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ABSTRACT OF THE THESIS

Construction of Fluorescence Lifetime Silica Nanoprobe Library with Tunable Lifetime
Properties
By
Xi Chen
Master of Science in Biomedical Engineering
University of California, Irvine, 2019

Assistant Professor Jered B. Haun, Chair

Tumor heterogeneity means the ecosystem of tumor contains variety of cell types, which makes
cancer cells hard to detect and increases the difficulty of cancer treatment. Fluorescent probes can
provide the molecular information that is critical for diagnosis. The range of fluorescence emission
within the visible spectrum allows for multiple target labels. However, a limited range of
fluorescence probes have been synthesized and are available for use. Therefore, expanding the
number of probes becomes an urgent task. Fluorescence lifetime imaging microscopy (FLIM) can
identify fluorescent species based solely on the fluorescence lifetime. The phasor approach to
FLIM graphically depict lifetime distributions on a pixel-by-pixel basis. So, the phasor approach
to FLIM could be an effective tool in helping to boost the number of detection channels if a library
of lifetime probes could be constructed. In addition, the tunability of fluorescent lifetimes can be
graphically represented on the phasor plot by determining the fractional contribution of two

Vi



fluorescent probes. Thus, the main idea of this study is to construct libraries of probes with unique
fluorescent lifetimes that will increase the detection capacity of fluorescence imaging. In this study,
new fluorescent probes were made by encapsulating different fluorescent species inside the silica
nanoparticles through reverse microemulsion methods. Three kinds of lifetime probe mixtures
have been synthesized by encapsulating different types of quantum dots, both quantum dots and
dark quencher dyes, and quantum dots and fluorescent dyes inside the silica nanoparticles. By
changing the amount of fluorescent species, tunable fluorescent lifetime can be achieved. The first
fluorescent lifetime libraries have been constructed by synthesizing the probes with different
fluorescent species and then selecting the ideal lifetimes. The construction and expansion of
fluorescent lifetime probe libraries provides a possibility of simultaneously detecting multiple

targeted cell types.
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Chapter 1 Introduction

1.1 Cancer Detection

According to the annual report of cancer last year, the overall cancer death rates in the U.S.
continue to decrease [1]. In order to reduce the cancer death rate, improvement methods for early
diagnosis ability is required. However, tumor infiltration and metastasis increase the tumor

heterogeneity, and makes them more difficult to detect.

Tumor heterogeneity usually includes two types, inter-tumor heterogeneity and intra-tumor
heterogeneity, which emphasize the variation of cells that occurred between different cells or
within the same cell, respectively [2]. So, various types of cells have been derived. Key cell types,
like those arising from cancer stem cells (CSCs) that experience the process of hierarchical
differentiation, require fast identification before the effective treatment can be implemented. Thus,

efficient detection methods need to be developed.

A lot of molecular detection techniques have already been implemented in research use or even
clinical use. For instance, next generation sequencing can determine gene mutations that happen
in KRAS, BRAF and EGFR [3, 4]. However, the detection ability of these methods has been
hindered by problems such as the artifacts in detection process may affect the results, or testing

where expends all the samples, and thus limits the possibility for further testing.

Molecular probe is an alternative platform that can provide molecular information such as the



expression level and location of cells. Non-fluorescent probe platforms such as surface-enhanced
Raman scattering (SERS) and mass cytometry have been well developed. SERS is a technique that
enhances Raman scattering through the coupling of molecules and rough metal surfaces and
nanoparticles induced by the absorption function [5, 6]. However, a unified theory of SERS which
can take advantage of both physical and chemical enhancement mechanisms has not yet to be
found. Another problem of SERS is due to the problems encountered within the experiment, such
as local heating. These two issues have together blocked the development of SERS in detection
use. Mass cytometry is a technique based on inductively coupled plasma mass spectrometry and
is used to determine time-of-flight mass spectrometry for cell characteristics [7]. With the help of
those isotope-labeled antibodies, proteins are eventually labeled. Nevertheless, the relative low
scanning speed makes it less user friendly and cause low testing efficiency. Thus, this method fail

to meet the requirements for high throughput testing.

Fluorescent molecular probes are often used in molecular detection platforms like fluorescent
imaging microscopy or fluorescent spectrometry [8]. With the use of fluorescent probes, molecular
information like concentration, expression level, location in cells can be obtained. Moreover, as
more probes are used at the same time, quick and simultaneously multiplexed detection can be
implemented. However, the great potential of fluorescent molecular probes in fluorescent imaging
has not been achieved because only limited numbers of probes are available. Thus, there is a need
to develop more probes, and thereby enrich the efficiency of fluorescent molecular probes for

detection.



1.2 The Phasor Approach to FLIM

Fluorescence lifetime refers to the average residence time of a molecule before it returns to the
ground state after being excited by a light pulse. Fluorescence lifetime imaging microscopy (FLIM)
can calculate the fluorescence lifetime of samples voxel by voxel and form images to reflect the
distribution of fluorescent substances in cells [9, 10]. However, most organic fluorescent species

have similar lifetimes which cannot be distinguished by FLIM.

In recent years, with the development of the phasor approach to FLIM, great progress has been
made in fluorescent lifetime analysis [11]. The phasor approach can convert the lifetime

attenuation data into frequency domain and make the results visible on phasor plot.

Long lifetimes ———#  Short lifetimes

Decreasing complexity

Figure 1.1 The phasor plot shows the lifetime decay trend and the complexity.
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Figure 1.2 Linear decomposition of multiple species. [12]

While the phasor plot can directly present the lifetime of single-lifetime species, for the mixture
of two or more species, its lifetime is decomposed as a linear combination of those species (Figure
1.2). In addition, with the using of the phasor approach to FLIM, species that have similar emission
spectra can be located on completely different spots on the phasor plot due to their difference in

intrinsic fluorescence lifetime.

So, we would like to use FLIM to construct fluorescent lifetime probe library that could achieve
simple and quick molecular detection by employing different fluorescent species in the probe

making process.

1.3 Project Overview
As molecular probes have been considered a tool for cancer cells detection that can providing

enough information needed, it is meaningful to develop more probes. However, current probe
4



detection platforms exhibit shortcomings like they are hard to use and cannot detect many channels
at the same time. The phasor approach to FLIM makes huge advance as lifetime decay information
can be directly seen on phasor plot. However, as only limited number of probes have been
developed, the potential of FLIM also doesn’t be fully presented. Thus, this study mainly focused
on making fluorescence probe lifetime library by incorporate different fluorescent species with
various amount of doped. By using this library, quick and high throughput detection can be

conducted.

First, this study presented how silica nanoparticle probes were synthesized with reverse
microemulsion method. Then, as three kinds of fluorescent species are widely used nowadays, the
next three chapters described how the lifetime library was constructed by mixed them with each
other within the single silica nanoparticles. The lifetime libraries are classified into quantum dot
and quantum dot mixed probe libraries, quantum dot and dark quencher dye mixed probe libraries,
and quantum dot and fluorescent dye mixed probe libraries. During the synthesis process, different
species are encapsulated inside the silica nanoparticles for making specific probes, in addition,
species concentration also is optimized in order to tune lifetime. Particle size, absorption and
emission intensities, and FLIM phasor location for all probes are measured for characterization of
the developed probes. Finally, after all characterizations are finished, their phasor locations are

tested and used to construct the global probe lifetime libraries.



Chapter 2 Synthesis and Characterization of Silica Nanoparticle

Probes

2.1 Silica Nanoparticles

The particles with nanosized diameter are called nanoparticles [13]. Nanoparticles are often used
for fluorescent biological labeling and pathogen detection. The material of nanoparticles used in
biology field often contains gold, silver, magnetite and silica. Among all these materials, the widely
detection-used nanoprobes are made by silica nanoparticles. The silica nanoparticles have rather
low cellular toxicity than other materials [ 14]. Meanwhile, it also has tunable particle size and high
surface area [15]. Besides, the surface is easy to be modified, thus after connecting to specific
groups, it can conjugate with antibodies. Thus, currently silica nanoparticles have been intensively

investigated in materials research.

As silica nanoparticle have been decided to be employed, the exact nanoprobes that used are based
on the modification of general silica nanoparticles. In the next few chapters, composite fluorescent

silica nanoparticles are sought to be synthesized and tested.

Fluorescent silica nanoparticles are a new type of silica nanoparticles with obvious core-shell
structure, which are usually composed by fluorescent materials in the core and silica shell that
could be modified [16]. With the protection of silica shell, fluorescent species can have lower

toxicity to cells and avoid photobleaching while still maintain high fluorescent intensity [17, 18].



Fluorescent species, such as quantum dots, fluorescent dyes, rare earth luminescent materials can
all be incorporated into the silica nanoparticles. Organic dyes that doped inside the silica
nanoparticles have been showed of having many advantages and already put into real world [19].
As these fluorophores are doped inside the silica nanoparticle shell, they can be well-protected
from the environment [20]. Then, nanoparticles that having different functional groups on the
surface can be prepared using different chemical reagents. Thus, they can covalently bind with

antibodies or immobilized with other kind of biomolecules for future detection use.

2.2 Synthesis of Silica Nanoparticles (SNPs) by Reverse Microemulsion Method
Nowadays, there are many kinds of methods that can be used to synthesis silica nanoparticle,
StOber method, hydrothermal method, microemulsion method and reverse microemulsion method.
With these methods, silica nanoparticles with tunable size can be produced. From the reason above
also based on the previous study, the exact method that used by Haun group and in this study is an
updated version of reverse microemulsion method [21]. Emulsion droplet template should be
created first to trigger the nucleation. Thus, 1.3mL of IGEPAL CO-520 surfactant was added into

the 10mL of cyclohexane to create the water in oil droplet. Sonicate until clear.

Next, as the water in oil emulsion droplets are formed, quantum dots could be added. Then,
sonicate for 5 minutes in order to let quantum dots be well-disperse in droplets that have been

created before. Thus, after all procedures are finished, quantum dots can stay inside the droplet
7



and then embedded on the silica mesh.

After adding quantum dots, dark quencher dyes or fluorescent dyes could be encapsulated, too. In
order to encapsulate dyes successfully inside the silica nanoparticles, pretreatment must be done
before use. Those dyes were bought with N-Hydroxysuccinimide-ester (NHS) group. So, -NH>
group on APTS can react with NHS group. Then, with the reaction between the other three ethoxy
group on APTS and the ethoxy group on TEOS, dyes can get involved into the nucleation process.

Finally, they are encapsulated inside the silica cores.

After 5 minutes sonication, 150 pL of ammonia is added to provide both water and alkaline
environment for the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) and thus form
droplet interior. Then, sonicate for 1 minute and add 80 pL of TEOS. Now, the silica source has

been provided. After 24 hours, silica nanoparticle cores should be produced.

2.3 Surface Modification

After encapsulating the quantum dots and dark quencher dyes inside the silica particle cores, we
still want to modify the surface of silica nanoparticle cores to ensure that we can further use the
SNPs as an effective probe to target the antibodies. This means there are still several procedures
need to be done. This time, 2uL. of carboxyethylsilanetriol and 1 uL. of 3-(trihydroxysilyl)propyl
methylphosphonate were added. While phosphonate silane can help silica nanoparticles being

more dispersed rather than aggregate together, carboxylic acid can be used for future binding with
8



antibodies.

Finally, again after 24 hours, we will wash the particles to remove the unreacted materials. The
process would be that transfer ImL of solution and 0.5 mL of ethanol into the Eppendorf centrifuge
tube, after centrifuging it for 15 min at 11,500 rcf, dispose supernatant. Then, add 1 mL of ethanol
into this centrifuge tube and repeat centrifuging for two times. In the end, add 1 mL of water into

the centrifuge tube to make it as an aqueous solution that can be used for testament.

2.4 Characterization Methods

2.4.1 Fluorescence Lifetime

The fluorescence lifetime imaging data was gathered by a highly customized Olympus FluoView
FV1000 instruments with ISS A320 FastFLIM one-photon data acquisition card. The microscope
used was IX81 with UPLSAPO 60X objective lens. The emission detection range was between

560 to 660nm. The excitation wavelength was set to 488/543/633 nm.

2.4.2 Emission and Absorption

Cary-60 absorption spectrometer and Cary Eclipse fluorimeter that from Agilent are used to test
absorption and emission intensities. As required by instruments, additional 1.5 mL of water should
be added to fulfill the instruments requirements. For absorption, the range reading was set to
200nm to 800nm wavelength. as the absorption spectra of silica showed up around 250nm to

350nm, the absorption intensity was picked at 300nm. For emission settings, the range recorded
9



was from 500nm to 750nm wavelength. As emission intensity varies a lot from each kind of
fluorescent species, the voltage used were always adjust according to the actual condition. The

emission wavelength was picked in which the highest intensity occurred.

2.4.3 Size
Information about the size of particles are provided using the dynamic light scattering through
Malven Zetasizer Nano DLS instrument. As the samples are already in 1 mL of water,

measurement can directly conduct.

10



Chapter 3 Construction of Lifetime Library: Silica Nanoparticles

with Different Quantum Dots

3.1 Quantum Dots

Quantum dots (QD), as a kind of semiconductor nanocrystal materials, have advantages like size-
tunable narrow emission spectral, broad absorbance, and also do not have significant photobleach
phenomenon [22, 23]. QD have been highly applied in the biology field. Through bioconjugation,
it further showed its ability in molecular labelling, fluorescence imaging, etc. [24]. For instance,
proteins that with polyhistidine can self-assembled to quantum dots [25] So, having quantum dots
encapsulated in our silica nanoparticles would be a benefit because the nanoprobe we made will
eventually conjugate to antibodies and then detect cancer cells. By adjust to various kinds of

quantum dots, multiple probes with unique fluorescent lifetime can be obtained.

Quantum dots inside the silica nanoparticles can generate quenching effect with other quantum
dots or fluorescent species. By using quantum dots and then letting other fluorescent materials
arrange around it can control the fluorescent lifetime. [26, 27, 28]. Thus, through the adjustment
of materials doped inside the silica nanoparticles, multiple locations on the phasor plot can be

achieved.

11
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Figure 3.1: Comparision between two quantum dots structures. Silica nanoparticles labeled
with quantum dots from Strem company with (A) CdSe core only, (B) CdSe/CdS core/shell
structure, water as the solvent.

The quantum dots are usually sold with two kinds of structures, core only, and core/shell structure.
Quantum dots brought from Strem company with these two structures were tested before (Figure
3.1). From the FLIM results, quantum without protection of shell have bad manners on the phasor
plot, as the lifetime quenched a lot and dimmer than quantum dots with core/shell structure, which
also indicate they have lower emission intensity. So, the quantum dots that we employed always

have the core/shell structure.

In order to help future study of molecular expression level analyzation, for normalization, all
fluorescent species (quantum dots and quencher dyes in this chapter, and fluorescent dyes in the
next chapter) we employed in this research have the similar emission wavelength (570-600 nm).
However, as they have distinct lifetimes, they will still occupy different place on the FLIM phasor

plot after encapsulated inside the silica nanoparticles.

3.2 Materials and Methods

In this part of study, four different quantum dots were used to construct unique fluorescent lifetime

12



probes by doping them inside the silica nanoparticles. Here, quantum dots employed were CZ
(CdSe/ZnS), CIS (CulnS/ZnS), InP (InP/ZnS) from NN-Labs, and quantum rods from Strem
(CdSe/CdS) company. In order to find the probe that not only have unique lifetime, high
fluorescent intensity, but also stable to be used, different quantum dots concentration was tested.
According to the intrinsic properties of quantum dots products, the concentration of CZ was set to
20, 50, 100 and 200 pL, Strem was 50, 75, 100 and 150 pL, CIS for 30, 50, 100, 150 and 200 pL,

and InP for 50, 100, 150 and 200 pL.

Then, in order to enrich the number of usable nanoprobes, the effect on lifetime information of
mixing two different quantum dots were also tested. Thus, silica nanoparticles that doped with CZ
and Strem in the ratio of 100 pL CZ and 100 puL Strem (1:1), 150 uL CZ and 50 pL Strem (3:1),

50 uL CZ and 150 pL Strem (1:3) were made.

3.3 Characterization Results

3.3.1 Fluorescence Lifetime

First, phasor plot information of CZ, Strem, CIS and InP alone inside the silica nanoparticles were
demonstrated by FLIM, respectively. From the results, Strem have the shortest lifetime than other
three kinds of quantum dots. Also, CZ and Strem are more stable to use than CIS and InP because
that with the concentration increased, their lifetime is approximately the same. While at the same
time, the lifetime of CIS and InP keep changing along with the concentration increased. At low

concentration, the FLIM results of silica nanoparticles with CIS and InP displayed themselves as
13



a dim and noisy circle on the phasor plot, and with the amount of used increased, they become
brighter and centered as a smaller circle. These results showed that CZ and Strem are more
concentrated and also brighter than CIS and InP, but still not reach the degree that would cause

quantum dots homo-quenching effect.

P=, 55.3 M= 0.365 TP=22.978 ns TM=40.604 ns,

1 Emission N fcai
(A) coor gy S mrs o (OEET Abmerpton_Emission
w 13 597 nm) nm sorption
1 Red CZ 20 40.12 0.0364 0.1653 0.2204
0.5 2 Yellow CZ 50 4341 0.1552 02015 0.7700
12,3 4
3 Green CZ 100 43.39 0.3986 0.2645 1.5067
4 Pink CZ 200 36.72 0.7385 0.3417 2.1613
0
0 05 g 1
(B) P-_IALEM-D.SMTP-B.BDSM‘MﬂSJans, Emission o
Color  QDs C"[“° [']’_'m“] (350 ex, A';;“ﬂr"“”“ Aiim'“"_m
» (uL) 593 nm) (300 nm) sorption
1 Red Strem 50 36.79 0.3829 0.3163 1.2107
0.5 T 2 2 Yellow Strem 75 35.10 0.3485 0.3279 1.0630
C 3 Green Strem 100 43.08 0.6401 0.5128 1.2482
4 Pink Strem 150 38.42 0.6944 0.4948 1.4035
0
0 05 o 1

P=, 25.4 M=0.206 TP= 7.563 ns TM=75.565 ns,

1 . 5 Emission . -
(C) Color  QDs L“I“c Fa (350 ex, A:B‘:"p""“ 1;;‘“'5&
» (nL} 582 nm) (300 nm) Absorption
1 Purple  CIS 30 43.02 0.0529 0.1614 0.3279
0.5 2 Orange CIS 50 48.21 0.1143 0.1928 0.5928
3 Green CIS 100 51.53 0.3334 0.2391 1.3948
4 Pink CIs 150 59.37 0.4903 0.3144 1.5591
0 3 Red CIS 200 49.92 0.7734 0.3040 2.5441
P=155,BM=0.22319:?3_‘05n;7"£‘3‘89 ns, Enmissi
mission . N .
(D) Color  QDs C“i“ (Tnf) (350 ex, Al;’;'"nrp“"“ j}""ign
1) (uL) 580 nm) ( nm) sorption
1 Purple InP 50 47.42 0.0495 0.2490 0.1986
0.5 2  Green InP 100 4224 0.1796 0.4207 0.4269
45 3 Pink InP 150 47.28 0.5388 0.3837 1.4044
Wy’ ) )
> 1 4 Red InP 200 43.34 0.8772 0.4697 1.8673
0 LY
0 05 o 1

14



Figure 3.2 Characterization results of silica nanoparticles labeled with different quantum dots:
(A) CZ, (B) Strem, (C) CIS and (D) InP. (Left) Fluorescence lifetime data. (Right) DLS results
and intensity readings of emission and absorption of each probe.

Next, to unlock more probes that with different lifetimes, whether two quantum dots mixtures can

become effective probes are also interested. So, CZ and Strem mixed probes were tested. When

CZ and Strem used in 1:1 ratio, mixed probes locate on the line that in between these two species.

This followed the expected quenching trajectory. At the meantime, it was also located near the

center of this line. This indicated that the contributions of both species are almost the same. When

switched to 3:1 ratio and 1:3 ratio, they still locate on the same line, and the exact location is

proportional to 3:1 and 1:3 ratio. All these results again show that in this part of study, the main

factor that decided the quenching efficiency was the concentration of quantum dots in the silica

nanoparticles.
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Figure 3.3 FLIM results of QDs-QDs mixed probes. (A) Results of CZ and Strem quantum dots,
with 1:1 ratio of amount used. (B) Results of CZ and Strem quantum dots, with 3:1 and 1:3 ratio

of amount used.

3.3.2 Fluorescence Analysis

Fluorescence analysis recorded the emission intensity and absorption intensity of four quantum

15



dots. As the concentration of quantum dots increases, the emission and absorption intensity of all
four probes also increase. Thus, the overall fluorescent intensities which is defined by emission
intensity over absorption intensity shows a growing trend. This indicate that quantum dots have
been successfully incorporated inside the silica matrix, and the fluorescent intensities are shown

as quantum dots concentration dependent.

The emission data were acquired after changing settings each time. For CZ, the photomultiplier
tube (PMT) voltage was set to 600 volts, for Strem, it increased to 650 volts. While testing the InP
and CIS, not only the PMT voltage was changed, but also the emission slit width was increased.
The settings for InP is 20 nm emission slit width and 600 volts PMT voltage. For CIS, it was 20
nm emission slit width and 650 volts PMT voltage. So, it can be concluded that CZ and Strem are
much brighter than CIS and InP, which matches the FLIM results that CIS and InP shows dimmer
and noisy circle on phasor plot, while CZ and Strem are more concentrated. Thus, in the future,

CZ and Strem, maybe also along with CIS, are easier and more meaningful to use.

3.3.3 Size

When only have quantum dots encapsulated inside the silica nanoparticles, DLS gave the size of
nanoprobes between 40 to 50 nm. This means that when changing the loading of quantum dots,
the overall results will not change, which further indicate that our results are reliable, and the

probes are effective to be used.
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3.4 Fluorescent Lifetime Nanoprobe Library in this Chapter
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Figure 3.4 Global fluorescent lifetime results of the silica nanoparticles that labeled with four
kinds of quantum dots, CZ, Strem, CIS and InP in various concentrations.
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Chapter 4 Construction of Lifetime Library: Silica Nanoparticles

with Quantum Dots and Dark Quencher Dyes

4.1 Dark Quencher Dye

To enrich the nanoparticle probe library, dark quencher dyes are incorporated to shorten the
fluorescence lifetime of quantum dots. When excited dark quencher dyes go back to ground state,
intrinsic fluorescence of dark quenchers can be negligible because it emits energy in the format of
heat [29, 30]. So, quenching effect that caused by dark quencher can be an effective tool in
shortening and tuning the fluorescent lifetime of quantum dot. In this way, dark quenchers were

believed can unlock more location on phasor plot.

4.2 Encapsulation
In this part of study, dark quencher dyes with quantum dots are together encapsulated into the silica
cores. Dark quencher dye that being used in this portion of study is QXL 570 from AnaSpec which

has the emission wavelength around 578 nm.

In the first part, to obtain the trajectory of single type of quantum dots along with dark quencher
dyes, three kinds of quantum dots that employed are CZ (CdSe/ZnS), CIS (CulnS/ZnS), InP
(InP/ZnS) from NN-Labs, and quantum rods from Strem (CdSe/CdS) company. The amount used
in synthesis was set to 200 pL of CZ, 200 & 100 pL of CIS, 200 pL of InP, and 100 pL of Strem.
Then, to filling more place on phasor plot, dark quencher dyes also added to CZ-Strem mixtures
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of 1:1 ratio and 3:1 ratio that have been made in the previous chapter.

4.3 Characterization Results

4.3.1 Fluorescence Lifetime

From FLIM results, all probes that contain quantum dots only have different fluorescence lifetime,
so they start from unique spot on the phasor plot. After adding increased amount of dark quencher
dyes, their fluorescence lifetime shortening as expected. While the quenching trajectory of CZ and
Strem probes fit the curve of the circle, InP and CIS quenched more horizontally. For silica
nanoparticles that contains CZ with dark quencher dyes and Strem with dark quencher dyes, the
average radius to the center of semi-circle is almost the same, that means they have the same

exponential information and so the complexity of the particles are the same.

Still from the phasor plot, 100 and 200 puL CIS that without dark quenchers are at the same spot.
From previous test, CZ, Strem and InP also have the same situation with 100 and 200 pL amount
used. The reason is that fluorophores doped inside the particles are not close enough to each other.
So, self-quenching did not happen. TEM results valid this explanation, only when 200 pL CZ, 200
uL Strem are encapsulated, situation of one quantum dot inside one single silica nanoparticle can

be achieved. For CIS and InP, more than 200 pL should be used to achieve similar degree.
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Figure 4.1 Characterization results of silica nanoparticles labeled with different quantum dots
and QXL 570 dark quencher dyes: (A) 200 uL CZ, (B) 100 pL Strem, (C) 200 pL CIS and (D)
100 pL CIS. (Left) Fluorescence lifetime data that under 470nm excitation wavelength. (Right)
DLS results and intensity readings of emission and absorption of each probe.
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The lifetime decay data match the fluorescence analysis. For CZ and Strem, when adding 10, 30
and 60 pL of quenchers, the lifetime decay is proportionally to the amount of dyes added. However,
for InP and CIS, the decay of lifetime happens more easily. When adding 10, 30 and 60 pL of dark

quenchers this time, their lifetime can change to very short. Thus, 1 and 3puL situation are involved

to fill the spot in between.

(‘ ‘) P=142.ﬂ M= 0.457 TP=1.810 ns TM= 3.906 ns,
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I Red 100 100 0 3909 04117 07863  0.5236
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Vi 1 & s 4\
. SN\| 3 Greem 100 100 30 3614 0.1195 08572  0.1394
/ \
W, 4 Pk 100 100 60  57.53  0.0525 10519  0.0499
05 g 1
(B) 9-149.5M-D..‘E)1P-2.3§\n!TM-515an. ..
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Figure 4.2 Characterization results of CZ and Strem mixed probes with QXL 570 dark quencher
dyes: (A) CZ and Strem in 1:1 ratio, (B) CZ and Strem in 3:1 ratio. (Left) Fluorescence lifetime
data that under 470nm excitation wavelength. (Right) DLS results and intensity readings of
emission and absorption of each probe.

Next, as CZ and Strem mixed probes have already been made in the previous chapter, 1:1 ratio and
3:1 ratio was picked to exam the change of lifetime with the presence of dark quencher dyes. This
time, with more dark quencher dyes were incorporated, the level of quenching increased so cause

the decrease in fluorescent lifetime.
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4.3.2 Fluorescence Analysis

Fluorescence analysis results are recorded for the situations that silica nanoparticles that labeled
with quantum dots only, both quantum dots with dark quencher dyes, and CZ-Strem mixed probes
with dark quencher dyes. From the data, emission and absorption intensities are shown as dark
quencher concentration dependent. Absorption intensities strengthened while the concentration of
dark quencher dyes increased, which shows the quantum dot and dye are both inside the silica
matrix. While at the meantime, the emission data tells a different story. When dark quencher dyes
were incorporated, the interaction between quantum dots and dark quenchers induces quenching
effect, so, emission intensities are weakened. Thus, the overall quantum efficiency also decreased.
This trend of decrease is inverse proportion to dark quencher dye amount ratio. For 10 uL and 30

uL of dark quencher dye used, their emission intensity over absorption is in the ratio of about 3:1.

4.3.3 Size

From DLS results, majority particles have the size around 40nm. However, as increasing amount
of dark quencher dyes are get involved into the synthesis, the diameter of samples also increased
a lot. Size of samples that include CZ increased form 40nm to 45nm, Strem and InP increased from
45nm to 55nm, while for CIS with dark quenchers, average diameter changed a lot from 50nm to
around 80nm. While for CZ and Strem mixed probes, this tendency of increasing in size also
happened, but still in the normal range. This is understandable as more dark quencher dyes are
doped, they are getting more and more involved into the silica nucleation process by covalently

incorporated into the particle interior.
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4.4 Fluorescent Lifetime Nanoprobe Library in this Chapter
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Figure 4.3: Global fluorescent lifetime results of silica nanoparticles that labeled with three types
of quantum dots with different amount of QXL 570 dark quencher dyes, under 470 nm excitation.
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Figure 4.4: Global fluorescent lifetime results of silica nanoparticles that labeled with three types
of quantum dots with different amount of QXL 610 dark quencher dyes, under 470 nm excitation.

The data of same kinds of quantum dots coupled with QXL 610 dyes (also from AnaSpec) in the
same ratio are also available. The Haun group used to use QXL 610 dark quencher dyes in research.
However, as AnaSpec deciding the termination of QXL 610 production, QXL 570 were employed
in the study. After comparing the results between quantum dots with QXL 570 and QXL 610 dyes,
it is happy to say that most places that are achieved by QXL 610 can be reproduced by QXL 570.
After studying the quenching trajectory of Strem with different amount of quencher dyes, even the
most unique position, 100 uL of Strem with 60 pL of QXL 610, can be reproduced by 100 pL of

Strem with 80 pL of QXL 570.
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Chapter 5 Construction of Lifetime Library: Silica Nanoparticles

with Quantum Dots and Fluorescent Dyes

5.1 Fluorescent dyes
After making quantum dots and quantum dots mixed probes and quantum dots with dark quencher
dyes mixtures, respectively, we are seeking about employee more fluorescent species in our library

construction process.

Different with dark quencher dyes, fluorescent dyes are a kind of materials that can emit light in
visible region when going back to the ground state [31]. Thus, their intensive fluorescence made
them commonly used in biology detection. For instance, widely used fluorescent dye, rhodamine,
can be modified to TMR for which could be used as a fluorescent probe for phagocytosis detection
[32]. As all fluorescent species used in this whole study have the absorption wavelength over
550nm, long-wavelength Alexa Fluor dyes are also very useful because they have advantage of
less self-quenching and high intensity over traditional Cy dyes under long-wavelength region [33].
In addition, KU dyes are newly developed fluorescent dyes that have long lifetime, it also has great

potential in detection use.

As the aim of lifetime library is to be eventually used in biology detection and those fluorescent
dyes have long been used as fluorescent probes, thus, in this part of work, nanoprobes that contain
quantum dots and fluorescent dyes have been made.
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5.2 Materials and Method

The fluorescent dyes that are used in this part of study includes Rhodamine (rhodamine) and Alexa

Fluor 555 (AF 555) that both from ThermoFisher, and KU530 (KU) from KU Dyes.

In this part of study, 200 and 100uL of CZ are used. According to the information from vendor’s
webpage and previous experiments, we noticed that AF 555 is much brighter than rhodamine and
KU, thus, 1, 3, 10, 30, 60 and 120uL of rhodamine and KU dyes were tested, 1, 3, 10, 30 and 60uL.

of AF 555 dyes were tested.

5.3 Characterization Results

5.3.1 Fluorescence Lifetime

As we mentioned before, 534nm excitation wavelength is more effective when analyzing probes
that contains fluorescent dyes. Besides, as we also want to expand probe library be switch to other
channels, phasor plots of the probes synthesized above were obtained under both 470nm and

534nm excitation wavelength.
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Figure 5.1 Characterization results of silica nanoparticle labeled with both CZ and rhodamine
dyes (3.4 X 1073 mol/L): 200 pL CZ data measured under (A1) 470 and (A2) 534 nm excitation
wavelength. 100 pL CZ data measured under (A3) 470 and (A4) 534 nm excitation wavelength.
(Left) Fluorescence lifetime data. (Right) DLS results and intensity readings of emission and
absorption of each probe.
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Figure 5.2 Characterization results of silica nanoparticle labeled with both CZ and AF 555 dyes
(8.0 X 1073 mol/L): 200 uL CZ data measured under (B1) 470 and (B2) 534 nm excitation
wavelength. 100 pL CZ data measured under (B3) 470 and (B4) 534 nm excitation wavelength.
(Left) Fluorescence lifetime data. (Right) DLS results and intensity readings of emission and
absorption of each probe.
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Figure 5.3 Characterization results of silica nanoparticle labeled with both CZ and KU dyes
(4.1 X 1073 mol/L): 200 uL CZ data measured under (C1) 470 and (C2) 534 nm excitation
wavelength. 100 pL CZ data measured under (C3) 470 and (C4) 534 nm excitation wavelength.
(Left) Fluorescence lifetime data. (Right) DLS results and intensity readings of emission and
absorption of each probe.
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From the fluorescent lifetime results about CZ with three kinds of dyes, rhodamine, AF 555 and
KU, their fluorescence lifetime information can be acquired. However, under 470nm excitation
wavelength, the lifetime of particles seems gathered together, this cannot achieve our goal of
separate them with FLIM. When switch to 534nm wavelength, they can be separated on the phasor

plot. This again shows that excite these particles under 534nm is more efficient.

Under 534nm, for particles that contains both CZ and rhodamines, with increased amount of
rhodamine involved, at first, they locate on the line that connect 200 pL CZ and low amount of
rhodamine. This kind of shifting is due to the linear combination that happened between quantum
dots and fluorescent dyes. Then, as the concentration of dyes increased to 30 puL and more, their
location on phasor goes down. Now, this phenomenon is more due to the quenching effect when

the concentration of dye that used is high enough.

In the results of CZ with AF 555 and KU dyes, the situation above also occurs, while most of them

follow the quenching trajectory as expected.
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5.3.2 Fluorescent Analysis

(A1) CZ 200 + Rhodamine-350ex (A2) CZ 200 + Rhodamine-470ex

(C1) CZ 200 + KU -350ex (C2) CZ 200 + KU -470ex

Figure 5.4: Emission spectra of 200 pL CZ with (A) rhodamine, (B) AF 555 and (C) KU under
(1) 350 nm and (2) 470 nm excitation wavelength.

From emission spectra data, we can see that when probes were excited under 350nm and 470nm
wavelength, emission wavelengths of CZ with rhodamine are very similar that shows up around
598nm. While for CZ with AF 555, there is a little bit red shift of the emission peaks to around
600nm. Then, when talking about CZ with KU dyes, a more obvious right shift appears, that the
emission peaks shows up around 610nm. The red shift is a very interesting phenomenon as we do
not see these happened when mixing quantum dots and dark quencher dyes. This might due to the

reason that as more fluorescent dyes are incorporated, the concentration of polarized solute
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increased, thus lead to the enhancement in solvent polarity [34].

Moreover, for all the CZ and dye mixtures, the change of emission intensity lack of regularity.
When adding more rhodamine into the silica mesh, intensity first lower down and then goes up,
whereas the situation for AF 555 and KU dyes is opposite, first goes up and then lower down. So,
it puts up a question that the excitation wavelength we used may not be the most suitable one.
According to the information from vendors’ webpage and in order to make consistency with later
FLIM detection, 534nm excitation wavelength was used when measuring probes that contains

fluorescent dyes (as FLIM also provide 534ex channel).

Ex Em
cz —_— 585-600
Rhodamine 552 575
AF 555 555 572
KU 530 560

Figure 5.5: Generic excitation and emission wavelength for CZ, rhodamine, AF 555 and KU
dyes from vendor’s webpage.

After changing to 534nm excitation wavelength, spectra data shows interesting change. In the
spectra of 200uL and 100uLCZ with rhodamine silica nanoprobes, as more fluorescent dyes are
encapsulated, emission peaks gradually shifted from 598nm to around 585nm. From the results of
CZ with AF 555, two peaks appear and the peak around 570nm becomes the mean peak and the
peak around 605nm is shoulder peak. Besides, as amount of dyes are increased, the shoulder peak
shows right shift from 600nm to 608nm. Results of CZ with KU dyes are similar with AF 555, as

mean peak appears at 560nm and shoulder peak appears at 610nm. According to generic emission

31



wavelength that provided by vendors, peaks around 600nm is more about quantum dots dominated,
thus, peaks appear between 560nm to 585nm is due to the fluorescent dyes dominated probes. This

can explain the phenomenon that when increasing the amount of fluorescent dye, emission

CZ 100 + Rhodamine-534ex

intensity of peak with smaller wavelength increases more than the other peak.
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Figure 5.6: Emission spectra (1) 200 pL and (2) 100 pL CZ with (A) rhodamine, (B) AF 555 and

(C) KU under 534 nm excitation wavelength.

Then from the fluorescence analysis data of these CZ and dye mixture, for increase amount used,
32

absorption intensity and emission intensity are both increased. Moreover, emission intensity over



absorption intensity also show steady growth. This may due to the reason that while absorption
intensities of all three kinds of dyes are increased, emission intensity increased more. This expected
results really tell us that fluorescent dyes are truly been added into the silica mesh and at the

meantime, interaction between quantum dot and fluorescent dye happened effectively.

All these data from fluorescence analysis provide a conclusion that it is very important to choose
an appropriate excitation wavelength for better conducting fluorescence analysis. So, in this study,
when characterizing probes that contain quantum dots and fluorescent dyes mixtures, best results

can be obtained if 534nm excitation wavelength is employed.

5.3.3 Size

Diameter range of silica nanoparticles with CZ and rhodamine combination are between 39nm to
70nm, average size is around 45nm. While for CZ and AF 555 probes, nanoparticle have the
average diameter of 40nm, ranged from 30 to 51nm. Average particle size of CZ and KU
combination are around 40nm, ranged from 33 to 48nm in diameter. With more dyes are employed,
the size of particles gradually increased. Overall size of CZ and fluorescent dyes nanoprobes are

around 30 to 50nm, which shows particles are uniformly synthesized.
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5.4 Fluorescent Lifetime Nanoprobe Library in this Chapter

470ex 534ex
(A) CZ 200 + dyes (B) CZ 200 + dyes

= r 8 M=0.292 TP=29.739 ns TM=562.198 ns, P= {svz M= 0.250 TP=36.048 ns TM=61.678 ns,

Red  CZ only
Green CZ and Rhodamine

+ + Orange CZ and AF 555
(C) CZ 100 + dyes (D) CZ 100 + dyes

P 4158 0287 s TS0 P 31 M-0204 TP s TS T Pink  CZand KU

Figure 5.7 Global fluorescent lifetime results of silica nanoparticles that labeled with CZ and
three kinds of fluorescent dyes: thodamine, AF 555 and KU. (A) 200 pL CZ with various amount
of dyes under 470 nm and (B) 534 nm excitation wavelength. (C) 100 uL. CZ with various
amount of dyes under 470 nm and (D) 534 nm excitation wavelength.
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Chapter 6 Summary

With the desire to treat cancer more efficiently, key cell types should first be identified. The
existing analysis methods have many limitations thus they cannot currently provide enough
molecular information. The phasor approach to FLIM shows its potential as the fluorescent lifetime
information of probes can be directly presented on a phasor plot. However, the lack of detection
channels makes it difficult to use in the real world. Thus, the urgent task is to enlarge the detection

channels and gathered them into a library for future use.

Three kinds of fluorescent lifetime nanoprobe libraries have been constructed. The first is made
by silica nanoprobes with three quantum dot species, CZ, CIS and Strem. The second one is built
by employing four kinds of quantum dots, but with various amount of dark quencher dyes. The
third library is constructed by encapsulating CZ with fluorescent dyes, rhodamine, AF 555 and KU

dyes.

DLS results show that the diameter of probes is in a range from 30 to 50 nm, which means that
they have been uniformly made. Fluorescent analysis results help to characterize the nanoprobes
qualitatively and quantitatively. Absorption data clearly shows that silica nanoparticles have been
made successfully and all fluorescent species are effectively encapsulated inside the silica
nanoparticles. Emission data matches with theoretical the quenching effect occurred between the
two fluorescent species. As more dark quencher dyes are involved in the nanoprobe synthesis
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process, emission intensity is weakened. With more fluorescent dyes used, overall emission
intensity is strengthened. Overall fluorescent intensity results that have been calculated by
emission intensity/absorption intensity verified the theoretical photon emission efficiency as the

quantities of fluorescent species changes.

The phasor plot obtained by FLIM shows fluorescent lifetime results. Even though the fluorescent
species have similar emission wavelengths, they can occupy different places on the phasor plot.
By mixing different species and changing the amount added, the goal to manipulating their
lifetimes can be achieved. Thus, the probe libraries with tunable fluorescent lifetime are
constructed with three types of fluorescent species: quantum dots, dark quencher dyes, and
fluorescent dyes. These results all match the fluorescence analysis. According to the FLIM results
of the quantum dots with fluorescent dyes, additional spectral window, 534nm excitation, has been
developed beyond the traditional 470nm excitation window. This shows the feasibility of

expanding the libraries to more spectral windows.

All in all, the whole study has successfully constructed three kinds of fluorescent lifetime probe
mixtures through the interaction between quantum dots, dark quencher dyes and fluorescent dyes.
While changing the ratio of fluorescent species encapsulated inside the silica nanoparticles, probe

lifetimes become tunable. This provides the potential to enlarging the probe lifetime libraries.

One of the primary tasks for future research is to find new fluorescent species with unique lifetimes
36



in order to fill more spots on the phasor plot. In addition, expanding the spectral detection windows
is another central goal. This could enhance applicability and commonality of our lifetime
nanoprobe libraries for future practical use. On the other hand, with the exiting probes, it will be
meaningful to study the quenching effect in order to fill the phasor plot with fewer fluorescent
species, which can simplify the synthesis process while still retaining the efficiency of tumor

detection.
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