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ABSTRACT OF THE THESIS 

 
 

Synthesis and Characterization of Fluorescence Lifetime Probe Library constructed using 

Quantum dots and Organic dyes in a Multicomponent Silica shell 

By 
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Master of Science in Chemical and Biochemical Engineering 
 

University of California, Irvine, 2017 
 

Assistant Professor Jered B. Haun 
 

 
In the recent years, significant emphasis is dedicated towards the application of nanomaterials for 

targeted deliveries. Using the diverse optic properties of quantum dots and fluorescent dyes and 

the versatile advantages of silica shell such as being biocompatible, their ease of synthesis and 

their drug loading platforms, they are used in biomedical and biological applications. This project 

explains the synthesis and characterization of multiplexed nanoprobes which are used for cancer 

detection studies. The nanoprobes were synthesized with various sizes and aspect ratios, involving 

various fluorescent dyes with a wide range of lifetime., and with varied loading concentrations of 

dyes and quantum dots as cores to sandwiching dyes between a shell and a core.
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CHAPTER 1. INTRODUCTION 

 

1.1 Nanomaterials in Drug Delivery and Molecular diagnostics: Overview 

 Recent advances in the field of nanotechnology and the growing needs of biomedical and 

biological applications is driving the nanotechnology to a new prototype of materials by the 

development of multifunctional nanoparticles. These nanoparticles have huge potential integrating 

multifunctional aspects that includes contrasting different modalities, targeted delivery of drugs 

and gene [1]. Even though the field of nano-technology is new, nanoparticles have shown great 

potential in the emerging medical fields such as multimodal imaging, theranostics and image 

guided therapies. 

 Cancer and cardiovascular diseases occur when there is a disruption in the normal and 

regulated growth [2] [3]. The tumors tend to be extremely dynamic and heterogeneous and known 

to be metastatic [4]. Current cancer diagnostics are not fully capable of recognizing these unique 

molecular characteristics nor distinguishing them from that of normal cells. In order to understand 

the biological behavior during tumor progression a proper approach is necessary and in order to 

establish that nanotechnology would be the best platform [5]. Using selective targeting ability of 

molecular probes and drug carriers, their development in molecular detection and targeted drug 

delivery may drastically increase the diagnostic sensitivity as well as therapeutic specificity and 

efficacy. Nanoparticle (NP) based molecular targeting is an exceptional solution for this purpose 

as they offer high drug loading capabilities, protection of the therapy and diagnostic molecules, 

offer multivalent targeting capability, and tunable physical and optical properties [6][7]. 

Therapeutic agents can be loaded on to NPs by various methods such as entrapment, adsorption, 

attachment and encapsulation of drug on the surface as they possess bigger surface areas and 
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surface-volume ratio. These particles encapsulate therapeutic agent and fluorescent molecules 

there providing an effective protection of the groups against the enzymatic degradation and photo-

degradation[8][9]. Nanoparticles have numerous advantages and will be of critical importance in 

the field of biomedical nanotechnology and are an efficient system to support molecular diagnosis 

and therapy. 

 

1.2 Multispectral imaging using semiconductor quantum dots  

Semiconductor quantum dots (QD) are the most promising and emerging fluorescent labels that 

are used in cellular imaging [10]. QDs have the potential to become a new class of fluorescent 

probes that can be used for many biological and biomedical purposes  including cellular imaging 

[11][12]. Quantum dots have significant advantages over conventional organic fluorescent dyes 

including optical properties. The QDs have narrow emission spectra which are symmetrical and 

tunable per the size and material composition. They exhibit great photo stability which is needed 

to retain the optical properties under various conditions [13][14]. They exhibit a broad absorption 

spectra which makes it possible to excite all colors of QDs with a single excitation light source 

and minimize sample auto-fluorescence by choosing an appropriate excitation wavelength 

[13][12]. Certain properties of quantum dots like emitting in near-infrared region which is not 

available in organic fluorophores makes them suited for their use in animal imaging. QDs allow 

images to be recorded over a longer period than available with the use of fluorescent dyes or 

proteins due to their resistance to photobleaching. Maysinger et al. visualized CdSe and CdTe 

quantum dots detectable at one hour-, one day-, three days-, and seven days post intracortical 

injection using in vivo imaging techniques [15]. In this work, we are using quantum dots in the 

yellow emission spectral window.  
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1.3 Mesoporous silica nanoparticles (MSN): 

Silica nanoparticles holds a prominent position in the scientific research since many decades but 

their application in the field of drug delivery is still in the preliminary stages. Stober et. al. [16], 

in 1968 reported a pioneering method of synthesizing spherical monodispersed silica nanoparticles 

from aqueous alcohol solutions of silicon alkoxides using ammonia as a catalyst. Silica 

nanoparticles are often used in the field of drug delivery in the present scenario, it provides 

significant advantages that includes a stable structure for loading the therapeutic agents and a 

conducive surface for using adding functionalizing molecules. The silica shell will normalize 

synthesis and bio-conjugation procedures, will maximize signal intensity and also makes the 

molecule bio-compatible [17][18]. Furthermore, silica layer also protects the fluorescent 

components from environmental and enzymatic effects so that the optimal properties are retained. 

Consequently, these properties of silica have attracted a great amount of interest in the biomedical 

and biological applications. 
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Figure 1: Silica Nanoparticles prepared in Haun lab. Silica nanoparticles with different sizes and 

different shapes can be synthesized by varying the parameters in the reaction.  
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Figure 2: Versatility of Mesoporous Silica nanoparticles which ranges from the surface 

modification and loading. Adapted from [19]  

 

1.4 Reverse Micro-emulsion 

A micro-emulsion is a liquid mixture where in the phase of the reaction mixture is liquid with 

variable viscosities and densities. This particular reaction mixture consists of water, hydrocarbon 

and a surfactant[20][21]. In our current studies, we have used a non-ionic surfactant. When the 

concentration of surfactant exceeds the critical micelle concentration then the molecules aggregate 

which forms micelles[21]. The nanoparticle factors are influenced by the size of the condensate, 

concentration of the surfactant and the type of the surfactant used. The reverse micro-emulsion 

method is direct and involves mixing two sets of micro-emulsion containing the silica precursor 
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and the reducing agent.  

 

Figure 3. Structure of a reverse micro-emulsion micelle 

  

1.5 Project Overview: 

Human biology is complex and dynamic with multi cellular scale interactions taking place at 

molecular, cellular and organ levels. Many detection methods for cancer and cardio-vascular 

diseases have served as a basis over the years but there are multiple limitations to these methods. 

As the applications of nanotechnology is growing exponentially over the period and their 

applications in drug delivery and diagnostics is opening a new paradigm. Using these nanoparticles 

as a diagnostic agent with targeting mechanism not only increases the ease of diagnosis but also 

extracting extreme levels of molecular and cellular information can be achieved. To build a probe 

lifetime library for multiplexing we started encapsulating different fluorescent particles and dyes 

at precisely controlled ratios within a silica nanoparticle or shell which can be tuned per the 

required lifetime without affecting the optical properties of the fluorescent particles. The first part 

of this thesis discusses the synthesis and characterization of QD based silica spherical 

nanoparticles (SiQD). To demonstrate a system that can increase the number of detection channels 

for multiplexing molecular detection system, this thesis will perform a characterization of 

fluorescence lifetime of NPs via phasor method in addition to fluorescence absorption and 
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emission analyses. Size analysis of the particles will be done using Dynamic Light Scattering 

(DLS) and made sure the poly dispersity index and the sizing variation is consistent in accordance 

to the addition of the silica matrix. The variation of fluorescence lifetime in the silica NPs employs 

fluorescence quenching mechanism by covalently incorporating QD in the core of the silica 

nanoparticles. Fluorescence Lifetime Imaging Microscope (FLIM) will then detect unique phase 

shifts and modulation depths with a modulated light source and a modulated detector, and interpret 

the acquired data into phasor plots. Multiplexed molecular diagnostics is a rapidly growing field 

that can simultaneously obtain more information from a single sample by increasing the number 

of detection channels. Lifetime imaging is the most common biological detection method for 

molecular configuration as this method can be used by labelling NPs or molecules with different 

fluorescent probes that have distinguishable excitation and emission from each other. One way to 

manipulate the ratios is self-quenching by varying the proximity of fluorescent molecules 

 Using this fluorescent labeling enables each type of detection channel to represent unique 

information about a sample. However, increasing the detection channels is currently hindered due 

to the limited number of fluorescent probes available that have distinguished excitation and 

emission signals due to conventional intensity-based fluorescence imaging. In this current work, 

we build and characterize nanoprobes to build new lifetime libraries by controlling the content of 

a single nanoparticle. This novel work will be the key to push multiplexing capacity of lifetime-

based fluorescence detection. 
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CHAPTER 2. EXPERIMENTAL APPROACH TO THE SYNTHESIS OF 

SILICA QUANTUM DOTS 

 

2.1 Background 

 

i) Lifetime imaging 

Fluorescence lifetime is the average time a molecule takes to emit a photon from the excited state. 

A photon can return to its ground state via radiative or non-radiative emissions. The intensity of 

fluorescent emission increases as fluorophore concentration increases until it reaches a critical 

concentration. When a molecule absorbs photons of certain energy there will be a chain of optical 

events that ranges from the internal conversion or vibration relaxation to fluorescence and 

phosphorescence. Each of these processes occur within a certain probability which are 

characterized by decay rate constants. The average length of time for the set of molecules to decay 

from one state to another state is reciprocally proportional to the rate of the decay. This average 

length of time is called as mean lifetime or simply the lifetime[22]. 

 Lifetime is an intrinsic property of a fluorophore and therefore doesn’t depend on the 

method of measurement [23]. Fluorescence lifetime is also as a state function as it does not depend 

on the initial perturbation condition such as wavelength of excitation, duration of light exposure, 

one- or – multiphoton excitation, method of measurement and not affected by photobleaching. 

Multiplexed molecular diagnostics is a rapidly growing field that can simultaneously obtain more 

information from a single sample by increasing the number of detection channels. Lifetime 

imaging is the most common biological detection method for molecular configuration as this 

method can be used by labelling NPs or molecules with different fluorescent probes that have 
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distinguishable excitation and emission from each other. Using this fluorescent labeling enables 

each type of detection channel to represent unique information about a sample.  

If a population of fluorophores is excited, the lifetime is the time it takes for the number of excited 

molecules to decay to 1/e or 36.8% of the original population. The decay of the intensity as a 

function of time is given by: 

𝐼 𝑡 = 	𝛼	𝑒-t/t 

Where I(t) is the intensity at time t, 𝛼 is a normalization pre-exponential factor and t is the lifetime. 

Knowledge of the excited state lifetime of a fluorophore is crucial for quantitative interpretations 

of numerous fluorescence measurements such as quenching, polarization and FRET. 

 

2.2 Experimental reagents and background information 

 i. Polyoxyethylene (5) nonylphenylether (IGEPAL
â

) 
 

IGEPAL
â

 is used as the directing agent and a surfactant in our series of experiment. IGEPAL
â

 

is a non-ionic surfactant. IGEPAL
â

 is a viscous and a colorless liquid which has an average 

molecular weight of 441. This surfactant has a density of 0.997 g/mL at 250C. This non-ionic 

surfactant is used in the synthesis of nanoparticles and micelles with various aspect ratios and 

various orientation using reverse micro-emulsion and micro-emulsion. The main reason being 

IGEPAL
â

 forms an emulsion when mixed with an organic solvent. 
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Figure 4: Structure of an IGEPAL surfactant molecule 

 

ii. Tetraethyl Orthosilicate (TEOS) 

TEOS is the silica precursor for the formation of mesoporous silica nanoparticles in this work. The 

skeleton of the silica particles is provided by TEOS through the conversion to silicon dioxide in 

the reverse micro-emulsion when it encounters water.  

TEOS is a pale brown liquid which has a density of 0.933 g/mL at 200 C. The molecular weight of 

TEOS is 208.33. 

4 Si(OC2H5) + 2 H2O → SiO2 + 4 C2H5OH 

The reaction mentioned in the figure below shows the formation of silicon-oxygen linkages. 

 

Figure 5. Condensation and hydrolysis reaction of TEOS which provides the skeleton and 

framework for the synthesis of Mesoporous silica nanoparticle  

 

iii. Ammonium Hydroxide 

 Aqueous ammonia (NH4OH) is used as a catalyst and size determining agent in this study. 

Ammonia acts as a catalyst and affects the size of the particles based on the concentration present 
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in the synthesis mixture, this is due to the fact that the interaction between the amine groups and 

the mineral solid formed during the condensation and hydrolysis reactions of TEOS in the 

emulsion medium.  

 

2.3 Synthesis of Silica based quantum dots (SiQD) 

 For the syntheis of SiQDs, 10 mL of cyclohexane was taken in a glass vial and 1.3 mL of 

surfactant IGEPAL was added. The mixture was sonicated until the surfactant was mixed properly 

with the solvent. This was of importance because the sizing distribution of the particles was 

dependant on the synthesis mixture. The synthesis mixture was stirred at around 800 rpm with a 

magnetic stir bar on  a hot plate at 250C. Quantum dots (Life technologiesâ and Ocean 

Nanotechnologyâ) were added to it. Since the QDs were photosensitive, it was made sure that the 

reaction proceeded in a dark place with limited lighting. The reaction mixture was sonicated for 5 

minutes so that the distibution of QDs in the reaction mixture was uniform which prevents the 

aggregation and also provided the uniform size distribution. 150 uL of Ammonium hydroxide (26° 

Baume, Fisher Scientific) was added to the synthesis mixture while it was being stirred on the 

magnetic plate. The reaction mixture was sonicated until the effervescence from ammonium 

hydroxide stopped. 80 uL of TEOS (98%, Sigma-Aldrich) was added to the synthesis mixture and 

was stirred overnight at 250C. This procedure was followed to study the change in particle 

morphology and the variation of lifetime with respect to the change in the concentration of the 

quantum dots in the core of the nanoparticle. 

 

 Washing procedure: To separate the unreacted components from the SiQD the particles are 

washed with solvents like ethanol and then dispersed them in water and NaOH. 1 mL of mixture 
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and 500 uL of ethanol is sonicated and then centrifuged for 15 minutes at 11000 rpm. Ethanol is 

added to the reaction mixture as it stops the reaction and removes the IGEPAL â as it is soluble 

in ethanol. In the subsequent steps 1 mL of ethanol is added to the pellet and then sonicated and 

centrifuged for two times and then the same steps are followed with water instead of ethanol. The 

particles are suspended in NaOH finally as NaOH prevents aggregation of the particles which in 

turn provides proper sizing in DLS. 

 The particles are characterized using Dynamic Light Scattering (DLS) by dispersing a 

dilute amount of washed particles in NaOH. The angle of detection was set at 1730 and conducted 

in the backscatter arrangement on the Malvern Zetasizer ZS Nano machine. Scanning Electron 

Microscope (SEM) images were also taken when necessary. Furthermore, the lifetime and 

fluorescent emission and absorption are measured using Cary eclipse and Cary- 50 fluorescence 

spectrophotometer.  

 

2.4 Fluorescence absorption and emission 

Changes in fluorophore concentration-dependent absorption and emission intensities were 

recorded by NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific) and Cary Eclipse 

Spectrophotometer. The samples kept the concentration consistent throughout the measurements 

at approximately 0.3nM (refer to Appendix A to see the calculation for the concentration). The 

range of absorption was around 530 – 600 nm for SiQDs from Lifetechâ and Ocean 

Nanotechnologyâ. 
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2.5 Fluorescence Lifetime  
 

The phasor approach to fluorescence lifetime imaging analysis was performed by Olympus 

FluoView FV1000 with IX81 microscope. The excitation wavelength of the laser was set to 

488nm/543nm/633nm, and the emission detection range was set to 505-605nm, 560-660nm for all 

the SiQDs. All the measurements were referenced to Rhodamine 110 dye. All measurements 

consisted of a minimum 100 frames to obtain reliable phasor fluorescence lifetime distributions. 

 

2.4 Results and Discussion 

2.4.1 Effect of concentration of quantum dots in the core 

 One of the main aim of using the quantum dots for nanoprobes are the narrow emission 

profile, to build a probe library in the yellow spectrum region quantum dots were encapsulated in 

the silica shell. Silica shell provides a framework for the quantum dots and reduces the meta-

toxicity of the quantum dots. SiQDs were synthesized normally except for the amount of QDs used 

in the core of the nanoparticles. The concentration of the quantum dots used was varied from 10 

uL to 200 uL in a 10-mL reaction. The main aspects of these particles were the size and the 

lifetimes of SiQDs on the phasor plot.  

 This set of experiments were performed with Life technologiesâ 585 organic quantum dots 

(LT) in decane and Ocean Nanotechnologyâ (OT) organic quantum dots in Toluene. In this set of 

experiment only the concentration of the quantum dots was varied and the other parameters were 

kept the same, that includes the concentration of TEOS and the catalyst concentration. The main 

hypothesis for the movement of the phasors due to the increase in the concentration of quantum 

dots is the increase in the concentration of fluorophore which causes increase in the quenching and 

decrease in the lifetime of the fluorophores. 
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Figure 6: Phasor plot for variation in the concentration of quantum dots from Life technologiesâ 

(i) and Ocean Nanotechnologiesâ (ii). The initial lifetime location of these particles are 

different.  

 
Phasor plots above show that the variation of the concentration of quantum dots affects the location 

of the phasor on the phasor plot. Increase in the concentration of quantum dots in the core increases 

the emission which in turn shows a change in the lifetime but in this case the movement is limited 

which is due to the quenching.  
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2.4.2 Effect of quantum dot concentration on the size of nanoparticles  
  
 
 The sizing pattern of the nanoparticles looked interesting as the sizing pattern didn’t vary 

much with the variation in the concentration of the quantum dots in the core of these nanoparticles.  

 
 Sample N-Avg in NaOH(nm) 
1 25 uL of LT QD 38.72 
2 50uL of LT QD 60.44 
3 100 uL of LT QD 60.26 
4 150 uL of LT QD 45.86 
5 200 uL of LT QD 48.90 

 
Table 1: The effect of change in the concentration of quantum dots in the core of mesoporous 

silica nanoparticles. Note: Constant TEOS and Ammonia were used throughout for these sets of 

experiments. 

 
 

 Sample N-Avg in NaOH(nm) 
1 10 uL of OT QD 49.04 
2 50 uL of OT QD 22.38 
3 100 uL of OT QD 45.74 
4 150 uL of OT QD 63.94 
5 200 uL of OT QD 56.03 

 
Table 2: The variation in the size of the nanoparticles with the variation of quantum dots from 

Ocean Nanotechnologiesâ.  

 
 
The size increases with respect to the increase in the concentration of quantum dots in the core. 

One hypothesis for this is that the increased concentration in the quantum dot increases the 

individual quantum dots in the core which then is coated with the silica shell which gives an 

increased size. This trend can be seen until the saturation point is reached after which the system 
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doesn’t show any increase in the size. Sizes in NaOH tend to be more accurate as the charge on 

the surface of the particles will be minimized and prevents the aggregation of the particles, where 

in water the aggregation is more as water is neutral and the particles have a cationic charge on the 

surface.  

 

 
   
   (A)      (B) 
 

 
 

(C) 
 

Figure 7: SEM images of SiQD synthesized with quantum dots from Ocean Nanotechnologyâ. 

The figure in (a) is for 100 uL of quantum dots in the core and (b) and (c) are for 150 uL and 200 

uL respectively. 
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Figure 8: TEM image of the SiQD. The core of these particles can be seen properly and those 

cores are the quantum dot cores and the shell is of Silica. (Image courtesy: Dr. Rajesh Kota) 

 

2.4.3 Effect of variation of quantum dot density on intensity 
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Figure 9: Variation of QD density in the core of nanoparticles for Lifetechâ Quantum dots. The 

emission was measured at a constant excitation. 

 

 

Figure 10: Variation of QD density in the core of nanoparticles for Ocean Nanotechâ Quantum 

dots. The emission was measured at a constant excitation. 

 

 

2.4.4 Fluorescence lifetime and Quantum yield: 

Quantum yield (Q) is the dimensionless ratio of photons emitted to the number of photons 

absorbed. Higher values of quantum yield signify brighter fluorescence. 

  

   Q = Kf ( Kf + Knr) 

where Q is the quantum yield, Kf is the fluorescence decay rate and Knr is the combined non-

radiative decay rate. Fluorescence quantum yield is proportional to fluorescence lifetime. 

Fluorescence lifetime is more robust than the measurement of fluorescence intensity as it 
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depends on the intensity of excitation nor on the concentration of the fluorophores. In this work, 

the quantum yield was measured using the ratio of emission to that of absorption. Quantum yield 

is significant to know the fluorescence of the particles; higher the quantum yield higher is the 

fluorescence. Silica shell decreases the quantum yield of the particles but the silica shell in this 

case doesn’t affect the quantum yield by much. This might be because of the reason that the 

thickness of the shell is not too thick. 

 

 

Figure 11: Quantum yield for the variation of the quantum dots for the Life technologiesâ 

quantum dots in the core of the nanoparticle.  

 

2.4.5 Effect of variation of TEOS for the SiQDs 

 TEOS the precursor for the reaction was varied from 5 uL to 200 uL only for the fact that 

it varies the thickness of the silica shell on the MSN which in turn alters the lifetime of the SiQDs. 
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In these set of experiments the concentration of QDs were kept constant at 200 uL for Ocean 

Nanotechnology â and 100 uL for Life technologiesâ QDs. 

 

 

 
 

 
Figure 12: Phasor plot for the variation of TEOS for the Life technology â quantum dots with 

constant volume of 100 uL of the quantum dots (i) and Ocean Nanotechnologyâ (ii). For the (ii), 

the concentration of the quantum dots was maintained at 200 uL. 
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TEOS plays an important role regarding the sizing aspects of the particles. Increase in the 

concentration of TEOS increases the size of the particles. Experiments were performed to 

investigate the effect of the size on the lifetime experiments were performed by increasing the 

concentration of TEOS which in turn increases the size of the silica core. The concentration of 

quantum dots was kept constant throughout this set of experiments along with the concentration 

of catalyst.  

 

 

Table 3: Variation of size in SiQD with the variation in the concentration of TEOS. The 

concentration of quantum dots in the core was kept constant at 200 uL for the Ocean 

Nanotechnologiesâ QD. 

The sizes of the particles increase with the increase in the concentration of TEOS but there was 

no significant increase in the size from the change in the concentration, one of the reasons for 

this is in reverse micro emulsion reactions catalyst dictates the size of the particles but increase 

or decrease in the catalyst concentration leads to higher poly-dispersity index when the size is 

 Sample N-Avg PDI 

1 10 uL of TEOS 36.64 0.35 

2 20 uL of TEOS 40.18 0.292 

3 40 uL of TEOS 44.77 0.202 

4 60 uL of TEOS 45.66 0.298 

5 80 uL of TEOS 46.99 0.36 

6 120 uL of TEOS 37.36 0.38 

7 150 uL of TEOS 43.13 0.29 
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measured using Dynamic Light Scattering (DLS). When the concentration of the TEOS in the 

reaction mixture reaches a saturation point, there was no change seen in the size of the particles. 
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CHAPTER 3. SILICA NANOPARTICLES WITH CORE SHELL 

ARCHITECTURE 

 

To make the nanoparticles multifunctional and bio-compatible core shell architecture is used. 

This architecture provides silica shell not only provides coating to the fluorescent materials in the 

core of the nano-particle but also provides more room for adding functionalizing groups on the 

surface without changing the optical properties in the core of the nanoparticles. Silica is 

biocompatible, versatile in accommodating foreign materials, and versatile for surface 

functionalization due to its silanol groups [24]. Having a silica shell as a protective layer also 

provides protection of fluorescent molecules from photo degradation and therapeutic drugs from 

enzymatic degradation. 

 This core shell architecture is useful to synthesize different types of nano-materials for 

various nano-theranostic purposes. This architecture also helps us combine various molecules 

like fluorescent dyes in the core of the nanoparticles to the fluorescent dye sandwiched between 

a layer of silica core and silica shell. This will be an added advantage as this possess an ability to 

expand the molecular detection probe library. Phasor plots give a graphical representation of the 

lifetime of the nanoprobes. From this graphical representation, one can understand the relative 

distances between the distinct phasor values of the nano-materials encapsulated in the cores and 

the fluorescent molecules encapsulated in between the core and the shell. This is can be 

quantified theoretically since the combination of two fluorescent components will yield multi-

exponential decay appearing inside the universal circle that can be used as a parameter to 

manipulate the fluorescence lifetime of the NPs on a phasor plot. These NPs provides multiple 
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parameters to control the phasor distribution of detection channels and to expand the library 

which will be used for multiplexing. 

 This work presents a way of synthesizing and characterizing nanoparticles with core shell 

architecture. The cores are synthesized through a reverse micro-emulsion, which is adapted from 

Darbandi et. al., and the silica shell was synthesized through a Stober sol-gel method [25]. 

Various parameters were studied in this work which varied from the thickness and fluorescence 

lifetime of the silica shell with different fluorescent molecules in between the shell and the cores. 

In this thesis, we studied the effects of fluorescent dyes like Rhodamine 6G and NHS Rhodamine 

on the lifetime of nanoparticles by varying the concentration and varying the ratio for silane and 

rhodamine. By building more of these nanoprobes and characterizing them we are increasing the 

detection probe library for multiplexing bioassays. 

 

3.1 Materials and Methods 

i) Synthesis of silica core 

 Silica core was synthesized as mentioned in the earlier chapter by Darbandi et. al. 1.3 

mL of 1.3 ml of polyoxyethylene (5) nonylphenylethr (IGEPAL CO-520â, Sigma-Aldrich) was 

added to 10ml of cyclohexane (99%, EMD Milliporeâ) and then sonicated for 2 minutes until 

the phase separation cleared up. While the mixture is being stirred, 150 uL of Ammonia was 

added and then sonicated until the frothing disappeared. 80ul of TEOS was then added. The 

solution was then stirred overnight. After completing the reaction, the reverse micro-emulsion 

was destabilized and its products were isolated by adding ethanol (1:2 volume ratio of ethanol to 

the reaction mixture), followed by centrifuge and successive washes with ethanol and water to 

remove the surfactants and any impurities (@ 11000 rpm, 15 min for each wash). 
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ii) Fluorescent labeling of silica shell  

 

Following the same fluorescent dye coupling procedure from earlier chapter 2.2, NHS-

Rhodamine will be coupled with various amounts of APTS and different F:Si molar ratios in 

ethanol while being stirred in the dark for 24 hours. The volume ratio of APTS to ethanol will be 

kept consistent to 1:50 throughout the silanization reactions. While stirring, the Si-F solution was 

added silica cores which was suspended in its reaction mixture. The reaction was allowed to 

proceed for 24 hours  

 

iii) Synthesis of silica shell  

Silica shell synthesis was prepared per the Stober sol-gel method.  After 48 hours of the 

synthesis, growing silica core and adding the fluorescent dye molecule the shell was coated by 

adding the various amounts of TEOS (2ul, 10ul, 20ul, and 50ul) were then added to create 

different thicknesses of the silica shell.  

ii. Rhodamine 6g 

 Rhodamine 6g is a fluorescent dye which is bronze/red powder which has a molecular 

weight of 479.01 g/mol. Rhodamine 6G is easily soluble in water and ethanol and in this study, 

we have used Rhodamine 6G dissolved in ethanol. Rhodamine 6G has an absorption in the range 

of 520-530 nm and emission at 550 – 560 nm when excited at 480 nm.  
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Figure 13: Structure of Rhodamine 6G 

 

iii. NHS Rhodamine 

5-(and 6)- carboxytetramethylrhodamine, succinimidyl ester is commercially sold as NHS-

Rhodamine. This is a reddish-brown powder which has a molecular weight of 528 g/mol. NHS-

Rhodamine is soluble in polar solvents. In this work, we have dissolved NHS Rhodamine in 

ethanol which forms a dark pink colored solution with a hue of red. NHS-Rhodamine has an 

emission at 572 nm when excited at a wavelength of 543 nm. 

 

 

Fig 14: Structure of NHS Rhodamine 

 

3.2 Results and discussion 

i) Variation of dye in the core of nanoparticles  
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Experiments were performed to see the effect of lifetime with the variation of concentration of 

fluorescence in the core of nanoparticles. In this present work, we have used Rhodamine 6g and 

NHS-Rhodamine and studied the variation in the lifetime with the variation of the concentrations 

of fluorescent dye in the core. Also, similar sets of experiments were performed with the NHS-

Rhodamine silane molecules sandwiched between the core and the shell. 

  

 

 

Figure 15: Phasor plot that shows the variation in the lifetime of nanoprobes with the variation in 

the concentration of fluorescent dye in the core 

 

The behavior of the lifetime of the fluorescent particles is similar to that of the lifetime but the 

emission profile of the fluorescent dye is lesser than that of the quantum dots and also the sizes 

of the particles will be more as the size of Rhodamine 6G molecules is more leading to a bigger 

particle. The movement in the phasor plots is due to the quenching as the NPs consisted of 

homogenous population of fluorophores. Quenching happens due to the higher concentrations, 

however, a fluorophore experiences self-quenching due to contact between fluorophores or 



	 28	

between a fluorophore and another molecule. The movement in this case is due to the higher 

concentration of fluorescent dye in the core of the particles which leads to quenching.  

 

 

Figure 16: Plot of size of the particles versus the volume of dye. Size of the of the particles 

increases with the increase in the dye but then saturates upon more. 

 

ii. Variation of ratio of silanes to dye 

 
In order to see the variation of the Si:F ratio on the lifetime experiments were performed by 

varying the concentration of Si:F between 1:300 to 1:30 by a decrease of three fold. Based on the 

lifetime of these particles, it was seen that there is no significant change in the phasor location of 

the particles due to the change in Si:F ratio. 
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Figure 17: Phasor plot for fluorescent nanoparticles synthesized with the Si:F ratio being 1:300 

(i), 1:30 (ii)  and 1:100 (iii). The various locations of the phasors in the phasor plot is due to the 

quenching. Increased concentration in the fluorescence dye increases the quenching due to the 

homogenous population of fluorophores 

 

 Sample (Si:F) (uL) Size(nm) Poly-dispersity index 

1 1:30(0.01) 25.38 0.440 

2 1:30(0.03) 32.53 0.64 

3 1:30(0.1) 26.80 0.535 

4 1:30(0.3) 27.43 0.530 

5 1:30(1) 36.56 0.603 

 

Table 4: Sizes of particles for the particles synthesized with (Si:F) ratio of 1:30 and various 

volumes 
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 Sample (Si:F) (uL) Size (nm) Poly-dispersity index 

1 1:100(0.01) 24.40 0.41 

2 1:100(0.03) 34.35 0.63 

3 1:100(0.1) 23.08 0.495 

4 1:100(0.3) 30.61 0.67 

5 1:100(1) 36.61 0.356 

 

Table 5: Sizes of particles for the particles synthesized with (Si:F) ratio of 1:100 and various 

volumes 

 
 
 
 

 
iii. Variation of shell in the core-shell architecture: 
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Figure 18: Variation of TEOS for the silica shell with constant dye with 1:100 (0.1 uL ) of dye (i) 
and 1:100 (1 uL) of dye in (ii) 

 
The concentration of Si:F was 1:100 in this case. The core was formed using the a pre-cursor 

concentration of 80 uL and then the Si:F was added on the next day after 48 hours the shell was 

added with the varied concentrations of TEOS.  Experiments were performed by varying the 

concentration of TEOS in the order of 5 uL, 20 uL, 40 uL, 80 uL, 150 uL. This experiment was 

performed to see the variation of the lifetime with the variation in the size of the particle. The 

size of the particle doesn’t have any effect on the lifetime as there is no quenching between the 

fluorophores. In this case addition of new shell increased the size of the particles but did not alter 

the lifetime. Additional experiments were performed with the increased concentration of Si:F to 

confirm the effect of the silica shell on the lifetime of the particles.  

 Sample Size (nm) Polydispersity index 

1 10 TEOS 94.17 0.248 

2 20 TEOS 80.88 0.231 

3 40 TEOS 95.08 0.187 

4 80 TEOS 43.29 0.201 

5 150 TEOS 36.55 0.193 

 

Table 6: Sizing of the particles for the variation of the pre-cursor concentration. 

 

In the sizing experiment, the concentration of the TEOS for the outer shell was varied, the 

concentration of the dye was kept constant at 1:100 (0.1 and 1 uL) for all the samples. The 

concentration of the TEOS used for the core was 80 uL.  
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The main motive behind this experiment was to see the change in the lifetime due to the addition 

of the shell which is basically a coating for the fluorescent dye molecules. Based on these 

experimental results it was seen that the addition of the external shell doesn’t affect the lifetime 

of the particles. 
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CHAPTER 4. MOVEMENT OF THE PHASOR USING QUENCHERS 

4.1 Quenching 

Several processes can lead to a reduction in the fluorescence intensity, these processes can occur 

during the excited state lifetime, for example collisional quenching, energy transfer, charge 

transfer reactions or photochemistry or they may occur due to the formation of complexes in the 

ground state. Quenching can be classified into two types collisional and static but in this work, we 

focus more on collisional or dynamic quenching. 

Collisional quenching occurs when the excited fluorophore experiences contact with an atom or 

molecule that can facilitate non-radiative transitions to the ground state. The expression for the 

quenching can be written using Stern-Volmer equation. 

𝐼0/I = 1 + KSV[Q] 

where I0 and I are the fluorescence intensities observed in the absence and presence, respectively, 

of quencher, [Q] is the quencher concentration and KSV is the Stern-Volmer quenching constant. 

While time domain lifetime can gauge the level of self-quenching, frequency domain lifetime 

reveals additional information that brings essential elements of phasor approach to fluorescence 

lifetime. Instead of a pulse of light as an excitation source in time domain, an intensity-modulated 

sinusoidal light excites a fluorescent sample in frequency domain. A delay between the point of 

excitation and the response of the fluorophores to the stimuli is measured by phase shift (φ) and 

modulation amplitude (M). A coordinate derived from φ and M provides its vectorial 

representation on a phasor plot while the x-coordinate being Mcosφ and the y coordinate being 

Msinφ. The phasor-interpreted fluorescence lifetime is a convenient approach to mark 

multiplexing probes as they provide a visual display to characterize each detection channel. 
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4.2 Dark-hole Quencher 

Quenchers are the molecules which decreases the fluorescence of fluorescent molecules. In this 

work, we have used a Dark-hole quencher which is sold under the product name of QXLâ-610 

acid, SE is a quencher which works on the principle of FRET. This has a molecular weight of 

687.72. These molecules are optimized quenchers for ROX and Texas Redâ fluorophores. Their 

absorption overlap perfectly with the fluorescence spectra of ROX and Texas Redâdyes. 

 Sample (Si:Q) (uL) Wavelength(nm) Absorbance 

1 1:30 (1) 590 0.204 

2 1:30(0.3) 590 0.239 

4 1:30(0.1) 590 0.242 

 

Table 7: Absorbance and the variation of quencher concentration. 

 

 Sample (Si:Q) (uL) Size (nm) Poly-dispersity index 

1 Control 26.69 0.265 

2 1:30(0.1) 39.30 0.219 

3 1:30(0.3) 34.59 0.267 

4 1:30 (1) 66.29 0.251 

 

Table 8: Sizes of the particles which were synthesized with the quenchers on the surface. 

 

To see the compatibility of the quenchers synthesized into the cores of silica particles and their 

sizing, experiments were performed by incorporating the quencher into the core of the 
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nanoparticles. Intensity measurements were made to see the reduction in the absorbance when 

the concentration of the quenchers is increased in the core of the nanoparticle. 

The absorbance for the quencher varies inversely with the variation in the concentration which 

can be seen in the table below. 

 

4.3 Quantum dots and quenchers in the core-shell architecture: 

To build the probe library even more quenchers and quantum dots were incorporated in the same 

nano-particle. This is a novel idea as the quencher reduces the intensity of the emission from the 

quantum dots in the same particle providing more possibilities to move the phasor location in the 

phasor plot by controlling the content of a single nanoparticle platform. Quantum dots were used 

in the core of the nanoparticle and the quenchers were added onto the silica layer with the 

varying concentration of Si:Q.  The volume of the NHS Quenchers was varied in the reaction 

and the concentration of quantum dots were kept the same. 
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Figure 19: Phasor plot of quencher and quantum dots in the same nano-probe, the concentration 

of quantum dots was kept constant and the concentration of the quenchers were varied. In (i) the 

ratio of silane to NHS Quencher is 1:30 and in (ii) the concentration of quencher is 1:10. 

 

 Sample Size (nm) Poly-dispersity index 
1 LT QD CTRL 59.79  0.176 
2 LT QD (1:30) 0.3 uL 

of Quencher  
67.43 0.22 

3 LT QD (1:30) 1 uL of 
Quencher 

62.35 0.210 

4 LT QD (1:30) 1 uL of 
Quencher with shell 

132.2 0.206 

5 LT QD (1:30) 0.3 uL 
of Quencher with 

shell 

95.73 0.233 

Table 9: Sizes of the quencher-quantum dot particles 
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Experiments were performed by entrapping both quenchers and quantum dots in the same silica 

shell, the main hypothesis for this experiment was that the quenchers will cause FRET because 

of the donor photons from the quantum dots and the phasor locations of these particles can be 

moved across the phasor plot.  

This experiment was performed with the variation of concentration of the quenchers and keeping 

the concentration of the quantum dots (Life technologiesâ) constant at 100 uL. As expected the 

movement of the phasors were seen because of the donor-acceptor FRET pair quenching. 

 

 

CTRL: Black 
10uL Quencher and 100 uL QD: Red 
5uL Quencher and 100 uL QD: Green 
1uL Quencher and 100 uL QD: Blue 

 

Figure 20: Phasor plot of the quenchers and quantum dots in the core of the silica nanoparticle 

 

This experiment was performed based on the hypothesis that the variation of Quenchers leads to 

various level of quenching as the emission from the quantum dots are the same and the varied 

concentration of the quenchers lead to various quenching effects. In this case, there is minimal 
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amount of quenching as the concentration of the quantum dots is very higher than that of the 

quencher and hence the signal in the detector is entirely from the quantum dots and not the 

quencher. 
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CHAPTER 5. SUMMARY AND CONCLUSIONS 

This thesis can be divided into two parts. Chapter 2 deals with the synthesis and characterization 

of quantum dot based silica nanoparticles with a diameter of ~30 nm which were synthesized 

using reverse micro-emulsion. 

Chapter 3 dealt with the functionalization of silica nanoparticles which core shell architecture. 

These experiments were performed using Rhodamine (NHS and 6g) and quenchers and quantum 

dots. 

In chapter 2, variation of individual aspects such as the concentration of precursor, concentration 

of the core with the lifetime was studied. By changing the concentration of the quantum dots in 

the core of nanoparticles it was observed that there is no significant change in the lifetime of 

these particles which was the same case with the variation of the precursor which is TEOS.  

It was observed that there was a significant change in the sizes of the particles as observed by 

DLS and SEM due to the variation of the density of the quantum dots in the core and the 

concentration of the TEOS. This was due to the addition of the more silica molecules which 

increased the size of the silica framework increasing the total size of the particle. 

The process of washing particles after the reaction was optimized where in the interaction 

between the molecules were minimized by stripping the surfactant to the maximum extent to 

prevent any aggregation leading to the improper sizes. 

This one pot synthesis for the characterization of nanoparticles with a core was optimized for this 

process with the addition of secondary coating. As the washing procedure was carefully monitored, 

it was seen that there was no dye leakage which was analyzed with FLIM so that there was no 

variation in the lifetime of the synthesized particles from the stock particles. This is one of the key 

aspects considering the synthesis protocol.  
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In chapter 3, particles were synthesized using core-shell architecture. A core-shell silica NP 

architecture with an independent control for the fluorescence lifetimes of the core and shell, and 

an ability to vary fluorescence intensity through the shell thicknesses creates a complex system 

that can drastically extend the number of the detection channels. This thesis has successfully 

demonstrated that the particles with the same excitation and emission wavelengths can exhibit 

various fluorescence lifetimes through a phasor approach to fluorescence lifetime by manipulating 

the molecular proximity of fluorophores and the non-radiative process of self-quenching.  

This thesis has successfully demonstrated that the particles with the same excitation and emission 

wavelengths can exhibit various fluorescence lifetimes through a phasor approach to fluorescence 

lifetime by manipulating the molecular proximity of fluorophores and the non-radiative process of 

self-quenching.  

Currently the lifetime libraries are built in yellow. Next we will adapt the tunable framework to 

create similar libraries in the blue, green, red and far red spectral windows and apply the combined 

lifetime to increasing the multiplexing of these nanoprobes for the cancer cell lines. 
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