA coated QDs the NBE is immensely weak but with a strong 
defect related emission signature. Neverthel ess, the 50S coated . 
QOs characterize strong NBE features along with a relatively weak 
defect emission peak away from each other. The NBE peak is broad 
in case of 50S coating (FWHM ~ 93 nm ) as compared to the TGA 
case (FWHM ~ 53 nm ). The nature of coating, as well as slight 
variation of the size of the QDs may account for manifested DE 
emission featu re at large. A broad DE response could have 
originated from vacancies, interstitials and charged point defects 
which normally occur at different locations. The ratio of the band 
edge-co-defect emission intensities (lsE/JDEl are 0.08 and 1.71 for 
CdSe-TGA Jnd CdSe-SOS QOs: respectively Crable 1). Accordingly 
it signifies a higher surface passivation of the CdSe QOs by SDS 
molecules as compared to the other coating agent. 

TIle fluorescence life time decay profiles of TCA and SDS coated 
colloidal CdSe QOs, are depicted in fig. 2B. TIle characteristic TR-PL 
spectra exhibited bi-exponential decay responses realized in different 
ranges of timescale. Here, the sh0l1er life time (TI) can be ascribed to 
the direct radiative transitions of the free excitons (core-state recom
bination) while the second, a relatively slower component (r2) is 
believed to have arisen from the radiative recombination via surface
trap sites 116 J. These surface sites are not necessarily deep trap states 
(positioned at higher wavelengths) but could exist close to the 
valence band/conduction band edge states, In case of CdSe-TCA 

Table 1 
Parame ters estimated from the PL spectra of different CdSe QDs. 

QD system 

CdSe-TCA 
CdSe-SDS 

A 
(a) 

'""' 
.:i 
~ . ~ 
§ 

-= 

(b) 

-~ 
~ 
.... 
'iii 

~ -

"BE (nm ) 

475 
418 

400 

3>0 .wo 

FWHMB. 

53 
93 

AD' ( nm ) 

605 
575 

~>o ;110 

Wavelenglh (nm) 

FWHMD [ 

134 
42 

bOO 

0.08 
1.71 

QOs, the decay parJmeters are estimated as, ' I ~ 5.42 ns and 
T2 ~ 47.03 ns (Fig. :.~ B(a » . In contrast. the SOS coated QDs, have 
expelienced much reduced decay constants e.g .. " - 0.53 ns and '2 
·- 1.6 ns (FIg. 2B(b)). One can also use the fo llowing expression for 
calculating the average lifetime of the investigated QDs of different 
surfactant coatings: 

A l rf+A2 T~ 
' ""g = Alrl + A2T2' 

(\) 

where A, and A2 are the pre-exponential factors for the fast and slow 
processes: respectively. The average life times of the CdSe QDs coated 
with TCA and SOS layers are calculated to be '- 35.1 ns and ~ 1.16 ns: 
respectively. As can be noticed, the magnitude of '2 for CdSe-TGA 
QOs is nearly 30 times larger than the value for CdSe-SOS QDs. This 
may account for substantial amount of the available surface states in 
the CdSe-TGA QDs. which could help enhancing the localization time 
of the trapped carriers as compared to the other QD counterpall. The 
lifetime decay parameters associated with the TCA and 50S coated 
CdSe QOs are presented in 'I;ible 2. 

3.3. AnaJysis of Ff-IR and Raman speCCre! 

Through IT-IR spectroscopy one can exploit inrormation wrt 
molecular stretching. bending and bonding vibrations in a system 
under study. Whereas, Raman spectroscopy deals with the inelas
tic scattering of light from both molecular species and solid state 
objects. Apparently, phononic features including longitudinal and 

Table 2 
Different decay parameters associated with the fluore scent CdSe QDs. 

QDs 

CdSe-TCA 
CdSe-SDS 

B 
(a) 

:: 
e 
U 

(b) 

' 1 (n5 ) 

5.42 
0.53 

IIHIO 

I()() 

HltH) 

10 

' 2 (n5 ) 

47.03 
1.60 

50 

0.12 
0.02 

'": " . f~ .. ...... 

IOU I ,U 
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Ifl 12 I~ Ib .'" 

Time (ns) 
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35.1 
1.1 6 

Fig. 2. A: (left) PL spectra of (a ) TCA and (b) SDS coated CdSe QDs wit h the respective excitation wavele ngths as, ; ,., - 350 nlll and 300 nlll . (Right ) A digital photograph 
illustrat ing the appearance of colloidal QDs lInder UV illumination. B: TR-PL spectra of (a ) CdSe-TCA (b ) CdSe-SDS QDs. The emission is fixed at 400 nm. 
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transverse modes of the vibrational states can be probed with 
great accuracy 1171. 

FIg. 3(a) depicts the Ff-IR spectrum of the TCA coated CdSe 
QOs. The dip at ~ 3418 cm - 1 arises from the hydroxyl O- H 
stretching mode of the water molecules present in the ambient 
environment. The appearance of the bands at - 678 cm- I, and at 
1646 cm - I are attributed to C-S stretching and asymmetric 
v as( COO -) vibration of the TCA coated QOs. Moreover. as men
tioned earlier, the feature at - 748 cm - 1 could be assigned to the 
Cd-Se bending mode 1181. The FT-IR spectrum of the 50S coated 
CdSe QOs is shown in Fig. 3(b). Though the band at ~ 3434cm- l 
can be attributed to the O-H stretching mode, the feature due to 
the asymmetric - CH2 stretching (vasy",( -CH2 ) ) of the 50S surfac
tant is clearly witnessed at ~ 2916 cm - I 119\. However, the dip at 
~ 1579 cm - ' is assigned to the scissoring mode of the 50S 
surfactant; which is upshifted slightly to a higher wavenumber 
( ~ 1620 cm - I

) value wrt ~ 1559 cm - 1 position of pure 50S 
molecules 1201. It may be noted that, the spectral region located 
in the range of 1300-1400 cm - 1 accommodates the characteristic 
wagging modes of the -CH2 in the 50S molecule [201. This region 
contains features that are related to gauche conformations. There
fore, the ~ 1381 cm - 1 position can be assigned to the -CH2 

wagging mode realized in the CdSe-SOS QDs. In contrast, the 
peak corresponding to vsym( -503) stretching mode of the SO~ 
group is located at ~ 1272 cm - I POl. An observable upshifting of 
the v sy",( -SOil mode from a designated value of 1084 cm - '(for 
pure SDs) to a value of ~ 1272 cm - I (for Cdse-sOS QOs), is owing 

(a) 

(b) 
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Fig. 3. FTlR spectra of CdSe QOs coated w ith (a) TGA and (b) SOS coating agents. 

to an improved interaction of the head-groups with plentiful Na 
counter-ions I :!O,21]. An effaceable bending of the inorganiC Cd -Se 
itself can be visualized in the form of a dip at a relatively low 
wavenumber position of ~ 713 cm - 1

• We anticipate that. an 
enhanced interacrion of the head-groups, as observed in case of 
SOS capped QDs would create a stable dispersion of the QOs in the 
aqueous media and thus resulting in the formation of smaller 
sized QOs with well surface passivation. 

Fig. 4 depicts Raman spectra of the CdSe QDs taken over a wide 
range of Raman shifts 100-3000 cm - l It can be seen that. in the 
high frequency region, Raman modes of the Cdse-SDS QOs are 
drastically suppressed (Fig. 4(a) ). Nevertheless, distinct envelops 
are observable in low as well as in high Raman shift regimes in 
case of the TGA coated QOs. In order to explore various Raman 
active modes in the low frequency range, we analyzed the Raman 
spectrum of the CdSe- TCA system only. Theoretically, longitudinal 
optical (La) and transverse optical TO modes can satisfy the well 
known Lydanne-Sachs-Teller (LST) expression given by ! n; 

(2) 

(a) 

SOO 1000 1500 2000 2!'00 JOOO 

Raman shift (CIlI·
I
) 

1"'0 210 280 "'20 

Raman shift (em-') 

Fig. 4. Raman spectra of (al different QOs in a broad range of wavenumbers. 
Referring to the CdSe-TGA QOs. (b) depicts the smoothened, close view of the 
spectrum in the low wavenumber regime. 
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Here. the high frequency (c",, ) and static (co) dielectric con
stants of the CdSe system are 6 and 9.5; respectively 12 >j. In 
reference to F:g. 4(b). the characteristic Raman peaks for the CdSe
TGA QDs are observed at ~ 222 cm - 1 and 280 cm - 1. The peaks are 
id entified as TO and LO phonon modes. which are be lieved to be 
blue-shifted from the corresponding phonon modes of the bulk 
CdSe system (TO = 170cm- l

• LO = 21Ocm - l
) [241. In nano-scale 

crystalli tes. th e confinement effect induces a broadening and 
downward shift of the Raman peaks [2.5\ . Earlier Raman shifting 
due to the phonon confinement effect was described through the 
confinement model 1)61. When the particle size decreases in the 
nanometer scale. volume contraction occurs within the nanopar
ticle due to the size-induced radial pressure. This could result in a 
significantly enhanced force constant value (k). which in turn 
decreases the interatomic distances. Since the wavenumber is 
approximately proportional to k"'. an enhanced force constant 
value would be characterized by a shifting of the Raman band 
towards a higher wavenumber side [Til . 

Since the surface optic (SO) vibrational mode of the nano-scale 
systems normally exists in between LO and TO phonon frequen
cies. the Raman peak at ~ 238 cm - 1 is attributed to the SO phonon 
mode. The vibrational states associated with the SO mode largely 
depends on the dielectric environment (lOd) of the QDs and one can 
determine SO frequencies using Klein's formulation :281 

wfo (1 + 1/ 1) + w~o (Coe/Ed) 
(1 + 1/ 1)+ (C",/Cd) 

(3) 

where 1= 1.2 .. .. and Cd = 78.30 for water. Here 1= 1 corresponds to 
the lower most excited state of the SO mode (225 cm - 1) which is 
close to the experimentally observed value ( ~ 238 cm - I). Note 
that. since the Klein equation is generally valid for nOI1-
functionalized nanoparticles, the effect of surface ligands on 50 
is not considered in the formula. In our case. we speculate that the 
upshift of the SO mode from the theoretically calculated value is 
owing to the influence of TCA coating layer around the QDs. The 
spectrum also characterized mixed modes such as. LO + 3LA at 
~ 330cm - 1 (LA for Cd5e bulk is 18cm- 1

). Moreover. second 
harmonic mode of the TO mode (2TO ) has been observed at 
~ 422 cm - I. The peak at 155 cm - 1 is assigned to the trace amount 
of amorphous selenium (a-Se) which generally presents Raman 
shift ( D.lI ) in the range of 140- 150 cm - I ['2~)1. 

3.4. Bio-imaging applications of TGA and 5DS coated CdSe QDs 

Fig. 5 shows a series of imaging snap-shots of lymphocyte cells 
treated with different QDs. Fig. 5(a ) and (b ) depict bright and 
fluorescence images of the lymphocyte cells without QD treat
m ent. The CdSe- TGA and CdSe-SDS QD treated cells. in fluores
cent imaging modes. are shown in rig. 5(c) and (d ); respectively. 
Essentially. the snapshots signify high biocompatibility and 

lOOJ.lm 

fluorescent behavior of the QDs in the cellular environment. The 
bright-spots. in each of the fluorescent images. bas ically represent 
several QDs localized in the cellular membrane via. site specific 
linkages. 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 (e.g .. IgG ) [3(UJ i. 

Using a versatile Image J- l.46r Software " [32] and following 
previous works reported elsewhere P:J ··3')1. a quantitative analy
sis of the fluore scence counts could be done while QDs are present 
in the cellular environment and presuming complete localization 
of the QDs internally. 1'1\;. riA highlights the areas of interes t and 
select background area of fluore scent images. marked with 
encircled regions. The corrected total counts of fluorescence 
(CTCF) intensity value are calculated for each case and using the 
relation given by 

CTeF = Integrated density - (Area 

x mean tluorescent of background setting) (4) 

The integrated density of a fluorescent image is the sum of tile 
values of the pixels in the selected regions of a definite fluorescent 
image. As can be found in Fig. tiAra) and (b). different selected 
fluorescent areas are labeled as A. B. C. 0 .. etc. whereas the 
selected background regions (cell region without fluorescence ) are 
represented as. bk1. bk2. bk3 .. etc. The average of mean gray 
value for the selected regions actually gives the value of the mean 
fluorescence of the background setting in the formula. A compara
tive view of representative histograms of the crCF and the 
integrated density (lnt. Den.) predicted for different cases can be 
found in Fig liBra ) and (b ). With the fluorescent area. both the 
CTCF and Int. Den. were found to vary but to different extents. In 
order to adjudge the biocompatibility and fluore scent response of 
the QDs on a comparative basis. the average CTCF and average Int. 
Den. are compared and presented in Fig. i:i B(c). Not surprisingly. 
the TGA coated QDs displayed a stronger fluore scence response 
over the SDS coated QDs. The fluorescence efficiency is dramati
cally quenched for the 50S coating case along w ith the lowering of 
crCF magnitude by nearly 4.4 times as compared to its TGA 
counterpart. The cellular uptake and bio-imaging capabilities are 
believed to be significantly affected by the nature of surface 
functionalization of the QDs. The short TGA molecule. with its 
carboxyl part. is likely to preserve the fluorescent characteristics of 
the internalized region through prolonged defect mediated radia
tive emission of the QDs. The intense DE emission is mainly 
responsible for illuminating the cellular compartments. Conver
sely. the relatively long chain 50S molecule. in the absence of 
carboxyl components. would not protect the QD flu orescence in an 
effi cient way. We also speculate tha t, the free end of 50S while 
interacting with membrane macromolecul es. form complex over
layers as a result of whi ch the QD fluorescence is dras tically 
suppressed. Moreover. the modification through effective surface 

Fig. 5. Bright-field imaging of lymphocyte cells (a) without QDs. Fluorescent image of the lymphocyte cells (b) wi thou 1 QDs ano with Ircatmon t of (c) CdSe-TGA and 
(d ) ( dSe- 5DS QDs. 
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coating may alte r the Zeta potential of the QDs, which is largely 
responsible for manifesting the cell ular uptake processes [:3(; ,37 j. 
The localization of the nano-scale particles to specific intracellular 
targets viz., lysosomes, cytoplasm, mitochondria e tc. has been 
achieved by modifying their surface functional property 13GJ. It is 
now apparent that, not only th e fluorescent property of the 
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material system but also an efficient coating layer is esse ntial for 
effective cellular imaging while obtai ning one- to-one correspon
dence of the interior parts. The fluorescent QDs could find 
immense value including tagging of membrane proteins and 
mechano-sensi tive ion channels in artificial and li ve cell s. These 
ion channels. which form the basis of ce llular activity can be 
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fig. 6. A: Selected flu orescent and background areas of the fluorescent image oi (a) CdSe-TCA and (b) CdSe- SDS QDs UpOIl trmtmmt with tile lymphocyte cel ls. B: 
Histograms representing the fluorescent counts of (a) CdSe-TCA and [b) CdSe-5DS corresponding to select fluorescent areas considering wi thout (Int. Den.) and with (CTCf) 
background fluorescence. The average val ue of Int. Den. and CTCF of different QD types is highlighted in (e). 
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directly controlled by moderate strength static magnetic fields 138.391. 
More work WIt consideration ofvaIYing QO size and shape will bring in 
new insights in bio-imaging and bio-Iabeling applications. 

4. Conclusions 

The CdSe QOs have been characterized with special emphasis 
on the influence of surfactant coating and bio-imagi ng response. 
While exhibiting only weak band edge emission response . the TGA 
coated QDs are observed to be highly fluorescent mostly due to the 
defect mediated emission characteristics. In contrast. the SOS 
coated QOs exhibit a weak defect related emission, owing to 
adequate surface passivation as compared to the TCA coated ones. 
The lifet ime measurements (conducted by fixing emission at 
400 nm) have revealed that, the TGA coated QDs would experience 
longer decay parameters than the case for the SOS coated ones. 
Moreover, the TCA coated QDs. have featured Raman active modes 
both in the low and high wavenumber regimes. The existence of 
SO mode was evident within TO (222 cm - 1) and LO (280 cm - 1) 
modes which were blue-shifted from their corresponding bulk 
values. As revealed from the fluo rescence microscopy imaging 
data. the synthesized QOs are highly biocompatible with a high 
fluorescent contrast in cellular (lymphocyte ) environment. 
Furthermore, the fluorescent imaging capability (CfCFs) of the 
QDs was shown to vary with the nature of coating agent. 
Attributed to intense defect emission, the TCA coated QDs 
remained more fluorescent in the cellular environment as com
pared to the SOS coated ones. The bioimaging response of 
fluoresce nt and magneto-fluore scent QDs will advance the scope 
of understanding as regards the nature of cell proliferation. cell 
division and other random functions in disease affected live cells. 
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