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Abstract 

Nanotechnology is an emerging scientific field having great 

potential for fundamental research and future technology. As the name 

implicit, nanomaterials are condensed matters having sizes in the 

nanometer range i.e., larger than atoms, but smaller than bulk solids. 

They are too big to behave like atoms but too small to act like the bulk 

solid. In the last two decades, various functional nanomaterials have 

been fabricated. These materials can be zero (0D), one (1D), two (2D), 

and three (3D) dimensional. Quantum dots (QDs) are theoretically 

described as a point like, or a 0D entity. QDs are typically composed of 

either single-element (Silicon (Si) or Germanium (Ge)) or binary 

compounds formed from combinations of II-VI (CdSe, CdTe, CdS, 

ZnO, ZnS, etc.), III-V (InP, GaAs), or IV-VI (PbS, PbSe) group 

elements. They are very important nanomaterials as they exhibit broad 

excitation spectra, size- and composition-tunable narrow emission from 

ultraviolet to near-infrared wavelength range, high luminescence 

quantum yield, and better stability against photobleaching compared to 

organic dyes. Similarly, metal nanoparticles (NPs) are nanoscopic 

materials with an overall dimension below 100 nm. Several transition 

metal NPs including gold (Au), silver (Ag), iron oxides (Fe2O3), copper 

(Cu) have been designed for various applications. Metal NCs are another 

class of nanomaterials that consist of few to several metal atoms with a 

core size in the range of 1-2 nm.  

      In recent times, there has been growing interest in designing new 

multifunctional self-assembled nanocomposites such as hybrid vesicles, 

polymersomes, hydrogels, nanocapsules, and colloidal coacervate 

droplets because of their vast potential in basic research as well as in 

technology-related fields. Self-assembly among the charged molecules 

such as synthetic and natural polymers, fatty acids, biological 

macromolecules, poly or oligopeptides are reported in literature and 

provide great details of the mechanism, structure, stability, and 
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sequestration properties of a wide range of coacervate droplets prepared 

mainly from organic molecules but there are no reports on the 

fabrication of organic-inorganic hybrid droplets. Vesicles from other 

amphiphilic molecules such as block copolymers, dendrimers, 

polypeptides, surfactants, and fatty acid have been fabricated 

successfully with enhanced colloidal and mechanical stability compared 

to conventional phospholipid vesicles. Although these recent studies 

highlight the multifunctional properties of organic-inorganic hybrid 

plasmonic vesicles, there is a growing interest in the fabrication of stable 

stimuliresponsive inherently luminescent hybrid vesicles for in vivo 

bioimaging applications. There are various applications of QD based 

self-assembled nanoassemblies including chemical and biological 

sensing, energy harvesting, and excitation energy transfer (EET) 

processes. 

            EET from various photoexcited donors to ground-state acceptors 

have been studied thoroughly in the recent past due to its importance in 

photovoltaics, light-emitting diodes, sensors, and bioimaging. The EET 

from a photoexcited donor to a nearby acceptor is mainly described by 

Förster resonance energy transfer (FRET) and nanometal surface energy 

transfer (NSET) mechanisms. The tuning of intermolecular FRET has 

been demonstrated in various systems such as micelles, reverse micelles, 

polymer matrices, spherical vesicles, and proteins. Among these, FRET 

processes across the liposome bilayer are of particular interest due to its 

potential in exploring various membrane related biophysical processes 

such as membrane fusion, trafficking, and receptor-ligand interactions.  

On the other hand, metal and semiconductor NPs based donor-acceptor 

nanocomposite systems have attracted considerable attention due to 

their size-dependent optoelectronic properties, which allow easy tuning 

of various energy transfer related parameters. Several studies have 

shown that the intrinsic emission properties of QDs/dyes can be 

efficiently tuned near a plasmonic NP as a consequence of long-range 

electromagnetic coupling between exciton and localized surface 
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plasmon resonance (LSPR) of NPs. Extensive experimental and 

theoretical studies have been performed to understand the fundamental 

mechanism behind this long-range electromagnetic coupling and 

subsequent fluorescence quenching at the metal NP surface. The 

quenching of excited donors in the presence of metal surface is 

demonstrated earlier by Chance et al. and later extended by Persson and 

Lang by using a Fermi golden rule. Modification of the CPS-Kuhn 

expression by including the size-dependent electronic terms proved to 

be an efficient method to explain the size-dependent NSET. These EET 

theories have been extensively utilized to understand the various 

complex chemical and biological processes across lipid bilayers of 

liposomes and cell membranes. Various cell membrane mimicking 

systems such as micelles, liposomes, and polymersomes with 

biocompatible interfaces have been utilized to understand the 

fundamental interactions with various NPs.  

In this thesis, the photophysical properties of MSA-capped CdTe QDs 

have been investigated using various spectroscopic, microscopic 

techniques and utilized them as a luminescent marker to understand the 

self-assembly process in the presence of poly 

(diallyldimethylammonium chloride) (PDADMAC) polymer and 

hexadecyltrimethylammonium bromide (CTAB) surfactant. 

Furthermore, the detailed mechanism and tuning of EET in the presence 

of liposome from various photoexcited donors such as MSA-capped 

CdTe QDs and 4´,6-diamidino- 2-phenylindole (DAPI) to gold (Au) 

NPs, silver (Ag) NPs and Ag NC as acceptors have been demonstrated. 

        The overall aim of the work described in the thesis is to explore the 

interaction of luminescent QDs with oppositely charged polymers and 

surfactants as well as to understand EET across the lipid bilayers of 

liposomes.  

 

The contents of each chapter included in the thesis are discussed briefly 

as follows: 
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1. Introduction 

In this chapter, a brief overview of optoelectronic and 

physicochemical properties of different NPs, such as QDs, metal NPs, 

and NCs have been provided. In addition, various NP-based self-

assembly processes have been briefly explained. Finally, different 

theories of EET have been discussed in detail.  

             

2. Materials and Experimental Techniques 

This chapter contains the details of all the materials utilized for 

the work described in this thesis. The complete synthesis methods of 

CdTe QDs, Au NPs, Ag NPs, and Ag NCs, as well as their detailed 

characterization, have been discussed here. This chapter also covers the 

details of various experimental techniques/instruments used for the work 

described in this thesis. 

 

3. Highly Photostable and Two-Photon Active Quantum 

Dot−Polymer Multicolor Hybrid Coacervate Droplets 

The formation of a new class of luminescent hybrid coacervate 

droplets from a binary mixture of CdTe QDs and PDADMAC in 

aqueous medium has been demonstrated in this chapter. These hybrids 

droplets are found to be stable over a broad range of composition, pH, 

and ionic strength of the medium.  The confocal laser scanning 

microscopy (CLSM) and epifluorescence imaging reveal its intrinsic 

luminescent, photostable, and nonbleaching PL properties. Our study 

indicates that electrostatic interactions between negatively charged QDs 

and positively charged PDADMAC lead to coacervation. These hybrid 

droplets exhibit preferential sequestration of organic dyes and serum 

albumins. In addition, using two-photon (2P) confocal microscopy, it 

has been shown that these hybrid droplets are ideal candidates for 2P 

bio-imaging applications. 
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4. Surfactant-Induced Self-assembly of CdTe Quantum Dots into 

Multicolor Luminescent Hybrid Vesicle 

In this chapter, the interactions of CdTe QDs with CTAB surfactant and 

subsequent formation of self-assembled multicolor luminescent vesicles 

in the aqueous medium have been demonstrated. A continuous phase 

sequence from clear (C1) to turbid (T1), precipitate (P), turbid (T2), and 

clear (C2) has been observed for QD solution upon increasing the 

concentration of positively charged CTAB, indicating dynamic 

equilibrium between various self-assembled supramolecular structures. 

Spherical vesicles are observed in the T1 and T2 regions, and they are 

inherently luminescent due to the presence of self-assembled QDs. 

Fabrication of multicolor luminescent vesicles has been demonstrated 

by tuning the size of CdTe QD. These self-assembled vesicles are shown 

to encapsulate Rhodamine 6G dye without any structural disruption.  

Furthermore, it has been shown that these luminescent vesicles are quite 

stable in neutral and basic pH (pH = 6.5−11), however, unstable in acidic 

pH (pH = 4.5−5.5). It has been observed that this pH-responsive 

structural change is totally reversible. 

 

5. Tuning of Resonance Energy Transfer from 4ʹ,6-Diamidino-2-

Phenylindole to an Ultrasmall Silver Nanocluster Across the Lipid 

Bilayer 

Fabrication of a simple liposome-based donor-acceptor FRET 

system using DAPI as the donor and an ultrasmall ligand-capped Ag NC 

as the acceptor has been discussed in this chapter. The synthesized 

dipalmitoylphosphatidylcholine (DPPC) liposomes are small 

unilamellar vesicles (SUV) with a mean hydrodynamic diameter of 

86.91 ± 6.41 nm. The synthesized Ag NCs have the majority of Ag4 and 

Ag5 cores.  For the present study, two distinct DAPI-liposome 

nanocomposites have been fabricated where DAPI binds either at the 

outer surface or hydrophilic core of the liposome. The steady-state and 

time-resolved fluorescence spectroscopic studies revealed that the 
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FRET efficiency is strongly dependent on the location of donor DAPI 

within the DPPC liposome matrix. Energy transfer efficiency decreases 

when DAPI is associated at the outer surface of liposome compared to 

that in the bulk aqueous medium. On the other hand, encapsulation of 

DAPI into the hydrophilic aqueous core of liposome results in complete 

inhibition of the FRET process as a consequence of increased separation 

distance beyond the FRET range. Our study illustrates that the present 

DAPI–Ag NC pair can be used as a FRET marker to explore various 

fundamental processes across the cell membrane. 

 

6. Long-Range Resonance Coupling-Induced Surface Energy 

Transfer from CdTe Quantum Dot to Plasmonic Nanoparticle 

In this chapter, the size and wavelength-dependent NSET 

between CdTe QDs and plasmonic NPs (Au and Ag) have been 

demonstrated by using steady-state and time-resolved PL spectroscopy. 

Three differently sized CdTe QDs are synthesized namely, 2.1 ± 0.7, 3.1 

± 0.4, and 3.9 ± 0.3 nm with emission in green, yellow, and red region 

of the electromagnetic spectrum, respectively. Our results show that 

both the luminescence intensity and lifetime of green QDs quench 

significantly in the near field of 20 nm-sized Au NPs. In contrast, the 

luminescent intensity and lifetime of yellow and red QDs remain 

unaltered in the presence of Au NPs. Furthermore, it has been observed 

that quenching efficiency of the green QD-Au NP pair decreases due to 

ligand exchange at the surface of Au NPs with poly (ethylene glycol) 

methyl ether thiol (PEG-SH). These results have been explained by 

considering a size-dependent NSET model proposed by Strouse et al. 

On the contrary, irrespective of the sizes of QDs, significant PL 

quenching has been observed in the presence of 10 nm-sized citrate-

capped Ag NPs as a consequence of photoinduced electron transfer 

(PET). The current findings of size and wavelength-dependent long-

range energy transfer in a hybrid QD-metal NP system can be useful to 
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understand and optimize the performance of various nanophotonic 

devices. 

 

7. Selective Uptake and Modulation of Nanometal Surface Energy 

Transfer from Quantum dot to Au Nanoparticle Across Lipid 

Bilayer of Liposomes 

The time-dependent selective uptake of 2.3 ± 0.5 nm-sized CdTe 

QDs into SUV of DPPC in its gel phase and subsequent alteration of 

NSET with 18.0 ± 0.2 nm-sized citrate-capped Au NPs have been 

demonstrated in this chapter. The interactions between CdTe QD and 

Au NP across the lipid bilayer of DPPC liposomes have been explored 

by monitoring the NSET process using PL spectroscopy. The time-

dependent selective partitioning of QDs into the liposomal phase has 

been demonstrated using CLSM and atomic force microscopy (AFM). 

It has been observed that instant mixing of QDs and Au NPs with 

liposomes does not alter the extent of NSET between QD-Au NP pairs 

relative to that in the absence of liposome. However, equilibrating the 

binary mixture of liposome and QDs for 24 h at room temperature leads 

to the formation of liposome-encapsulated QD (LipQD) which does not 

take part in NSET with Au NPs. In contrast, equilibrating the ternary 

mixture of QDs, liposomes, and Au NPs for 24 h results in the formation 

of Au NP adsorbed QD-encapsulated liposomes (AuLipQD) which 

exhibit a moderate amount of NSET from encapsulated QDs to the 

adsorbed Au NPs at the surface of liposomes.  It has been observed that 

the efficiency of NSET decreases from 62% in the bulk aqueous medium 

to 24% in the AuLipQD complex. Our present findings may be useful to 

understand the fundamental interaction of other metal and 

semiconductor NPs with liposomes and cell membranes for various 

drug-delivery and bio-imaging applications.   
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8. Conclusions and Future Scope 

 

  The conclusions of the thesis can be described as follows: 

 

1) It has been shown that electrostatic interactions between 

oppositely charged CdTe QDs and PDADMAC lead to the formation of 

self-assembled inherently luminescent coacervate droplets in an 

aqueous medium. 

2) The interactions of negatively charged CdTe QDs with 

positively charged CTAB surfactants lead to the formation of the pH-

responsive multicolor hybrid vesicle in an aqueous medium. 

3) The selective association of donor DAPI with the lipid bilayer of 

DPPC liposomes significantly alters the FRET process between DAPI 

and Ag NC. The energy transfer efficiency decreases from a value of 

0.76 in bulk aqueous medium to a value of 0.39 for surface-associated 

DAPI in the presence of liposome. 

4)  The long-range EET from negatively charged CdTe QDs to 

negatively charge citrate-capped Au NPs shows the size as well as 

wavelength-dependent electromagnetic coupling. In contrast, the 

observed PL quenching of CdTe QDs in the presence of Ag NPs having 

LSPR significantly off resonance with the excitonic emission of all the 

three differently-sized QDs arises due to nonradiative PET process.  

5) The study reveals the effect of the partitioning of QDs and Au 

NPs across the lipid bilayer of DPPC liposomes on the extent of EET. It 

has been observed that the efficiency of NSET decreases from 62% in 

bulk aqueous medium to 24% in AuLipQD nanocomposites due to the 

increase in the effective mean separation distance from 18.7 to 21.0 nm. 

 

Further, the relevant future scope of the work described in this thesis 

has been discussed briefly. 
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fixed at 0.33 μM. 
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1.1. Evolution of Nanoparticle 

  Nanotechnology is one of the utmost exciting areas of research 

in modern material science. This field started to progress in the 

mainstream of society during mesopotemic era, and this is evident by 

the several arts made from gold or silver sols in that generation [1,2]. 

For instance, the ancient Romans used to color the glasses with intense 

red, yellow, or mauve shades by using different concentrations of gold 

and silver. They prepared transparent ruby-red glasses by reducing gold 

salt to colloidal gold by mixing and annealing with glasses [3]. Although 

nanotechnology's genesis occurred during mesopotamic era, the term 

was coined in 1974 by Norio Taniguchi. “Nano” is a Greek word 

meaning “dwarf,” implies nanometer (nm), which is one-billionth of a 

meter [4].  

Interestingly, far before the majestic evolution of nanoscience, 

an extensive amount of literature was available to understand the 

philosophy of the small particles' formation and nature [5]. Therefore, 

designing nanoparticles with different structures and functions became 

a primary interest in biomedical, electronic, optical, and technical fields. 

One of the essential parameters in designing the nanoparticles is to 

control their morphology and size. Therefore, interests in the fabrication 

of organic and inorganic nanoparticles with different compositions, 

shapes, and particle sizes arise rapidly, leading to the emergence of the 

nanotechnology research field [6]. Nanoparticles can be broadly 

classified into two sub-sections: organic and inorganic nanoparticles, 

depending on the compositions (Scheme 1.1). 
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Scheme 1.1. Organic and inorganic nanoparticles. 

 In recent times, scientists have focused their attention on 

developing organic nanoparticles as these materials self-assemble into 

highly aligned superlattice at room temperature that has potential 

applications in organic light-emitting diodes (OLED), sensors, and 

medical diagnosis [7-9]. Various nanoparticles have been fabricated 

during the last two decades [10].  The structures of these materials can 

be zero (0D), one (1D), two (2D), and three (3D) dimensional [11,12]. 

The synthesis, photophysical properties as well as applications of metal 

nanoparticles (NPs), semiconductor NPs or quantum dots (QDs), and 

Metal nanoclusters (NCs) are described below in brief.  

1.1.1. Metal NPs 

Metal NPs are nanoscopic materials with an overall dimension below 

100 nm. They exhibit unique physical, optical, and chemical properties 

that differ from bulk metal [13]. For example, bulk gold is a conductor, 

displays a golden yellow color, and has a high melting point. In contrast, 

Au NPs display wine-red to brown color depending upon its size and 

melt at a much lower temperature [14].  The remarkable physical and 

optical properties of metal NPs is attributed to their small size and the 
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large surface-to-volume ratio [15]. In fact, the properties of metal NPs 

can be controlled by changing their size and shape.   

 

 

 

 

 

Scheme 1.2. Schematic diagram illustrating the localized surface 

plasmon resonance in metal NPs. 

One of the unique size-dependent optical properties displayed by metal 

NPs is localized surface plasmon resonance (LSPR) (Scheme 1.2). 

LSPR is a characteristic phenomenon of metal NPs, which is observed 

if the size of the NPs is smaller than the wavelength of the incident light. 

As in LSPR, the electromagnetic field of the incident light excites the 

surface electrons of a metal NP; this results in coherent localized 

oscillation of the electron density with a resonant frequency that depends 

upon the size and shape of NPs as well as dielectric of metal and 

surrounding medium [16]. The LSPR band of metal NPs can be tuned 

from visible to near-infrared regions by varying the size of the NPs; this 

property makes them highly suitable for imaging and sensing 

applications in the field of biomedical science [17].  Several transition 

metal NPs including gold (Au), silver (Ag), iron oxides (FeO), copper 

(Cu) have been designed for medical applications [18]. However, Au 

and Ag NPs have gained special attention because they can absorb in the 

visible region of the solar spectrum and show low cytotoxicity [16].  

              Au NPs can be synthesized into various shapes, including 

nanospheres, nanorods, nanocages, and nano prisms [19]. The size and 

shape of Au NPs can be controlled during their synthesis. Various 

aqueous medium based methods have been developed to control the 

dimensions and functionality of Au NPs. One of the most commonly 
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used methods for synthesizing spherical Au NPs was pioneered by 

Turkevich et al. and later remodified by Frens et al.; this method 

involves reduction of the gold salt (hydrogen tetrachloroaurate; HAuCl4) 

using citric acid in the aqueous medium. Apart from reducing the Au 

ions, the citric acid also stabilizes the Au NPs by acting as a capping 

agent. The size of the spherical Au NPs can be controlled by altering the 

gold-to-citrate ratio [20]. The Au nanospheres display dark red to purple 

color in solution as the size increases and show LSPR band in the region 

of 500-550 nm [21]. Au NPs are also known to quench the fluorescence 

emission of proximal fluorophores as a consequence of spectral overlap 

between LSPR of the Au NPs and the emission spectrum of a 

fluorophore [22]. Furthermore, the surfaces of Au NPs can be easily 

functionalized with biopolymers such as oligonucleotides, proteins, and 

antibodies [23-25]. These unique properties make them promising 

candidates for several applications such as sensing,  therapeutics, 

bioimaging, and excellent quenchers in energy transfer systems [26-28]. 

For example, Au NPs conjugated with poly(para-phenylenethylene) 

have been exploited for the detection of cancerous cells and different 

bacteria species. Aptamer-conjugated Au NPs have also been used to 

detect lymphoma cells with very high sensitivity [29]. Au NPs have also 

been utilized for drug delivery and gene regulation [30]. Mirkin et al. 

have demonstrated the use of Au NP-oligonucleotide conjugate for 

controlling protein expression in cells [31]. The LSPR of metal NPs 

quenches or enhances the fluorescence of the nearby fluorophore in 

many nanocomposite systems. Among these nanocomposite systems, 

QD-metal NP hybrid nanostructures find special attention due to their 

significant potential in technology related nanophotonic devices [32-

33]. For example, Li et al. have demonstrated the effect of metal NPs 

size on the mechanism of the EET process between CdSe/ZnS QDs and 

Au NPs [34]. Several studies have reported efficient transfer and release 

of the drug inside the cell through the Au NPs-drug complex [35]. The 

optical properties of Au NPs have been beneficial for cell imaging in 

various techniques, including computed tomography (CT), raman 

spectroscopy and photoacoustic imaging [36]. 
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                 Like Au NPs, Ag NPs also exhibit LSPR that depends upon 

the size and shape of the particle. Ag NPs can be synthesized into 

various shapes such as spherical, nanoprisms, and nanocubes [19,37]. 

In general, Ag NPs can be synthesized by three different methods; 

physical and chemical [38,39]. The chemical method is the most 

common approach as it gives a high yield, low cost, and can be 

performed easily in aqueous solution. The chemical approach requires 

silver salts such as silver nitrate (AgNO3) or silver perchlorate 

(AgClO4), a reducing agent, and a capping agent. The silver salt is 

treated with a reducing agent to form colloidal silver. The most 

commonly used reducing agents are sodium borohydride (NaBH4) and 

trisodium citrate [38]. Monosaccharides such as glucose, fructose, and 

maltose can also be used as a reducing agent in the synthesis of Ag NPs 

[40]. These reducing agents convert silver ions into silver atoms. When 

the concentration of silver atoms increases enough in the solution, they 

bind together to form a nucleus. This nucleus grows into a particle as 

more silver atoms diffuse through the solution and attach at the surface 

[41]. To control the size of these particles, capping/stabilizing agents 

are used in the reaction medium. These capping agents bind at the 

surface of the particles and control the colloidal stability of NPs from 

reaching the surface [42]. The attachment of capping agents eventually 

stops the growth of the particle. The most commonly used capping 

agents are trisodium citrate (Na3C6H5O7) and polyvinylpyrrolidone 

(PVP) [43, 44]. The trisodium citrate can act as both reducing as well as 

capping agent. Therefore, the synthesis of Ag NPs using citrate is the 

most commonly used approach.  

                 The optoelectronic properties of Ag NPs have great 

importance in the field of biological and material sciences. For example, 

Ag NPs are exploited in industries, textiles, water treatment, cosmetics, 

and health care products [18]. Their optical properties are utilized for 

developing optical sensors, optical probes, and imaging techniques [45]. 

Ag NPs have also been used in therapeutics as anticancer, antibacterial, 

antioxidative agents as well as for drug delivery [46]. In this thesis, we 
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have synthesized citrate/PEG-capped Au NP and citrate-capped Ag NP. 

The LSPR of Au NPs and Ag NPs have been exploited to investigate the 

size and wavelength-dependent excitation energy transfer from quantum 

dots (QDs) to plasmonic NPs. These hybrid QD-metal NP system can 

be useful to understand and optimize the performance of various 

nanophotonic devices such as photovoltaics, LEDs, and photodetectors 

[47-49]. 

1.1.2 Metal Nanocluster (NCs) 

Ultrasmall metal NPs with a diameter of less than 2.0 nm are known as 

metal NCs. In recent years, metal NCs have gained immense importance 

due to their ultra-small size and unique optoelectronic properties [50].  

In bulk metal, the energy gap between the conduction band and valence 

band is absent therefore, electrons can move freely.  On the contrary, in 

metal NCs, the cluster's size is below 2 nm, and the continuous band 

structure is broken into discrete energy levels, similar to the energy 

levels of the molecule [51]. This results in the origin of several unique 

properties in metals NCs such as tunable photoluminescence (PL), 

quantized charging, molecular chirality, and magnetism [50]. Although 

there are several studies on the synthesis of metal NCs since 2002s, a 

method developed by Dickson’s group formed a base for the routine 

preparation of metal NCs in the aqueous phase [52].  In general, the 

preparation of metal NCs in an aqueous solution requires a reducing 

agent which reduces the metal ions to a zero valence state [53]. It also 

requires an appropriate scaffold to avoid the reaction of metal NCs with 

each other and their irreversible self-aggregation. It is intriguing to note 

here that the scaffolds not only stabilize but can also functionalize the 

surface of the metal NCs and also governs their sizes and PL properties. 

The most commonly used scaffolds for the metal NCs are thiols, 

polymers, dendrimers, proteins, peptides, oligonucleotides, and DNA 

(Scheme 1.3) [54-56].          



Chapter 1 

8 
 

 

 

Scheme 1.3. Schematic representation of various applications of NCs. 

              Several metal NCs including Au, Ag, and Cu with different 

scaffolds have been widely used for biological applications [57]. For 

example, Au and Ag NCs functionalized with thiolated ligands provide 

long-term colloidal stability, which makes them highly suitable for 

imaging and sensing applications [58]. Metal NCs conjugated with 

biomolecules have important significance in the field of biomedical 

science. Metal NCs can bind to biopolymers more easily and exhibit 

minimal cytotoxicity compared to metal NPs. There are several reports 

of DNA-protected metal NCs that are developed for cell targeting, 

specific binding, and imaging applications [59]. Similarly, protein-

functionalized metal NCs have been used for targeting and specific 

binding to cancer cells [50].   One of the primary advantages of protein 

protected NCs is that protein molecules provide several binding sites 

(carboxylic acid, amine, thiol groups) for further functionalization of 

metal NCs. Functionalization through dendrimers and polymers 

provides higher stability to metal NCs in aqueous solution and facilitates 

the synthesis [60]. These metal NCs exhibit high quantum yield (QY) 

with improved stability. The chelating dendrimers can also promote 

synthesis of bimetallic NCs. In this thesis, the influence of dihydrolipoic 

acid (DHLA)-capped Ag NCs on the fluorescence properties of 

diamidino-2-phenylindole (DAPI) across the lipid bilayer has been 

demonstrated.  
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1.1.3. Semiconductor NPs or Quantum Dots  

Over the last few decades, nanometer-sized quantum dots (QDs) or 

colloidal semiconductor nanocrystals have attracted significant attention 

due to their unique optical and electronic properties [61]. The term 

“quantum dot” was first used by Mark A. Reed in 1988 to describe a 

spatially quantized system where the electron-hole pairs (i.e., excitons) 

are confined in all three spatial dimensions [62]. The average distance 

between the electron and hole is called the exciton Bohr radius. When 

the size of the QDs is less than its exciton Bohr radius, they show size-

dependent PL properties due to the quantum confinement effect [63].           

                It is important to note that in bulk, the dimension of 

semiconducting materials is much larger than the exciton Bohr radius 

and the energy bands are continuous. However, as the size of the particle 

approaches near or below the exciton Bohr radius, the motion of 

excitons are spatially confined in the dimensions of QDs. As a 

consequence, the energy bands become discrete, and the properties of 

the particles become size-dependent [64] (Scheme 1.4).  

 

 

 

 

 

 

 

Scheme 1.4. Illustration of the influence of particle size on the band gap 

and quantum confinement effect in semiconductor. 
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QDs exhibit broad excitation spectra, size- and composition-

tunable narrow emission from ultraviolet to near-infrared wavelength 

range, high luminescence QY, and better stability against 

photobleaching compared to organic dyes [65]. They also exhibit 

excitation wavelength-dependent emission mainly because of 

heterogeneous size distribution. Another characteristic PL property of 

QD, which is useful in single-molecule experiments, is their emission 

intermittency or “blinking” [66]. One of the reasons behind this blinking 

is the trapping of charge carriers at the surface defect states before 

radiative recombination [67-69]. Among all others, CdX QDs (X= Te 

and Se) have attracted significant attention due to their tunable and 

stable PL properties in the visible to NIR region. Here, in this thesis, we 

have mainly explored the PL properties of MSA-capped CdTe QDs and 

their self-assembly processes.   

Among II-VI semiconductor compounds, CdTe QDs are the 

most imperative semiconductor material because it shows narrow 

bandgap of 1.47 eV as well as a large exciton Bohr radius of 7.3 nm, 

which makes them widely applicable in various field [70]. CdTe QDs 

show excellent crystallinity and emit in the green-to-red region of the 

electromagnetic spectrum (450–700 nm) with high luminescence 

quantum yield (QY) of 20–85% [70, 71]. CdTe QDs can be synthesized 

in aqueous as well as in organic medium. Resch et al. first synthesized 

CdTe QDs in an aqueous medium in the presence of hexametaphosphate 

[72]. The commonly used ligands for the aqueous synthesis of CdTe 

QDs are thiol-containing compounds, namely, thioglycolic acid (TGA), 

3-mercaptopropionic acid (MPA), glutathione (GSH), and cysteine 

(CYS) [73,74]. Rogach et al. and Gao et al. later synthesized and 

optimized the formation of CdTe QDs in the presence of thiol capping 

agents (2-mercaptoethanol and 1-thioglycerol) with size ranging from 

1.4 to 2.5 nm [75-77].  The pH of the medium has a great influence on 

the QY of QDs, in an acidic medium excess ligand, and Cd2+ in the 

reaction medium will deposit on the surface of QDs, leading to the 

formation of a shell-layer structure comprising of ligand-Cd complexes. 
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These ligand-Cd complexes effectively eliminate the nonradiative 

pathway for excitons and enhance the QY of QDs [78]. Here, in this 

thesis, we have investigated the photophysical properties of MSA-

capped CdTe QDs using various spectroscopic techniques and utilized 

them as a luminescent maker to understand its self-assembly process in 

the presence of surfactant and polymer.  

1.2. QD-Based Self-Assembled Nanostructure  

Spontaneous assembly of molecular units into a well-organized ordered 

structure is known as self-assembly. Self-assembly occurs through the 

involvement of non-covalent interactions such as hydrophobic, 

hydrogen bonding, - stacking, electrostatic, and van der Waals forces 

between the molecular units [79]. Although noncovalent interactions are 

moderately weak but collective interactions between several units can 

lead to very stable structures. It is possible to generate a wide variety of 

self-assembled nanomaterials by simple optimization of various 

intermolecular forces between the molecular units (Scheme 1.5). 

Therefore, mechanistic investigation of self-assembly processes is 

highly desirable for the development of multifunctional nanomaterials  

Scheme 1.5. Schematic representation of different types of self-

assembled nanomaterials. 

Recently, self-assembled three-dimensional networks, arrays, and 

composite like structures of NPs have been reported by several authors. 

For instance, self-assembly between plasmonic NPs and DNA/ proteins 

have been widely studied due to their significant application in material 

science, nanodevices, energy and environmental science, and 

biomedicine [80, 81]. Similarly, self-assembled nanocomposites such as 
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hydrogels, hybrid vesicles, nano-capsules have been fabricated for 

potential applications in drug delivery, enzymatic reaction, and 

antibacterial activity [82]. Here, in the present thesis, we have 

investigated the interaction of CdTe QDs with polymer and surfactant, 

which result in the formation of self-assembled multicolor luminescent 

hybrid coacervate droplets and vesicles, respectively. 

1.2.1. QD-Polymer Self-Assembled Coacervates  

In recent times, the design and synthesis of polymer-based colloidal 

nanocomposites with high stability in the aqueous medium have 

attracted substantial interest due to their potential applications in 

detergency, catalysis, and drug delivery [83-88]. In general, colloidal 

complexes are formed via self-assembly between oppositely charged 

molecules such as synthetic and natural polymers, fatty acids, biological 

macromolecules, poly or oligopeptides, and mononucleotides [89-91]. 

Importantly, the properties of such assemblies depend on various 

parameters, such as polymer chain length, grafting density, and rigidity 

of the polymer grafts [92]. Self-assembly of oppositely charged 

polymers leads to the formation of different types of assemblies such as 

worms, cylindrical, network, and spherical like structures [93-95].   

Extensive studies have been performed on the self-assembly of 

oppositely charged polyelectrolytes that lead to the formation of 

spherical shaped structures called as coacervates.  The term 

“coacervates” refers to organic/inorganic rich droplets formed via 

liquid-liquid phase separation in macromolecular systems (Scheme 1.6). 

 

 

 

 

 

   

  

Scheme 1.6. Schematic representation of the coacervation process. 
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         In general, coacervation is similar to the macromolecular 

phenomenon that results in a unique phase of soft, condensed liquid-like 

matter [96]. Coacervates find application in many fields such as micro-

reactors, storage/release vectors, and serves as platforms for catalytic 

reactions [97, 98]. The interior of coacervates is structurally 

homogeneous with no surrounding membrane and has a lower dielectric 

constant compared to water. As a consequence, it can sequester external 

dye molecules, porphyrin macrocycles, and inorganic NPs [99,100]. 

         Although previous studies provide great detail of the mechanisms, 

structures, stability, and sequestration properties of a wide range of 

coacervate droplets prepared mainly from organic molecules, there are 

no reports on the fabrication of organic−inorganic hybrid droplets. The 

self-assembled nanostructures of QD and polymer show enhanced 

thermal, mechanical, and optoelectronic properties because of their 

unique combination of both inorganic nanomaterial and polymer [101]. 

The inorganic components exhibit large surface area, excellent thermal 

stability, and size-dependent optoelectronic properties, on the other 

hand, organic polymer provides mechanical flexibility and good 

processability [102,103]. Therefore, self-assembled nanostructures with 

unique physical and biological properties have attracted significant 

attention for applications in drug delivery, catalysis, chemical storage, 

bioimaging, and biosensors [104-107]. 

One of the most common polyelectrolytes used for the formation 

of coacervates is poly(diallyldimethylammonium chloride) 

(PDADMAC). It is a water-soluble cationic polymer with quaternary 

ammonium groups on the rings of the polymer backbone. PDADMAC 

polymers were first prepared and studied in 1957 by Professor George 

Butler at the University of Florida [108]. The charge on the polymer is 

independent of solution pH. Complexation between PDADMAC and 

oppositely charged natural polymers such as fatty acid, and 

poly/oligopeptides has been previously explored [109, 110]. For 

example, Dirk et al. (1998) have investigated the formation of 

coacervate between PDADMAC and ATP/CM-dextran [111]. Tom et 
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al. (2012) have studied the potential use of PDADMAC-ATP coacervate 

for stabilization of type II multi-enzyme complexes and their catalytic 

activity [99]. Here, in this thesis, we have explored the spontaneous 

formation of complex coacervate droplets in the binary mixture of MSA-

capped CdTe QDs and PDADMAC in an aqueous medium over a broad 

range of composition, pH, and ionic strength. 

1.2.2. QD-Surfactant Self-Assembled Hybrid Vesicles   

Self-assembled hybrid vesicles have also been extensively 

investigated for their biological membrane–mimicking environments 

and applications in various fields such as protein carriers in 

immunology, diagnostic imaging of tumors, drug-delivery, and gene 

therapeutics [112-114]. Self-assembled vesicles are the nano-sized 

carrier and act as an ideal model system for unraveling and 

understanding the various activities of biological membranes such as 

fusion, adhesion, and fission [115-118]. 

           Surfactants are amphiphilic molecules and contain both 

hydrophobic (tails) and hydrophilic groups (heads). The hydrophobic 

chain can interact with water-insoluble substances, and hydrophilic 

groups can interact with polar substances [119,120]. A unique property 

of surfactants is that they can form self-assembled structures such as 

micelles, lamellae, and vesicles [121]. These self-assembled structures 

can undergo transition from one phase to another, and their transitions 

depend upon the concentration of surfactants, electrostatic interaction, 

van der Waals forces, hydrophobic interaction, and composition of 

cationic/anionic surfactants [121].  

     In an aqueous medium, surfactant molecules self-assemble into 

different shapes of aggregates such as spherical, globular, rod, and 

spherical bilayers like structures upon increasing the concentration of 

surfactant molecules  [122-124] (Scheme 1.7).  
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Scheme 1.7. Schematic representation of the different type of surfactant 

aggregates (a) spherical, (b) globular, (c) rod, and (d) spherical 

bilayers like structures. 

          Spherical assembly of surfactant molecules with the hydrophobic 

core is called micelles, whereas the spherical bilayer arrangement of 

surfactants containing hydrophilic core is known as vesicles. In 

surfactant systems, the spontaneous structural transformation from 

micellar aggregates to vesicles is unique and can be achieved via a 

variety of different routes [123]. Egelhaaf et al. demonstrated the 

transformation of micelles to vesicles in the mixture of lecithin/bile salt 

in an aqueous medium, and it has been concluded that transition takes 

place via an intermediate micellar arrangement having a disk-like 

structure. These intermediate structures appear very fast and are finally 

transformed into well-defined unilamellar vesicles [125]. Although 

phospholipid vesicles are more commonly explored, several authors 

have focused on the fabrication of vesicles from surfactants, block 

copolymers [126], dendrimers [127], polypeptides [128], and fatty acid 

[129] as they are more durable and sustain far greater areal strain before 

rupture compared to phospholipids vesicles. For example, Huang et al. 

presented a synthetic route to prepare self-assembled vesicles from 

polypeptide block copolymers with different block length ratios, which 

were obtained via polymerization of benzyl-l-glutamate and 
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propargylglycine (PG) N-carboxyanhydrides [128]. Very recently, 

Yadavalli et al. also demonstrated the self-assembly between 3,5-di-

dodecyl benzoic ester mini-dendrons and 3,4,5-Tris-triethylele glycol 

benzoic ester to form stable giant dendrimersomes (DSs) in an aqueous 

medium. These DSs were delivered into the cytoplasm of HeLa cells 

after co-assembling with human membrane vesicles (HMVs) to 

investigate their constituents in vitro and a more robust environment 

[127].  

         Although these recent studies highlight the multifunctional 

properties of self-assembled hybrid vesicles, there is a growing interest 

in the fabrication of stable, inherently luminescent hybrid vesicles. 

However, there are limited reports for the fabrication of inherently 

luminescent stable hybrid vesicles. Earlier, Sun et al. investigated the 

self-assembly mechanism of oppositely-charged carbon quantum dots 

(CQDs) and surfactants and shows the formation of supramolecular 

fluorescent vesicles [130,131]. Here, in this thesis, we have studied the 

interaction of negatively charged QDs with positively charged surfactant 

to explore the self-assembly mechanism that leads to the fabrication of 

luminescent vesicles.  

In the later part of the thesis, we have investigated the tuning of 

excitation energy transfer (EET) processes in the presence of liposome. 

However, before disusing these studies, we would like to briefly 

introduce the mechanism of EET and the theories developed to explain 

this phenomenon.    

1.3. Excitation Energy Transfer (EET)   

Nonradiative transfer of excitation energy from a photoexcited 

fluorophore (donor) to another molecule or a metal NP (acceptor) is 

known as EET [132]. This technique has been widely exploited in 

various fields, including light-emitting diode, sensors, and 

photovoltaics, because of its sensitivity to the donor-acceptor distance 

and donor-acceptor spectral properties [47, 133]. The rate of energy 

transfer (kET) between a donor and acceptor depends on various factors 
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such as the orientation of the donor and acceptor transition dipole, the 

distance between the donor and acceptor, and spectral overlap between 

the emission spectrum of donor and absorption spectrum of acceptor 

[134] (Scheme 1.8).  

 

Scheme 1.8. Spectral overlap between the emission spectrum of the 

donor and the excitation spectrum of the acceptor.  

 The rate of EET between a donor and acceptor can be expressed 

as follows, 

                    𝑘𝐸𝑇 =
1

𝜏𝐷
(

𝑅0

𝑅
)

𝑛

                    (1) 

where τD is the average lifetime of the donor in the excited state, R0 is 

the distance at which the energy transfer efficiency is 50%, R is the 

estimated separation distance between the donor and acceptor, and n is 

the power dependence of the theory used to describe R0 [132]. The 

parameters R0 and n are highly dependent on the nature of the donor and 

acceptor. For a given donor-acceptor pair, i.e., a fixed value of R0 and n, 

the rate of energy transfer is faster if the excited state lifetime of the 

donor and donor-acceptor separation distance is small. Various theories 

have been developed to understand the EET mechanism, such as Förster 

resonance energy transfer (FRET), Gersten-Nitzan (G-N), Chance-

Prock-Silbey (CPS)-Kuhn, and size-dependent nanometal surface 

energy transfer (NSET) [135-141]. A brief description of these models 

is provided in the following sections.  
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1.3.1. Förster Resonance Energy Transfer (FRET) 

According to this theory, the nonradiative energy transfer 

between a donor and an acceptor occurs via dipole-dipole interaction. 

This theory was first proposed by Theodor Förster in 1948 [132]. This 

distance-dependent interaction invokes the Fermi Golden rule 

approximation, which associates the kET to the product of interaction 

elements of the donor (FD) and acceptor (FA), i.e., kET ≈ FDFA. For a 

single dipole, the interaction element F is related to donor-acceptor 

separation distance as F ≈1/R3, similarly, for a 2D dipole array F ≈ 1/R 

and for a 3D dipole array, F = constant, i.e., power of the distance (R) 

decreases as the dimension increases. Therefore, for two single dipoles, 

the rate constant of FRET is expressed as [132]:  

                        𝑘𝐹𝑅𝐸𝑇  ≈
1

𝑅3𝑅3 =
1

𝜏𝐷
(

𝑅0

𝑅
)

6

                             (2) 

It’s evident that the rate of FRET varies inversely with the change in the 

6th power of the distance between the donor and acceptor. The parameter 

R0 is the distance at which the energy transfer efficiency reduces to 50% 

and is known as Förster distance. The parameter R0 is estimated by using 

the following equation [132]: 

 

𝑅0 =  [(8.8 × 10−25)(𝜅2𝜂−4𝜙𝐷𝐽(𝜆))]1/6                   (3) 

 

where 𝜅2 is the orientation factor of the transition dipoles of donor and 

the acceptor, 𝜂 is the refractive index of the medium, 𝜙𝐷 is the quantum 

yield of the donor and 𝐽(𝜆)is spectral overlap integral between the donor 

emission and the acceptor absorption spectrum. The value of 𝜅2  is 

governed by the relative orientation of the donor and acceptor transition 

dipoles. For randomly oriented dipoles, 𝜅2 = 2/3, and it varies between 

0 and 4 in the case of orthogonal and parallel dipoles, respectively. Here, 

in this thesis, along with the demonstration of the mechanism of EET, 

the influence of liposome on the efficiency of EET has also been 

illustrated. 
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1.3.1.1. FRET in Liposome 

The FRET between a donor and an acceptor plays an important 

role to investigate in many biological processes [142-145]. It enables us 

to find the distance between the donor and an acceptor with nanoscale 

accuracy in biological systems. Covalent attachment of the donor and an 

acceptor with a suitable spacer is the most conventional method for 

exploring intramolecular FRET [146-149]. On the other hand, tuning of 

intermolecular FRET has been demonstrated in various systems such as 

micelles, reverse micelles, liposomes, polymer matrices, and proteins 

[150-160].  

Liposomes are composed of one or more phospholipid bilayers, 

which closely resembles the structure of cell membranes [161-162]. 

Liposome was first discovered in 1961 by a British haematologist Alec 

D Bangham at the Institute of Babraham, Cambridge [163]. The major 

components of liposomes are synthetic phosphatidylcholine (PC) 

natural (egg, or soy) phosphatidylcholine, and cholesterol [164-165]. 

These synthetic PC such as 2-distearoyl-sn-glycerophosphocholine 

(DSPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 

dipalmitoylphosphatidylcholine (DPPC) are composed of a polar 

phosphate head group, and the hydrophobic portion composed of 

hydrocarbon chains [166]. The hydrocarbon chains from the interior and 

the polar head form the exterior of the liposomes bilayer (Scheme 1.9). 

Liposomes found enormous importance in the pharmaceutical field due 

to their biocompatibility and ability to entrap a variety of drugs [167]. 

The size of the liposomes varies in the range from 0.025 µm to 2.5 µm 

and they are classified as multilamellar vesicles (MLV), large 

unilamellar vesicles (LUV), and small unilamellar vesicles (SUV) 

[168].   
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Scheme 1.9.  Schematic representation of different regions of the 

liposome. 

 

FRET processes across lipid bilayer are of particular interest due 

to its potential in exploring various membrane related biophysical 

processes such as membrane fusion, trafficking, and receptor-ligand 

interactions. Very recently, Yoon et al. demonstrated real-time liposome 

fusion dynamics in a single fusion event and monitored the fusion of two 

proteoliposomes. [169]. Similarly, Madörin et al. studied the 

disintegration kinetics of liposomes in rat plasma using FRET 

techniques [170]. The FRET pair of rhodamine and N-(7-nitro-2,1,3-

benzoxadiazol-4-yl) (NBD) allowed them to monitor the disintegration 

rate of liposomes upon increasing the monomer concentration. 

Yefimova et al. studied the change in the dynamics of living cells in the 

presence of liposomes [171].  FRET has also been used to monitor the 

interaction of plasmid DNA (labeled with cy3) with cationic liposome 

(labeled with NBD) during lipoplex formation [172]. In another study, 

You et al. studied the transmembrane helix dimerization in the native 

bilayer environment using FRET between fluorescein/rhodamine and 

cy3/cy5 labeled samples [173].  While these studies have illustrated the 

potential of FRET in elucidating various fundamental biophysical 

processes across the lipid bilayer, it is equally important to develop new 

donor-acceptor pairs that can probe the nanoscopic distance at the 

bilayer thickness. In this thesis, we have presented a liposome-based 

Aqueous solution 

Hydrophobic region

Hydrophilic pocket
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FRET pair of DAPI (donor)-Ag NC (acceptor) and have shown that the 

FRET efficiency strongly depends on the location of donor DAPI within 

the DPPC liposome matrix.  

FRET can be used to measure the donor-acceptor intermolecular 

distance only up to 8 nm [132]. However, FRET fails to explain the 

energy transfer process from photoexcited donors to metal NP 

(acceptor) that occurs at a distance greater than 8 nm [174].  

    

1.4.2.  Metal NP-Based Excitation Energy Transfer  

The process of metal NP-based EET is very complex and 

depends on various factors such as size and shape of the NPs, separation 

distance, spectral overlap, and orientation of dipole with respect to the 

NP surface. Extensive experimental and theoretical studies have been 

performed to understand the fundamental mechanism behind this long-

range electromagnetic coupling and subsequent fluorescence quenching 

at the metal NP surface [138,140,175-177]. A brief description of the 

initial models proposed to explain the mechanism of energy transfer 

between metal NP and fluorophore is provided in the next sections.   

 

1.3.2.1. The Gersten-Nitzan (G-N) Model   

One of the earliest models developed to explain the fluorescence 

quenching of fluorophores at the metal NP surface is Gersten-Nitzan (G-

N) model [139]. In this model, the metal NP is assumed to be a spherical 

dipole of defined volume. The 1/R6 distance-dependent term is 

predicted, and since the volume of dipoles has all possible orientations, 

the orientation factor has not been considered. The G-N model is 

effective in estimating the quenching behaviour for metal NPs having a 

radius greater than 20 nm. However, it was unable to envisage the 

separation distance-dependent quenching process between metal NP and 

fluorophore [178-179]. The failure of the G-N model is due to its 

inability to correctly estimate the rates of energy transfer when metal 

NPs have insignificant scattering contributions.  
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1.3.2.2.  CPS-Kuhn Model  

In 1970, Kuhn proposed a model to explain the energy transfer 

from a dipole to a thin metal film [137]. It has been proposed that excited 

state emitter induces oscillations in the acceptor, which reflects back to 

the donor thereby, slowing down the donor oscillator. Thus, in Kuhn's 

theory, quenching is a retardation effect on the emitter due to the mirror-

like behavior of the acceptor. However, it was observed that Kuhn’s 

theory greatly overestimates the extent of energy transfer. Therefore, 

later it was modified by Chance, Prock, and Silbey, which is known as 

the CPS-Kuhn model [138]. In this model, the metal film is considered 

as an absorber of excited state oscillator energy in the near field through 

the formation of an image dipole. The CPS-Kuhn method predicts a R-4 

distance dependency, and the distance (R0) at which the energy transfer 

probability reduces to 50 % is given by the following equation [138]: 

𝑅0
𝑐𝑝𝑠−𝑘𝑢ℎ𝑛 =  

𝛼𝜆

𝜂
 (𝐴𝜙)1/4 (

𝜂𝑟

2𝜂
(1 +

𝜖1
2

|𝜖2|2))

1/4

            (4) 

 

Although the CPS-Khun model successfully explains the 

distance-dependent EET process between thin metal films and 

fluorophore, it fails to predict the size-dependent quenching behavior for 

NPs [175, 180]. This is because of the fact that with a change in the size 

of the NPs, the dipole properties (ϵ2) and optical cross-section changes 

(A). Therefore, it was necessary to develop a model that can include size-

dependent electronic properties of the metal NPs to account for the 

quenching of a fluorophore in the presence of metal NPs.  

1.3.2.3. Size-Dependent NSET Theory 

Very recently, Strouse et al. developed a size-dependent NSET 

theory by rewriting the CPS-Kuhn expression to account for the change 

in ϵ2 (the dielectric function of metal NP) and A (absorptivity of metal 

NP) values with a decrease in size of the metal NPs [180-181].  

According to this theory, the dielectric function (ϵ2) can be 

expressed as a combination of bulk (ϵ∞), drude (ϵDrude) and interband 

(ϵIB) contributions (equation 6). 
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𝜖2 =  𝜖∞ +  𝜖𝐷𝑟𝑢𝑑𝑒 +  𝜖𝐼𝐵               (5) 

 

Complex dielectric functions ϵDrude and ϵIB are given as: 

 

𝜖𝐷𝑟𝑢𝑑𝑒 = 1 −
𝜔𝑃

2

𝜔2+𝜏𝑟
2 + 𝑖

𝜏𝑟𝜔𝑃
2

𝜔(𝜔2+𝜏𝑟
2)

              (5a) 

 

𝜖𝐼𝐵 = ∑
𝐴𝑖

𝑤𝑖
𝑖=1,2 [

𝑒𝑖𝜙𝑖

𝜔𝑖
−1−𝜔−1−𝜏𝑖

−1 + 𝑖
𝑒𝑖𝜙𝑖

𝜔𝑖
−1+𝜔−1+𝜏𝑖

−1]        (5b) 

 

where ω is the dipole frequency, ωP is the Drude plasmon frequency, 

and τr is the size-dependent damping constant which is expressed as:  

 

𝜏𝑟 =  𝜏∞ +  (𝑙∞)/𝑟        (6) 

wherein 𝜏∞ is the bulk damping constant, 𝑙∞ is the mean free path of 

metal NPs, and r is the radius of NP. In equation (5b), Ai, ωi, φi, and τi 

are fit parameters in frequency. 

The absorptivity term (A) also need to be modified to incorporate 

the size dependence effect. The absorptivity of a bulk mirror (Amirror) is 

expressed in terms of metal thickness (d) for a semi-infinite plane and 

extinction component of the complex refraction index (κ) for a given 

wavelength (λ).  

𝐴𝑚𝑖𝑟𝑟𝑜𝑟 =  
4𝜋𝜅2𝑑

𝜆
       (7) 

 

Since small NPs are not a semi-infinite plane or a perfect mirror, 

therefore, absorptivity can be expressed as 

 

𝐴𝑛𝑝 = 103 ln(10) [
𝜖𝜆(2𝑟𝑐𝑚(

2𝑟𝑐𝑚
𝛿𝑠𝑘𝑖𝑛

))

𝜆𝑁𝐴𝑉𝑐𝑚3
]             (8) 

where 𝜖𝜆 is the extinction coefficient of the metal NP at the emission 

wavelength maximum of the donor, r is the radius of the metal NP in 

cm, NA is the Avogadro's number, and V is the volume of the particle in 

cm3. Inserting equations 5 and 8 into the equation of the CPS-Kuhn 
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model (eq. 5) size-dependent NSET expression to determine d0 can be 

obtained. The 1/R4 distance-dependent term is utilized to finally 

calculate the efficiency of energy transfer.   

𝐸 =  
1

1+(
𝑑

𝑑0
)

4          (9) 

Using this theory, Strouse et al. predicted the size and distance-

dependent interaction of AuNP (radius < 10 nm) with fluorophores such 

as FAM and Cy3B. The authors performed experiments to measure the 

PL quenching of FAM and Cy3B in the presence of Au NP of varying 

sizes (0.945 to 8.25 nm). The AuNP and the fluorophore were separated 

by a double-stranded DNA and the distance between them was tuned 

from 65 Å to 272 Å by changing the number of base pairs of DNA [177]. 

The theoretically predicted size and distance-dependent quenching 

behavior for Au NP were in excellent agreement with experimentally 

observed quenching phenomenon. Excellent agreement between 

experimental and theoretically predicted d0 values further validates the 

model. Modification of the CPS-Khun expression by including the size-

dependent electronic terms proved to be an efficient method to explain 

the size-dependent quenching behaiour for the Au NPs up to a distance 

of 50 nm.  

Overall, the mechanism and dynamics of the EET from a 

photoexcited donor to a metal NP is best described by NSET theory that 

utilizes 1/d4 distance-dependent term. Several groups have observed 

similar 1/d4 distance-dependent fluorescence quenching in various 

nanocomposite systems [141, 182-184]. Among these nanocomposite 

systems, QD-metal NP hybrid nanostructures find particular attention 

due to their enormous potential in future technology related 

nanophotonic devices as a consequence of size-dependent facile tuning 

of optoelectronic properties.  

Several studies have demonstrated that the intrinsic exciton 

dynamics of QDs can be efficiently tuned in the presence of plasmonic 

NP as a result of long-range electromagnetic coupling between exciton 

and LSPR of NPs [185-186]. This coherently coupled plasmon−exciton 

mode is known as plexciton. For example, Pons et al. have investigated 
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the process of EET from CdSe/ZnS QDs to ultrasmall (1.4 nm) Au NPs 

separated by a polypeptide chain of variable length, over a broad range 

of distance (5−20 nm) and correlated their experimental findings with 

various theoretical models [187].  

Similarly, Li et al. have investigated the EET process between 

differently sized Au Nps and CdSe/ZnS QDs [188]. It has been reported 

that small-sized (3 nm) Au NPs having insignificant LSPR quench the 

PL of QDs via NSET mechanism, while larger sized (15 and 80 nm) Au 

NPs with well-defined LSPR band quench the PL via FRET mechanism. 

Recently, Zhang et al. have shown the effect of QDs size on the 

mechanism of EET between CdTe QDs and  5.5 nm-sized Au NPs in a 

bilayer structure and observed that their experimental parameters 

correlate well with both FRET and NSET theory [189]. Furthermore, 

enhancement of EET between donor and acceptor CdTe QDs in the 

presence of Au NPs has also been reported [34, 186, 188]. However, in 

the majority of previous studies involving hybrid QD-NP 

nanostructures, the size-dependent changes in the optoelectronic 

properties of the metal NP have not been appraised in the theoretical 

modeling. Instead, optical and physicochemical properties of the bulk 

metal have been considered to explain the observed quenching 

mechanism. Nevertheless, these earlier studies reveal the fact that the 

plasmonic-exciton coupling and subsequent nonradiative processes in 

hybrid QD-NP nanocomposites are very complex and depend on various 

factors such as spectral overlap, interparticle distance, surface charge, 

and orientation of the transition moment vector relative to the metal NP 

surface. 

Although several studies have been performed to investigate the 

EET between molecular dyes and the NP surface, systematic and precise 

control of the nonradiative electromagnetic coupling in hybrid QD-

metal NP nanocomposite as a function of QDs size, separation distance, 

and excitation wavelength between similarly charged colloidal QD and 

NP is rare. In this thesis, we have investigated the mechanism behind 

the size and wavelength-dependent PL quenching of three differently 

sized CdTe QDs in the presence of plasmonic NPs. In addition, the 
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interactions of citrate-capped Ag NPs whose LSPR is significantly off-

resonance with respect to the excitonic emission of all the three QDs 

have also been explored to establish the mechanism behind PL the 

quenching of CdTe QDs. 

 

1.3.2.4. NSET Processes in Liposome 

          Optical-based distance measurements are essential to detect 

molecular interactions in several systems and have applications in 

biology as well as in chemistry. There are only a few studies that 

demonstrate the distance-dependent NSET process in micelles, 

liposomes, and polymer matrices [185, 150, 190]. For instance, Maity 

et al. have monitored pH-induced reversible vesicle-to-micelle 

transition using Au NPs and Rhodamine-6G dye as NSET pair [185]. 

The Au NPs encapsulated within the hydrophobic region of the vesicles 

participate in the energy transfer process with fluorophores confined at 

the core of the vesicles. The transition from vesicles to micelle at pH<5.2 

causes an increase in the distance between the Au NPs and dye 

molecules thereby, changing the NSET efficiency. In a similar study, 

Mandal et al. have investigated NSET process between Au NPs and dyes 

embedded inside the self-assembled micelles of P123 (an amphiphilic 

block copolymer) [191]. Authors have demonstrated tuning of NSET by 

encapsulating different dyes at different locations of P123 micelles 

[182]. Chen et al. have exploited NSET as an optical ruler to determine 

binding site distances in live-cell surfaces [192]. These studies reveal 

the significance of NSET as an optical ruler to measure nanoscopic 

distances in real biological systems.  

EET between metal NPs and fluorophore has been elucidated in 

the micelle, reverse micelles, and liposomes. Among these, EET 

processes across the liposome bilayer are significantly important for 

exploring various membrane related biophysical processes. In this 

thesis, we have investigated the NSET process between Au NPs and 

CdTe QDs across the lipid bilayer and have shown that the efficiency of 

NSET strongly depends on the location of CdTe QD and Au NPs in the 

liposome matrix.  
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1.4. Overview of the Thesis 

Chapter 1 discusses the unique optical properties of QDs and plasmonic 

NPs. Special attention was given to MSA-capped CdTe QDs because of 

its narrow bandgap and large exciton Bohr radius. We have also 

discussed the self-assembly processes of MSA-capped CdTe QDs with 

polymer and surfactant. Finally, the mechanism and dynamics of various 

EET theories have been discussed in detail and illustrate the effect of 

alternation in FRET and NSET in the presence of liposome.  

 

Chapter 2 includes details of the chemicals as well as the methods 

employed to synthesize MSA-capped CdTe QDs, citrate/PEG-stabilized 

Au NP, citrate-stabilized Ag NP, DHLA-capped Ag NC, and SUV of 

DPPC. A brief description of the sample preparations and experimental 

techniques used to complete the entire work of this thesis has been 

provided here. 

 

Chapter 3 demonstrates the formation of a new class of luminescent 

hybrid coacervate from MSA-capped CdTe QDs and PDADMAC. 

These hybrid coacervates are found to be stable over a broad range of 

composition, pH, and ionic strength of the medium.  

Chapter 4 demonstrates the interaction of MSA-capped CdTe QDs with 

CTAB surfactant and subsequent formation of self-assemble multicolor 

luminescent vesicles in an aqueous medium.  

Chapter 5 discusses the fabrication of a simple liposome-based donor-

acceptor FRET system using DAPI as the donor and an ultrasmall Ag 

NCs as the acceptor.  

Chapter 6 investigates the size and wavelength-dependent NSET 

between MSA-capped CdTe QDs and plasmonic NPs (Au and Ag NPs). 

Furthermore, it has been observed that the quenching efficiency of the 

green QDs and citrate stabilized Au NPs pair decreases due to ligand 
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exchange at the surface of Au NPs with PEG-SH. These results have 

been explained on the basis of a size-dependent NSET model.  

Chapter 7 investigates the time-dependent selective uptake of MSA-

capped CdTe QDs into liposome in its gel phase and subsequent 

alternation of NSET with Au NPs. 

Chapter 8 concludes the work done in this thesis, along with the scope 

for future applications. 
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2.1. Introduction 

This chapter mentions all the detail of synthesis and chemicals used for 

the synthesis of MSA-capped CdTe QDs, citrate-capped Au NPs, PEG-

capped Au NP, citrate-capped Ag NP, dipalmitoylphosphatidylcholine 

(DPPC), and dihydrolipoic acid (DHLA)-capped Ag NC. All the sample 

preparation methods opted during the work of this thesis have been 

mentioned here. This chapter also covers the detailed experimental 

techniques used to complete the entire thesis work. 

2.2. Chemicals 

Cadmium chloride (CdCl2), mercaptosuccinic acid (MSA), sodium 

tellurite (Na2TeO3), Tri-sodium citrate dihydrate (TSC), silver nitrate 

(Ag NO3, ≥99%), chloroauric acid hydrate (AuCl3.HCl.3H2O), poly 

(ethylene glycol) methyl ether thiol (PEG-SH), 

dipalmitoylphosphatidylcholine (DPPC), cetyltrimethylammonium 

bromide (CTAB, ≥98%), triton X-100 (TX-100, AR grade), sodium 

dodecyl sulfate (SDS, 98.5%), (±)-α-lipoic acid, 4´,6-diamidino-2- 

phenylindole dihydrochloride (DAPI, ≥95%,HPLC), methanol, 

poly(diallyldimethylammoniumchloride) (PDADMAC, MW= 100000-

200000), sodium hydroxide (NaOH), hydrochloric acid (HCl), methanol 

(HPLC),  Rhodamine 6G dye, Nile blue,fluorescein isothiocyanate 

(FITC), human serum albumin (HSA), bovine serum albumin (BSA),   

hellmanex III and Pur-A-Lyzert Dialysis Kit (MWCO 3.5 kDa), were 

purchased from Sigma-Aldrich. Sodium borohydride (NaBH4, 96%) 

was purchased from SRL. Ethanol was purchased from Merck 

(Germany). Poly (vinylpyrrolidone) (PVP, MW=40,000) was purchased 

from TCI. Milli-Q water was obtained from a Millipore water purifier 

system (Milli-Q integral). 

2.3. Synthesis 

2.3.1. MSA-Capped CdTe QDs 

 CdTe QDs were prepared according to the reported method [1]. In a 

typical synthesis, cadmium chloride (CdCl2, 0.04 M, 4 mL) was diluted 
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to 50 mL in a one-necked flask, and trisodium citrate dihydrate (100 

mg), Na2TeO3 (0.01 M, 1 mL), mercaptosuccinic acid (50 mg), and 

sodium borohydride (NaBH4, 100 mg) were added, with stirring at room 

temperature (Scheme 2.1).  

 

 

 

 

 

 

Scheme 2.1.   Synthesis of MSA- capped CdTe QDs.  

When the color of the solution changes to green, the flask was attached 

to a condenser and refluxed under open-air conditions for 0.5, 3, and 5.0 

h to obtain green, yellow, and red QDs, respectively. The resulting CdTe 

QDs were purified by dialysis for 24 h. The final product was kept at 4 

°C in the dark for further use. The size and concentration of CdTe QDs 

were calculated by the equation proposed by Peng [2-3]. 

2.3.2. Citrate-Capped Au NPs 

Au NPs were synthesized according to earlier literature with minor 

modifications [4-5]. First, 0.3 mM HAuCl4·3H2O was dissolved in 50 

mL of ultrapure water. The solution was transferred into the flask and 

was heated for 0.5 h with stirring. Then, 0.9 mL of 38.80 mM citrate 

sodium solution was quickly added into the boiling solution and allowed 

to react for 1 h. The resulting wine red colloidal Au NPs were finally 

obtained. Then, the solution was removed from the heating element and 

stirred until cooled to room temperature. Next, unbound citrate was 

removed by repeated centrifugation (9000 rpm, 15 min), followed by 

redispersing the red precipitate in ultrapure water (40 mL) to get the pure 

Au NPs. The final concentration of Au NPs was estimated using the 
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reported molar extinction coefficient at the LSPR maximum (ε = 8.78 × 

108 M-1cm-1) [6]. 

2.3.3. Citrate-Capped Ag NP  

Ag NPs were prepared according to the literature procedure [7-8]. 

Briefly, 25 mL of 1 mM AgNO3 in water was taken into a round-bottom 

flask, and then 1 mL of 47 mM citrate solution and 1 mL of 52 mM citric 

acid were added with vigorous stirring. After 15 min of stirring, 200 μL 

of aqueous NaBH4 was added dropwise to the solution with vigorous 

stirring to reduce all the Ag (I) to Ag (0). The final concentration of the 

as-synthesized Ag NPs was estimated using the molar extinction 

coefficient at the maximum LSPR wavelength (ε392 = 5.6 × 108 M-1 cm-

1) [9]. 

2.3.4. PEG-Capped Au NP 

The preparation of PEG-capped Au NP was based on previous work 

with appropriate modifications [10-11]. The PEG-SH molecules with an 

average molecular weight of 6000 Da were employed to exchange 

citrate ions on the surface of Au NPs. The required amount of PEG-SH 

solution (2.0 mM, 4 mL) was added into 40 mL of synthesized citrate-

capped Au NP solution and stirred overnight (12 h) with gentle mixing 

(100 rpm). After PEGylation, the solution was subjected to purification 

using centrifugation (6000 rpm, 10 min), followed by redispersing the 

red precipitate in ultrapure water (40 mL) to get the pure PEG-capped 

Au NPs. 

2.3.5. DHLA-Capped Ag NCs 

Ag NCs were synthesized according to the earlier literature with minor 

modifications [12-13]. 26.30 mg of lipoic acid and 10 mL of Milli-Q 

water were placed in a round bottom flask. To this insoluble mixture, 

~1.5 mg of pure sodium borohydride was added and stirred well until a 

clear solution was obtained. In this step, the insoluble mixture of lipoic 

acid is reduced to water-soluble DHLA. Next, to prepare fluorescent Ag 

NCs, 500 µL of 25 mM aqueous AgNO3 solution is added to the freshly 
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prepared above aqueous DHLA solution and this mixture was stirred 

well for 1 min. To this, a slight excess of dilute aqueous sodium 

borohydride solution was added slowly, and the stirring was continued 

for 3 h. The color of the solution changes from colorless to deep orange 

marking the completion of the reaction. The 

concentration of as-synthesized Ag NCs was estimated ~0.2 mM based 

on the assumption that all the silver in silver nitrate was reduced to form 

Ag NCs. 

2.4. Sample Preparations 

2.4.1. UV-vis and PL Experiment 

The synthesized MSA-capped CdTe QDs, citrate-capped Au NPs, PEG-

capped Au NP, citrate-capped Ag NP, and DHLA-capped Ag NC were 

further diluted as per the experimental requirements. The aqueous stock 

solution of DAPI, Nile blue, HSA, BSA, FITC, Rh6G, SDS, TX-100, 

PVP, PDADMAC, and CTAB were prepared by dissolving the desired 

amount in Milli-Q water.  

2.4.2. Microscopy Experiment 

For the microscopy experiment, the samples were spin-coated on a clean 

cover slide with a spin coater (Apex Instruments, Spin NXG-P1). 

Cleaning of the cover slides was done by using chromic acid, followed 

by 2% Hellmanex III (Sigma-Aldrich). Each of the cleaning steps was 

followed by repeated washing with Milli-Q water. Finally, the washed 

slides were rinsed with methanol and dried in a vacuum oven.  

2.4.3. Fluorescence Quantum Yields (ϕ)  

The fluorescence quantum yields (ϕ) of CdTe QDs, and DAPI were 

estimated by using the following equation: 

 

𝜙QD =  𝜙ST    (
𝐼QD

𝐼ST
) (

𝜂 QD
       2

𝜂 ST
       2) (

𝐴ST

𝐴QD
)                          (1) 
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Here ϕ is the QY, I is the integrated fluorescence intensity, η is the 

refractive index of the solvent, and A is the optical density. The subscript 

‘‘ST’’ stands for standard and ‘‘QD’’ stands for the CdTe QDs and 

DAPI sample. The estimated luminescence QY of DAPI, green, yellow 

and red QD is 0.021, 0.20, 0.59, and 0.65, respectively [14].   

 

2.4.4. Preparation of Coacervate Droplets 

Different binary mixtures of QDs and PDADMAC were prepared in 

Milli-Q water by keeping the concentration of QDs fixed at 0.33 μM, 

while the molar concentration of PDADMAC monomer was varied from 

1.3-5000 μM. All the binary mixtures were equilibrated for 12 h before 

any measurements. Similarly, binary mixtures of QDs and PVP were 

prepared using different molar concentrations of PVP into 0.33 μM 

aqueous solutions of QDs. The pH of the binary aqueous mixtures was 

adjusted by adding an appropriate amount of diluted stock solution of 

HCl (1M) and NaOH (1M). The ionic strength was varied by adding an 

appropriate amount of diluted stock solution of NaCl (1M) into the 

binary mixture.  

 

2.4.5. Preparation of Hybrid Vesicles  

CTAB and SDS solutions were prepared by dissolving the required 

amount of surfactants in Milli-Q water. Triton X-100 solution was 

prepared by diluting the stock solution in Milli-Q water. The final 

concentration of CdTe QDs was kept fixed at 0.33 μM throughout the 

study. All QD-CTAB binary mixtures were kept undisturbed for 24 h to 

attain equilibrium before any measurements. The solution pH was 

adjusted by adding an appropriate amount of diluted stock solution of 

HCl and NaOH into the binary mixture. For PL and confocal imaging, 

samples were drop-casted on a clean coverslip. 

 

2.4.6. Dye and Protein Encapsulation  

The turbid binary mixture of 0.33 μM QDs and 130.0 μM PDADMAC 

was centrifuged at 10000 rpm for 30 min to collect the coacervate phase, 
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which was later redispersed in Milli-Q water. Separate stock solutions 

of dyes and proteins were also prepared in Milli-Q water. The required 

volume from these stock solutions was added to the coacervate solution 

to make the final working concentrations of 2.0 (FITC), 20.0 (Rh6G), 

1.0 (Nile blue), 59.0 (HSA), and 47.0 μM (BSA). These mixtures were 

equilibrated for 12 h. Subsequently, these mixtures were centrifuged at 

10000 rpm for 30 min to separate the supernatant from the coacervate 

phase. The concentrations of dyes and proteins in the supernatant were 

determined using UV–vis spectroscopy. The partition coefficient (K) 

was calculated by the ratio of the concentrations of dyes/proteins loaded 

in coacervates to the concentrations of dyes/proteins present in the 

supernatant. 

To encapsulation Rh6G in hybrid vesicles, a required amount of Rh6G 

was dissolved in water to make a stock solution than a required amount 

of aliquot (working concentration ~0.11 nM) was added to the 

preformed self-assembled vesicles and incubated overnight. 

Subsequently, the mixture was dialyzed for 24 h against Milli-Q water 

to remove the excess free dye. 

  

2.5. Instrumentation 

2.5.1. UV-vis Spectroscopy 

UV-vis absorption spectra were recorded in a quartz cuvette (1 cm ×1 

cm) using a Varian UV-vis spectrophotometer (Carry 100 Bio).  

2.5.2. PL Spectroscopy 

The PL spectra were recorded in a quartz cuvette (1 cm × 1 cm) using 

Fluoromax-4 Spectrofluorometer (HORIBA Jobin Yvon, model FM-

100) with excitation and emission slit widths at 5 nm. 
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 2.5.3. Time-Correlated Single Photon Counting Technique 

(TCSPC) 

To estimate the PL lifetime, TCSPC technique was used. 

Photoluminescence (PL) decays were recorded on a HORIBA Jobin 

Yvon picosecond time correlated single photon counting (TCSPC) 

spectrometer (model Fluorocube-01-NL). The PL decays were collected 

with the emission polarizer at a magic angle of 54.7° by a 

photomultiplier tube (TBX-07C). The instrument response function 

(IRF, fwhm ∼ 140 ps) was recorded using a dilute scattering solution. 

The PL decays were analyzed using IBH DAS 6.0 software by the 

iterative reconvolution method, and the goodness of the fit was judged 

by reduced χ-square (χ2) value [15-16]. All the decays were fitted as a 

sum of n-exponential function: 

𝐹(𝑡) = ∑ 𝑎𝑖 𝑒𝑥𝑝𝑛
𝑖=1 (− 𝑡 𝜏𝑖)⁄                   (2) 

Where F(t) denotes normalized PL decay, τi and ai are the ith lifetime and 

the corresponding pre-expontial factor, respectively. The average 

lifetime was obtained from the equation 

𝜏𝑎𝑣𝑔 = ∑ 𝑎𝑖𝜏𝑖
𝑛
𝑖=1                                     (3) 

2.5.4. Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR technique was used to confirm the formation of CdTe QDs, PEG-

Au NPs, and Ag NCs FITR measurements were carried out in a Bruker 

spectrometer (Tensor-27) on a thin KBr pellet in the range of 800 to 

4000 cm-1 wavenumber. 

2.5.5. Transmission Electron Microscopy (TEM) 

TEM measurement was performed using a 200 kV UHR FEG-TEM, 

JEOL JEM 2100F field emission transmission electron microscope. The 

sample was drop-casted on the carbon-coated copper grid for TEM 

measurement. 
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2.5.6. Field-Emission Scanning Electron Microscopy (FESEM) 

The FESEM images were recorded using a field-emission scanning 

electron microscope (FESEM), Supra 55 Zeiss. For SEM measurements, 

samples were drop-casted on a cleaned glass slide and dried overnight 

in a desiccator. These dried samples were coated with gold. 

2.5.7. DLS and Zeta Potential Measurements 

DLS and zeta potential experiments were performed on a Particle 

analyzer (model-Litesizer and Anton Paar instrument) at 25 0C. All 

samples for DLS measurements were prepared in Milli-Q water, which 

was filtered through a 0.22 μm syringe filter (Whatman) before sample 

preparation. 

2.5.8. Confocal Laser Scanning Microscopy (CLSM) 

The images were recorded with an inverted confocal microscope 

(Olympus, model no. FV1200MPE, IX-83) using an oil immersion 

objective (100×1.4 NA). Diode laser source at 488 and 559 nm was used 

to excite the samples using appropriate dichroic and emission filters 

(green channel: 490-550 nm; red channel: 570-670 nm) in the optical 

path. Two-photon imaging experiments were performed using confocal 

microscope attached to a Mai Tai eHP Spectra physics femtosecond 

laser as an excitation source (pulse width ≤ 70 fs, tuning range 790–1040 

nm, average power >2.5 W, and repetition rate 80 MHz ± 1 MHz).  

2.5.9. Epifluorescence Imaging 

Epifluorescence imaging was performed on home-built microscopy 

setup (Scheme 2.2) [16]. Epifluorescence imaging of individual CdTe 

QD and droplets (T1 and T2) was carried out using a custom made 

microscopic setup based on an inverted fluorescence microscope 

(Nikon, Eclipse Ti-U), coupled with a back-illuminated electron-

multiplying charge-coupled device (EM-CCD) camera (Andor, iXon X3 

897). An air-cooled argon ion laser (Melles Griot, model 400-A03) with 

excitation eavelength at 488 nm was used as an excitation source. The 
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PL from the samples was collected through a B2A filter cube (Nikon) 

having a 505 nm dichroic mirror and a 520 nm long-pass filter. The 

images were captured with a frame rate of 200 ms and analyzed with 

ImageJ (Version 1.47v) NIH. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.2. Schematic representation of our home- built epi-

fluorescence microscopy.  

2.5.10. Atomic Force Microscopy (AFM) 

The morphology of synthesized CdTe QDs as well as several 

nanostructures was determined by AFM technique. AFM images were 

recorded on a cleaned glass coverslip using a scanning probe microscope 

AIST-NT microscope (model SmartSPM-1000). The samples were 

deposited on the coverslip by spin-coating at 750 rpm for 3 minutes. 

2.5.11. Liquid Chromatography-Mass Spectrometer (LC-MS) 

In order to confirm the exact molecular mass and composition of the as-

synthesized Ag NC core, mass spectrometric analysis was performed. 
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Mass spectrum was recorded using electrospray ionization (ESI) 

quadrupole time-of-flight liquid chromatography-mass spectrometer 

(Bruker Daltonik) in 1:1 water-methanol mixture as a solvent by 

positivemode. 

 

 

2.5.12. Powder X-ray Diffractometer (PXRD) 

The powder X-ray diffraction pattern of CdTe QDs was recorded on the 

dried sample using a Bruker D8 Advance X-ray diffractometer. The X-

rays were produced using a sealed tube, and the wavelength of the X- 

ray was 0.154 nm (Cu Kα, 60 kV and 50 mA). 

 

2.5.13. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) measurements of CdTe QDs 

were performed using an Al Kα surface analysis AXIS Supra X-ray 

photoelectron spectrometer (Kratos Analytical, 189 U.K.). The chamber 

pressure during the XPS measurements was <2 × 190 10−7 Pa. 
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3.1. Introduction  

In recent years, multifunctional self-assembled nanocomposites 

such as hybrid vesicles, polymersomes, hydrogels, nanocapsules, and 

colloidal coacervate droplets have gained vast attention due to their 

potential in basic research as well as in technology related fields [1-5]. 

Precise control of their self-assembly and physicochemical properties by 

varying various non-covalent interactions is critical in a wide range of 

research fields such as catalysis, sensing, drug-delivery, nano-reactor, 

biosensing, and biomedical research [6,7]. The design and fabrication 

of most of the nanocomposites are complex and time-consuming, 

spontaneous self-assembly of oppositely charged polyelectrolytes 

aqueous mixture into spherical coacervate droplets is relatively simple 

[5]. Coacervates find particular attention in artificial protocell research 

as a consequence of their inherent membrane-free structure and selective 

sequestration of a wide range of organic molecules as well as proteins 

and enzymes [8-11]. 

 Till date, various groups have made significant contributions 

toward understanding the self-assembly between a diverse range of 

charged molecules such as synthetic and natural polymers, fatty acids, 

biological macromolecules, poly or oligopeptides as well as low 

molecular weight components such as surfactants and mononucleotides 

[12-16]. Although, these earlier studies provide great details about the 

mechanism, structure, stability, and sequestration properties of a wide 

range of coacervate droplets prepared mainly from organic molecules, 

there are no reports on the fabrication of organic-inorganic hybrid 

droplets. While these hybrid droplets are expected to retain the 

properties of both the organic and inorganic counterparts, at the same 

time the structural stability and applicability is expected to enhance 

significantly. With the aim towards fabricating new multifunctional 

organic-inorganic nanocomposites, we have undertaken the present 

study. To the best of our knowledge, this is the first report to demonstrate 

the fabrication of inherently luminescent hybrid coacervate droplets by 

simple mixing of inorganic quantum dots (QDs) with organic polymer. 
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The main objective of the present study is to understand the spontaneous 

self-assembly of mercaptosuccinic acid (MSA)-capped CdTe QDs and 

positively charged PDADMAC aqueous solution into well-defined 

multicolor luminescent droplets in a broad range of composition, pH, 

and ionic strength. It has been observed that the self-assembly of initial 

nanocomposites between negatively charged MSA-capped CdTe QDs 

and positively charged PDADMAC leads to the formation of stable 

supramolecular hybrid coacervate droplets. Their inherent 

photoluminescence (PL) properties have been explored by using 

epifluorescence and confocal laser scanning microscopy (CLSM). More 

importantly, these droplets are found to exhibit two-photon PL, which 

can be useful for in vivo cell and tissue imaging applications. 

3.2. Results and Discussion 

3.2.1. Characterization of CdTe QDs  

The structure and morphology of synthesized CdTe QDs are 

characterized by UV-vis, PL, AFM, TEM, DLS, PXRD, XPS, and FTIR 

spectroscopy. The AFM images of green, yellow and red CdTe QDs 

shows well dispersed spherical dots with mean sizes of 2.1 ± 0.7 (Figure 

3.1a), 3.1 ± 0.4 (Figure 3.1b), and 3.9 ± 0.3, respectively (Figure 3.1c). 

Figure 3.1d shows the morphology and mean size of these green QDs is 

estimated from TEM measurements. The TEM image reveals well-

dispersed spherical QDs with mean size of 2.3±0.5 nm (Figure 3.1d 

inset). Notably, the calculated mean size from Peng equation using 

excitonic peak position is found to be 2.1 nm [21]. Figure 3.1e shows 

the normalized absorption and emission spectra of green, yellow and red 

CdTe QD in water. The emission peaks are observed at 522, 586, and 

646 nm for green, yellow, and red CdTe QDs, respectively upon 

excitation at the absorption peak position [22]. The inset reveals the 

solution phase photographs of these QDs upon UV illumination (λex 

=365 nm).  
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Figure 3.1. AFM images of (a) green, (b) yellow, and (c) red CdTe QDs. 

The insets show the height profile histograms with mean height. (d) 

TEM image of green CdTe QDs. The insets show the size distribution 

histograms with mean sizes. (e) Normalized absorption and PL spectra 

of green, yellow, and red QDs. (f) The estimated zeta potential of green, 

yellow, and red QDs. (g) XRD pattern of CdTe QDs. (g) X-ray 

diffraction (XRD) pattern of CdTe QDs. (h) FTIR spectra of MSA 

(upper panel) and synthesized MSA-capped CdTe QD (lower panel). 

XPS spectra of (i) Cd 3d and (j) Te 3d.  

It is evident that the smallest (2.15±0.71 nm), medium (3.13±0.41 nm), 

and largest (3.92±0.34 nm) sized QD shows PL in the green, yellow and 

red region of the electromagnetic spectrum, respectively. The estimated 

zeta potential is -13.9±0.5, -11.5±0.6, and -10.7±0.5 mV for green, 

yellow, and red QDs, respectively (Figure 3.1f). The XRD pattern shows 

three peaks at 2θ values of 24.9, 42.0 and 47.0°, corresponding to the 

(111), (220) and (311) crystalline planes, respectively. These data match 

the bulk cubic zinc blende CdTe structure (JCPDS no. 75-2086) (Figure 

3.1g) [23]. The attachment of MSA ligand on the surface of CdTe QDs 

is confirmed from FTIR spectroscopy (Figure 3.1h). The stretching 

frequency of the S-H bond of free MSA at 2547 cm-1 disappears upon 
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attachment with QD surface, indicating the attachment of MSA to the 

QD surface through its free thiol end. Other peaks at 1638 and 1386 cm-

1 can be assigned to the stretching of carboxylate groups and –C-H 

bending, respectively (Figure. 3.1h). Figure 3.1i and j shows the XPS 

spectra of Cd 3d and Te 3d, respectively. The spectrum of Cd 3d reveals 

the presence of 3d5/2 and 3d3/2 peak at 402.2 and 409.1 eV, respectively. 

Similarly, the spectrum of Te 3d reveals the presence of 3d5/2 and 3d3/2 

peak at 569.8 and 580.2 eV, respectively. These results indicate the 

successful synthesis of MSA-capped CdTe QDs. 

3.2.2. Initial Nanocomposite Formation between QD and 

PDADMAC  

Diluted aqueous solutions of QDs and PDADMAC were mixed in 

appropriate proportions to prepare different binary mixtures. The 

concentration of QD was kept fixed at 0.33 μM, while that of 

PDADMAC monomer was varied in the range of 1.3-5000 μM. All the  

 

Figure 3.2. Changes in the (a) absorpiton spectra, (b) PL spectra (λex = 

445 nm), and (c) PL decay traces (λex = 445 nm; λem = 523 nm) of green 

QDs in the presence of 5.2 μM PDADMAC. (d) SEM image of QD-

PDADMAC binary mixture in the C1 region. Confocal images (e) DIC, 

(f) fluorescence, and (g) merge of QD-PDADMAC binary mixture. 
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binary mixtures were equilibrated for 12 h before any measurements. 

The binary mixtures at very low concentrations of PDADMAC (1.3-

19.2 μM) remain isotropic. While the absorption peak position of QD 

remains unaltered upon addition of initial concentrations of 

PDADMAC, the absorption band gets broaden (Figure 3.2a).In contrast, 

significant changes have been observed in the PL spectrum of QD in the 

presence of PDADMAC. The PL peak position of QD shifts from 523 

to 531 nm upon addition of 5.2 μM of PDADMAC with 8 nm red shift 

(Figure 3.2b). Moreover, the PL intensity of QD quenches significantly 

in the presence of 5.2 μM of PDADMAC. Similar red-shift with 

decrease in PL intensity has been observed in the presence of different 

concentrations of PDADMAC in the range of 1.3-19.2 μM. In order to 

understand the mechanism behind this spectral change, we have 

measured the PL lifetimes of QDs in the presence of different 

concentrations of PDADMAC. Figure 3.2c displays the changes in the 

PL decay curves of QDs (λex=445 nm; λem=523 nm) in the absence and 

presence of 5.2 μM of PDADMAC. In the absence of PDADMAC, the 

PL decay of QDs exhibits multiexponential decay kinetics and fit well 

with a three-exponential decay function (Table 3.1). QDs show three 

lifetime components of 0.57 (19%), 2.60 (27%), and 14.0 ns (54%) with 

an average lifetime of 8.40 ns, similar to those reported recently [22]. 

While the 2.60 ns component can be assigned due to the band edge 

exciton recombination, the 0.57 and 14.0 ns components arise due to the 

exciton recombination at the deep and shallow trap states, respectively. 

The PL decay of QDs in the presence of 5.2 μM of PDADMAC shows 

three lifetime components of 0.07 (82%), 1.17 (6%), and 13.3 ns (13%) 

with an average lifetime of 1.82 ns (Table 3.1). 
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Table 3.1. PL Decay parameters of green QD in the absence and 

presence of PDADMAC. 

Here it is important to note that the contribution of the shortest lifetime 

component due to deep trap states increases significantly from 19 to 

82% in the presence of 5.2 μM PDADMAC. In contrast, the 

contributions of the band edge and shallow trap states component 

decrease appreciably. These changes in relative contributions of lifetime 

components in the presence of PDADMAC clearly indicate alteration of 

surface trap states of QDs as a consequence of ligand reorganization 

[22]. This decrease in PL lifetime in the presence of PDADMAC is 

similar to that has been observed earlier in our steady-state PL 

measurements and originates mainly due to the exciton-exciton coupling 

between adjacent QDs in QD-PDADMAC nanocomposites. The 

FESEM image of the isotropic binary mixture at 5.2 μM of PDADMAC 

(C1) confirms the formation of QD-PDADMAC nanocomposites 

(Figure 3.2d). CLSM has been performed to visualize the initial QD-

PDADMAC nanocomposites (C1 region). Figure 3.2e shows the 

differential interference contrast (DIC) image of the QD-PDADMAC 

nanocomposites prepared in the presence of 5.2 μM of PDADMAC. 

Distinct clusters of QDs in the PDADMAC matrix are clearly visible, 

which is consistent with our earlier SEM results. Confocal fluorescence 

image reveals green color luminescence from these polymer 

encapsulated clusters of QDs (Figure 3.2f). The merge image reveals 

that the luminescence appears exclusively from QD-PDADMAC 

nanocomposites (Figure 3.2g). Control experiment with neutral 

polyvinylpyrrolidone (PVP) reveals no such changes in the PL behavior 

 

Samples τ1 

 (ns) 

a1 τ2  

(ns) 

a2 τ3 

(ns) 

a3 < τ > 

(ns) 

χ2 

Green QD 0.57 0.19 2.60 0.27 14.0 0.54 8.40 1.06 

+ 5.2 μM 

PDADMAC 

0.07 0.82   1.17 0.06 13.3 0.13 1.82 1.12 
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of QDs in the binary mixture, suggesting that the initial nanocomposite 

formation is mainly driven by long-range electrostatic attraction 

between oppositely charged QD-PDADMAC pair (Figure 3.3). 

 

 

 

 

 

 

 Figure 3.3. Change in the PL intensity ratio of green QD in the presence 

of different concentrations of PVP. 

3.2.3. Coacervation and Hybrid Droplet Formation  

Upon further increase in the concentrations of PDADMAC in the range 

of 22.4-160.0 μM, a continuous phase sequence from turbid (T1) to 

precipitate (P), and turbid (T2) has been observed in the binary 

mixture(Figure 3.4a). These observations clearly indicate the formation 

of supramolecular nanostructures and their continuous structural 

rearrangements in solution. The appearance of turbidity in the binary 

mixture indicates the formation of supramolecular self-assembled 

structures. The phase behavior of the binary mixtures was studied using 

turbidity profile. Turbidity of the binary mixtures was calculated using 

the following equation, 

𝑇 = 100 − (100 × 10−𝐴  )                               (1) 

where T is the turbidity and A is the absorbance at 600 nm. 

 

 

 

-20 0 20 40 60 80 100 120 140 160 180
0.0

0.4

0.8

1.2

1.6

 
/ 

 0

[PVP] (M)
 

 



Chapter 3 

76 
 

Figure 3.4. (a) Photographs of QD-PDADMAC binary solution in the 

presence of 25.5 (T1), 52.0 (P), and 130 μM (T2) of PDADMAC (Red 

circle indicates the precipitate phase of QD-PDADMAC binary 

mixture). (b) Plot of turbidity against PDADMAC monomer molar 

concentrations. FESEM images of the binary mixtures in the (c) T1, and 

(d) T2 regions of the phase profile. (e) Hydrodynamic size distribution 

of droplets in the T1 and T2 regions. (f) ξ potentials of droplets in the 

T1 and T2 regions. 

Figure 3.4b shows the turbidity profile of binary mixtures in the 

concentration range of 5.0-5000.0 μM of PDADMAC. For the present 

study, we have mainly focused on the T1 and T2 regions of the binary 

mixture in the presence of 25.6 and 130.0 μM of PDADMAC, 

respectively. Notably, the binary mixtures in the T2 region are more 

turbid compared to those in T1 region (Figure 3.4b). FESEM image in 

the T1 region reveals distinct spherical self-assembled droplets with 

mean size of 383.9±17.9 nm (Figure 3.4c and 3.5a). Relatively larger-

sized droplets with mean size of 590.8±23.8 nm is observed in the T2 

region (Figure 3.4d and 3.5b), which account for its higher turbidity 

compared to T1 region.  
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Figure 3.5. Size distribution histograms estimated from FESEM images 

of droplets in the (a) T1, and (b) T2 region. 

The estimated mean hydrodynamic size of these droplets is 405 and 820 

nm for T1 and T2 region, respectively (Figure 3.4e). In order to know 

the surface charge of these droplets in the T1 and T2 regions, we have 

measured their ζ potential. Our results reveal the presence of negatively 

and positively charged coacervate droplets in the T1 and T2 region, 

respectively. The estimated ζ potentials are -5.2 and +8.1 mV in the T1 

and T2 regions, respectively (Figure 3.4f). Notably, droplets in both the 

regions (T1 and T2) show characteristic coalescence phenomenon 

(Figure 3.6a and 3.6b). 

 

 

 

 

  

Figure 3.6.  FESEM images of droplets in the (a) T1, and (b) T2 regions 

showing coalescence phenomenon. (Red arrows indicate representative 

coalescence intermediates). 

Although droplet formation is a common phenomenon for oppositely 

charged aqueous polyelectrolytes [12-16], observation of this 
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phenomenon in QD-PDADMAC binary mixture is quite unique. This 

can be explained by considering electrostatic interactions between QD-

PDADMAC nanocomposites and positively charged PDADMAC. Here 

negatively charged MSA-capped QDs are sandwiched between two 

positively charged PDADMAC chains (Scheme 3.1). The droplets in the 

T1 region show negative ζ-values due to the presence of uncomplexed 

free MSA ligands on QDs, whereas droplets in the T2 region contain 

excess of positively charged PDADMAC. Moreover, stoichiometric 

charge neutralization in the presence of 51.2-64.0 μM of PDADMAC 

accounts for the observed precipitation in the binary mixture [22]. 

 

 

Scheme 3.1. Schematic Representation of the Droplet Formation in the 

T1 and T2 Regions via QD-PDADMAC Nanocomposites. 

In order to explore whether our organic-inorganic hybrid droplets can 

sequester foreign molecules as previously observed for organic 

coacervates [12-20], we investigated the sequestration of different 

solutes such as fluorescein isothiocyanate (2.0 μM), Rhodamine 6G (20 

μM), Nile blue (1.0 μM), human serum albumin (59.0 μM), and bovine 

serum albumin (47.0 μM) by positively charged hybrid droplets (T2 

region) using UV-vis spectroscopy. The partition coefficient (K) was 

calculated by the ratio of the concentrations of dyes/proteins loaded in 

coacervates to the concentrations of dyes/proteins present in the 
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supernatant. The partition coefficient (𝐾) was calculated using following 

equation, 

                   𝐾 = [𝑠𝑜𝑙𝑢𝑡𝑒 𝑖𝑛 𝑐𝑜𝑎𝑐𝑒𝑟𝑣𝑎𝑡𝑒]
[𝑠𝑜𝑙𝑢𝑡𝑒 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡]

               (2) 

The estimated equilibrium partition coefficients (𝐾) for different solutes 

are listed in Table 3.2. 

 

Table 3.2. Estimated partition coefficients (𝐾) of dyes and proteins 

inside coacervate droplets (T2 region). 

 

Significantly high value of K (137±25) has been observed for Nile blue 

dye, possibly due to its low water solubility (0.16 mg/mL). Moreover, 

the estimated 𝐾 value for human and bovine serum albumins is 34±6 and 

35±7, respectively. These high values of 𝐾 clearly indicate preferential 

sequestration of different molecules irrespective of their charges, which 

is similar to those observed earlier for other organic coacervate droplets 

[12-16]. More importantly, our findings indicate that both hydrophobic 

and electrostatic interactions are responsible for the observed 

sequestrations. 

 

 

Systems Concentration 

used 

K 

FITC 2.0 μM 10.6 ± 2.5 

Rh6G 20.0 μM 9.0 ± 1.6 

Nile Blue 1.0 μM 136.0 ± 25.0 

HSA 59.0 μM 34.1 ± 6.5 

BSA 47.0 μM 35.0 ± 7.0 
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3.2.4. Colloidal Stability as a Function of pH and Ionic Strength 

The structural and colloidal stability of these droplets have been 

explored as a function of pH and ionic strength of the medium. While 

the binary mixtures in the T1 and T2 regions remain turbid in the pH 

range of 6.0-10.0, they become isotropic at lower acidic pH (3.0-5.5) 

(Figure 3.7a). 

  

 

 

 

 

 

Figure 3.7. (a) Changes in the turbidity of the binary mixture as a 

function of solution pH in the T1 and T2 regions. The inset shows the 

FESEM image of the T1 region at pH 3. (b) Changes in the turbidity of 

the binary mixture as a function of NaCl concentrations in the T1 and 

T2 regions.   

The plots of turbidity against pH of the medium for T1 and T2 regions 

are sigmoidal in nature and show a critical coacervation pH of 6.0. 

FESEM image of binary mixture in the T1 region clearly reveals the 

disassembled polymeric structures at pH 3 (Figure 3.7a, inset). Notably, 

these droplets are found to be stable even at pH 11.7. The observed 

disassembly at lower pH is due to the protonation of carboxylate groups 

of MSA ligands (pKa~ 4.19 and 5.64) at the surface of QD, which 

weakens the electrostatic interactions with positively charged 

PDADMAC [22]. This pH responsive assembly and disassembly makes 

them suitable candidates for in vivo sensing and drug delivery 

applications. Similarly, ionic strength of the medium has a profound 

effect on the present coacervation process. The turbidity of the binary 
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mixtures in the T1 and T2 region decreases slowly with increasing the 

ionic strength of the medium at lower concentrations of NaCl, followed 

by a steady decrease at higher NaCl concentrations indicating efficient 

screening of the electrostatic attraction between QD and PDADMAC 

(Figure 3.7b). The plot reveals a critical salt concentration of 120 mM 

for the present coacervation process. 

3.2.5. PL Behavior of Hybrid Droplets  

These hybrid droplets are expected to be inherently luminescent due to 

the presence of QDs. Next, we explored the luminescence properties of 

these hybrid droplets using confocal and epifluorescence microscopy. 

Figure 3.8 displays the CLSM images of hybrid coacervate droplets in 

the T1 and T2 regions of the binary mixture. As expected, distinct green 

color luminescent droplets have been observed in the T1 and T2 region 

of the binary mixture (Figure 3.8a, b).  

 

 

 

 

 

Figure 3.8. Confocal images (DIC, fluorescence, and merge) of 

coacervate droplets prepared with green QDs in the (a) T1, and (b) T2 

region along with droplets prepared from red QDs in the (c) T1 region. 

(d) Confocal image showing coalescence of green and red color 

coacervate droplets prepared separately from green and red color QDs 

with PDADMAC aqueous solution. Yellow color appears due to the 

coalescence of green and red color droplets. 
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The merge images show that the green luminescence originates 

exclusively from the droplets. In order to illustrate that the present 

approach is suitable for fabrication of multicolor luminescent droplets, 

we synthesized a red-emitting MSA-capped CdTe QDs (λem = 650 nm) 

and mixed it with aqueous PDADMAC solution. The mean size of the 

red-emitting QDs is 3.9±0.7 nm. The estimated ζ potential of red-

emitting QDs is -10.9±0.4 mV. The confocal images of the turbid binary 

mixture (T1 region) of red-emitting QD and PDADMAC reveal the 

formation of well-dispersed droplets with distinct red luminescence 

(Figure 3.8c). To visualize the coalescence behavior of these hybrid 

droplets, we performed mixing experiments with green and red color 

coacervate droplets prepared separately either from green or red QDs, 

respectively (Figure 3.8d). The mixture was equilibrated for 12 h before 

confocal imaging. It is evident that green and red color droplets undergo 

spontaneous coalescence to yield yellow color mixed droplets along 

with individual populations of green and red color droplets (Figure 

3.8d). These observations clearly indicate that coalescence is a 

spontaneous and characteristic phenomenon for mixed populations of 

these hybrid droplets and may find tremendous importance in various 

enzymatic and catalytic reactions. More specifically, the characteristic 

coalescence phenomenon of these membrane-free luminescent droplets 

can be utilized in various chemical, enzymatic, and nanocatalysis 

reactions as well as for studying interactions between diverse 

encapsulated materials. Moreover, our findings reveal that the present 

approach can be easily extended for the fabrication of multicolor 

luminescent droplets for various bioimaging and sensing applications. 

Here it is important to mention that earlier reports on coacervate droplets 

have utilized external organic fluorophores such as fluorescein, cyanine 

[5], and green fluorescence protein for visualization under the 

fluorescence microscope, which is time consuming and inefficient 

[9,12,13]. In contrast, our hybrid droplets are unique in the sense that 

they are inherently luminescent and do not require external fluorophore 

labelling. 

 



Chapter 3 

83 
 

 

Figure 3.9. Epifluorescence images of droplets in the (a) T1, and (b) T2 

regions. (c) Representative intensity trajectories of individual coacervate 

drolpets in the T1 and T2 regions of the binary mixture along with green 

QD.   

We analyzed the intensity trajectories of individual droplets and 

compared with those of bare QDs. Individual QD shows PL blinking or 

intermittence with single step photobleaching, which is a characteristic 

phenomenon of single emitters (Figure 3.9c) [22]. In contrast, intensity 

trajectories of luminescent droplets in both T1 and T2 region reveal 

absence of any PL blinking (Figure 3.9c). This is expected as these 

droplets are composed of several QDs which are electrostatically 

associated with the polymer networks. More importantly, these 

luminescent droplets are extremely photostable and don’t show any 

photobleaching even after several minutes (observation time ~7 

minutes) of laser exposure. This unusual photostability arises likely due 

to the efficient capping of QDs by the polymeric chains of PDADMAC 

inside these droplets. The slight fluctuations observed in the intensity 

profiles of droplets arise due to the PL blinking of QDs 

(individual/cluster) inside the coacervate droplets. The present finding 

of photobleaching resistant and nonblinking luminescence from 

coacervate droplets is unprecedented in the literature and may have 

significant impact on various bioimaging applications. 
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3.2.6. Fabrication of Mixed Two-Color and Two-Photon Active 

Hybrid Droplets  

With the aim towards designing new multicolor and 

multifunctional hybrid materials, we fabricated mixed two-color 

luminescent droplets by simultaneously mixing (1:1) green and red 

emitting QDs with PDADMAC aqueous solution (Figure 3.10a). These 

droplets were characterized using confocal microscopy with appropriate 

green (490-550 nm) and red (570-670 nm) emission filter sets. Phase 

contrast image of this binary mixture (T1 region) confirms the formation  

 

Figure 3.10. (a) Illustration of the mixed two-color droplet formation 

from green and red QDs mixture. (b) Confocal images in the green and 

red channels along with their DIC and merge images showing the 

formation of mixed two-color droplets from green and red QDs. (c) 

Schematic representation of the 2P excitation and emission of mixed 

two-color droplets upon 800 nm laser irradiation. (d) 2P confocal images 

of mixed two-color droplets in the green (490-550 nm) and red (570-670 

nm) channels along with their merge image. 
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of coacervate droplets (Figure 3.10b), similar to those observed earlier. 

Confocal fluorescence images in the green and red channels clearly 

reveal the appearance of both green and red luminescence from these 

mixed droplets, respectively (Figure 3.10b). More importantly, the 

merged image of the green and red channels reveals distinct yellow color 

luminescent droplets, which unambiguously confirms the presence of 

both green and red QDs in each coacervate droplet (Figure 3.10b). 

Notably, absence of any individual population of green or red color 

luminescent droplets indicates that the initial QD-PDADMAC 

nanocomposite formation is purely electrostatic in nature and does not 

depends on the nature of QDs. The present strategy for the fabrication 

of mixed two-color hybrid droplets can be extended further with 

different combinations of inorganic nanoparticles (NPs) for a wide range 

of applications. 

Finally, we explored the applicability of these hybrid droplets in 

two-photon (2P) PL imaging using 2P confocal microscopy. 

Importantly, 2P excitation provides high signal to noise ratio with 

enhanced penetration depth into biological specimens, which 

significantly reduces the phototoxicity [24]. These properties find 

particular importance in tissue engineering and in vivo bioimaging and 

sensing applications. Two-photon imaging experiments were performed 

using two-color hybrid droplets prepared using 1:1 mixture of green and 

red-emitting QDs with PDADMAC aqueous solution (Figure 3.10c). 

Samples were excited with a 800 nm pulsed laser and images were 

collected in the green and red channels separately. 2P confocal images 

reveal both green and red luminescence from mixed two-color droplets 

with intense two-photon yellow luminescence and very low background 

noise (Figure 3.10d). These findings clearly highlight the importance of 

these droplets as two-photon imaging probes for various bioimaging 

applications. 
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3.3. Conclusions 

In this chpater, we have demonstrated the self-assembly process 

between CdTe QDs and PDADMAC polymer in aqueous medium. The 

self-assembly process is triggered by the formation of initial QD-

PDADMAC nanocomposites, which subsequently associate with 

positively charged PDADMAC to form spherical coacervate droplets in 

aqueous medium. These hybrids droplets are found to be stable in a 

broad range of composition, pH, and ionic strength of the medium. This 

organic-inorganic hybrid coacervate droplets show 2P active properties 

as well as highly photostability. Hence have profound implications in 

various applications such as bioimaging, sensing, and light-emitting 

devices. The strategy for the fabrication of mixed two-color luminescent 

droplets presented here may open up a new avenue for the designing of 

other multifunctional hybrid materials for nanocatalysis and 

nanosensing applications.  

 

Note: This is copyrighted material from permission of the American 

Chemisty Society.  
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4.1. Introduction  

In the past few decades, extensive studies have been executed to 

understand the structure and dynamics of lipid bilayer in conventional 

phospholipid vesicles owing to their vast application in biology [1-5] 

and nanotechnology [6-12]. In recent times vesicles from other 

amphiphilic molecules such as block copolymers [13-14], dendrimers 

[15], polypeptides [16], surfactants [17], and fatty acid [18] have been 

fabricated successfully with enhanced colloidal and mechanical stability 

compared to conventional phospholipid vesicles. Among these, 

polymersomes from amphiphilic block copolymers have attracted 

significant research interest due to their robust structure and 

functionality. While the mechanical stability of polymersomes is an 

order of magnitude higher than conventional phospholipid vesicles, the 

membrane permeability is significantly less (<10 times) than 

phospholipid bilayers [13-14] Moreover, the self-assembly and 

membrane properties of these polymersomes can be easily tuned by 

simply varying the chemical composition and molecular weight of 

polymers over a wide range.  

However, there are limited reports for the fabrication of 

inherently luminescent stable hybrid vesicles. Earlier, Sun et al. have 

investigated the self-assembly mechanism of oppositely charged carbon 

quantum dots (CQDs)-surfactants mixture and shown the formation of 

supramolecular fluorescent vesicles [15-16]. In this chapter, we have 

investigated the interaction of MSA-capped CdTe QDs with surfactant 

assemblies and explored the self-assembly mechanism by using various 

spectroscopic and microscopic techniques and illustrate the role of 

electrostatic interactions between oppositely charged QDs and 

surfactants on the association and subsequent self-assembly process. It 

has been observed that the self-assembly of initial ion-pairs between 

negatively charged MSA-capped CdTe QDs and positively charged 

CTAB surfactants leads to the formation of stable supramolecular 

hybrid multicolor luminescent vesicles. Confocal microscopy shows 

that these hybrid vesicles can efficiently encapsulate a cationic water 
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soluble dye Rh6G into their hollow aqueous cavity. More importantly, 

these self-assembled vesicles exhibit pH-responsive reversible assembly 

and disassembly process in aqueous medium which may have potential 

application in sensing and drug delivery.  

4.2. Results and Discussion 

4.2.1. Phase Behavior of Binary Mixtures of QD and Different 

Surfactants 

The phase behavior of binary mixture of negatively charged QDs with 

positively charged CTAB, negatively charged SDS, and neutral TX-100 

surfactant has been studied using turbidity profile. Figure 4.1a shows the 

photographs of QD-CTAB binary mixture at selected concentrations of 

CTAB. It is evident that the binary mixture shows continuous phase 

transitions from clear to turbid, precipitate, turbid, and clear with 

increase in the concentrations of CTAB. Figure 4.1b displays the full 

phase profile of the binary mixture in the concentration range of 0.01-

10 mM. Initially, at very low CTAB concentration range (0.01-0.08 

mM), the binary mixture remains isotropic in nature. 

 

 

 

 

 

 

Figure 4.1. (a) Photographs of QD-CTAB binary mixtures at different 

concentrations of CTAB (Red circles indicate the precipitate phase of 

the QD-CTAB binary mixture). (b) Phase sequences of the binary 

mixture as a function of CTAB concentrations. (c) Plot of absorbance at 

650 nm with molar concentrations of CTAB in the binary mixture. The 

concentration of QD is fixed at 0.33 μM. 

 



Chapter 4 

95 
 

This clear isotropic solution gradually turns turbid upon increasing the 

CTAB concentration in the range of 0.09-0.3 mM. Further increase in 

the CTAB concentration (0.4-0.6 mM) results in precipitation (depicted 

via red circles in Figure 4.1a). These precipitates re-dispersed again 

upon increasing the CTAB concentration (0.7-4.0 mM) and results in 

the formation of turbid solution. The turbidity of the solution decreases 

gradually upon further increasing the CTAB concentration and a clear 

solution appears above 6 mM CTAB concentration. Figure 4.1c shows 

the changes in the absorbance of the binary mixture at 650 nm as a 

function of CTAB concentrations. Phase-dependent changes in the 

absorbance of the mixture are clearly evident. These findings clearly 

indicate the presence of five different phases in the QD-CTAB binary 

mixture and these phases can be classified as initial clear (C1), first 

turbid (T1), precipitate (P), second turbid (T2), and second clear (C2).   

In contrary, no such changes in the absorbance or phase behavior have 

been observed in the presence of negatively charged SDS and neutral  

 

 

 

 

 

Figure 4.2. Changes in the absorbance (λ=650 nm) of QD in the 

presence of different concentrations of (a) SDS and (b) TX-100 

surfactants.  

TX-100 surfactants (Figure 4.2a and 4.2b), indicating the importance of 

electrostatic attraction between oppositely charged QD and CTAB pair 

behind the observed phase behavior in the QD-CTAB binary mixture. 

Notably, similar kind of phase behavior has been observed earlier in the 

binary mixture of oppositely charged CQDs and surfactants [15]. 
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4.2.2. PL Behavior of QD-CTAB Binary Mixture in the C1 and C2 

Region  

Figure 4.3a displays the changes in the absorption spectra of green QDs 

in the C1 (0.01 mM) and C2 (10 mM) region of the phase profile. The 

absorbance of QD at 490 nm decreases with a noticeable redshift of 23 

nm in the presence of 0.01 mM CTAB concentration (C1 region). 

Similar changes in the absorption spectra have been observed at other 

concentrations in the C1 region. However, the absorption peak position 

of QD in the C2 region (10 mM CTAB) of the binary mixture exhibits 

6 nm blue shifts. These spectral shifts clearly indicate ground-state 

association between oppositely charged QD and CTAB in the binary 

mixture.   

 

Figure 4.3. Changes in the (a) Absorption spectra, (b) PL spectra (λex= 

445 nm), and (c) PL decay traces (λex= 445 nm; λem=520 nm) of green 

QDs in the presence of 0.01 and 10 mM CTAB. 

Figure 4.3b shows the changes in the PL spectra of binary mixture in the 

C1 and C2 region at an excitation wavelength of 445 nm. A significant 

PL quenching has been observed in the steady-state PL intensity of QD 

in the presence of 0.01 mM CTAB (C1 region).  Moreover, a red shift 

of 6 nm is clearly evident in the PL peak position relative to that of free 

QD in aqueous medium. In contrast, the binary mixture in the C2 region 

shows a 10 nm blue shift in the PL peak position. Notably, the PL 

intensity of the binary mixture in the C2 region increases slightly (~2%) 

relative to that in C1 region. To understand the nature of interaction 
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between QD and CTAB, we have studied the PL behavior of QD in the 

presence of anionic SDS and neutral TX-100 surfactants. The plot of PL 

(λem=520 nm) intensity ratio (I/I0) against concentrations of SDS and 

TX-100 shows negligible variation (Figure 4.4a and 4.4b). 

 

 

 

 

 

 

Figure 4.4.   Changes in the PL intensity ratio of QD in the presence of 

(a) SDS, and (b) TX-100 surfactants.  

Moreover, the PL peak position remains unaltered in the 

presence of both the surfactants. These results clearly establish the role 

of electrostatic interaction between oppositely charged QD-CTAB pair 

behind the observed spectral changes in the binary mixture. The binding 

constant between QD and CTAB in the C1 region is estimated by using 

Hill equation and shows a value of 6.6×106 M-1 (Figure 4.5) [17]. The 

binding constant between CTAB and QD in the C1 region of the binary 

mixture was estimated using Hill equation [44], which can be expressed 

as follows: 

                           
𝐼0−𝐼

𝐼0−𝐼𝑚𝑖𝑛
=

1

1+(
𝐾𝐷

[𝐶𝑇𝐴𝐵]
)

𝑛                                    (1) 

where I0 and I are the luminescence intensities of QD in the absence and 

presence of CTAB, Imin is the minimum saturation intensity of QD in the 

presence of CTAB, KD is the dissociation constant, and n is the Hill 

coefficient. The experimental data was fitted with Hill equation using 
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non-linear least square method and the goodness of fit was judged by 

correlation coefficient (R2) value. 

 

 

 

 

 

 

 

 

 

Figure 4.5. The Hill plot using fluorescence intensity of QD in the 

absence and presence of different concentrations of CTAB in the C1 

region of the phase profile. 

This high binding affinity further suggests electrostatic 

interactions and subsequent ion-pair formation between oppositely-

charged QD and CTAB. Similar spectral changes have been observed 

earlier for oppositely charged fluorophore-surfactant pairs due to ion-

pair complexation [18-19]. Therefore, the red shifts in the absorption 

and PL peak positions with concomitant PL quenching observed in the 

C1 region of the binary mixture arises mainly due to the formation of 

surfactant-induced aggregates of QDs via ion-pair complexation. In 

contrast, the opposite spectral shifts (blue shifts) observed in the C2 

region of the binary mixture indicate much less polar local environment 

around QDs inside the surfactant-induced aggregates in C2 region 

compared to that in C1 region. Although, both the mixtures (C1 and C2) 

are isotropic in nature, the interaction and morphology of the self-

assembled nanocomposites in the C2 region is expected to differ 
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significantly as a consequence of 1000 times higher concentrations of 

CTAB in the C2 region relative to that in C1 region. Moreover, the 

significant PL quenching observed in the C1 and C2 region of the phase 

profile may originates due to the exciton-exciton coupling between 

adjacent QDs in the self-assembled structures. To validate this 

statement, we have performed time-resolved PL measurements of QD-

CTAB binary mixture in the C1 and C2 region. Figure 4.4c displays the 

changes in the PL decay curves of QDs (λex =445 nm; λem= 520 nm) in 

C1 and C2 region. All the decays show multiexponential decay kinetics 

and fit well with a three exponential decay function (Table 4.1). 

Table 4.1. PL decay parameters of green QD in the absence and 

presence of 0.01 and 10 mM CTAB. 

 In absence of CTAB, QDs show three lifetime components of 0.55 

(21%), 3.50 (31%), and 15.42 ns (48%) with an average lifetime of 8.54 

ns. This triexponential decay kinetics is due to multiple recombination 

processes in MSA-capped CdTe QDs involving band edge as well as 

trap states (shallow and deep) exciton recombinations [20-21]. While 

the 3.50 ns component can be assigned due to the band edge exciton 

recombination, the shortest and longest lifetime component arises due 

to the presence of deep and shallow trap states, respectively. All the 

three lifetime components decrease upon addition of CTAB (Table 4.1). 

The PL decay of QD in the presence of 0.01 mM CTAB shows three 

lifetime components of 0.10 (85%), 1.07 (12%), and 4.60 ns (2%) with 

an average lifetime of 0.31 ns (Figure 4.3c, Table 4.1). This decrease in 

PL lifetime of QD in the C1 region is similar to that has been observed 

 

Samples τ1 

(ns) 

a1 τ2 

(ns) 

a2 τ3 

(ns) 

a3 <τ> 

(ns) 

χ2 

Green QD 0.55 0.21 3.51 0.31 15.4

2 

0.48 8.54 1.02 

QD + 0.01 mM 

CTAB 

0.10 0.85 1.07 0.12 4.60 0.02 0.31 1.19 

QD + 10 mM 

CTAB  

0.13 0.64 1.53 0.27 7.70 0.09 1.20 1.19 
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earlier in our steady-state PL measurements and arises due to the 

exciton-exciton coupling between adjacent QDs in surfactant-induced 

aggregates.  Notably, the contribution of the shortest lifetime component 

due to deep surface trap states increases significantly from 21 to 85% in 

the presence of 0.01 mM CTAB. In contrast, the contribution of the band 

edge and shallow trap component decreases from 31 to 12% and 48 to 

2%, respectively. These changes in relative contributions of lifetime 

components upon ion-pair formation with CTAB clearly indicate 

alteration of surface trap states as a consequence of ligand 

reorganization at the surface of QDs. Here it is important to note that the 

initial ion-pairs between QDs and CTAB undergo aggregation through 

association of hydrophobic chains of CTAB which may results in 

uneven ligand distribution at the surface of QDs as a consequence of 

ligand reorganization. Similar phenomenon of ligand reorganization and 

subsequent self-assembly of various amphiphilic NPs has been reported 

earlier [15,22]. However, in the C2 region (10 mM CTAB), the average 

PL lifetime of QDs saturates to 1.20 ns with lifetime components of 0.13 

(64%), 1.53 (27%), and 7.70 ns (9%) (Figure 4.3c, Table 4.1).  Notably, 

the contribution of the shortest lifetime component due to deep trap 

states decreases from 85 to 64%, while that from core states increases 

from 12 to 27% upon increasing the CTAB concentrations from 0.01 to 

10 mM, respectively. This observation indicates relatively more 

compact structural arrangement of QDs inside the self-assembled 

structures in C2 region compared to that in C1 region. This statement is 

quite reasonable as we earlier observed ~16 nm blue shifts in the PL 

maximum of QD in the C2 region relative to that in C1 region.  

To better understand the PL behavior of individual particles in 

the C1 and C2 region, we have performed PL microscopy using epi-

fluorescence set-up. Figure 4.6 shows the PL images of QDs in the 

absence and presence of 0.01 and 10 mM CTAB. Distinct diffraction 

limited PL spots have been observed for CdTe QDs in the absence of 

CTAB (Figure 4.6a).  
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Figure 4.6. PL images of green QDs in the presence of (a) 0 mM, (b) 

0.01 mM, and (c) 10 mM CTAB. Representative intensity profiles of 

luminescent spots in the presence of (d) 0 mM, (e) 0.01 mM, and (f) 10 

mM CTAB. 

Intensity profile of most of these spots (>95%) show 

characteristic PL blinking or on/off behavior (Figure 4.6d). The 

observation of two-state blinking phenomenon with a single step 

photobleaching clearly indicates the presence of well-dispersed single 

emitter in the QD sample [23]. However, the PL image of the binary 

mixture in the C1 region (0.01 mM CTAB) reveals the presence of much 

brighter PL spots compared to those observed in the absence of CTAB 

(Figure 4.6b).Intensity profiles of these brighter PL spots show gradual 

intensity decay with no clear photobleaching step suggesting the 

presence of surfactant-induced aggregates of QDs in the C1 region 

(Figure 4.6e). Earlier, similar kinds of results have been observed with 

Si-QDs in the presence of anionic SDS surfactant [23]. Therefore, the 

brighter PL spots in the C1 region appear due to the presence of multiple 

aggregated QDs in each pixel, which decay fast due to the exciton-

exciton coupling between adjacent QDs. Similar bright PL spots have 

also been observed in the C2 region with no clear photobleaching steps 

(Figure 4.6c and 4.6f). Notably, PL spots in the C2 region show fast 

photobleaching (within 5 sec) relative to those observed in the C1 region 
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possibly due to the higher extent of exciton-exciton coupling between 

adjacent QDs in the C2 region of the self-assembled structures, as 

indicated earlier in PL measurements. Based on the above findings, we 

propose that the PL quenching observed in the C1 region of the binary 

mixture is mainly due to the formation of non-specific surfactant-

induced aggregates/clusters as a consequence of ion-pair formation 

between oppositely charged QD and CTAB. In contrast, QDs in C2 

region reside in more compact and hydrophobic microenvironment of 

complex self-assembled structures. In order to understand the structural 

and morphological transitions between different phases of the QD-

CTAB binary mixture, we have performed SEM, AFM, and DLS 

measurements.  

4.2.3. FESEM, AFM and DLS Measurements of Self-Assembled 

Structures in the T1 and T2 Region 

The appearance of turbidity in the T1 and T2 region of the phase profile 

indicates the formation of supramolecular self-assembled 

nanostructures. FESEM, AFM, and DLS measurements have been 

performed to know the morphology, size and zeta potential of these self-

assembled nanostructures. SEM measurements have been performed at 

three different CTAB concentrations namely, 0.08, 0.2, and 1.5 mM. 

While, the binary mixture at 0.08 mM CTAB remains isotropic in nature 

and represents borderline concentration between C1 and T1 region, clear 

turbidity appears at 0.2 and 1.5 mM CTAB concentrations in the T1 and 

T2 region of the phase profile, respectively. Distinct spherical-shaped 

self-assembled vesicle-like structures have been observed at 0.08 mM 

CTAB The diameter of these self-assembled vesicles-like structures 

varies from 100-700 nm with mean size of 348.3±16.5 nm (Figure 4.7a 

and 4.7g). Notably, clear fusion events with various fusion intermediates 

are also observed (Figure 4.7b). This characteristic fusion phenomenon 

clearly indicates that the observed self-assembled spherical 

nanocomposites are indeed hybrid vesicles [3]. Moreover, no such self-

assembled vesicles have been observed with CTAB or QD solution 

alone indicating the presence of both QD and CTAB in these hybrid 
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vesicles. On the other hand, the vesicles observed in the T1 region are 

larger in size and the diameter varies in the range of 300-1000 nm with 

a mean diameter of 753.8±20.5 nm (Figure 4.7c and 4.7h). 

 

 

Figure 4.7. FESEM images of QD-CTAB binary mixture in the 

presence of (a),(b) 0.08 mM, (c),(d) 0.2 mM, and (e),(f) 1.5 mM CTAB. 

Size distribution histograms estimated from FSEM measurements for 

(g) 0.08 mM, (h) 0.2 mM, and (i) 1.5 Mm concentration of CTAB. (j) 

AFM Image of QD-CTAB binary mixture at 0.2 mM CTAB with cross 

section analysis. 

Vesicles in the T1 region also exhibit characteristic fusion phenomenon 

(Figure 4.7d). AFM image in the T1 region further confirms the 

presence of spherical vesicles (Figure 4.7j). Height profile 

measurements of AFM image reveal vesicles with size in the range of 
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100-1200 nm (Figure 4.7j). Similar spherical vesicles have also been 

observed in the T2 region (1.5 mM CTAB) with diameters ranging from 

300-900 nm (Figure 4.7e). Vesicles in T2 region shows mean diameter 

of 509.8±15.2 nm (Figure 4.7e and 4.7i). Importantly, various non-

spherical large fusion intermediates have also been observed in the T2 

region (Figure 4.7f). The presence of these non-spherical fusion 

intermediates makes the T2 region more turbid than that of T1 region. 

Here it is important to note that the uniform vesicles observed in the T1 

and T2 region of the binary mixture may differ in their inherent structure 

as these two phases are separated by a P phase and the effective 

concentration of CTAB in these two regions differs by a factor of 7.5. 

In order to gain further structural insights, we have performed DLS 

measurements. 

Figure 4.8 displays the hydrodynamic sizes and ζ values of self-

assembled vesicles. The estimated mean hydrodynamic diameters are 

463.4±18.5, 856.1±20.2 nm, and 553.6±15.8 nm for vesicles observed 

in the presence of 0.08, 0.2 and 1.5 mM CTAB, respectively (Figure 

4.8a, 4.8b, & 4.8c). These hydrodynamic diameters match well with 

those estimated from SEM measurements. Figure 4.8d shows the 

changes in the estimated ζ values as a function of CTAB concentrations. 

The aqueous dispersion of MSA-capped CdTe QDs shows ζ of -

13.9±0.5 mV (Figure 4.8d). However, this ζ value increases to -24.4±2.8 

mV for the vesicles observed in the presence of 0.08 mM CTAB (Figure 

4.8d). 
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Figure 4.8. Size distribution histograms obtained from DLS 

measurements of QD-CTAB binary mixture in the presence of (a) 0.08 

mM, (b) 0.2 mM, and (c) 1.5 mM CTAB. (d) Changes in the ζ values of 

self-assembled vesicles as a function of CTAB concentrations.  

Notably, beyond this concentration of CTAB, the self-assembled 

vesicles show a continuous decrease in ζ value. The vesicles observed 

in the T1 region (0.2 mM) show a ζ value of -8.3±1.6 mV (Figure 4.8d). 

In contrary, the vesicles in the T2 region exhibit a positive ζ value of 

+12.0±1.5 mV. Notably, the sign of the ζ changes from –ve to +ve in the 

concentration range of 0.4-0.6 mM CTAB (Figure 4.8d). Finally, the ζ 

at C2 region (10 mM) of the binary mixture shows a value of +37.0±2.4 

mV (Figure 4.8d). The observed dynamic changes in the ζ values of the 

self-assembled vesicles as a function of CTAB concentrations clearly 

indicate sequential and continuous surface passivation of self-assembled 

vesicles by CTAB molecules. These ζ values not only reveal the 

effective surface potentials of self-assembled vesicles, but also provide 

insight into the structural arrangements of individual components. On 

the basis of our experimental findings we have proposed a schematic 

model for the observed self-assembly process and subsequent phase 

behavior of the QD-CTAB binary mixture (Scheme 4.1). 
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Scheme 4.1. Schematic representation of the self-assembly processes in 

the QD-CTAB binary mixture. 

In the C1 region of the phase profile, individual negatively charged QD 

forms ion-pairs with positively charged CTAB. With increase in the 

CTAB concentrations in the C1 region more surfactants bind at each QD 

surface via electrostatic interactions. These initial QD-CTAB ion-pair 

complexes are unstable intermediates in aqueous medium due to their 

exposed hydrophobic surfactant chains (Scheme 4.1, C1). These 

partially charge-neutralized surfactant-stabilized QDs subsequently 

form non-specific aggregates via association of their hydrophobic 

surfactant chains (Scheme 4.1, C1). The significant PL quenching with 

red-shifted PL peak observed in the PL measurement is mainly due to 

the aggregation of these initial surfactant-stabilized QDs. Upon further 

increase in the CTAB concentration (~0.08 mM), the aggregated 

surfactant-stabilized QDs self-assemble into spherical vesicles with size 

in the range of 100-700 nm. Notably, these self-assembled vesicles are 

quite stable in aqueous medium and don’t show turbidity even after 2-3 

weeks. The outer and inner surface of these vesicles contains partially 

charge-neutralized self-assembled QDs. The increase in ζ from -

13.9±0.5 to -24.4±2.8 mV in the presence of 0.08 mM CTAB with the 
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observation of uniform spherical vesicles in SEM measurements 

strongly validates this proposed structure. Beyond 0.08 mM CTAB, the 

binary mixture turns turbid indicating the formation of supramolecular 

self-assembled structure. At 0.2 mM CTAB, AFM measurements reveal 

the presence of larger-sized vesicles in the size range of 100-1200 nm. 

These larger-sized vesicles are formed via fusion of smaller size vesicles 

observed at 0.08 mM CTAB. Importantly, the ζ value of vesicles 

observed in the T1 region (0.2 mM) is lower than that observed at 0.08 

mM CTAB concentration. This observation clearly indicates further 

surface passivation and subsequent charge neutralization of exposed 

negatively charged QD surface by excess CTAB in the self-assembled 

vesicles. As a consequence of this charge neutralization process with 

increasing concentration of CTAB, these vesicles become unstable in 

solution and undergo precipitation in the concentration range of 0.4-0.6 

mM CTAB. Here it is important to mention that at this concentration 

range the negatively charged QD surface is fully passivated by 

positively charged CTAB molecules and as a result the ζ value 

approaches 0. With further increase in the CTAB concentration, these 

precipitates re-dispersed in solution and result in turbid solution. 

Observation of uniform vesicles with ζ of +12±1.5 mV suggests the 

formation of cationic vesicles where surfactant-passivated QDs self-

assembled in such a way that both the outer and inner surfaces of self-

assembled vesicles have positively charged CTAB molecules (Scheme 

4.1, T2 region). Finally, at very high CTAB concentration (C2 region), 

these self-assembled cationic vesicles dissociate into smaller sized 

clusters as a consequence of significant electrostatic repulsion with the 

positively charged free micelles. Notably, the estimated ζ at C2 region 

is close to that reported for free CTAB micelle [24]. Here it would be 

interesting to compare our present findings with those obtained by Sun 

et al. in their recent report on fluorescence vesicle formation by 

negatively charged surfactants and positively charged CQDs.39 

Although, our proposed model matches closely with their results in the 

T1, P, and T2 region of the phase profile, differences have been observed 

in the C1 and C2 region. The reported ζ value of CQDs was +19.28±1.68 
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mV and upon addition of anionic surfactant they observed a continuous 

decrease of ζ which finally becomes negative in the T2 region [15]. 

These findings are uncorrelated with their proposed model of positively 

charged self-assembled vesicles at the initial concentrations of 

surfactants in the T1 region. In contrast, our findings reveal that the ζ of 

self-assembled vesicles formed at the initial phase in the T1 region is 

highly negative (-24.4±2.8 mV) compared to that of bare QDs (-

13.9±0.5 mV). This finding is quite expected as partially charge-

neutralized surfactant-stabilized QDs self-assembled to form 

supramolecular vesicles. Furthermore, at high surfactant concentrations, 

they proposed the formation of giant micelles where each surfactant-

encapsulated CQD was covered by another surfactant layer [15]. In 

contrast, our PL spectroscopy and imaging results in combination with 

ζ measurements reveal the presence of small clusters of aggregated QDs 

along with free CTAB micelles. Nevertheless, the mechanism of self-

assembly in the present QD-CTAB binary mixture matches closely with 

that reported earlier for oppositely-charged CQDs-surfactant mixture 

[15]. Next, we have performed confocal imaging to unambiguously 

establish the fact that these vesicles contain self-assembled QDs. 

4.2.4. Confocal Imaging of the Luminescent Vesicles and 

Encapsulation of Rh6G 

Laser scanning confocal microscopy has been performed to directly 

visualize the luminescence of QDs from the self-assembled vesicles 

(Figure 4.9).  
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Figure 4.9. Confocal microscopy images of green QDs in the presence 

of (a) 0.08 mM, (b) 0.2 mM, and (c) 1.5 mM CTAB. Pink arrows 

indicate fusion of vesicles. (d) Confocal microscopy images of red QDs 

in the presence of 0.5 mM CTAB.  

samples were drop-casted on cleaned glass slides and excited with a 488 

nm diode laser. Confocal imaging has been performed at three different 

CTAB concentrations namely, 0.08, 0.2, and 1.5 mM. At 0.08 mM 

CTAB, the DIC image reveals the presence of distinct spherical vesicles 

similar to those observed earlier in SEM measurements (Figure 4.9a). 

Moreover, intense green luminescence has also been observed from the 

sample. The merge image reveals that the luminescence appears 

exclusively from the self-assembled vesicles. Similar green 

luminescence from self-assembled vesicles has also been observed in 

the presence of 0.2 and 1.5 mM CTAB (Figure 4.9 b&c). Characteristic 

fusion phenomena of these luminescent vesicles have been observed 

irrespective of the CTAB concentrations (Figure 4.10, red arrows).  
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Figure 4.10. Confocal images of the binary mixture in the presence of 

(a) 0.08, (b) 0.2, and (c) 1.5 mM CTAB showing fusion events with 

various fusion intermediates (Red arrows showing few representative 

fusion events). 

These observations unambiguously establish the presence of 

luminescent QDs inside these self-assembled vesicles. Moreover, our 

control experiment reveals that the presence of both QD and CTAB are 

essential for the fabrication of these luminescent vesicles.  

         In order to explore the possibility of fabricating multicolor 

luminescent vesicles with the present QD-CTAB binary mixture, we 

have synthesized a larger sized (~3.9 nm) MSA-capped CdTe QDs 

having emission at the red region (~650 nm, see Figure 3.1e in chapter 

3) of the electromagnetic spectrum [20]. The observed phase profile of 

the red QD-CTAB binary mixture differs slightly from that of green QD-

CTAB binary mixture, which is expected due to the differences in the 

size of QDs [25]. The red QD-CTAB binary mixture at 0.5 mM CTAB 

exhibits turbidity and falls in the T1 region of the phase profile. Figure 

4.9d shows the confocal images of this binary mixture. Clear self-

assembled vesicles have been observed in the DIC image. Moreover 

distinct red luminescence from these vesicles is clearly evident from the 

merge image. These results reveal that the fabrication of multicolor 

luminescent vesicles is indeed possible by simple tuning of the QD size 

in the QD-CTAB binary mixture. 

 Vesicles contain hollow aqueous cavity and act as nanocarriers 

[2-4]. In order to explore the hollow nature of the present hybrid 

vesicles, we have investigated the possibility of encapsulation of a 
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model cationic water soluble fluorescent dye, namely Rh6G inside these 

vesicles by using confocal imaging. The reason for using Rh6G as a 

model dye is due to its high water solubility and highly intense red 

emission which is well separated from the green PL of QDs. Vesicles 

formed in the T2 region (1.5 mM CTAB) were incubated with 0.11 nM 

Rh6G in aqueous medium for 24 h. After incubation, the mixture was 

dialyzed against Milli-Q water for overnight to remove excess free 

Rh6G. The dialyzed mixture was used for subsequent confocal imaging. 

Images were recorded upon excitation with a 488 nm diode laser and the 

luminescence was collected at green and red channel with appropriate 

emission filters. DIC image reveals the presence of spherical vesicles, 

which are similar to those observed earlier (Figure 4.11). 

 

Figure 4.11. Confocal microscopy images showing encapsulation of 

Rh6G dye inside the self-assembled vesicles formed in the presence of 

1.5 mM CTAB. 

While the confocal image of the green channel shows distinct green 

luminescence from self-assembled QDs inside the vesicle, the red 

channel reveals localized bright red fluorescence signal from Rh6G. The 

merge image of the green and red channels with that of DIC image 

shows distinct yellow color luminescence spots from these self-

assembled hybrid vesicles. The yellow signals clearly indicate the 

presence of Rh6G inside the aqueous cavity of these hybrid vesicles. The 

observed dye encapsulation occurs mainly via passive diffusion 

mechanism through the vesicle membrane [3]. Next, the pH-responsive 

behavior of these vesicles has been explored.  
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4.2.5. pH-Responsive Reversible Assembly and Disassembly of 

Luminescent Vesicles 

The pH-triggered controlled release of vesicle-encapsulated drug is a 

promising strategy for the specific intracellular delivery of 

chemotherapeutic drugs. Therefore, the pH-responsive behavior of the 

present hybrid vesicles has been explored using SEM and confocal 

imaging. Figure 4.12a shows the daylight photographs of QD-CTAB 

binary mixture in the T2 region (1.5 mM CTAB) at pH 7.5 and 4.7. 

 

 

 

 

Figure 4.12. Photographs of QD-CTAB binary mixture in the presence 

of 0.2 mM CTAB (T1 region) at pH 4.7 and 7.5. 

 At physiological pH (~7.5), the binary mixture in the T2 region appears 

as turbid due to the presence of supramolecular self-assembled vesicles. 

However, the turbidity of the binary mixture disappears upon lowering 

the solution pH to 4.7. It is evident from Figure 4.12a that the binary 

mixture at pH 4.7 is isotropic in nature. PL measurements of this 

isotropic binary mixture at pH 4.7 reveal significant quenching in the PL 

intensity as well as lifetime relative to those of free QDs at pH 7.4, 

indicating aggregation of QDs at acidic pH (Figure 4.13). 

 

 

 

 

Figure 4.13. (a) PL spectra and (b) PL lifetime decay curves of QD and binary 

mixture in the T2 region at pH 4.7. 
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Interestingly, the turbidity reappears upon further increase in the pH 

from 4.7 to 7.5. While the turbidity of the binary mixture appears in the 

pH range of 6.5-11, the mixture turns isotropic in the pH range of 4-5.5. 

This pH-responsive reversible change in the phase behavior clearly 

indicates structural change of the self-assembled vesicles. Similar 

changes have been observed in the phase behavior of the binary mixture 

in the T1 region as a function of solution pH (Figure 4.14). In order to 

understand the underlying mechanism behind the observed pH-

responsive reversible phase behavior, we have performed SEM and 

confocal imaging.  The SEM image of the turbid binary mixture at pH 

7.5 shows well-defined vesicles in the T2 region with size in the range 

of 200-900 nm (Figure 4.14b), which are similar to those observed 

earlier. However, SEM image of the same binary mixture at pH 4.7 

reveals disassembled vesicle structures which arise mainly from the 

random QD-surfactant aggregates/clusters (Figure 4.14c). Importantly, 

further increase in pH from 4.7 to 7.5 results in the reappearance of 

turbidity. Figure 4.14d shows the SEM image of the turbid binary 

mixture at pH 7.5.  

 

Figure 4.14. (a) Photographs of QD-CTAB binary mixture at pH 4.7 

and 7.5 in the presence of 1.5 mM CTAB. FESEM images QD-CTAB 

binary mixture at pH (b) 7.5, (c) 4.7 and, (d) 7.5 in the presence of 1.5 

mM CTAB. 



Chapter 4 

114 
 

The reappearance of uniform spherical vesicles in the size range 

between 400-1000 nm is clearly evident. These observations clearly 

indicate the pH-responsive reversible assembly-disassembly process of 

these vesicles. Similar reversible assembly-disassembly process of the 

vesicles in the T1 region has been observed in SEM measurements 

(Figure 4.15). 

 

 

 

 

Figure 4.15. FESEM images of QD-CTAB binary mixture in the 

presence of 0.2 mM CTAB upon continuous change in pH from (a) 7.5, 

(b) 4.7, and (c) 7.5. 

In order to explore the pH-responsive changes in the luminescence 

properties during this assembly-disassembly process, we have 

performed CLSM measurements. The confocal images of the binary 

mixture at pH 7.5 reveal the presence of uniform spherical vesicles with 

characteristic green luminescence (Figure 4.16a). In contrast, 

disassembled vesicles are clearly visible in the DIC image of the binary 

mixture at pH 4.7 (Figure4.16b). In addition, the merge image shows 

that the green luminescence exclusively originates from these 

disassembled vesicle structures suggesting the presence of aggregated 

QDs in the cluster of surfactants (Figure 4.16b). Reappearance of 

uniform spherical vesicles with intrinsic green luminescence has been 

observed upon further increase in the solution pH from 4.7 to 7.5 (Figure 

4.16c). 
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Figure 4.16. Confocal microscopy images of QD-CTAB binary mixture 

in the presence of 1.5 mM CTAB upon continuous change in pH from 

(a) 7.5, (b) 4.7, and (c) 7.5. 

 

Similar results have been observed in the T1 region of the binary mixture 

(data not shown). These observations clearly indicate pH dependent 

dynamic changes in the structural arrangements of QDs and CTAB 

inside the self-assembled vesicles. Notably, these supramolecular 

spherical vesicles are formed due to the self-assembly of initial ion-pairs 

between oppositely charged QD and CTAB. While the surface of QDs 

contains negatively charged carboxylate ions, the positively charged 

CTAB contains quaternary ammonium ion. The reported pKa values of 

the two carboxylic acid groups of succinic acid are 4.19 and 5.64 [26]. 

Therefore, at acidic pH (~4.0-5.5), the surface carboxylate groups of 

MSA get protonated and the ion-pair interactions with positively 

charged CTAB get weaker. Moreover, it is important to note that the 

stability of the self-assembled vesicles observed in the present study 

arises mainly due to the balance between hydrophobic and electrostatic 

interactions. At acidic pH (~4.0-5.5), this balance gets significantly 
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modulated due to the protonation of surface carboxylate groups of QDs 

and the vesicles become unstable. However, upon further increase in the 

pH (~6.5-11) results in deprotonation of surface carboxylic acid groups 

of QDs and restore the equilibrium between hydrophobic and 

electrostatic interactions in the self-assembled vesicles. The observed 

pH-responsive reversible change in the structure of these luminescent 

hybrid vesicles can have potential applications in sensing and bio-

imaging. By considering the small size of these QDs along with very 

low effective concentrations of both the constituents, we believe that 

these hybrid vesicles will be biocompatible. However, their cytotoxicity 

effect needs to be investigated thoroughly before any in vivo 

applications. Our group is currently exploring the possibility of utilizing 

these hybrid vesicles for drug-delivery and bio-imaging applications. 

4.3. Conclusions 

In this chapter, we have systematically studied the interaction of 

negatively charged CdTe QDs with CTAB surfactants using various 

spectroscopic and microscopic techniques and demonstrated the 

fabrication of pH-responsive stable multicolor luminescent hybrid 

vesicles from QD-CTAB binary mixture. It has been observed that the 

self-assembly of initial ion-pairs between QDs and CTAB leads to the 

formation of supramolecular vesicles. As a consequence of gradual 

surface passivation of QDs by CTAB, the ζ-value of self-assembled 

vesicles changes continuously and five different phases have been 

observed in the concentration range of 0.01-10 mM CTAB. In addition, 

we have also shown fabrication of multicolor luminescent vesicles by 

simple tuning of QD size. The encapsulation property of these hybrid 

vesicles has been illustrated by loading Rh6G dye inside their hollow 

aqueous cavity. While, these hybrid vesicles are stable in neutral and 

basic pH (pH~ 6.5-11), they disassemble in acidic pH (pH~4.5-5.5). 

Furthermore, using SEM and confocal imaging we have shown that this 

pH-responsive assembly-disassembly process is reversible. The present 

findings clearly highlight the potential of these hybrid vesicles for 

various applications such as drug delivery and sensing. 
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Note: This is copyrighted material from permission of the American 

Chemisty Society.  
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5.1. Introduction 

Efficient tuning of FRET efficiency as a function of separation 

distance is of fundamental importance. Covalent attachment of a donor 

and an acceptor with suitable spacers is the most conventional method 

for exploring intramolecular FRET [1-4].  On the other hand, tuning of 

intermolecular FRET has been demonstrated in various systems such as 

micelles [5,6], reverse micelles [7.8], polymer matrices [9,10], 

spherical vesicles [11,12], and proteins [13,14]. Among these, FRET 

processes across the liposome bilayer are of particular interest due to its 

potential in exploring various membrane related biophysical processes 

such as membrane fusion, trafficking, and receptor–ligand interactions.  

The lipid bilayer of liposomes is one of the simplest model systems to 

understand various fundamental processes at the cell membrane by 

using FRET. For example, Yoon et al. have demonstrated real-time 

liposome fusion dynamics in a single fusion event using a single 

molecule FRET technique [18]. Yefimova et al. have studied the 

dynamics of interaction between liposomes and living cells using FRET 

[19]. FRET has also been used to study the interaction of DNA with 

liposome during lipoplex formation [20]. While these studies have 

illustrated the potential of FRET in elucidating various fundamental 

biophysical processes across the lipid bilayer, it is equally important to 

develop a new donor–acceptor pair that can probe the nanoscopic 

distance at the bilayer thickness. Herein, we have developed a liposome-

based FRET pair between DAPI and an ultrasmall ligand-capped Ag NC 

and have shown that the FRET efficiency is strongly dependent on the 

location of donor DAPI within the dipalmitoylphosphatidylcholine 

(DPPC) liposome matrix. DAPI is soluble in aqueous buffer and 

undergoes rapid excited-state intramolecular proton transfer and shows 

strong binding affinity towards a variety of hydrophobic environments 

[21]. In the present study, a DAPI–liposome complex has been prepared 

using two distinct procedures. In the first method, DAPI is mixed with 

preformed liposomes in aqueous buffer (method I), while in the second 

method liposomes are prepared by adding ethanolic stock solution of 
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lipid into the aqueous solution of DAPI (method II). The aim of the 

present study is to explore this nonradiative FRET process between 

DAPI and the Ag NC across the lipid bilayer of small unilamellar 

vesicles (SUV) of DPPC. 

 

5.2. Results and Discussion 

 

5.2.1. Characterization of Liposomes and Ag NC 

The morphology and mean size of synthesized liposome have been 

estimated from scanning electron microscopy (SEM) and dynamic light 

scattering (DLS) measurements. The SEM image shows that the vesicles 

are spherical in shape with an average diameter of 75.77 ± 24.46 nm 

(Figure 5.1a and b). The DLS measurement reveals that the vesicles have 

a mean hydrodynamic diameter of 86.91 ± 6.41 nm (Figure 5.1c). These 

results indicate that the synthesized liposomes are small unilamellar 

vesicles (SUV). 

 

Figure. 5.1. (a) SEM image of liposome. Size distribution histogram of 

liposomes estimated from (b) SEM and (c) DLS measurements. 
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The capping of the DHLA ligand on the surface of the Ag NC has been 

established by using FTIR spectroscopy (Figure 5.2). The S–H 

stretching frequency of free DHLA at 2574 cm−1 disappears upon 

binding with the Ag NC surface.  

 

 

 

 

 

 

 

 

Figure 5.2. FTIR spectra of dihydrolipoic acid (DHLA) and synthesized 

DHLA-capped Ag NC. 

 

The synthesized Ag NCs are spherical in shape with an average diameter 

of 1.5 ± 0.22 nm (Figure 5.3a). The ESI-mass spectrum of the DHLA 

capped Ag NC is recorded in a 1:1 water–methanol mixture (Figure 

5.3b). The major peak at m/z 477.80 corresponds to the [Ag4 + 2Na]+ 

cluster and the peak at m/z 578.03 corresponds to the [Ag5 + K]+ cluster. 

The mass spectrum of these Ag NCs correlates well with the earlier 

reports [21, 22]. The absorption spectrum of the DHLA-capped Ag NC 

reveals two intense peaks at 329 and 426 nm and a shoulder at 497 nm, 

and characteristics of molecular-like electronic transitions (Figure 5.3c). 

These bands originate due to various intra and inter band electronic 

transitions [23, 24]. These Ag NCs show an emission maximum at 675 

nm upon excitation at 375 nm (Figure 5.3c). The excitation spectrum of 
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the Ag NC at 675 nm emission wavelength reveals multiple peaks 

centered at 331, 425, and 497 nm similar to its absorption spectrum. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. (a) HRTEM image of Ag NC. (b) Electrospray ionization 

(ESI) mass spectrum of DHLA-capped Ag NC in 1:1 water-methanol 

mixture (L represents DHLA ligand). (c) The normalized absorption 

(blue line) and PL (red line) spectra of Ag NC. 

5.2.2. Interaction of DAPI with Ag NC and Liposomes 

As a consequence of significant spectral overlap (Figure 5.4a) between 

the emission and absorption spectrum of DAPI and the Ag NC, 

respectively, they form an excellent FRET pair in aqueous solution as 

demonstrated in our earlier report [21].  
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Figure 5.4. (a) Normalized absorption spectrum of Ag NC (blue line) 

and fluorescence spectrum (black line) of 2.5 µM DAPI (λex= 375 nm). 

The black dotted region shows the spectral overlap between the 

absorption spectrum of Ag NC and fluorescence of DAPI. (b) Changes 

in the emission spectra of DAPI (black line) and Ag NC (red line) upon 

mixing (green line). The excitation wavelength is 375 nm. 

In aqueous buffer, the fluorescence intensity of DAPI at 492 nm 

quenches significantly in the presence of the Ag NC with a concomitant 

PL enhancement of the Ag NC at 675 nm (Figure 5.4 b). Previously, we 

have shown that the excited-state fluorescence lifetime of DAPI 

decreases from 81.50 ps to 3.71 ps in the presence of the Ag NC due to 

nonradiative FRET [21]. The efficiency (ϕeff) of this nonradiative FRET 

process is calculated to be 76%, which matches well with our earlier 

report [21]. The aim of the present study is to explore the influence of 

zwitterionic DPPC liposome on this nonradiative FRET process 

between DAPI and the Ag NC.  

Confocal laser scanning microscopy (CLSM) has been performed to 

directly visualize the location of DAPI inside the liposome matrix. 

Images were recorded upon excitation with a 405 nm diode laser. 

Distinct blue fluorescence has been observed from the DAPI–liposome 

complex (Figure 5.5, right panel).  
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Figure 5.5. Confocal microscopy images of (a) complex I (surface) and 

(b) complex II (core). 

The merged image shows that the blue fluorescence of the DAPI–

liposome complex prepared by method I localizes mainly at the 

liposome surface (Fig. 5.5a). In contrast, the blue fluorescence of the 

DAPI–liposome complex prepared by method II localizes mainly at the 

centre of the liposomes (Fig. 5.5 b). The image of the DAPI–liposome 

complex prepared by method I indicates that DAPI specifically interacts 

with the liposome surface via favourable electrostatic interaction 

between positively charged DAPI and zwitterionic lipid head groups. A 

similar kind of association of DAPI with the negatively charged micellar 

surface has been reported earlier [25]. However, the image of the DAPI–

liposome complex prepared by method II reveals that DAPI molecules 

are entrapped inside the confined water pool of liposomes and may 

interact electrostatically with the inner head groups of lipids. These 

observations clearly indicate that the DAPI–liposome complexes 

prepared by both the methods attain equilibrium with our present 

experimental conditions. In our subsequent discussion, the DAPI–

liposome complex prepared by method I will be referred as complex I 

(surface) and the same prepared by method II will be referred as 

complex II (core). 
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5.2.3. Interaction of Complex I (Surface) with Ag NC 

Figure 5.6a displays the changes in the fluorescence spectra of DAPI in 

complex I (surface) upon addition of the Ag NC. DAPI shows 

fluorescence maximum at 492 nm (λex = 375 nm) in phosphate buffer of 

pH 7.4, with a quantum yield of 0.021. The emission maximum of DAPI 

shifts to 465 nm with a 3-fold enhancement of its quantum yield upon 

formation of complex I (surface) (Figure 5.6a). The observed 

fluorescence enhancement with a 27 nm blue-shift of the emission 

maximum clearly indicates that the dye is associated with the liposome 

matrix.  

Figure 5.6. (a) Changes in the fluorescence spectra (λex = 375 nm) of 

DAPI in complex I (surface) upon addition of Ag NC. (b) Fluorescence 

decay traces of complex I (surface) in the absence and presence of Ag 

NC.  

A similar blue shift in the emission spectrum of DAPI has been observed 

in the presence of various nonpolar systems such as micelles, reverse 
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micelles, DNA, and cyclodextrins due to its association with relatively 

less polar microenvironments than the bulk aqueous medium [25,26]. 

On the other hand, the enhancement observed in the fluorescence 

quantum yield of DAPI is due to the retarding effect of the less polar 

microenvironment on the nonradiative water-mediated excited state 

proton transfer process. 

These spectral changes further confirm that the positively charged DAPI 

is associated with the zwitterionic liposome surface possibly via 

favorable electrostatic interactions. This argument further gains support 

from our confocal imaging experiment. Subsequent addition of the Ag 

NC into the DAPI–liposome complex I (surface) results in fluorescence 

quenching of DAPI with a concomitant increase in the PL intensity of 

the Ag NC. Notably, the extent of fluorescence quenching is 

significantly less in the presence of liposome compared to that in its 

absence, indicating less efficient energy transfer from liposome 

associated DAPI to aqueous Ag NCs. In order to explore the dynamics 

of this quenching process, we have performed time-resolved 

fluorescence measurements. DAPI in aqueous buffer exhibits ultrafast 

decay kinetics (Figure 5.6b), which is well below our current instrument 

response function (IRF ∼ 140 ps) [21]. However, upon association with 

the liposome surface the average lifetime increases to 1.23 ns with 

lifetime components of 0.24 ns (61%) and 2.76 ns (39%) (Figure 5.6b 

and Table 5.2). This increase in the fluorescence lifetime of DAPI in 

complex I (surface) further substantiate the fact that DAPI is associated 

with the less polar liposome surface and as a consequence the 

nonradiative ESPT process gets retarded. The average fluorescence 

lifetime of DAPI in complex I (surface) is shortened to 0.77 ns in the 

presence of the Ag NC (Figure 5.6b and Table 5.2). This shortening of 

the fluorescence lifetime in the presence of the Ag NC clearly indicates 

nonradiative resonance excitation energy transfer from liposome-

associated DAPI to the Ag NC. However, we could not detect the 

characteristic rise in time associated with the PL decay of Ag NCs due 

to limited time resolution (IRF ∼ 140 ps) of our current TCSPC 

https://pubs-rsc-org.eres.library.manoa.hawaii.edu/en/content/articlehtml/2017/cp/c7cp05225a#cit50
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instrument. The Förster distance R0 for complex I (surface) and Ag NCs 

has been estimated by using the following equation, 

𝑅0 = [(8.8 × 10−25) (𝜅2𝑛−4
D

𝐽(𝜆))]

1
6

                               (1) 

where κ2 is the orientation factor of the transition dipoles of the 

liposome-associated DAPI and the Ag NC, ϕD is the fluorescence 

quantum yield of DAPI in complex I (surface), n is the refractive index 

of the medium, and J(λ) is the spectral overlap integral between the 

emission spectrum of complex I (surface) and the absorption spectrum 

of the Ag NC. Complex I (surface) shows a significant spectral overlap 

with the absorption spectrum of the Ag NC (Figure 5.7a).  

 

 

 

 

 

Figure 5.7. Spectral overlap of (a) Complex I (surface)-Ag NC and (b) 

complex II (core)-Ag NC. 

For complex I (surface) and Ag NC pair, the calculated overlap integral 

is 7.24 × 10−14 M−1 cm3 and the estimated R0 is 2.97 nm (Table 5.1). The 

efficiency (ϕeff) of this nonradiative EET process is estimated using the 

following equation, 


eff

= 1 −


DA


D

= 1 −
𝜏DA

𝜏D
                                                                    (2) 

where ϕDA and ϕD are the quantum yields of donors in the presence and 

absence of Ag NC, respectively. The parameters τDA and τD represent the 

fluorescence lifetimes of DAPI in the presence and absence of Ag NC, 

respectively. The estimated energy transfer efficiency (ϕeff) from steady-

state and time-resolved measurements is 0.39 and 0.37, respectively. 
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Since, these estimated FRET parameters we have calculated the average 

separation distance between the liposome associated DAPI and the Ag 

NC by using the following equation, 

 


eff

=  
1

1 + (
𝑟

𝑅0
)

6                                                                                           (3) 

where ϕeff is the energy transfer efficiency, R0 is the Förster distance, 

and r is the separation distance. The estimated average separation 

distance between the liposome-associated DAPI and the Ag NC is 3.20 

nm (Table 5.1).  

Table 5.1. Estimated quantum yields (ϕD), spectral overlap integral 

(J(λ)), energy transfer efficiency (ϕeff), Förster distance (R0) and 

calculated distance (r) between DAPI and the Ag NC.  

System 

 

ϕ D 

.. 

J(λ) 

(M−1 cm3) 

ϕeff 

llll 

R 0 

(nm) 

r 

(nm) 

DAPI 0.0210 — — — — 

DAPI–Ag NC 0.0050 5.92 × 10−14 0.76 2.48 2.06 

Complex I (surface) 0.0612 — — — — 

Complex I 

(surface)–Ag NC 

0.0374 7.24 × 10−14 0.39 2.97 3.20 

Complex II (core) 0.0045 — — — — 

Complex II (core)–

Ag NC 

0.0044 7.87 × 10−14 0 — — 
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On the other hand, the separation distance between DAPI and the Ag 

NC in bulk aqueous medium is calculated to be 2.06 nm, which matches 

well with our previous report [44]. Notably, this increase in separation 

distance (∼1.14 nm) in the presence of liposome (complex I) is due to 

the selective association of DAPI with the liposome surface. 

Table 5.2. Fluorescence decay parameters of complex I (surface) in the 

absence and presence of Ag NCs. 

System τ 1 (ns) a 1 τ 2 (ns) a 2 〈τ〉 (ns) χ 2 

Complex I (surface) 0.24 0.61 2.76 0.39 1.23 1.19 

Complex I (surface)–

Ag NC 

0.18 0.74 2.45 0.26 0.77 1.20 

 

5.2.4. Interaction of Complex II (Core) and Ag NC 

Figure 5.8a shows the changes in the fluorescence spectra of DAPI in 

complex II (core) upon addition of the Ag NC. The fluorescence 

maximum of DAPI shifts to 445 nm with significant quenching (∼62%) 

in its fluorescence intensity upon the formation of complex II (core) with 

DPPC vesicles. In general, DAPI shows blue shift with a concomitant 

increase in its fluorescence quantum yield upon association with less 

polar hydrophobic environments [25,26]. However, the present spectral 

changes reveal significant quenching with 47 nm blue shifts upon the 

formation of complex II (core). DAPI in complex II (core) mainly 

remains at the aqueous core of the liposome as revealed earlier in 

confocal microscopy. 
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Figure 5.8. (a) Changes in the fluorescence spectra (λex = 375 nm) of 

DAPI in complex II (core) upon addition of Ag NC. (b) Fluorescence 

decay traces of DAPI and complex II (core). 

 

Hence, the blue shift of the emission maximum of DAPI in complex II 

(core) is due to the less polar aqueous core of the DPPC liposome 

compared to bulk and surface environments. Earlier, Bhattacharyya and 

co-workers have demonstrated ultraslow solvation dynamics of various 

dyes inside the liposome matrix using fluorescence spectroscopy [27-

29]. It has been shown that the polarity and viscosity of water molecules 

inside the core of vesicles significantly differ from that of bulk water 

molecules. On the other hand, the quenching of DAPI fluorescence in 

complex II (core) can be explained by considering the favorable 
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nonradiative ESPT process involving confined hydrogen-bonded water 

molecules at the liposome core. This has further gained support from 

fluorescence lifetime measurements of DAPI in complex II (core). DAPI 

in aqueous buffer shows ultrafast fluorescence decay kinetics which is 

well beyond the time resolution of our current instrument (Figure 5.8b). 

Notably, the decay curve gets steeper upon the formation of complex II 

(core) indicating the presence of a nonradiative decay channel due to the 

ESPT process (Figure 5.7b). Interestingly, no noticeable change in the 

fluorescence intensity of DAPI in complex II (core) has been observed 

in the presence of the Ag NC, indicating the lack of nonradiative energy 

transfer from liposome-encapsulated DAPI to the Ag NC (Figure 5.8a). 

Similarly, a negligible enhancement in the PL intensity of the Ag NC 

has been observed. A control experiment shows that this negligible 

enhancement is not due to FRET from the liposome-encapsulated DAPI 

to the Ag NC, rather it is due to the weak interaction of the Ag NC with 

the liposome (Figure 5.7a, dashed line). These results show that the 

nonradiative FRET from DAPI to the Ag NC completely hinders in 

complex II (core) due to complete encapsulation of DAPI inside the 

liposome matrix (Scheme 5.1). 

 

 

Scheme 5.1. Schematic representation of liposome mediated tuning of 

FRET between DAPI and Ag NC. 

 

 

https://pubs-rsc-org.eres.library.manoa.hawaii.edu/en/content/articlehtml/2017/cp/c7cp05225a#imgfig5
https://pubs-rsc-org.eres.library.manoa.hawaii.edu/en/content/articlehtml/2017/cp/c7cp05225a#imgfig5
https://pubs-rsc-org.eres.library.manoa.hawaii.edu/en/content/articlehtml/2017/cp/c7cp05225a#imgfig4
https://pubs-rsc-org.eres.library.manoa.hawaii.edu/en/content/articlehtml/2017/cp/c7cp05225a#imgfig5
https://pubs-rsc-org.eres.library.manoa.hawaii.edu/en/content/articlehtml/2017/cp/c7cp05225a#imgsch2
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Although the emission spectrum of complex II (core) shows a significant 

overlap with the absorption spectrum of the Ag NC (Figure 5.8b and 

Table 5.1), the increase in the separation distance beyond the FRET 

range (∼10 nm) results in complete suppression of this EET. Hence, our 

study highlights that the present donor–acceptor pair (DAPI–Ag NC) 

has the potential to be used as a FRET marker for understanding various 

lipid bilayer-associated biophysical processes. 

5.3. Conclusions 

The present study demonstrates a simple liposome-based tuning of 

FRET between DAPI and an ultrasmall ligand-capped Ag NC. In 

aqueous buffer, the Ag NC efficiently quenches the fluorescence of 

nearby DAPI by a nonradiative FRET process. It has been observed that 

the efficiency of EET from the liposome bound DAPI to the Ag NC is 

strongly dependent on the location of the donor DAPI within the 

liposome matrix. In aqueous buffer, DAPI transfers its excitation energy 

to the nearby Ag NC with an efficiency of 76%. However, the 

association of DAPI with the outer surface of the liposome results in 

lowering of the energy transfer efficiency from a bulk value of 76% to 

39%. In contrast, complete encapsulation of DAPI into the hydrophilic 

aqueous core of the liposome results in complete inhibition of this FRET 

process. This location specific interaction between DAPI and the Ag NC 

inside the liposome matrix is important to understand various 

fundamental biophysical processes across the cell membrane. 

 

Note: This is copyrighted material from permission of the Royal Society 

of Chemisty.  
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6.1. Introduction 

Understanding and precise control over EET in nanoscale material is 

utmost important due to enormous importance in fundamental research 

as well as in various technology-related fields such as photovoltaics 

[1,2], light-emitting diodes (LEDs) [3,4], sensors [5,6], and bioimaging 

[7,8]. It has been extensively study the donor-acceptor nanocomposite 

systems which made of metal and semiconductor NPs due to their size-

dependent optoelectronic properties and also allow easy tuning of 

various energy transfer related parameters [9-22]. Moreover, these 

nanocomposite systems offer great advantage over conventional dipole-

dipole systems by surpassing the limited FRET distance due to the 

strong near field effect of metal NPs [16-22]. It has often been observed 

that noble metal NPs with distinct LSPR significantly alter the emission 

properties of nearby fluorophores via electromagnetic coupling [16-22]. 

The interaction of metal NP and a nearby dipole is very complex and 

depends on various factors such as size and shape of the NPs, separation 

distance, spectral overlap, and orientation of dipole with respect to the 

NP surface. The electromagnetic field of metal NPs can either enhances 

or quenches the fluorescence of nearby fluorophores. The LSPR-

induced enhancement occurs either due to an increase in the radiative 

decay rate of fluorophores or the enhanced electromagnetic field at the 

NP surface and fluorescence quenching occurs due to modulation of 

either a radiative or a nonradiative decay or both in the presence of metal 

NPs. To understand the fundamental mechanism behind this long range 

electromagnetic coupling many experimental and theoretical studies 

have been conducted. The quenching of excited donor in the presence of 

metal surface is demonstrated earlier by Chance et al [23] and later 

extended by Persson and Lang by using a Fermi Golden Rule [24].  This 

dipole-to-metal surface energy transfer is known as surface energy 

transfer (SET). Although, this SET theory originally developed to 

explain the interaction of excited dipole near a thin metal surface, it 

successfully accounts the experimentally observed EET in the presence 

of small (<2 nm) Au NPs [16-18]. This dipole-to-NP surface EET is 

known as nonometal surface energy transfer (NSET). Earlier, Strouse 
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and coworkers have demonstrated the distance-dependent fluorescence 

quenching of different dyes attached to 1.5 nm Au NPs and observed a 

1/d4 distance-dependent quenching behaviour which correlates well 

with the NSET theory [16-18]. However, the theory failed to predict the 

experimentally observed radiative and nonradiative rates for oscillating 

dipole near larger sized NPs [19, 25]. Recently, Breshike et al. have 

demonstrated the validity of original SET theory for Au NPs with 

diameter in the range of 2-16.5 nm by incorporating the size-dependent 

absorption and dielectric terms for the Au NPs [26].  Several studies 

have shown that the intrinsic exciton recombination of quantum dots 

(QDs) can be efficiently tuned near a plasmonic NP as a consequence of 

long range electromagnetic coupling between exciton and LSPR of NPs 

[12,22,27,28] substantial amount of work have been executed to 

understand the interaction of oscillating dipole of molecular dyes at the 

NP surface, systematic and precise control of the nonradiative 

electromagnetic coupling in QD-metal NP hybrid nanostructure as a 

function of QDs size, distance and excitation wavelength between 

similarly charged colloidal QD-NP pair is rare.  

In this chapter, we have demonstrated the mechanism behind size and 

wavelength-dependent PL quenching of three differently sized CdTe 

QDs (green, yellow and red) in the presence of plasmonic NPs. The main 

objective behind the present work is to illustrate the role of resonance 

coupling and distance on the extent of interaction between similarly 

charged colloidal QD and plasmonic NP pair. 

 

6.2. Results and Discussion 

 

6.2.1. Characterization of Au NPs 

The AFM image of citrate-capped Au NPs reveals well dispersed spots 

with mean size of 20.4±3.15 nm (Figure 6.1a). The mean hydrodynamic 

diameter of these Au NPs is 25.3±3.45 nm with a zeta potential of -

30.3±0.6 mV (Figure 6.1b). The LSPR peak appears at 522 nm, which 

correlate well with the estimated size from AFM measurement.  Here, it 
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is important to note that the LSPR band of Au NPs overlaps with the 

excitonic emission of green, yellow, and red QDs to different extent 

(Figure 6.1c). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. (a) AFM image of citrate-capped Au NPs. The inset shows 

the height profile histogram with mean size. (b) Histogram of 

hydrodynamic diameter of Au NPs with mean hydrodynamic diameter 

estimated from DLS measurement. The inset shows the zeta potential of 

citrate-capped Au NPs. (c) Spectral overlap between absorption 

spectrum of Au NPs (black line) with emission spectra (λex = 376 nm) 

of green, yellow and red QDs. 

While the PL peak of green QDs coincides with the LSPR peak of Au 

NPs, the PL peak of yellow and red QDs is red-shifted by 64 and 124 

nm, respectively from the LSPR band of Au NPs.  
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6.2.2. PL Measurements of CdTe QDs in the Presence of Au NPs 

The interaction of negatively-charged MSA-capped CdTe QDs with 

similarly charged Au NPs have been probed by steady-state and time-

resolved PL measurements. Figure 6.2a shows the changes in the 

absorption spectra of green QDs upon gradual addition of Au NPs. The 

absorption peak of green QDs is centred at 496 nm. The characteristic 

LSPR peak of Au NPs appears at 522 nm upon addition of Au NPs. The 

absorbance at 496 nm increases gradually with increase in the 

concentrations of Au NPs (Figure 6.2a). 

Figure 6.2. Changes in the (a) absorption and (b) PL spectra (λex= 482 

nm) of green QDs upon gradual addition of Au NPs (0, 20, 40, 60 and 

80 pM). (c) Stern-Volmer plots for the PL quenching of green QDs in 

the presence of Au NPs at three different excitation wavelengths. 

To explore the effect of excitation wavelength on the extent of 

interaction between QD-NP pair, we have chosen three excitation 

wavelengths namely, 376, 445, and 482 nm for further PL 

measurements. While the longest excitation wavelength (482 nm) is 
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close to the LSPR of Au NPs (522 nm), the shortest wavelength (376 

nm) is far away from the same. These wavelengths are chosen on the 

basis of our convenience for subsequent time-resolved measurements. 

The PL peak of green QDs appears at 522 nm upon excitation at 482 nm 

(Figure 6.2b). Significant quenching in the PL of green QDs has been 

observed in the presence of Au NPs. However, a substantial amount of 

overlaps in the extinction spectrum of QDs and Au NPs possess a major 

challenge for the determination of actual steady-state luminescence 

intensity of QDs in the presence of Au NPs. To circumvent this problem, 

we have corrected the recorded PL spectra of QDs in the presence of Au 

NPs [29]. The corrected PL spectra of QDs in the presence of Au NPs 

by considering the changes in the absorbance at the excitation 

wavelength is corrected using the following equation: 

𝐶 =
1−10−𝐴

2.303𝐴
                 (1) 

where C is the correction factor and A is the change in the absorbance 

of the sample at the excitation wavelength in presence and absence of 

the fluorophore. 

 Notably, the relative changes in the corrected steady-state PL intensities 

correlate well with the time-resolved results which are not affected by 

the Au NP extinction. This correction has been performed for all the 

three excitation wavelengths and the corrected PL spectra for green QDs 

in the presence of Au NPs are shown in Figure 6.2b. The PL intensity at 

522 nm decreases gradually with increasing the concentrations of Au 

NPs in the range of 0-80 pM (Figure 6.2b). Similar PL quenching of 

green QDs has also been observed at 376 and 445 nm excitation 

wavelengths (Figure 6.3).  
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Figure 6.3. Changes in the PL spectra (a and b) and PL decay traces (c 

and d) of green QDs upon addition of citrate-capped Au NPs at 376 and 

445 nm excitation wavelength. 

To compare the quenching efficiencies at different excitation 

wavelengths, we have constructed Stern-Volmer (SV) plots with steady-

state PL intensities, which can be expressed as equation (2) as follow: 

  

                                
𝐹0 

𝐹
= 1 +  𝐾𝑆𝑉  [𝑄]               (2) 

 

where F0 and F are the PL intensities in the absence and presence of a 

quencher, respectively. KSV is the SV constant and [Q] is the molar 

concentration of a quencher, here CdTe QDs.  It is evident from figure 

3c that the SV plots are linear, and the slope increases with increase in 

the excitation wavelength. The estimated SV constants are 3.9×109, 

2.3×1010, and 3.5×1010 M-1 at an excitation wavelength of 376, 445, and 

482 nm, respectively (Table 6.1).  
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Table 6.1. Steady-state and time-resolved SV constants (Ksv) for green 

QDs in the presence of citrate-capped Au NPs. 

 

Green QD-Au NP PL TCSPC 

λex = 376 nm 

 

3.9 × 109 3.9 × 109 

λex = 445 nm 

 

2.3 × 1010 2.0 × 1010 

λex = 482 nm 

 

3.5 × 1010 3.0 × 1010 

 

The quenching constant increases almost an order of magnitude upon 

shifting the excitation wavelength from 376 to 482 nm which is close to 

the LSPR of Au NPs. These results indicate the possible role of LSPR 

of Au NPs in the observed PL quenching of CdTe QDs. Next, we have 

performed time-resolved PL measurements to explore the mechanism 

further. Figure 6.4a shows the lifetime decay curves (λex=482 nm; 

λem=522 nm) of green QDs in the absence and presence of different 

concentrations of Au NPs. All the decays show multiexponential decay 

kinetics and fit well with a three exponential decay function.  

 

 

 

 

 

Figure 6.4. (a) Changes in the PL decay traces (λex= 482 nm) of green 

QDs upon addition of citrate –capped Au NPs. Black solid lines 

represent fitted decay functions. (b) Stern−Volmer plots for the PL 
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quenching of green QDs at three different excitation wavelengths (375, 

445 and 482 nm) as a function of Au NP concentrations. 

In the absence of Au NPs, the green QDs show three lifetime 

components of 0.67 (21%), 3.54 (35%), and 15.77 ns (44%) with an 

average lifetime of 8.56 ns. This multiexponential decay kinetics is due 

to complex recombination processes in thiol-capped CdTe QDs 

involving band edge and trap states (shallow and deep) exciton 

recombinations [30].  The PL lifetime decreases gradually with increase 

in the concentrations of Au NPs (Figure 6.4a, Table 6.2).  

Table 6.2. PL decay parameters (λem= 522 nm) of green QDs in the 

absence and presence of citrate and PEG-capped Au NPs at λex of 

482.nm. 

 

 

 

 

 

 

 

 

The average PL lifetime decreases to 2.62 ns in the presence of 80 pM 

Au NPs (Table 6.2). Similar decrease in the PL lifetime has been 

observed at 376 and 445 nm excitation wavelengths (Table 6.3).  

 

Samples τ1  

(ns) 

a1 τ2  

(ns) 

a2 τ3  

(ns) 

a3 <τ> 

(ns) 

χ2 

Green QDs 3.54 0.35 15.77 0.44 0.67 0.21 8.56 1.03 

+ AuNPs_20pM 2.85 0.24 14.23 0.43 0.22 0.33 5.59 1.30 

+ AuNPs_40pM 2.07 0.18 11.90 0.30 0.14 0.52 3.98 1.15 

+ AuNPs_60pM 1.45 0.16 10.27 0.28 0.09 0.56 3.19 1.15 

+ AuNPs_80pM 1.10 0.14 9.26 0.27 0.01 0.59 2.62 1.19 

         

+PEG-Au 

NP_80pM 

2.16 0.18 9.77 0.51 0.30 0.31 5.41 1.09 
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Table 6.3. PL decay parameters of green QD in the absence and 

presence of citrate-capped Au NPs at 376 nm and 445 nm. 

  

To estimate the relative quenching efficiencies at different excitation 

wavelengths, we have constructed SV plots at different excitation 

wavelengths. Figure 6.4b shows the SV plots for three different 

excitation wavelengths. All the plots are linear, and the slope (SV 

constant) increases with increase in excitation wavelength from 376 to 

482 nm similar to that has been observed in our earlier steady-state PL 

measurements. The estimated SV constants for the green QD-Au NP 

 

λex = 376 nm τ1 

(ns) 

a1 τ2 

(ns) 

a2 τ3 

(ns) 

a3 <τ> 

(ns) 

χ2 

Green QD 3.55 0.29 14.93 0.50 0.41 0.21 8.61 1.02 

+AuNPs_20pM 3.09 0.28 14.27 0.50 0.29 0.22 8.12 1.04 

+AuNPs_40pM 2.77 0.26 13.60 0.52 0.29 0.22 7.86 1.02 

+AuNPs_60pM 2.64 0.25 13.52 0.47 0.18 0.28 7.00 1.05 

+AuNPs_80pM 2.39 0.23 12.99 0.46 0.15 0.31 6.61 1.04 

λex = 445 nm         

Green QD 3.68 0.29 14.61 0.51 0.36 0.20 8.54 1.08 

+AuNPs_20pM 3.07 0.23 14.84 0.37 0.11 0.40 6.32 1.12 

+AuNPs_40pM 2.79 0.18 14.54 0.29 0.05 0.53 4.77 1.07 

+AuNPs_60pM 2.56 0.14 13.88 0.26 0.04 0.60 3.93 1.04 

+AuNPs_80pM 2.10 0.11 12.40 0.24 0.04 0.65 3.30 1.00 
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pair are 3.9×109, 2.0×1010, and 3.0×1010 M-1 at the excitation 

wavelengths of 376, 445, and 482 nm, respectively (Table 6.1). Notably, 

these SV constants are very close to those estimated from steady-state 

PL measurements. These findings clearly indicate the involvement of 

excitation wavelength-dependent nonradiative process behind the 

observed PL quenching of green QDs in the presence of Au NPs. To 

explore the mechanism further, we have studied the interactions of these 

Au NPs with yellow and red QDs with their PL peaks red-shifted 

appreciably from the LSPR peak of Au NPs. Notably, the PL spectra of 

yellow and red QDs show noticeable spectral overlap with the LSPR 

band of Au NPs. 

          Figure 6.5 shows the PL behaviours of yellow and red QDs in the 

absence and presence of different concentrations of Au NPs. It is evident 

that the steady-state PL (λex=482 nm) of yellow and red QDs is unaltered 

in the presence of Au NPs (Figure 6.5a and b).  

 

 

 

 

 

 

 

Figure 6.5. Changes in the PL spectra (λex= 482 nm) of (a) yellow and 

(b) red QDs upon gradual addition of Au NPs. PL decay traces (λex= 482 

nm) of (c) yellow and (d) red QDs upon gradual addition of Au NPs. 

The insets show the unchanged solution phase photographs of yellow 

and red QDs in the absence and presence of 80 pM Au NPs upon UV 

illumination, further supporting the fact that the steady-state 

luminescence intensity of the yellow and red QDs remains unchanged 
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in the presence of highest concentration of Au NPs. To substantiate these 

observations, we have performed PL lifetime measurements in the 

absence and presence of Au NPs. Both the QDs show multiexponential 

decay kinetics in the absence of Au NPs and the decays fit well with a 

biexponential decay function (Figure 6.5c and d, Table 6.4).  

Table 6.4. PL decay parameters of yellow and red QDs in the absence 

and presence of citrate-capped Au NPs at λex of 482 nm. 

 

 

 

 

 

 

 

 

Notably, the triexponential decay behaviour of green QDs changes to 

biexponential for yellow and red QDs. This size-dependent PL decay 

behaviour of CdTe QDs is a common phenomenon and arises due to the 

changes in the density and population of various surface trap states [30]. 

The estimated average lifetime of yellow QDs is 20.92 ns with lifetime 

components of 1.34 (10%) and 23.02 ns (90%) and remains almost 

unchanged in the presence of 80 pM Au NPs (Table 6.4). Similarly, the 

decay profile and average PL lifetime of red QDs remains unaltered in 

the presence of 80 pM Au NPs. (Figure 6.5d and Table 6.4). These 

results are in sharp contrast to our earlier observation of significant PL 

quenching of the green QDs in the presence of similar concentrations of 

Au NPs. 

 

Samples τ1  

(ns) 

a1 τ2 

(ns) 

a2 <τ> 

(ns) 

χ2 

Yellow QD 1.94 0.07 25.33 0.93 23.72 1.02 

+ Citrate 

_AuNPs_80pM 

1.92 0.07 25.25 0.93 23.65 1.05 

Red QD 0.64 0.16 32.35 0.84 27.25 1.04 

+ Citrate –

AuNPs_80pM 

0.65 0.16 32.42 0.84 27.33 1.03 
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Next, we have calculated the radiative and nonradiative decay rates of 

QDs in the absence and presence of Au NPs according to the following 

equations: 

   𝑘r =
𝜙D

𝜏
    (3a) 

            𝑘nr =
(1−𝜙D)

𝜏
                         (3b) 

where kr and knr are the radiative and nonradiative decay rates, 

respectively. ϕD is the PL quantum yield and τ is the average PL lifetime 

of QDs. All the estimated parameters are listed in Table 6.5.  

Table 6.5. Estimated quantum yields, average PL lifetimes, radiative 

rates, nonradiative rates, energy transfer rates and efficiencies of energy 

transfer for green CdTe QDs (λex = 482 nm ) in the absence and presence 

of 80 pm citrate and PEG-capped Au NPs. 

 

 

 

 

 

 

 

While the nonradiative decay rate of green QDs increases by a factor of 

3.9, the radiative decay rate remains unaltered in the presence of 80 pM 

Au NPs. This increase in the nonradiative decay rate of green QDs in 

the presence of Au NPs could be due to either aggregation of QDs on 

the surface of NPs, photoinduced charge transfer, and/or excitation 

energy transfer. Among these possibilities, aggregation of QDs on the 

surface of NP can be ruled out by considering similar negative surface 

charge on both the particles and absence of any PL quenching in the 

 

Systems ɸD 

 

<τ> 

(nm) 

 

kr   

(× 109  

s-1) 

 

knr  

(× 109  

s-1) 

 

kET   

(× 109  

s-1) 

 

ɸET 

(τ) 

 

ɸET 

(ϕD) 

 

Green 

QD 

 

0.2 8.56 0.02 0.09 - - - 

+ citrate-

Au NPs 

 

0.05 2.62 0.02 0.36 0.26 0.69 0.74 

+PEG-

Au NPs 

0.12 5.41 0.02 0.16 0.07 0.37 0.37 
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yellow and red QDs. Observation of neither peak shifts nor any new 

peaks in absorption and emission spectra of green QDs in the presence 

of Au NPs further support this argument. It is known that metal NPs 

often quench the emission yield of nearby fluorophores either by 

electron transfer or energy transfer. In practice, it is challenging to 

distinguish between charge and energy transfer process involving metal 

NPs as dark acceptor. Efficient ultrafast charge transfer from 

photoexcited QD to various NP is well explored in the literature [31-

36]. Earlier, Mondal and Samanta have demonstrated ultrafast charge 

transfer dynamics in a colloidal mixture of similarly charged MPA-

capped CdTe QDs and citrate-capped Ag NPs using transient absorption 

measurements [31]. Similarly, Jana et al. have demonstrated size-

dependent hole transfer dynamics in CdTe QD-polymer NP hybrid 

nanocomposite system [32]. In another study, Chauhan et al. have 

studied the ultrafast photoinduced charge separation in colloidal 2-

dimensional CdSe/CdS-Au hybrid nanoplatelets and demonstrated 

efficient photocatalytic reactions under direct sun light [34]. These 

earlier reports suggest that charge (electron/hole) transfer from photo 

excited CdTe QDs to Au NPs could be a reason for the observed PL 

quenching of the green QDs. However, the observed PL quenching in 

the present system is size dependent. While significant quenching has 

been observed for the green QDs, no appreciable change in the PL 

properties has been observed for the yellow and red QDs. This 

observation is quite unexpected in the charge transfer context as the 

fermi level of Au NPs remains in the band gap region of all the three 

differently sized QDs (Scheme 6.1) [37, 38]. 
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Scheme 6.1. Schematic Representation of Valence Band (VB) and 

Conduction Band (CB) Position of Green, Yellow and Red QDs with 

Respect to Fermi Level of Au and Ag NPs. 

To establish whether or not charge transfer is responsible behind the 

observed PL quenching of green QDs by Au NPs, we have synthesized 

citrate capped Ag NPs having LSPR far away from the excitonic 

emission of all the three differently-sized QDs.  Earlier, it has been 

established that MPA-capped CdTe QDs undergo charge transfer 

dynamics in the presence of citrate-capped Ag NPs [31]. Here our aim 

is to explore the feasibility of nonradiative PL quenching of three 

differently sized QDs by Ag NPs. The synthesized citrate-capped Ag 

NPs show a characteristic LSPR at 394 nm (Figure 6.6), which 

corresponds to a mean size of 10 nm [39]. 

 

 

 

 

 

 

 

 

Figure 6.6. Normalized absorption (black) and PL spectra (green, 

yellow, and red) of Ag NPs and three differently sized QDs, 

respectively. 

As discussed above, the LSPR of Ag NPs is significantly off resonance 

with the excitonic emission of all the three QDs. The LSPR band appears 

at 394 nm upon gradual addition of Ag NPs in the QDs solution (Figure 

6.7). Interestingly, irrespective of the size of QDs the PL intensity (λex = 
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376 nm) quenches in the presence of Ag NPs (Figure 6.7). This 

observation is in sharp contrast to the results obtained in the presence of 

Au NPs. The PL lifetime measurements (λex = 376 nm) reveal shortening 

of the lifetime decay curves in the presence of Ag NPs irrespective of 

the sizes of QDs (Figure 6.7). 

 

 

 

 

 

 

 

Figure 6.7. Changes in the absorption spectra of (a) green, (b) yellow 

and (c) red QDs upon addition of citrate-capped Ag NPs. Changes in the 

PL spectra of (d) green, (e) yellow and (f) red QDs upon addition of 

citrate-capped Ag NPs at λex of 376 nm. 

The average PL lifetime of green QDs decreases from 8.76 ns to 3.85 ns 

in the presence of 300 pM Ag NPs. Similarly, the average lifetime of 

yellow and red QDs decreases from 23.72 and 27.49 ns to 8.75 and 9.27 

ns in the presence of 300 pM Ag NPs, respectively (Figure 6.8, Table 

6.6).  

 

 

 

 

Figure 6.8. Changes in the PL decay traces of (a) green, (b) yellow and 

(c) red QDs upon addition of citrate capped Ag NPs λex = 376 nm. 
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Table 6.6. PL decay parameters of green, yellow and red QD in the 

absence and presence of citrate-capped Ag NPs at λex = 376 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples τ1  

(ns) 

a1 τ2 

(ns) 

a2 τ3 

(ns) 

a3 <τ> 

(ns) 

χ2 

Green QD 3.51 0.29 19.53 0.49 0.35 0.22 8.67 1.05 

+ Ag NPs_30pM 3.00 0.29 19.40 0.35 0.15 0.36 7.69 1.05 

+ Ag NPs_60pM 2.57 0.18 19.30 0.32 0.10 0.50 6.68 1.03 

+AgNPs_120pM 2.56 0.18 19.26 0.27 0.10 0.55 5.71 1.03 

+AgNPs_180pM 2.20 0.12 17.55 0.26 0.08 0.62 4.97 1.07 

+AgNPs_240pM 1.87 0.11 16.00 0.25 0.07 0.64 4.30 1.07 

+AgNPs_300pM 1.67 0.11 15.01 0.24 0.066 0.65 3.85 1.07 

         

Yellow QD 1.94 0.07 25.33 0.93 - - 23.72 1.02 

+Ag NPs_ 30pM 0.57 0.15 23.06 0.85 - - 19.66 1.05 

+Ag NPs_60pM 0.33 0.25 22.65 0.75 - - 16.98 1.08 

+AgNPs_120pM 0.21 0.39 22.27 0.61 - - 13.95 1.11 

+AgNPs_180pM 0.17 0.48 21.67 0.52 - - 11.37 1.19 

+AgNPs_240pM 0.15 0.56 22.06 0.44 - - 9.82 1.20 

+AgNPs_300pM 0.15 0.59 21.00 0.41 - - 8.75 1.20 

         

Red QD 0.68 0.16 32.55 0.84 - - 27.49 1.03 

+AgNPs_30pM 0.62 0.12 29.83 0.88 - - 26.36 1.03 

+AgNPs_60pM 0.28 0.31 28.92 0.69 - - 19.95 1.12 

+AgNPs_120pM 0.17 0.48 28.73 0.52 - - 15.0 1.17 

+AgNPs_180pM 0.16 0.59 27.65 0.41 - - 11.49 1.12 

+AgNPs_240pM 0.13 0.63 27.79 0.37 - - 10.53 1.13 

+AgNPs_300pM 0.13 0.68 27.00 0.32 - - 9.27 1.24 
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Figure 6.9 shows the SV plots of green, yellow and red QDs generated 

from steady-state and time-resolved PL measurements.  

 

 

 

 

 

 

 

 

Figure 6.9. Steady-state and time-resolved Stern-Volmer plots for (a) 

green, (b) yellow and (c) red QDs in the presence of Ag NPs at an 

excitation wavelength of 376 nm. 

All the plots are linear and the estimated SV constants and quenching 

rate constants are listed in table 6.7. This nonradiative decrease in the 

PL intensity as well as the lifetime of all the three QDs in the presence 

of Ag NPs indicates that the mechanism of PL quenching by Ag NP is 

quite different from that of Au NPs. The possibility of aggregation of 

QDs on the surface of Ag NPs can be ruled out by considering similar 

negative surface charge on both the particles.   

Table 6.7. Steady-state and time-resolved SV constants (Ksv) for green, 

yellow, and red QD in presence of citrate-capped Ag NPs. 
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Green 4.3 × 109 4.2 × 109 

Yellow 6.2 × 109 5.8 × 109 

Red 7.7 × 109 6.7 × 109 
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Moreover, absence of any spectral overlap between LSPR of Ag NPs 

and excitonic emission of QDs ruled out the possibility of excitation 

energy transfer from QDs to Ag NPs. The most probable process that 

might contribute to the observed nonradiative PL quenching of all the 

three QDs by Ag NPs is photoinduced charge transfer from QDs to Ag 

NPs (Scheme 6.1) [37,40]. This argument gain support from a recent 

observation of ultrafast charge transfer dynamics in a colloidal mixture 

of MPA-capped CdTe QDs and citrate-capped Ag NPs. Direct evidence 

of electron transfer from the photoexcited CdTe QDs to Ag NPs has 

been demonstrated via accelerated bleach recovery of the exciton band 

of the QDs and a faster carrier cooling in the presence of Ag NPs using 

transient absorption measurements [31]. Importantly, our present study 

reveals that this nonradiative electron transfer from CdTe QDs to Ag 

NPs is feasible for all the three differently sized QDs. Therefore, the 

mechanism behind size and wavelength dependent PL quenching 

observed for green QDs in the presence of Au NPs is unlikely due to 

electron transfer mechanism. 

 The presence of significant spectral overlap between LSPR of 

Au NPs and excitonic emission of green QDs indicates the possible 

involvement of EET from photoexcited QDs to Au NPs. The estimated 

spectral overlap integrals are 5.90 × 10-9, 1.60 × 10-9, and 1.10 × 10-9 M-

1 cm3 for green, yellow, and red QDs, respectively. The higher value of 

spectral overlap integral for green QD-Au NP pair along with 

coincidence of their peak positions account for the significant PL 

quenching observed due to EET. Moreover, the observation of efficient 

quenching near the LSPR of Au NPs suggests efficient electromagnetic 

coupling of excitonic emission of green QDs with the LSPR of Au NPs, 

which facilitate the EET. Similar EET via wavelength-dependent 

electromagnetic coupling has been observed earlier [19,22]. Hence, our 

present results clearly indicate the involvement of EET from 

photoexcited CdTe QDs to the Au NPs in the observed PL quenching. 

The rate of this nonradiative EET is estimated by using the following 

equation: 
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  𝑘ET =
1

𝜏DA
−

1

𝜏D
    (4) 

where τDA and τD are the average PL lifetimes of green QDs in 

the presence and absence of Au NPs, respectively. The estimated kET is 

0.27 × 109 s-1. The efficiency of the EET process is estimated using the 

following equations: 

  𝜙Eff = 1 −
𝜙D−A

𝜙D
= 1 −

𝜏D−A

𝜏D
   (5) 

where ϕD and ϕD-A are the steady-state PL quantum yields of 

green QDs in the absence and presence of Au NPs, respectively. τD and 

τD-A are the average PL lifetimes of QDs in the absence and presence of 

Au NPs, respectively. The estimated EET efficiency from the lifetime 

measurements in the presence of 80 pM Au NPs is 0.69, which matches 

closely with that estimated from steady-state PL measurements (Table 

6.2). Next, we have investigated the effect of ligand exchange at the 

surface of Au NPs with PEG-SH on the extent of EET from photoexcited 

green QDs. 

6.2.3. Effect of Ligand Exchange on the EET 

The effect of ligand exchange with PEG-SH on the extent of EET 

between green QDs and PEG-capped Au NPs has been explored. For the 

present study we have used PEG-SH (MW 6000 Da) to replace the 

citrate molecules on the surface of Au NPs. The PEG-capped Au NPs 

have been characterised by UV-vis, FTIR, DLS, and zeta potential 

measurements. A noticeable change in the LSPR band of Au NPs has 

been observed upon ligand exchange with PEG-SH (Figure 6.10a). 
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Figure 6.10. (a) Schematic representation of ligand exchange reaction 

of citrate-capped Au NPs with PEG-SH ligand. (b) Normalized 

absorption spectrum of citrate and PEG-capped Au NPs. (c) Size 

distribution histogram of PEG-capped Au NPs from DLS measurement. 

The mean hydrodynamic diameter is mentioned with the standard 

deviation. The Inset compares the estimated zeta potentials of citrate and 

PEG-capped Au NPs. (d) Changes in the PL spectra (λex= 482 nm) of 

green QDs in the absence (black line) and presence of 80 pM PEG (solid 

red line) and citrate (dash dot magenta line)-capped Au NPs. (e) 

Changes in the PL decay traces (λex= 482 nm) of green QDs in the 

absence (black) and presence of 80 pM PEG (red) and citrate (magenta)-

capped Au NPs. The black solid lines are the fitted curves. 

The LSPR peak of PEG-capped Au NPs is observed at 525 nm with a 3 

nm red shift compared to that of citrate-capped Au NPs. Similar spectral 

change has been observed earlier upon ligand exchange due to the 
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change in dielectric constant at the NP surface [41]. The covalent 

attachment of PEG-SH molecules on the surface of Au NPs has been 

confirmed from FTIR measurements where the stretching frequency of 

free –S-H groups disappears in the presence of Au NPs (Figure 6.11). 

 

 

 

 

 

 

Figure 6.11. FTIR spectra of (a) Poly (ethylene glycol) methyl ether 

thiol (PEG-SH) and (b) synthesized PEG-capped Au NPs. 

 Significant change in the hydrodynamic diameter and zeta potential has 

been observed in the DLS measurements (Figure 6.10b). The mean 

hydrodynamic diameter of PEG-capped Au NPs is estimated to be 

51.10±6.77 nm, which is significantly higher than that of citrate-capped 

Au NPs. Moreover, the estimated zeta potential is found to be-

0.180±0.005 mV, indicating the presence of neutral PEG molecules at 

the surface of Au NPs. The characteristic LSPR of Au NPs appears in 

the absorption spectra of green QDs upon gradual addition of PEG-

capped Au NPs (Figure 6.12), similar to that has been observed for 

citrate-capped Au NPs. Figure 6.10d shows the changes in the PL 

spectra (λex = 482 nm) of green QDs in the absence and presence of 80 

pM PEG-capped Au NPs along with the PL spectrum in the presence of 

80 pM citrate-capped Au NPs (Dash dotted line).  
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Figure 6.12. (a) Changes in the absorption spectra and PL spectra of 

green QD upon addition of PEG-capped Au NPs at λex of (b) 376 nm 

and (c) 445 nm. 

 It is evident that the PL of green QDs quenches in the presence of PEG-

capped Au NPs without any noticeable peak shift (Figure 6.10d). 

Notably, the extent of PL quenching is significantly lower compared to 

that in the presence of citrate-capped Au NPs. While the PL intensity of 

green QDs decreases by 3.8 times in the presence of citrate-capped Au 

NPs, the same decreases by only 1.6 times in the presence of PEG-

capped Au NPs. Control experiment with only PEG-SH ligand reveals 

no appreciable quenching in the PL intensity of green QDs, indicating 

that the observed quenching is solely due to the Au NPs. Similar 

excitation wavelength dependent PL quenching has also been observed 

at 376 and 445 nm excitation wavelengths in the presence of PEG-

capped Au NPs (Figure 6.13).  

 

 

 

 

 

Figure 6.13. Changes in the PL decay traces of green QD upon addition 

of PEG-capped Au NPs at λex of (a) 376 nm and (b) 445 nm. 

Lifetime decay measurements have been performed to gain further 

knowledge on the dynamics and extent of EET in the presence of PEG-
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capped Au NPs. The PL decay trace (λex = 482 nm) of green QDs 

shortens in the presence of PEG-capped Au NPs, indicating nonradiative 

EET from QDs to PEG-capped Au NPs (Figure 6.10e). The average PL 

lifetime of green QDs decreases from 8.56 ns to 5.41 ns in the presence 

of 80 pM PEG-capped Au NPs (Table 6.1). This 1.6-fold decrease in the 

average lifetime of green QDs in the presence of PEG-capped Au NPs 

is significantly lower than that observed (3.3 fold) in the presence of 

citrate-capped Au NPs. These observations clearly reveal that the 

nonradiative EET from the photoexcited QDs to Au NPs hinders due to 

the presence of bulky PEG ligands at the surface. The calculated 

radiative and nonradiative rates for the green QDs in the presence of 

PEG-capped Au NPs are listed in Table 6.5. While the nonradiative rate 

of QDs increases by a factor of 1.74, the radiative rate remains 

unchanged in the presence of 80 pM PEG-capped Au NPs. The 

estimated rate and efficiency of this nonradiative EET process in the 

presence of 80 pM PEG-capped Au NP is 0.07 × 109 s-1 and 0.37, 

respectively (Table 6.5). These values are lower than those estimated for 

citrate-capped Au NPs, suggesting less efficient EET due to the presence 

of PEG molecules. Here it is important to note that the size of Au NPs 

and the extent of spectral overlap remain almost unchanged upon ligand 

exchange with PEG molecules. Therefore, the observed less efficient 

EET in the presence of PEG-capped Au NPs can be explained by 

considering increase in the separation distance between CdTe QDs and 

the surface of Au NPs due to the presence of PEG molecules. Similar 

distance-dependent EET has been demonstrated earlier by using various 

organic and inorganic spacers between donor-acceptor pair [14,16-22]. 

In the next section we have discussed different models of excitation 

energy transfer in the context of our experimental findings. 

6.2.4. Mechanism of EET from QDs to Au NPs 

The classical FRET model of EET is based on the nonradiative dipole-

dipole interaction between two molecular dyes (donor and acceptor) and 

is limited for short range distances of up to 10 nm. The most 

characteristic parameter related to FRET model is the Förster distance 
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R0 and can be defined as the distance at which the EET efficiency is 

50%. For a typical donor-acceptor pair, it varies in the range of 2-8 nm 

and for a given donor and acceptor the value of R0 can be estimated by 

using the following equation, 

  𝑅0 = [(8.8 × 10−25)(𝜅2𝜂−4𝜙D𝐽(𝜆))]
1/6

  (6) 

where κ2 is the orientation factor of the transition dipoles of the donor 

and the acceptor, η is the refractive index of the medium, ϕD is the 

quantum yield of the donor, and J(λ) is the spectral overlap integral 

between the donor emission and the acceptor absorption spectrum. The 

estimated R0 value for the green QDs-Au NPs pair is 24.60 nm, which 

is well beyond the range of conventional FRET theory. 

 The electromagnetic coupling of an excited state oscillating 

dipole with the near field of a metallic surface was described earlier by 

Chance et al. [23] and extended further by Persson and Lang to the 

metal’s conduction electrons and known as surface energy transfer 

(SET) [24]. According to this model, the LSPR modes represent the 

collective oscillation of many strongly coupled electrons and hence the 

electromagnetic coupling of the oscillator can be described as an 

interaction with the array of coupled dipoles. Although this SET model 

is appropriate for a thin metal film with mirror-like behaviour, it 

successfully accounts the experimentally observed nonradiative EET 

from various molecular dyes to small (<2 nm) Au NPs [16-22] This 

correlation has been explained on the basis of formation of an image 

dipole at the NP surface. While this model is quite successfully predicts 

the experimentally observed trends for thin metal surfaces and small Au 

NPs, it has failed to accurately predict the observed changes in the 

radiative and nonradiative rate constants of dyes in the near field of 

larger sized metal NPs [19,25]  This discrepancy is possibly due to the 

inability of the NSET model to account the size of the metal NP and the 

spectral overlap of the donor-acceptor pair. For the present system, we 

have incorporated the size-dependent dielectric and optical properties of 

the Au NPs in the original SET theory, similar to that has been 
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demonstrated recently [26]. The distance d0 at which the nonradiative 

EET is 50% efficient can be express as follows: 

𝑑0 =
𝛼𝜆

𝑛m
(𝐴𝜙)1/4 {

𝑛r

2𝑛m
(1 +

𝜀1
2

|𝜀2|2)}
1/4

   (7) 

where α is the orientation of the donor transition dipole to the metal 

plasmon vector [26], λ is the emission wavelength maximum of the 

donor, nm is the refractive index of the medium, A is the absorptivity of 

the metal NP, ϕ is the quantum yield of the donor, nr is the refractive 

index of the metal, ε1 is the solvent dielectric constant, and ε2 is the 

complex dielectric function of the metal. The size-dependent complex 

dielectric function of metal can be express as follows: 

𝜀2 = 𝜀∞ + 𝜀Drude + 𝜀IB    (8a) 

𝜀Drude = 1 −
𝜔P

2

𝜔2+𝛤r
2 + 𝑖

𝛤r𝜔P
2

𝜔(𝜔2+𝛤r
2)

   (8b) 

𝜀1B = ∑
𝐴𝑖

𝜔𝑖
[

𝑒𝑖𝜙𝑖

𝜔𝑖
−1−𝜔−1−𝛤𝑖

−1 +
𝑒−𝑖𝜙𝑖

𝜔𝑖
−1+𝜔−1+𝛤𝑖

−1]𝑖=1,2  (8c) 

where ε∞ is the bulk dielectric constant of Au, ω is the dipole frequency, 

ωP is the Drude plasmon frequency, and Γr is the size-dependent 

damping constant. Γr can be express as follows: 

𝛤𝑟 = 𝛤∞ +
(𝑙∞)

𝑟
      (9) 

where Γ∞ is the bulk damping constant, l∞ is the mean free path in Au 

(l∞ = 420 Å), and r is the Au NP radius. The absorptivity term for metal 

NP has also been corrected according to the literature [26] and can be 

express as follows: 

𝐴NP = 103ln(10) [
𝜀λ(2𝑟cm(

2𝑟cm
𝛿skin

))

𝑁A𝑉cm3
]   (10) 

where ελ is the extinction coefficient of the NP at the maximum emission 

wavelength of the donor [42,43], rcm is the radius of the NP in cm, NA is 
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the Avogadro’s number, and Vcm
3 is the volume of the NP in cm3. δskin 

is the skin depth of the Au NP and can be express as follows: 

𝛿𝑠𝑘𝑖𝑛 =
𝜆

2п𝑘
                                                      (11) 

where λ the emission wavelength maximum of the donor and k is the 

refractive index.  

The calculated dielectric function and absorptivity values for the present 

system are listed in table 6.8. 

Table 6.8. Experimental and theoretical SET parameters for green, 

yellow and red QDs in the presence of citrate-capped Au NPs. 

Donor λ
max

 

(nm) 

n
r
 NP 

radius 

(10
-7

 

cm) 

NP 

extinction 

(M.cm)
-1 

× 108 

d
0
 

(nm) 

ɛ
2

,
 ɛ

2

,,
 |ɛ

2
|
2
 δ

skin
 

(10
-

7
cm) 

Green 

QD  

522 0.6 10 8.78  22.5 -5.30 3.4 39.4 34.49 

Yellow 

QD  

585 0.3 10 1.85  19.0 -9.65 1.7 95.9 29.87 

Red 

QD  

645 0.3 10 0.55  13.5 -14.3 1.1 204.6 27.22 

 

The estimated d0 value for the green QD-Au NP pair is 22.48 nm. The 

average separation distance between the green QDs and the surface of 

Au NPs is estimated from experimentally obtained efficiency (ϕEff) and 

calculated d0 values using the following equation: 

𝜙Eff =
1

1+(
𝑑

𝑑0
)

4     (12) 

We have estimated the average separation distance between green QDs 

and the surface of Au NPs by using the experimental values of ϕEff and 

calculated d0 values at 80 pM citrate and PEG-capped Au NPs. The 

estimated average distance is 18.3 and 25.4 nm for citrate and PEG-



Chapter 6 

169 
 

capped Au NPs, respectively. Here, it is important to comment on the 

large separation distances estimated for citrate and PEG-capped Au NPs. 

The large separation distance between QD and the surface of citrate-

capped Au NPs in colloidal mixture is expected due to their similar 

negative surface charges. As the surface of both the particles is 

negatively charged, they will repel each other and leads to a large 

effective separation distance. Interestingly, our present findings reveal 

that the nonradiative through space EET is quite possible at large 

separation distance due to the strong electromagnetic coupling of the 

excitonic emission of green QD and the LSPR of Au NP. Absence of 

any EET in yellow and red QDs indicates insufficient electromagnetic 

coupling due to the red-shifted excitonic peaks relative to the LSPR peak 

of Au NPs. Notably, the observed 7 nm increase in the separation 

distance due to PEGylation of the Au NPs observed in our present study 

is very close to the estimated Flory radius of PEG 6000 which is 6.7 nm 

[44,45]. This correlation strongly justifies the validity of the theoretical 

SET model used in the present study to account the observed EET from 

QD to Au NP surface. The observed enhancement in the separation 

distance due to PEGylation of the NP surface can be explained by 

considering steric effect of bulky PEG molecules which limit the access 

of QDs to the NP surface. 

6.3. Conclusions 

The present study demonstrates the size and wavelength-dependent 

electromagnetic coupling and subsequent long range EET from 

negatively charged MSA-capped CdTe QDs to negatively charged 

citrate-capped Au NPs. While Au NPs significantly quench the PL 

intensity and lifetime of green QDs, no such quenching phenomenon has 

been observed for yellow and red QDs even with noticeable spectral 

overlap. These results clearly indicate that mere spectral overlap 

between emission spectrum of donor and LSPR of metal NP in hybrid 

colloidal mixture is not sufficient for resonant EET. Moreover, the 

estimated quenching efficiency shows a maximum value close to the 

LSPR of Au NPs, indicating the involvement of LSPR in the quenching 
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process. Our findings reveal strong electromagnetic coupling of LSPR 

of Au NPs and excitonic emission of green QDs, which leads to 

significant PL quenching due to nonradiative EET from photoexcited 

QDs to the surface of Au NPs. In contrast, size-independent PL 

quenching in the presence of 10 nm sized citrate-capped Ag NPs having 

LSPR significantly off resonance with the excitonic emission of all the 

three differently sized QDs arises as a consequence of nonradiative PET 

process. Furthermore, it has been observed that ligand exchange with 

bulky PEG 6000 molecules at the surface of Au NPs results in 

significant lowering of the efficiency of this EET process due to the 

increase in the effective separation distance between QD and the surface 

of Au NPs. The effective separation distance between QD and the 

surface of citrate and PEG-capped Au NP has been estimated using a 

modified SET model and the obtained distances correlate well with our 

present system. Our study reveals that it is possible to tune the 

optoelectronic properties of hybrid plexcitonic system by modulating 

inherent complex nonradiative processes which in turn depend on 

various factors such as size and nature of metal NPs, spectral overlap, 

separation distance and surface charge on particles. The present findings 

may be useful to understand the fundamental nonradiative processes in 

various hybrid plexcitonic systems. 

 

Note: This is copyrighted material from permission of the American 

Chemisty Society.  
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7.1. Introduction 

Functional nanoparticles (NPs) find tremendous importance in 

nanomedicine as diagnostic and therapeutic agents due to their inherent 

optical, electrical, and magnetic properties along with their unique 

physicochemical properties. Various hybrid NPs have been fabricated in 

recent times for a wide range of diagnostic and therapeutic applications 

[1-5]. Designing of functional NPs for nanomedicine applications 

require fundamental understanding of the interaction of these NPs with 

the cell membrane to minimize nanotoxicity [6]. Therefore, in-depth 

understanding of the interaction mechanism between functionalized NPs 

and cell membrane is essential to avoid nanotoxicity inside the cellular 

compartment. Various cell membrane mimicking systems such as 

micelles, liposomes, and polymersomes with biocompatible interfaces 

have been utilized to understand the fundamental interactions with 

various NPs [7-9]. Among these, the lipid bilayers of liposomes have 

been the subject of extensive studies due to their structural resemble 

with the cell membrane [10]. The NP-liposome hybrid nanocomposites 

are promising candidates for drug delivery, bio-imaging, and biosensors 

[11-18]. For example, Lira et al. demonstrated intracellular delivery of 

liposome-encapsulated hydrophilic CdTe QDs into live human stem 

cells and red blood cells [11]. Aizik et al. developed a liposome-based 

delivery system containing CdSe/CdZnS QDs and shown high 

accumulation and retention of these hybrid nanocomposites following 

intravenous administration in carotid-injured rats [14]. Till date, various 

mechanisms have been proposed for the spontaneous formation of NP-

liposome nanocomposites depending on the size, shape, composition, 

and surface charge of both liposomes and NPs [19]. Moreover, a wide 

range of spectroscopic and microscopic techniques such as UV-vis, 

fluorescence, differential scanning calorimetry (DSC), small angle X-

ray scattering (SAXS), transmission electron microscopy (TEM), 

atomic force microscopy (AFM), and dynamic light scattering (DLS) 

have been used to characterized NP-liposome hybrid nanocomposites 

[14,18-22]. Among these, fluorescence-based excitation energy transfer 

(EET) is a very sensitive and highly selective technique towards real 
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time monitoring of the location and the dynamic changes in the distance 

between donor and acceptor. 

      Nonradiative EET from a photoexcited donor to an acceptor via 

dipole-dipole interactions is well known as Förster resonance energy 

transfer (FRET) [23]. However, the classical FRET theory has serious 

limitation at large donor-acceptor separation distance (>10 nm) [24-28].  

Moreover, the dipole-dipole FRET theory failed to account the distance 

dependency of the rate of EET for metal NP-based donor-acceptor 

systems [24-28]. Extensive studies have been performed to understand 

the highly efficient NP-based EET processes in various systems. EET 

from photoexcited donors to metal NPs is known as nanometal surface 

energy transfer (NSET) [24-28].  Both these EET theories have been 

extensively utilized to understand various complex chemical and 

biological processes across lipid bilayers of liposomes and cell 

membrane [29-36]. Here in this thesis, we have studied the selective 

uptake and partitioning of donor and acceptor across the lipid bilayer of 

liposome by monitoring the changes in the NSET efficiency. In the 

present study, we have used mercaptosuccinic acid-capped CdTe QD as 

donor and citrate-capped Au NP as acceptor. The partitioning of these 

donor and acceptor across the lipid bilayer of 

dipalmitoylphosphatidylcholine (DPPC) liposome has been explored as 

a function of time. Recently, we have demonstrated that similarly-

charged CdTe QDs and Au NPs undergo long-rage resonance coupling-

induced NSET in bulk aqueous medium and explored the fundamental 

mechanism in great details [25]. The aim of the present study is to 

explore this long-range NSET process between MSA-capped CdTe QDs 

and citrate-capped Au NPs across the lipid bilayer of small unilamellar 

vesicles (SUV) of DPPC.  
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7.2. Results and Discussion 

7.2.1. Interactions of QDs and Au NPs with Liposome  

The interactions of QDs and Au NPs with the gel-phase of DPPC 

liposomes were monitored using UV-vis, PL spectroscopy, CLSM, and 

AFM. The absorption spectrum of QDs shows no appreciable change 

upon instant mixing (time= 0 h) with liposome (Figure 7.1a). The 

excitonic peak position of QDs remains unaltered at 492 nm in the 

presence of liposomes upon instant mixing. In contrast, significant 

changes in the excitonic absorption spectrum of QDs have been 

observed upon equilibrating the binary mixture of QDs and liposomes 

for 24 h. 

 

Figure. 7.1. Change in the (a) absorption and (b) PL (λex = 450 nm) 

spectra of CdTe QDs in the presence of liposome at 0 and 24 h of 

equilibration. (c) Change in the peak position and PL intensity ratio of 

CdTe QDs in the presence of liposome as a function of equilibration 

time. (d) PL lifetime decay traces (λex= 445 nm; λem= 520 nm) of QDs 

in the absence and presence of liposomes at 0 and 24 h of equilibration. 

(e) Confocal images of QD-liposome binary mixtures at 0 and 24 h of 

equilibration. 
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The excitonic peak position of QDs shifts to 483 nm with a blue shift of 

7 nm (Figure 7.1a). Moreover, the absorption spectrum gets broaden in 

the wavelength region between 600-700 nm (Figure 7.1a). The observed 

blue shift in the excitonic peak position of QDs in the binary mixture 

upon 24 h of equilibration indicates less polar microenvironment around 

QDs in the binary mixture and may arise due to the association of QDs 

with liposomes [37]. On the other hand, the broadening of the spectrum 

in the long wavelength region (600-700 nm) suggests some kind of 

exciton-exciton coupling between closely associated QDs inside the 

liposomes. 

To gain further knowledge, we have recorded the PL spectrum of QDs 

in the presence of liposomes. Figure 7.1b displays the changes in PL 

spectrum of QDs in the absence and presence of liposomes. It is evident 

that the PL spectrum of QDs remains unaltered in the presence of 

liposomes upon instant mixing (0 h). However, significant changes in 

the PL spectrum of QDs have been observed upon equilibrating the 

mixture for 24 h. The PL intensity decreases appreciably (2.8 times) 

along with 6 nm blue shift in its PL peak position (Figure 7.1b). The 

kinetic aspect of their interaction has been explored by monitoring the 

PL properties of QDs as a function of equilibration time in the presence 

of the liposome. A continuous decrease in the PL peak position as well 

as in PL intensity has been observed as a function of equilibration time 

(Figure 7.1c). Notably, both these parameters saturate beyound 24 h of 

equilibration (Figure 7.1c). These findings clearly indicate that the 

interaction of QDs with the gel-phase of DPPC liposome depends on the 

equilibration time. 

 To further substantiate our claim from steady-state PL 

measurements, we have performed PL lifetime measurements of QDs in 

the absence and presence of liposomes as a function of equilibration 

time. Figure 7.1d displays the PL lifetime decay curves (λex = 445 nm; 

λem = 520 nm) of QDs in the absence and presence of liposomes as a 

function of equilibration time. The PL decay curve of CdTe QD fits 

satisfactorily with a three exponential decay function (Figure 7.1d and 
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Table 7.1). The fitted decay parameters reveal three-lifetime 

components of 13.75 (54%), 2.68 (30%), and 0.34 ns (16%) and the 

average lifetime is determined to be 8.27 ns. The observed 

multiexponential decay profile of CdTe QDs is due to various radiative 

decay channels involving band edge and different trap states.25 The 2.68 

ns component can be assigned due to the band edge exciton 

recombination, the shortest (0.34 ns) and longest lifetime (13.75 ns) 

component arise due to the presence of deep and shallow trap states, 

respectively. The decay trace and the average PL lifetime of QDs remain 

unchanged upon instant mixing with liposomes, indicating absence of 

any interaction (Figure 7.1d and Table 7.1). 

 

Table 7.1. PL lifetime decay parameters of CdTe QD in the absence and 

presence of Au NPs and liposome at dufferent incubation times. 

 

 

Samples τ1  

(ns) 

a1 τ2 

(ns) 

a2 τ3  

(ns) 

a3 <τ>  

(ns) 

χ2 

Incubation time = 0 h 

CdTe QD 0.34 0.16 2.68 0.30 13.75 0.54 8.27 1.00 

QD + 80pM Au NP 0.09 0.40 1.57 0.28 8.84 0.32 3.31 1.00 

Liposome + QD 0.30 0.17 2.79 0.32 14.19 0.51 8.20 1.00 

Liposome+QD+Au 

NP  

0.11 0.40 1.60 0.28 9.09 0.32 3.30 1.03 

Incubation time = 24 h 

LipQD 0.14 0.40 1.61 0.29 8.74 0.32 3.28 1.10 

LipQD + Au NP 0.14 0.40 1.61 0.29 8.73 0.32 3.27 1.09 

AuLipQD 0.09 0.46 1.34 0.26 7.33 0.28 2.50 1.05 
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This observation is similar to that has been observed earlier in steady-

state measurements. However, the PL lifetime decreases from 8.27 to 

3.28 ns upon equilibrating the binary mixture for 24 h (Figure 7.1d, 

Table 7.1). These findings clearly indicate that the interaction of QDs 

with the gel phase of DPPC liposome is time-dependent. Moreover, our 

steady-state and time-resolved data indicate the formation of QD-

liposome hybrid nanocomposite upon 24 h of equilibration. 

      Next, we have performed CLSM to further explore the nature of 

these hybrid nanocomposites and the location of QDs inside the 

liposomal matrix. CLSM measurements have been performed at two 

different equilibration time, namely 0 and 24 h to substantiate the time-

dependent association between QDs and liposomes. The differential 

interference contrast (DIC) image at 0 h reveals the presence of spherical 

liposomes (Figure 7.1e). However, the fluorescence and merged images 

of the QD-liposome binary mixture upon instant mixing reveal lack of 

any green luminescence from liposomes, instead liposomes appear as 

dark in the background of intense green luminescence from free QDs. 

This observation clearly suggests lack of any specific association 

between QDs and DPPC liposomes upon instant mixing. On the other 

hand, totally contrasting behavior has been observed upon equilibrating 

the mixture for 24 h. It is evident from the DIC image that the shape of 

the liposomes does not change upon equilibrating the mixture for 24 h 

(Figure 7.1e). More importantly, the fluorescence image reveals distinct 

green luminescent spherical spots. The merged image unambiguously 

shows that the green luminescence appears exclusively from the core of 

liposomes (Figure 7.1e). Here, it would be interesting to correlate our 

findings from UV-vis and PL measurements with those obtained from 

CLSM. The absence of any spectral changes upon instant mixing (0 h) 

of QDs and liposomes indicates lack of any specific association. CLSM 

reveals that upon instant mixing, QDs mainly remain in the bulk aqueous 

phase and do not interact with liposomes. In contrast, significant PL 

quenching of QDs along with 6 nm blue shift in its PL peak position 

upon equilibrating the mixture for 24 h suggest strong exciton-exciton 
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coupling between adjacent QDs and less polar microenvironment 

surrounding QDs. CLSM measurement reveals that these spectral 

changes arise due to the encapsulation of QDs into the less polar aqueous 

core of liposomes. Therefore, our findings reveal that equilibrating the 

QD-liposome binary mixture for 24 h results in the formation of 

liposome encapsulated QDs (LipQD). The formation of these LipQD 

nanocomposites can be rationalized by considering diffusion of QDs 

from bulk aqueous medium to liposome core through the lipid bilayer. 

Notably, this diffusion of QDs through the lipid bilayer of zwitterionic 

DPPC liposomes may be facilitated by favorable electrostatic as well as 

van der Waals interactions. Similar uptake of small-sized QDs into the 

liposomal matrix has been demonstrated earlier [16,38-40] For example, 

Zhou et al. fabricated liposome-QD hybrid nanocomposites by 

incorporating 2.80 ± 0.25 and 4.60 ± 0.34 nm-sized QDs into the 

hydrophobic lipid bilayer without perturbing the liposome integrity 

[16]. Zheng et al. demonstrated the phase-dependent structure, 

photostability, and site-selective functionalization of 3.0 nm-sized CdSe 

QDs encapsulated within phospholipid membranes [38]. Recently, 

Wlodek et al. shown that hydrophobic CdS QDs with diameter of 2.7-

5.4 nm can be successfully incorporated into the hydrophobic lipid 

bilayer [39]. Similarly, Lehn et al. studied the size-dependent 

spontaneous penetration of monolayer protected gold (Au) NPs with 

lipid bilayers of liposomes and shown that the critical first step in the 

penetration process was the fusion of Au NPs with lipid bilayers [40]. 

Moreover, using free energy calculations it has been shown that the 

fusion of Au NPs with lipid bilayers was favorable below a critical Au 

NP size of 3.5 nm. Furthermore, our findings clearly indicate that 

penetration of 2.3 ± 0.5 nm sized CdTe QDs into the liposome core via 

lipid bilayer of DPPC liposomes is quite feasible without perturbing the 

integrity of the lipid bilayer and the morphology of the liposomes.  

The interaction of Au NPs with DPPC liposomes has been monitored 

using UV-vis and AFM measurements. Figure 7.2a displays the changes 

in the absorption spectrum of Au NPs in the absence and presence of 
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liposomes. The LSPR peak of Au NPs appears at 520 nm in aqueous 

phosphate buffer. The shape and peak position of the LSPR band of Au 

NPs remain unchanged upon instant mixing with liposome (t= 0 h). 

However, the LSPR band of Au NPs displays a red shift of 7 nm upon 

equilibration with liposomes for 24 h (Figure 7.2a).  

 

 

 

 

 

 

 

 

 

Figure 7.2. (a) Changes in the absorption spectra of Au NPs in the 

presence of liposome at 0 and 24 h of equilibration. (b) Plot of LSPR 

peak positions of Au NPs in the presence of liposome against 

equilibration time. (c) AFM image of liposome-Au NP system after 24 

h of equilibration. (d) Magnified AFM image showing the adsorption of 

Au NPs on the surface of liposome (red arrows indicate adsorbed Au 

NPs). Cross-section analysis of liposome-Au NPs system for (e) 

liposome, and (f) adsorbed Au NP. 

Notably, no new peak or shoulder appears in the long wavelength 

region, indicating absence of any aggregation of Au NPs [24]. The 

observed red shift indicates changes in the dielectric constant of the 

surrounding environment of Au NPs upon equilibration with liposomes. 

Moreover, it has been observed that spectral shift of the LSPR band 
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saturates beyond 24 h of equilibration (Figure 7.2b). Previously, 

numerous studies have been undertaken to understand the adsorption, 

stability, and membrane integrity of liposomes in the presence of various 

NPs [21, 22, 41-42]. The observed changes in the LSPR band of Au NPs 

in the presence of liposomes upon 24 h of equilibration indicate 

association between Au NPs and liposomes. To know the nature of these 

nanocomposites and the bilayer integrity of liposomes, we have 

performed AFM measurements. AFM image of the Au NP-liposome 

binary mixture upon 24 h of equilibration reveals well dispersed 

spherical liposomes. Careful examination of the surface of these 

spherical liposomes reveals the presence of surface adsorbed Au NPs 

(Figure 7.2c and d). The enlarged image clearly indicates the presence 

of Au NPs on the surface of spherical liposome (Figure 7.2d red arrows). 

More importantly, it is evident that the adsorption of Au NPs does not 

disrupt the shape and integrity of liposomes. 

The cross-section analysis of AFM image further confirms the presence 

of Au NP at the surface of the liposome (Figure 7.2e and f). The cross-

section analysis reveals the expected diameter of 119.8 and 17 nm for 

liposome and adsorbed Au NP, respectively. These findings clearly 

indicate the formation of Au NP-liposome nanocomposites (AuLip) 

upon equilibrating the mixture for 24 h.  Here it is important to mention 

that favourable electrostatic interactions between negatively-charged 

Au NPs and zwitterionic DPPC liposomes may initiate the adsorption 

process. However, unlike QDs, these relatively larger-sized Au NPs 

cannot internalize inside the liposomal matrix which is reasonable as the 

lipid bilayer is quite compact in its gel phase.  Earlier, Liu et al. shown 

that the integrity and morphology of DPPC liposomes in the gel phase 

do not perturbed in the presence of 13 nm-sized citrate-capped Au NPs 

[43]. Moreover, It has been shown that DOPC liposome with transition 

temperature (Tc) of -17 0C exhibits leakage in the presence of Au NPs. 

 Taken together, our findings reveal the formation of LipQD and 

AuLip hybrid nanocomposites upon equilibrating the respective binary 
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mixtures for 24 h. Next, we have explored the possibility of the 

fabrication of multi-component hybrid ternary complex between QDs, 

Au NPs, and liposomes upon simple equilibration. The ternary mixture 

was equilibrated for 24 h and characterized using CLSM measurements. 

Figure 7.3 shows the CLSM images of the ternary mixture. The DIC 

image reveals the presence of well-dispersed spherical liposomes. The 

enlarged DIC image clearly shows the adsorbed Au NPs on the surface 

of spherical liposomes (Figure 7.3 inset). The fluorescence and merged 

images reveal distinct green luminescence from these spherical 

liposomes indicating the presence of encapsulated QDs. These 

observations clearly reveal the formation of multi-component hybrid 

nanocomposites between QDs, Au NPs, and liposomes (AuLipQD) 

upon equilibration for 24 h. Here it is important to note that the relative 

intensity of the green luminescence from the liposome encapsulated 

QDs in AuLipQD nanocomposite is quenched noticeably relative to that 

in the absence of Au NPs (LipQD). The mechanism behind this PL 

quenching of encapsulated QDs in AuLipQD nanocomposites has been 

explored in details using steady-state and time-resolved PL 

measurements in the next section. 

 

Figure 7.3. Confocal microscopy images of AuLipQD complex upon 

24 h of equilibration. The inset shows the enlarged DIC image of surface 

adsorbed Au NPs on a liposome. The red arrows in the DIC image 

indicate surface adsorbed Au NPs. 
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7.2.2. Influence of Au NPs on the PL Properties of LipQD and 

AuLipQD Nanocomposites 

Figure 7.4 shows the spectral overlap between the PL spectrum of QDs 

and LSPR of Au NPs in the absence and presence of liposome.  

 

Figure 7.4. Spectral Overlap between PL spectra of QDs and LSPR 

band of Au NPs in the absence and presence of liposomes for the present 

system.  

It is evident that the PL spectrum of QDs completely overlaps with the 

LSPR of Au NPs in the absence of liposome. However, the spectral 

overlap decreases in the presence of liposomes. The estimated spectral 

overlap integral for the QD-Au NP pair in bulk and AuLipQD system is 

5.5 × 10-9 and 5.2 × 10-9 M-1 cm3, respectively (Figure 7.4). Notably, the 

PL intensity of QDs alone gets quenched in the presence of 80 pM Au 

NPs (Figure 7.5a). 
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Figure 7.5. Changes in the (a) PL spectra and (b) PL decay traces of 

QDs in the presence of 80 pM Au NPs. 

Here it is important to mention that the PL intensity of QDs was 

corrected for the contribution of the extinction spectrum of Au NPs at 

the excitation wavelength [25]. Similar extent of quenching in the PL 

lifetime of QDs has been observed in the presence of 80 pM Au NPs 

(Figure 7.5b). The average PL lifetime decreases from 8.27 ns to 3.31 

ns in the presence of 80 pM Au NPs (Table 7.1). These findings indicate 

the role of nonradiative processes in the PL quenching process. The 

fundamental mechanism behind this nonradiative PL quenching in bulk 

aqueous medium has been demonstrated recently by our group [25]. It 

has been shown that the nonradiative PL quenching of 2.1±0.7 nm-sized 

MSA-capped CdTe QD by 20.4±3.1 nm-sized citrate-capped Au NP in 

bulk aqueous medium does not follow classical FRET process, instead 

it follows the NSET model. By considering the complex dielectric 

function and the size-dependent absorptivity of the Au NP we have 

successfully account the observed nonradiative NSET process. The aim 

of the present study is to illustrate the effect of partitioning of donor and 

acceptor inside the gel-phase of DPPC liposome on the long-range 

NSET process between 2.3±0.5 nm-sized MSA-capped CdTe QDs and 

18.0±0.2 nm-sized citrate-capped Au NPs.  

 In the present study, we have prepared two-nanocomposites 

namely, LipQD and AuLipQD by equilibrating the respective mixtures 
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for 24 h. For controll experiments, we have also prepared simple ternary 

mixture with QDs, liposomes, and Au NPs without equilibration (0 h).   

 

 

 

 

 

 

 

 

Figure 7.6. Changes in the PL spectra (λex = 450 nm) of QDs in the 

presence of Au NPs for (a) QD-Liposome, (c) LipQD, and (e) AuLipQD 

systems. Changes in the PL lifetime decay traces (λex= 445 nm; λem= 

520 nm) of QDs in the presence of Au NPs for (b) QD-liposome, (d) 

LipQD, and (f) AuLipQD systems. 

Figure 7.6a shows the changes in the PL spectrum of QDs upon instant 

mixing with liposomes in the presence of 80 pM Au NPs. It is evident 

that the PL intensity of QDs in the ternary mixture gets quenched (2.6 

times) upon addition of 80 pM Au NPs. Similar extent of quenching has 

been observed in bulk aqueous medium without liposomes (Figure 7.5).  

PL lifetime measurements of the ternary mixture at 0 h reveal 

shortening of PL lifetime (2.5 times) of QDs in the presence of Au NPs 

(Figure 7.6b). The PL lifetime of QDs in the simple ternary mixture 

decreases to 3.30 ns in the presence of 80 pM Au NPs (Table 7.1). These 

findings clearly indicate that the donor (QD) and acceptor (Au NP) 

remain in bulk aqueous phase and do not interact with liposomes upon 

instant mixing. In contrast, no appreciable change in the PL spectrum of 

LipQD nanocomposites has been observed upon addition of Au NP 
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(Figure 7.6 c). Moreover, the PL lifetime of QDs in LipQD 

nanocomposites remains unchanged upon instant addition of Au NPs 

(Figure 7.6 d). The estimated average lifetime of QDs in LipQD 

nanocomposites is 3.27 ns in the presence of 80 pM Au NPs (Table 7.1), 

which is close to that of LipQD nanocomposite alone. These findings 

indicate the absence of any interaction between Au NPs and liposome 

encapsulated QDs in LipQD nanocomposites. 

However, notable changes in the PL intensity as well as in PL 

lifetime of QDs in AuLipQD nanocomposites have been observed 

compared to that of LipQD nanocomposites. The PL intensity of QDs 

decreases appreciably (1.3 times) upon formation of AuLipQD 

nanocomposite relative to that of LipQD nanocomposites (Figure 7.6e). 

This decrease in the PL intensity is relatively less than that observed 

earlier in the absence of liposomes indicating lower extent of EET 

between encapsulated QD and surface-adsorbed Au NP. To validate this 

point, we have recorded the changes in the PL lifetime of QDs in the 

AuLipQD nanocomposites. The average PL lifetime of QDs decreases 

from 3.28 to 2.50 ns upon formation of AuLipQD nanocomposite 

(Figure 7.6 f, Table 7.1). 

The origin behind the observed PL quenching in the AuLipQD 

nanocomposite can be rationalized by considering EET as a 

consequence of significant spectral overlap between LSPR of surface 

adsorbed Au NPs (AuLip) and excitonic emission of liposome-

encapsulated QDs (LipQD) (Figure 7.4) [25].  The decrease in the PL 

lifetime of QD in the presence of Au NPs suggests changes either in the 

radiative or nonradiative decay rate. The radiative and nonradiative 

decay rates of QDs in the nanocomposites were estimated according to 

the literature report (Table 7.2) [25]. It is evident that the radiative decay 

rate of QD in LipQD and AuLipQD nanocomposites remains unaltered 

in the presence of Au NPs. In contrast, the nonradiative decay rate of 

QD in AuLipQD nanocomposite increases appreciably compared to bare 

QDs and LipQD system. This increase in the nonradiative decay rate of 
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QDs inside AuLipQD nanocomposite can be explained by considering 

nonradiative EET from liposome encapsulated QD to surface adsorbed 

Au NP across the lipid bilayer. Here it is important to note that the 

significant increase (0.09×109 to 0.28×109 s-1) in the nonradiative decay 

rate of QDs in LipQD nanocomposite compared to bare QDs strongly 

substantiates our earlier claim of nonradiative exciton-exciton coupling 

between adjacent QDs inside liposome core. The efficiency (ϕEff) of this 

nonradiative EET process is estimated using the following equations: 

 

𝜙Eff = 1 −  
𝜙𝐷−𝐴

𝜙𝐷
= 1 −

𝜏𝐷−𝐴

𝜏𝐷
                         (1) 

 

where ϕD–A and ϕD are the steady-state quantum yields of QDs in the 

presence and absence of Au NPs, respectively. τD–A and τD are the 

excited-state lifetimes of QDs in the presence and absence of Au NPs, 

respectively. The estimated EET efficiencies from the lifetime values 

are 62 and 24% for QD-AuNP pair in bulk aqueous medium and 

AuLipQD nanocomposites, respectively. These values match well with 

those estimated from steady-state PL QY values (Table 7.2). The 

observed decrease in the ϕEff value clearly indicates lower extent of EET 

from liposome-encapsulated QD to surface adsorbed Au NP in 

AuLipQD nanocomposite compared to that in bulk aqueous medium. 

The observed EET could be account either by considering classical 

FRET model or NSET model. The estimated R0 values for QD-Au NP 

in bulk aqueous medium and AuLipQD nanocomposite are 22.3 and 

19.3 nm, which are well beyond the expected range of conventional 

FRET theory [23-25]. 
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Table 7.2. Estimated EET parameters of QD and Au NPs pair in the 

absence and presence of liposomes. 

In the past few decades, various theoritical models have been 

developed to account the PL quenching of photoexcited donors by metal 

NPs. Fluorescence quenching of an oscillating dipole on a thin metal 

surface was described earlier by Chance et al. [44] and extended further 

by Persson and Lang to the metal’s conduction electrons and known as 

surface energy transfer (SET) [45]. Although the original SET model is 

applicable for a thin metal film, it successfully accounts the 

experimentally observed nonradiative EET from various molecular dyes 

to small Au NPs (<2 nm) [27-28].  However, it fails to accurately 

envisage the observed changes in the radiative and nonradiative rate 

constants of donors in the presence of larger-sized metal NPs [46, 47]. 

This is due to the inability of the model to account the size-dependent 

dielectric and optical properties of the metal NPs [48].  Recently, we 

have demonstrated NSET between differently-sized CdTe QDs and Au 

NPs by incorporating the complex dielectric function and the 

absorptivity of the Au NP [25].  According to this modified NSET 

model, the distance d0 at which the nonradiative EET is 50% efficient 

can be estimated from the following expression:  

𝑑0 =
𝛼𝜆

𝑛m
(𝐴𝜙)1/4 {

𝑛r

2𝑛m
(1 +

𝜀1
2

|𝜀2|2)}
1/4

 (2) 

 

Systems ɸD 

 

<τ> 

(ns) 

 

kr   

(×109 s-1) 

 

knr  

(×109 s-1) 

 

kET   

(×109 s-1) 

 

ɸET 

(τ) 

 

QD 

 

0.20 8.30 0.02 0.09 - - 

QD + Au 

NP 

 

0.08 3.31 0.02 0.27 0.18 0.62 

LipQD 

 

0.08 3.28 0.02 0.28 - - 

AuLipQD 

   

0.05 2.50 0. 02 0.38 0.10 0.24 

LipQD+ 

Au NP 

0.08 3.27 0. 02 0.28 - - 
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Here α is an orientation factor [48], λ is the emission wavelength of 

donor, nm is the refractive index of water, nr is the refractive index of 

gold, Φ is the quantum yield of donor, ε1 is the dielectric constant of 

water, and ε2 is the dielectric constant of gold and A is the absorptivity 

of the Au NP. The absorptivity of Au NPs can be expressed as follows: 

𝐴NP = 103ln(10) [
𝜀λ(2𝑟cm(

2𝑟cm
𝛿skin

))

𝑁A𝑉cm3
]  (3) 

Here ελ is the extinction coefficient of the Au NPs at the maximum 

emission wavelength of QDs, rcm is the radius of the Au NP in cm, δskin 

is the skin depth of the Au NP, NA is the Avogadro’s number, and Vcm 

is the volume of the Au NP in cm3. The calculated dielectric function 

and absorptivity values for the present system are tabulated in Table 7.3.  

 

Table 7.3 Experimental and theoretical size-dependent NSET 

parameters for QD and LipQD complex in the presence of 80 pM Au 

NP. 

The estimated d0 value for the LipQD-AuLip pair in AuLipQD 

nanocomposite is 15.7 nm (Table 7.3). Notably, the d0 value of QD-Au 

NP pair in absence of liposome shows a value of 21.2 nm, which is close 

to the earlier reported value [25]. The average separation distance 

between liposome-encapsulated QDs and the surface adsorbed Au NPs 

is estimated from experimentally obtained efficiency (ϕEff) and 

calculated d0 values according to the following equation: 

 

Donor λ
max

 

(nm) 

n
r
 rNP 

(10
-7

 

cm) 

εNP 

(M.cm)
-1

 

d
0
 

(nm) 
ɛ

2

,
 ɛ

2

,,
 |ɛ

2
|
2
 δ

skin
 

(10
-7

cm) 

QD  520 0.62 9.0 6.51×10
8
 21.2 -5.2 3.0 36.0 34.6 

LipQD 514 0.62 9.0 6.68×10
8
 15.7 -4.9 3.2 34.3 35.0 
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𝜙Eff =
1

1+(
𝑑

𝑑0
)

4     (4) 

The estimated average separation distance between encapsulated QDs 

and the surface of adsorbed Au NPs is 21.0 nm for AuLipQD 

nanocomposites, which is comparatively higher than that in the absence 

of liposome. Notably, the average separation distance increases from a 

value of 18.7 to 21.0 nm upon formation of AuLipQD nanocomposite. 

This increase in the separation distance of QD-Au NP pair is due to 

complete encapsulation of CdTe QDs inside the liposome core and 

absorption of Au NPs on the surface of the liposome. Therefore, our 

present findings reveal that NSET can be a useful technique for 

monitoring real-time partition of donor and acceptor across the lipid 

bilayer of liposomes. Moreover, the present study also shines light on 

the fundamental interaction of nagtively-charged CdTe QD and Au NPs 

with the gel phase of DPPC liposome. These findings may be useful to 

understand the interactions of various functional NPs with cell 

membrane for bio-imaging and sensing applications.   

7.3.    Conclusion  

The effect of partitioning of donor and acceptor inside DPPC liposome 

on the extent of EET has been demonstrated using PL spectroscopy and 

CLSM. Au NPs efficiently quench the PL of CdTe QDs by nonradiative 

NSET process in bulk aqueous medium. Modulation of this NSET 

process across the lipid bilayer of DPPC liposome has been 

demonstrated in the present study. It has been observed that the extent 

of NSET between QDs and Au NPs does not alter in the presence of 

DPPC liposome upon instant mixing. However, the NSET process 

completely disappears upon formation of LipQD nanocomposite, where 

QDs are selectively encapsulated into the aqueous core of liposomes. 

This has been explained by considering increased separation distance 

between donor (LipQD) and acceptor (Au NPs). Interestingly, the 

formation of AuLipQD nanocomposites results in the reappearance of 

NSET between encapsulated QDs and adsorbed Au NPs at the surface 

of liposomes. It has been observed that the efficiency of NSET decreases 
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from 62% in bulk aqueous medium to 24% in AuLipQD 

nanocomposites due to the increase in the effective mean separation 

distance from 18.7 to 21.0 nm. Our present findings of selective uptake 

and modulation of NSET between QDs and Au NPs across the lipid 

bilayer of DPPC liposomes may find importance in understanding 

various fundamental biophysical processes across the lipid bilayer and 

biological cell membrane.  
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8.1. Conclusions 

In recent years, multifunctional self-assembled nanocomposites such as 

hybrid vesicles, polymersomes, hydrogels, nanocapsules, and colloidal 

coacervate droplets have gained vast attention due to their potential in 

basic research as well as in technology related fields. The design and 

fabrication of most of the nanocomposites are complex and time-

consuming, spontaneous self-assembly of oppositely charged polymer 

and the surfactant is relatively simple. Such QDs and polymer and 

surfactant-based nanostructures will certainly pave the way for 

exploring new smart nanomaterials with tunable properties and good 

stability. Therefore, it’s important to understand the mechanism of the 

formation and broad range of stability of these nanostructures. Here in 

this thesis, the detailed investigation of self-assembled nanostructures 

between CdTe QDs and PDADMAC as well as with CTAB has been 

illustrated. 

          Next, understanding, and precise control over EET in nanoscale 

materials are of utmost importance due to enormous importance in 

fundamental research and various technology-related fields such as 

photovoltaics, light-emitting diodes (LEDs), sensors, and bioimaging. 

Efficient tuning of EET efficiency as a function of separation distance 

is of fundamental importance. Despite numerous reports, it’s important 

to develop a new donor-acceptor pair to probe the nanoscopic distance 

at the bilayer thickness. Here in this thesis, EET's detailed mechanism 

from CdTe QDs as a donor to plasmonic NPs (Au and Ag NPs) as 

acceptors has been demonstrated. Furthermore, the effect of the 

modulation of the separation distance between donor-acceptor pair such 

as CdTe QDs-AuNPs and DAPI-Ag NCs in the presence of liposome on 

the efficiency of energy transfer has also been demonstrated in detail. 

The next section discusses the chapter-wise conclusion of the entire 

work of this thesis. 

          In chapter three, the fabrication of inherent luminescent organic-

inorganic hybrid coacervate of CdTe QDs and PDADMAC is 

demonstrated in an aqueous medium. This coacervates are highly 
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photostable as well as 2P active. Initially, at a very low concentration of 

polymer, formation of nanocomposite of QD-PDADMAC is take place 

which subsequently forms spherical droplets upon increasing the 

concentration of polymer.  These hybrids droplets show stability over 

the broad range of composition, pH and ionic strength of the medium. 

Moreover, the fabrication of mixed two-color luminescent droplets also 

shown here which may open up a new avenue for the design of 

multifunctional hybrid materials for nanocatalysis and nanosensing 

application.  

          In chapter four, the fabrication of multicolor luminescent hybrid 

vesicles are shown upon the interaction of CdTe QDs and CTAB 

surfactant. Initially, CdTe QDs and CTAB surfactant form small 

aggregate through ion-pairs formation which finally leads to the 

formation of vesicles. In addition, we have also shown the formation of 

multicolor luminescent vesicles by simple tuning of QD size. The 

encapsulation property of these hybrid vesicles has been illustrated by 

loading Rh6G dye inside their hollow aqueous cavity. While these 

hybrid vesicles are highly pH sensitive at acidic pH (pH~4.5-5.5) shows 

diassebility whereas stable in basic pH (pH~ 6.5-11). Furthermore, using 

SEM and confocal imaging we have shown that this pH-responsive 

assembly-disassembly process is reversible. The present findings clearly 

highlight the potential of these hybrid vesicles for various applications 

such as drug delivery and sensing. 

          In chapter five, simple liposome-based tuning of FRET are shown 

for DAPI and Ag NCs system. In aqueous buffer, the Ag NC efficiently 

quenches the fluorescence of nearby DAPI by a nonradiative FRET 

process. It has been observed that the efficiency of EET from the 

liposome bound DAPI to the Ag NC is strongly dependent on the 

location of the donor DAPI within the liposome matrix. In aqueous 

buffer, DAPI transfers its excitation energy to the nearby Ag NC with 

an efficiency of 76%. However, the association of DAPI with the outer 

surface of the liposome results in lowering of the energy transfer 

efficiency from a bulk value of 76% to 39%. In contrast, complete 
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encapsulation of DAPI into the hydrophilic aqueous core of the 

liposome results in complete inhibition of this FRET process. This 

location specific interaction between DAPI and the Ag NC inside the 

liposome matrix is important to understand various fundamental 

biophysical processes across the cell membrane. 

          In chapter six, the fundamental mechanism behind the size and 

wavelength-dependent electromagnetic coupling and subsequent long 

range EET between three different size CdTe QDs and plasmonic NPs 

(Au and Ag NPs) have been explored. While Au NPs significantly 

quench the PL intensity and lifetime of green QDs and shows maximum 

quenching close to the LSPR of Au NPs. However, there is no such 

quenching phenomenon has been observed for yellow and red QDs even 

with noticeable spectral overlap. These results clearly indicate that mere 

spectral overlap between the emission spectrum of donor and LSPR of 

metal NP in a hybrid colloidal mixture is not sufficient for resonant EET. 

Our findings reveal strong electromagnetic coupling of LSPR of Au NPs 

and excitonic emission of green QDs, which leads to significant PL 

quenching due to nonradiative EET from photoexcited QDs to the 

surface of Au NPs. In contrast, size-independent PL quenching in the 

presence of Ag NPs having LSPR significantly off resonance with the 

excitonic emission of all the three differently sized QDs arises as a 

consequence of nonradiative PET process. Furthermore, it has been 

observed that surface passivation with the help of bulky PEG 6000 

molecules at the surface of Au NPs results in a significant lowering of 

the efficiency of this EET process due to the increase in the effective 

separation distance between QD and the surface of Au NPs. The 

effective separation distance between QD and the surface of citrate and 

PEG-capped Au NP has been estimated using a modified SET model 

and the obtained distances correlate well with our present system. Our 

study reveals that it is possible to tune the optoelectronic properties of a 

hybrid plexcitonic system by modulating inherent complex nonradiative 

processes which in turn depend on various factors such as size and 

nature of metal NPs, spectral overlap, separation distance and surface 
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charge on particles. The present findings may be useful to understand 

the fundamental nonradiative processes in various hybrid plexcitonic 

systems. 

          In chapter seven, the effect of the partitioning of donor and 

acceptor inside DPPC liposome on the extent of EET has been 

demonstrated using PL spectroscopy and CLSM. Au NPs efficiently 

quench the PL of CdTe QDs by nonradiative NSET process in bulk 

aqueous medium. Modulation of this NSET process across the lipid 

bilayer of DPPC liposome has been demonstrated in the present study. 

It has been observed that the extent of NSET between QDs and Au NPs 

does not alter in the presence of DPPC liposome upon instant mixing. 

However, the NSET process completely disappears upon the formation 

of LipQD nanocomposite, where QDs are selectively encapsulated into 

the aqueous core of liposomes. This has been explained by considering 

increased separation distance between the donor (LipQD) and acceptor 

(Au NPs). Interestingly, the formation of AuLipQD nanocomposites 

results in the reappearance of NSET between encapsulated QDs and 

adsorbed Au NPs at the surface of liposomes. Our present findings of 

selective uptake and modulation of NSET between QDs and Au NPs 

across the lipid bilayer of DPPC liposomes may find importance in 

understanding various fundamental biophysical processes across the 

lipid bilayer and biological cell membrane.  

 

8.2. Scope for Future Works 

Self-assembly is one of the most important areas of chemistry, materials 

science, and biology. The present thesis shows the fabrication of a new 

class of luminescent hybrid self-assembled nanostructures. The 

systematic fabrication of luminescent organic-inorganic hybrid 

biomimetic nanostructures such as coacervate and vesicle have been 

demonstrated in chapter 3 and 4. The present study can be easily 

extended to fabricate a wide range of hybrid self-assembled 

nanostructures with various inorganic counterparts such as CdSe QDs, 

CdS QDs, CDs, Cu NCs, Ag NCs, and Au NCs having unique 
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optoelectronic properties, which will further expand their applicability 

in nanocatalysis, bioimaging, and biosensing. There has been significant 

interest in self-assembled coacervate droplets due to the membraneless 

organelles. These properties make coacervate droplets ideal as 

promising bioreactors. Therefore, complex enzymatic reactions can be 

studied effectively inside the highly charged and crowded interior of 

coacervate droplets. 

           Further, in chapters 5,6 and 7, the fundamental mechanism of the 

EET and tuning of the EET in the presence of liposome from various 

photoexcited donors such as MSA-capped CdTe QDs and DAPI to Au 

NPs and Ag NCs as acceptors has been illustrated. The influence of 

metal nanostructures on the fluorescence yield of the nearby fluorophore 

is very complex and depends on various parameters such as the size and 

shape of the metal nanostructures, the distance between the fluorophore 

and metal nanostructure, and spectral overlap. It has often been observed 

that noble metal NPs with distinct LSPR significantly alter nearby 

fluorophores' emission properties. This phenomenon is either observed 

as enhancement or quenching of the fluorescence quantum yield of 

nearby fluorophores. It is important to understand the mechanism and 

dynamics of PL quenching of photoexcited donor in the presence of 

metal NPs. Therefore, the effect of PL quenching of different types of 

QDs and core-shell QDs such as CdSe, CdS and CdSe/ZnS QDs in the 

presence of metal NPs such as Au NPs, Ag NPs, and Cu NPs can be 

studied systematically to gain a better understanding about the 

mechanism behind the EET processes. 

 

 

 

 


