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ABSTRACT OF THE THESIS 

Generating new Silica nano particle based fluorescent molecular probes using Fluorescent 

lifetime Imaging 

By 

Min Seok Kwak 

Master of Science in Material Science and Engineering 

University of California, Irvine, 2019 

Assistant Professor Jered B. Haun, Chair 

 

 

Fluorescence microscopy is a widely used technique that is capable of multiplexed detection of 

fluorescent probes that emit different colors. However, spectral fluorescence is limited by the 

number of probes that can be used at the same time due to limited spectral bandwidth. The focus 

of this thesis is the development of fluorescence lifetime as a second orthogonal property for 

multiplexing probes. Fluorescence lifetime is the amount of time in which a fluorescent material 

remains in its excited state before returning back to its ground state. The first part of thesis will 

focus on the development of a new fluorescence lifetime probe, in which different fluorescent 

dyes will be encapsulated into a silica nanoparticle at varying loading densities. Using 

Fluorescence lifetime imaging microscopy (FLIM) and the phasor analysis approach, lifetimes 

can readily be assessed and compared. We found that each dye exhibited a unique lifetime, which 

could be modulated to yield trajectory of positions as loading volume increased. Specifically, 
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loading more dye decreased fluorescence emission efficiency as well as the lifetime location on 

the phasor diagram due to a dye-dye self-quenching mechanism. The second part of the thesis 

delves into other ways to tune lifetime of silica encapsulated dye in order to generate additional 

unique positions on the phasor plot. This was accomplished by doping in a quencher dye capable 

of absorbing light to accelerate lifetime or mixing two different dyes together to create a mixture 

which has combined lifetime between the individual probes. The different methods to modulate 

lifetime of individual fluorescent probes provided at least 20 unique lifetime positions on phasor 

plot which can be utilized to increase the number of detection channels. 
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CHAPTER 1. Introduction 

1.1 Targeted Drug delivery using Molecular Probe 

The complexity of curing cancer mainly arises due to its heterogeneity nature. This heterogenous 

composition of cancer cells is responsible for metastasis and proliferation of cancer cells even after 

the treatment. Specifically, it is known that such characteristics of cancer cells are caused by small 

population of cancer cells known as the Cancer Stem Cells. Traditional cancer therapy overlooks 

this heterogenous characteristic of cancer cells and attempts to recklessly eliminate as many cancer 

cells as possible. [1] Targeted drug delivery, on the other hand, is optimum technique which can 

be utilized to track and selectively treat the Cancer Stem Cells that are responsible for metastasis 

and proliferation. However, for improved treatment and analysis, it is ideal to get information of 

not only the Cancer Stem Cells, but also the information of sub-type cancer cells. This emphasizes 

the need for large number of molecular probes which allows multiplex detection of cancer cells. 

1.2 Silica Nano Particles for Molecular Probes 

The use of nanoparticles for drug delivery was significant breakthrough that solved the pitfalls of 

drug delivery systems, such as loss of drug after administered, ability to remain in blood circulation 

for long time, and controlled release of drug. [2] It also provided various ways to deliver the drug 

or eliminate the cancer cells by taking advantage of nanoparticles’ unique characteristics. However, 

regardless of how nanoparticles can be manipulated for use, one of the most critical problem that 

must be addressed as priority is the issues with biocompatibility. This essential rule leads to choose 

silica nanoparticles system, which not only provides biocompatibility, but also provides enhanced 

fluorescence as well as photo stability of fluorescent probes. [3] 
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1.3 Stober synthesis for silica nanoparticle probe 

Stober synthesis is a type of sol-gel process to make silica nanoparticles by encapsulating colloidal 

silica onto fluorophore rich nucleus. Process induces growth of silica shells on surface of nucleus 

(fluorophore rich molecules) as tetraethyl orthosilicate (TEOS) is added to ethanol/ammonia 

solution with nucleus molecules. Stober process is very effective in that it yields mono-disperse 

size distribution, and able to shield core (fluorophore rich) molecules from environment. [3] 

1.4 Phasor approach of Fluorescence Life Time Imaging (FLIM) 

Fluorescence Life Time Imaging Microscopy is a technique used to analyze exponential decay of 

lifetime in fluorescent molecules. The lifetime is generally quantified by curve fitting the decay at 

each pixel with one or two exponentials. However, this approach to quantify is flawed in that a lot 

of proteins exhibit complex decay rate and does not follow exponential behavior. Also, it is difficult 

to accurately extract information about the number and the abundance of molecular species that 

can also influence the data. [4] Moreover, only way to quantify two probes through conventional 

approach is to curve fit the combined decays of probes, but the process is very complex and fails 

to assess if there are more than 3 fluorescent probes. On the other hand, using phasor approach can 

readily simplify the complexity of quantification. Phasor plot converts lifetime decay data into a 

frequency domain, which eliminates complex curve fitting of decay, and exhibits global view of 

lifetime decay at every pixel of image taken from FLIM on a simple plot. [4]  
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Figure 1: Phasor plot lifetime trend 

 

This phasor plot can help extract information of fluorescence lifetime based on the positions of 

individual probes. As can be seen on Figure 1, position moving from left to right indicates lifetime 

is decreasing, while moving from outwards to inwards tells the complexity is increasing. This data 

then can be used to extrapolate relative lifetimes of various molecular probes according to their 

positions represented on single phasor plot.  
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CHAPTER 2. Fluorescence Life Time Analysis on Self-Quenching of probes 

2.1 Background  

Phasor approach of analyzing lifetime can unlock the library of molecular probes by what is 

known as the self-quenching effect. This unique phenomenon allows single type of fluorescence 

probe to yield trajectory of positions on phasor plot by varying the loading volume of fluorescent 

dye. Understanding the theory behind this enables approximate prediction of where the 

individual probes at different loading volume can appear on phasor plot. Forster Resonance 

Energy Transfer (FRET), classified as dynamic quenching, is when a fluorophore diffuses and 

encounters other fluorophore (either the same or different type of fluorophore) by proximity and 

their emission spectra and absorption spectra overlap. If emission and absorption spectra overlap, 

the neighboring fluorophores at ground-state can absorb the light which is emitted by other 

fluorophores that have already been excited. [5] This mechanism is strongly governed by 

distance between fluorophores.  

The Forster equation validates that E=[1+(r/R0)
6]-1, 

where E is the transfer energy efficiency, r is the distance between donor and acceptor fluorophores, 

and R0 is the Forster constant. [6] However, when loaded with high volume of fluorophores, they 

can result in closer contact of each other due to agglomeration and cause Static self-quenching 

behavior. The contact between fluorophores leads to formation of intramolecular dimer, which 

contributes in formation of ground state complex. This complex is responsible for losing excitation 

energy, and thereby returning the excited state to ground state. [7] As large population of 

fluorophores returns to ground state, they lose fluorescence efficiency and decrease the lifetime. 
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This characteristic behavior can be explained by stern-volmer equation: 

If/I= 1+kq0[Q], 0/= 1+KD[Q] [8] 

where If is the fluorescence intensity without quencher, I is intensity of fluorescence with 

thequencher, Kq and KD is quencher coefficient, and 0 is the lifetime of fluorescent probe 

without quencher, and [Q] is the quencher concentration.  

Also, there is a critical concentration where self-quenching mechanism dominates FRET and 

yields significant decrease of fluorescence and lifetime. [9] This unique characteristic of self-

quenching mechanism can be used to modulate the lifetime of fluorescent probes and provide 

various spatial positions on phasor plot to further increase the number of molecular probes that 

can be used.  

2.2 Materials and Methods:  

2.2.1 Materials and reagents 

All materials and reagents used are listed in Table in Appendix  

i) Processing silica nano-particles with fluorescent probes 

The fluorescent silica nanoparticles are synthesized by first reacting various fluorescent dyes 

(NHS-Rhodamine, BODIPY TMR-X NHS succinimidyl ester, Alexa fluor 555, KU 530, and 

Quencher), which all have concentration of 10mg/ml, with 3-aminopropyl triethoxysilane 

(APTS) at 1:1 molar ratio and add ethanol as solvent. Then, the prepared sample was positioned 

on nutator for 24 hours for conjugation reaction. The reverse micro-emulsion synthesis is 

processed by preparing solution of cyclohexane and IGEPAL surfactant mixture and sonicating 
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the solution until it becomes clear. Each vile of solutions are placed on magnetic stir table with 

magnetic bars inside. The fluorescent dye prepared in previous step is then added to the 

cyclohexane solution and sonicated for 5 minutes. Ammonia is then added to the whole solution 

and sonicated for 1 minute followed by adding Tetraethyl ortho silicate (TEOS) to the solution 

on magnetic stir plate. 

  

Figure 2: Image of fluorescence molecules encapsulated with silica nanoparticles. Image from 

Hooisweng Ow, Daniel R.Larson,Mamta Srivastava, Barbara A. Baird, Watt W webb, and Ullrich 

Wiesner (2004) 5, 114, Bright and stable core-shell fluorescent silica nanoparticles. 

 

After 24 hours, CarboxyethylSilanetriol and 3-(Trihydroxysilyl)propyl methyl-phosphonate are 

added to the solution to reduce agglomeration of particles. The final step of synthesis requires 

washing the solution with ethanol. 1mL of reacted solution is taken out from the vile and mixed 

with ethanol in micro-centrifuge tube and centrifuged samples at 11000 RPM with Eppendorf 

Centrifuge 5424. The supernatant after centrifuging is then thrown away and ethanol is added to 

dissolve the pallet formed beneath the tube through sonication. This step is repeated few times to 

purify silica nanoparticles and dispose any unreacted remaining chemicals. Finally, water is 

added to the purified silica nanoparticles for characterization techniques.  
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ii) Emission and Absorption of Silica nanoparticles 

Fluorescence emission and absorption of synthesized nanoparticles at different fluorophore 

volumes were measured by Cary Eclipse Fluorimeter and Cary-60 absorption spectrometer in 

UCI laser spectroscopy lab. For emission analysis, range was set to 540nm-650nm at excitation 

of 552nm, 544nm, 530nm, 555nm for Rhodamine, Bodipy, KU 530, and Alexa dye respectively. 

The voltage used to measure emission could not be fixed due to variation in innate fluorescing 

efficiency of some fluorophores. Highly fluorescing probes hampers collection of emission data 

at medium voltage due to exorbitant emission of light, which only shows plateau of maximum 

peak emission data unless voltage is dropped to low voltage.  

iii) Fluorescence Lifetime Imaging (FLIM) phasor analysis 

Fluorescence lifetime of fluorescence probes encapsulated with silica was analyzed using phasor 

approach by Fluorescence Lifetime Microscope in Laboratory for Fluorescence Dynamics (LFD) 

in UCI. The detection of emission range was fixed to 560nm-650nm and used 510nm-550nm range 

of excitation spectra to excite the fluorescent probes. The diverse of positions on phasor plot 

attained from different fluorescent probes were referenced with Rhodamine 110 dye.  

iv) Size analysis of nanoparticles 

Sizes of nanoparticles with different loading of fluorophores were measured using Dynamic Light 

Scattering (DLS) technique (apparatus located in UCI laser spectroscopy lab). DLS technique can 

measure size distributions based on the intensity of scattered light from particles in the solution. 

Over the time, the intensity of scattered light will show fluctuation due to Brownian motion of 

particles. This motion of particles is responsible for causing destructive or constructive 
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interference of light as the distance between particles change, and as a result yields fluctuation of 

light intensity. The size distribution in DLS can be measured in size and intensity of particles. The 

number distribution provides information of most frequent sizes of the particles in distribution, 

while intensity distribution detects even the small agglomeration of particles and takes into 

consideration. The analysis of performed by transferring each sample to disposable DLS cuvettes 

and used 173o back scatter angle to detect diameters of nanoparticles and attained values of sizes 

in terms of number and intensity distribution. 

2.3 Result and Discussion: 

2.3.1 Absorption and emission of fluorescent dyes from self-quenching 

Results from fluorescence analysis shows that absorption have the trend to increase with 

increasing volume, while emission have the trend to increase then at some point start to decrease. 

Ratio of emission and absorption is specified to indicate fluorescence efficiency of individual 

probes at different loading volumes for comparison. Absorption of individual dyes tend to 

increase at higher volume due to combination of increased population of fluorophores available 

to absorb the light, and self-quenching effect taking place. However, emission scale does not 

follow same trend because emission of light from fluorophores can be hampered by self-

quenching. The emission value starts to decrease at critical concentration where self-quenching 

efficiency reaches maximum. This can be analyzed using emission data from table 1. At 90uL of 

fluorophore volume, self-quenching effect becomes dominant and significantly reduces intensity 

of emission even though higher volume of fluorophores were added. However, the self-

quenching efficiency will start to decrease after reaching climax. This phenomenon was observed 

for all the dyes (table 1,2,4) except Alexa 555 (table 3), which was extremely bright that voltage 
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had to be dropped significantly to measure its emission data. This innate characteristic of 

ALEXA 555 prevented emission values to decrease even at higher volume of fluorophore. 

 
Table 1: Relative values of absorption, emission, and emission/absorption ratio of Rhodamine in arbitrary 

unit at medium voltage. 

 

 
Table 2: Relative values of absorption, emission, and emission/absorption ratio of Bodipy in arbitrary unit 

at medium voltage. 

 

 
Table 3: Relative values of absorption and emission of ALEXA 555 in arbitrary unit at low voltage. 
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Table 4: Relative values of absorption and emission of KU dye in arbitrary unit at medium voltage 

 

2.3.2 Lifetime analysis of self-quenching using Phasor approach 

Self-quenching effect of fluorescent dyes at different volume of fluorophore was analyzed using 

phasor approach of lifetime analysis. Using four different types of dyes (Rhodamine, Bodipy, 

Alexa555, and KU) at different loading of volumes, right side of semi-circle (short lifetime region) 

was able to be filled with unique positions. The extent of trajectory of positions and the space in 

between the positions can be used to deduce self-quenching efficiency of individual probes. The 

spacing between the positions on phasor plot for Rhodamine in figure 3 (left) starts to increase 

until dark green (90L), then start to decrease and overlap after dark green (90L), which hinders 

further movement towards shorter lifetime region. This implies that self-quenching efficiency 

starts to increase and reach climax at dark green (90L) but begins to follow a decreasing trend 

of self-quenching efficiency after dark green (90L). Such behavior indicate that increasing 

volume of fluorophore will not yield further transition from previous position. Bodipy (figure 3 

right), on the other hand, has higher self-quenching efficiency compared with rhodamine, and thus 

exhibit trajectory of positions with more dynamic movement between the positions. However, 

Bodipy also encounters decrease in self-quenching efficiency after grey (90L) position. Such 
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behavior of changes in efficiency can also be validated from analyzing fluorescent emission data. 

Table 2 shows that emission of Bodipy increases from 1L to 60L but starts to decrease from 

90L when self-quenching efficiency reaches maximum. This coincides with phasor plot data 

where spacing in between the two positions on figure 3 (right) starts to decrease after 90L (Grey) 

and hampers further movement.  

         
Figure 3: Fluorescence lifetime positions of Rhodamine (left) and Bodipy (right) on phasor plot 

 

3L -Red, 10L -Brown, 30L -Yellow           1L -Red, 3L -Brown, 10L -Pink 

60L -Green, 90L -Dark green, 120L -Light blue             30L -Green, 60L -Dark Green, 

150L -Grey, 180L -Black                          90L -Grey, 120L -Black 

 

 

Lifetime data of ALEXA 555 (figure 4 right) is different from previous data of Rhodamine and 

Bodipy (figure 3). Its self-quenching efficiency is significantly low that the positions on phasor 

plot does not show significant movement. Moreover, the innate lifetime of ALEXA 555 

fluorophore was already substantially short, making it difficult to move the positions further. It 

can be seen from table 3 that there is no decrease in emission for all volume conditions. 

However, there is one volume condition (60L table 3) where least amount of increase in 

emission is observed and can deduce this volume (60L) is where the maximum self-quenching 
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happened. This analysis concords with phasor plot positions, where we see increase in movement 

of position until 60L (black) but start to overlap with next position after 60L (black), which 

indicates that self-quenching efficiency significantly dropped. KU dye (Figure 4 left), on the 

other hand, has unique trajectory of positions. Unlike previous dyes, its lifetime is much longer 

so end up on left side of the phasor plot. Its trajectory of positions penetrates through the semi-

circle as self-quenching happens. This indicates that the complexity of exponential decay 

increased as higher volume of fluorescent dyes were added. Same analysis of self-quenching 

efficiency can be done to KU530 dyes. Table 4 shows the emission of KU530 dyes at 120L 

start to decrease and reach maximum self-quenching efficiency. 

 

                        
Figure 4: Fluorescence lifetime trajectory of KU dye (left) and ALEXA555(right) represented on phasor 

plot. 

 

3L -Red, 10L -Orange, 30L -Yellow                   1L -Red, L -Brown, 10L -Green    

60L -Green, 90L -Blue, L -purple              30L -Dark Green, 60L -Black, 120L -

Gray 
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2.3.3 Size Analysis of Synthesized Silica Nano-particles 

Sizes of silica nanoparticle encapsulated fluorescence probes only varied slightly depending on 

type of fluorophore used. The sizes of Rhodamine nanoparticles with different loading of dyes 

varied from 43+4 nm for number distribution, 68+ 3 nm for intensity distribution, while Bodipy 

samples had diameter of 44+10nm for number distribution and 67+11nm for intensity. The sizes 

of KU dye samples didn’t show significant variation from Rhodamine and Bodipy, which ranged 

from 50+10nm for number distribution, and 75+5nm for intensity distribution. However, sizes of 

Alexa 555 dye samples showed much higher intensity distribution of sizes varying from 110+ 20 

nm, while number distribution of sizes varied from 52+6nm. The significantly high intensity size 

distribution of ALEXA 555 dye samples can be explained by ALEXA 555’s innate high molecular 

weight. The size distribution of all the synthesized silica nanoparticles increased as higher volume 

of fluorophores were loaded.  
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Chapter 3. Fluorescence Lifetime transition using Quencher and mixture of dyes 

3.1 Background 

i) Quencher dyes  

Quenchers are molecules designed to have their absorption band overlap with emission band of 

fluorescent dyes to absorb the light emitted and release heat energy instead. [10], [11] It can 

quench the fluorescence intensity and decrease the lifetime of probes without the need to add 

excessive amount of fluorescent dyes to cause self-quenching. Using self-quenching to attain 

trajectory of different positions on phasor plot is hampered mainly due to sizes of nanoparticles. 

Aside from agglomeration, another issue with increasing the total volume of fluorophore is 

increased size of individual nanoparticles. This becomes critical when fluorescent probes are 

later to be used for drug delivery, as it requires the probe to go through endocytosis (cellular 

intake of nanoparticles). The optimal radius for endocytosis of nanoparticles is known to be 

within 25-32 nm [12]. However, regarding other materials are also being attached onto the 

fluorescent probe, such as drugs and Polyethylene Glycol (PEG) coating, the radius of 

fluorescent probe itself should ideally be smaller than optimal condition. Thus, doping quencher 

dye will be optimal choice for those fluorescent probes that lack efficiency in self-quenching and 

require excessive amount of dyes to yield trajectory of positions on phasor plot.  

ii) Mixture of different dyes 

Mixing two different fluorophores with different lifetime is another way to approximately 

modulate the path fluorophores can follow on phasor plot. Compared with using self-quenching 
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and quencher dyes, mixture of two different fluorescent probes can provide more diverse 

trajectory of positions on phasor plot.  

 
Figure 5: Schematic indicating potential positions of mixture of dyes [13] 

The resulting trajectory of mixed dyes is obtained by linearly adding the two phasor values 

contributed from each fluorophore. This linear line as seen in Figure 5 indicates all the potential 

positions where mixed probes can appear on phasor plot. However, positions of mixture of dyes 

can be approximately estimated by considering their relative contributions. The relative 

contribution in mixture of fluorophores is dependent on fluorescence intensity of each 

fluorophore, which can be manipulated by varying the volume of individual fluorophore. [13] 

3.2 Materials and Methods: 

3.2.1 Materials and Reagents 

All materials and reagents used are listed in Table in Appendix 

i) Synthesizing silica nanoparticle encapsulated quencher dyes and mixture of dyes 

Method used to synthesize quencher dyes and mixture of dyes was no different from previous 
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method to synthesize silica nanoparticles with fluorophores inside. For quencher-dye condition, 

both quencher and fluorescent dyes were reacted with APTS in separate micro-centrifuge tube 

and followed same procedure as in i) in chapter 2. The mixtures of dyes were also synthesized 

separately using same method and loaded corresponding volume of different dyes for each 

sample.  

ii) Characterization of quencher dyes and mixture of dyes in Silica nanoparticle 

All the synthesized fluorescent probes went through same procedure as in ii) to iv) in chapter 2 

materials and method section to analyze emission, absorption, size distribution, and fluorescence 

lifetime.  

3.3 Result and discussion 

3.3.1 Comprehensive analysis of quencher dye doped fluorescent probes 

The data of Rhodamine and KU with quencher showed increase in absorption as higher volume 

of quenchers were loaded to constant volume of fluorophores. The decrease in emission in table 

5 and table 6 indicates that quenchers are efficiently absorbing the light and shows significant 

decrease in emission. The decreasing trend of emission is different from what was seen on self-

quenching emission because volume of individual fluorophore was kept as constant and only 

increased volume of quencher dyes, which triggers significant quenching of light emitted using 

small amount of fluorophore volume. This unique characteristic of quencher dye provided 

trajectory of positions on phasor plot while using reduced volume of fluorophores. As can be 

seen from Figure 6 (left), KU dye with quencher variation showed significant movement of 

positions on phasor plot, while movement of positions from self-quenching in figure 4 (left) was 
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more limited. This indicates that doping with the quencher dye have potential to follow the 

trajectory observed from self-quenching of KU dye (figure 4 left) at increased movement 

between the positions, while using reduced volume of dyes. However, although the use of 

quencher dye was able to move trajectory of positions on phasor plot with smaller volume of 

fluorophore, disadvantage of doping quencher to fluorophore dyes is the reduction of fluorescent 

intensity, which is responsible for the noise of blue area as seen in Figure 6 (left) KU dye with 

quenchers. Adding more quencher dyes result in making fluorescent probe dimmer. However, 

quencher dyes don’t always provide significant transition of positions. Figure 6 (right) shows 

that quenching of Rhodamine using quencher dye is less efficient from KU dye (Figure 6, left), 

and exhibits no significant difference in movement of positions compared with those of      

self-quenching in Figure 3 (left). The reasons behind such inconsistent quenching efficiency 

from dye to dye can be due to fluorophore’s photochemical characteristics and the tendency of 

fluorophore and quencher dye to bind to each other. [14] 

 

 
Table 5: Relative values of absorption, emission, and emission/absorption ratio of Rhodamine 30L 

with different volume of quencher dye added at medium voltage. 
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Table 6: Relative values of absorption, emission, and emission/absorption ratio of KU 10L with 

different volume of quencher dye added at medium voltage. 

 

 

 

 

 

        

Figure 6: Fluorescence lifetime trajectory of KU dye at 10L with quencher variation (left) and 

Rhodamine dye at 30L with quencher dye variation (right) represented on phasor plot. 

 

Red-Q0L, Green-Q10L,                         Red-Q0L, Yellow-Q3L 

 Brown-Q30L, Black-Q60L                       Green-Q10L, Blue-Q30L 
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3.3.2 Lifetime analysis on mixture of different dyes 

Lifetime analysis of mixing two different fluorescent dyes provided unique positions on phasor 

plot, which could not be explored from self-quenching effect or doping quencher dye. Potential 

positions resulting from mixture of dyes can be approximately estimated by drawing a linear line 

between two positions that each fluorescent dye provides. In the case of KU dye and Rhodamine, 

it would be the linear line connecting from ~0.2 to 0.8 on phasor plot. The positions attained in 

Figure 7 (left) are approximately close to the linear line but shows that resulting positions are 

tilted towards Rhodamine position (long lifetime) region. This phenomenon happens because 

brighter fluorescent probe has tendency to dominate the lifetime. Since KU dye’s emission is 

significantly lower than that of Rhodamine, Rhodamine dye dominated KU dye and tilted the 

position towards its region. However, using less volume of Rhodamine and higher volume of KU 

dye contributed in shifting positions away from Rhodamine trajectory position. Fluorescent dyes 

which have similar lifetime positions on phasor plot was also chosen to validate this 

phenomenon. Rhodamine and Bodipy mixture of fluorescent probes in Figure 7 (Right) showed 

their positions on phasor plot only slightly varied from original positions of either Rhodamine or 

Bodipy. However, introducing higher volume of one of the dyes induced tilting of position 

towards the dye that had higher volume loaded. Thus, the two lifetimes data showed it is possible 

to attain positions on the phasor plot that have not been investigated yet by introducing different 

types of fluorescent dyes. 
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Figure 7: Fluorescence lifetime positions of KU mixed with Rhodamine (Left) and Bodipy mixed 

with Rhodamine (Right) represented on phasor plot. 

 

KU10 & R10- Red, KU& R30- Brown               B10 & R10- Red, B10& R30- Green 
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CHAPTER 4. Summary and Conclusion 

First part of thesis proved that self-quenching mechanism can be used to uncover different 

positions on phasor plot. Increasing the total volume of fluorophores in each fluorescent dye 

(Rhodamine, Bodipy, Alexa555, and KU) triggered self-quenching phenomenon which 

accelerated the lifetime of fluorescent probes. The trajectory of positions attained from self-

quenching showed that quenching efficiency start to drop after critical volume and hampers 

further movement of positions on phasor plot. This could also be verified from emission data of 

fluorescent probes at different volume. Second part of thesis investigated the use of quencher 

dyes and mixture of different dyes as alternative way to circumvent loss of self-quenching 

efficiency at excessive volume of fluorophore and explore diverse positions on phasor plot. 

However, it was seen that incorporating quenchers does not always lead to enhanced quenching 

efficiency and can have issues with losing excessive amount of fluorescence of dyes. Mixture of 

two different dyes with different lifetime showed that their positions can lie on linear line drawn 

from two positions of individual fluorophores. The positions from combined fluorescent probe 

were highly dependent on intensity of individual fluorophores. Phasor plot result showed that 

brighter Rhodamine fluorophore dominated KU dye and positioned closer to Rhodamine lifetime 

region. However, introducing more KU dye while keeping the Rhodamine volume low shifted 

the positions towards KU region. Therefore, positions attained from using various methods to 

induce quenching provided trajectory of unique positions and validated that it is possible to 

approximately modulate the lifetime and create library of lifetime probes. This exponential 

increase in number of fluorescent probes available will be the key to provide plethora of 

detection channels for multi-plex molecular detection and imaging.   
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APPENDIX A 

 

REAGENT                             COMPANY 

IGEPAL CO-520 Sigma Aldrich 

Tetraethyl orthosilicate (TEOS) Sigma Aldrich 

CarboxyethylSilanetriol Gelest, Inc 

3-(Trihydroxysilyl)propyl methyl-

phosphonate 

Sigma Aldrich 

QXL 570 acid, SE (Quencher) AnaSpec Inc 

NHS-RHODAMINE (rhodamine) ThermoFisher 

BODIPY TMR-X NHS succinimidyl ester Invitrogen 

ALEXA 555 carboxylic acid, succinimidyl 

ester 

Invitrogen 

3-aminopropyl triethoxysilane (APTS) Sigma Adrich 

KU 530-R-4 rigid NHS-ester KU dyes 

 




