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ABSTRACT

Two-photon fluorescence microscopy (2PFM) has become a powerful technique for
bioimaging in non-invasive cancer diagnosis and also investigating the mechanization and
original of a variety of diseases by tracking various biological processes. Because the
fluorescence emission by two photon absorbing (2PA) is directly proportional to the square of
the intensity of excitation light, this intrinsic property of 2PA provides 2PFM great advantages
over traditional one-photon fluorescence microscopy (1PFM), including high 3D spatial
localization, less photodamage and interference from biological tissue because of using longer
wavelength excitation (700-1300 nm). However, most 2PA probes are hydrophobic and their
photostabilities are questionable, severely limiting their biological and medical applications. In
addition, probes with significant specificity for certain organelles for tracking cellular processes
or metal ions for monitoring neural transmission are somewhat rare. Moreover, it is also very

significant to deliver the probes to specific disease sites for early cancer diagnosis.

In order to increase the water solubility of probes, polyethylene glycol (PEG) was introduced
to a fluorene-based 2PA probe LT1 for lysosomal 2PFM cell imaging. The 2PFM bioimaging
application of the novel two-photon absorbing fluorene derivative LT1, selective for the
lysosomes of HCT 116 cancer cells is described in Chapter Il. Linear and nonlinear
photophysical and photochemical properties of the probe were investigated to evaluate the
potential of the probe for 2PFM lysosomal imaging. After the investigation of the cytotoxicity of
this new probe, colocalization studies of the probe with commercial lysosomal probe Lysotracker

Red in HCT 116 cells were conducted. A high colocalization coefficient (0.96) was achieved and



demonstrated the specific localization of the probe in lysosomes. A figure of merit, Fy, was
introduced by which all fluorescent probes for 2PFM can be compared. LT1 was demonstrated to
have a number of properties that far exceed those of commercial lysotracker probes, including
much higher 2PA cross sections, good fluorescence quantum yield, and, importantly, high
photostability, all resulting in a superior figure of merit. Consequently, 2PFM was used to

demonstrate lysosomal tracking with LT1.

In addition to lysosomes, it is also very significant to investigate the physiological roles of
free metal ions in biological processes, especially Zn®*, because Zn?* normally serves either as
the catalytic elements in enzymatic activity centers or as structural elements in enzymes and
transcription factors. However, biocompatible and effective Zn®* probes for 2PFM bioimaging
are infrequent. In Chapter 11l, 2PFM bioimaging with a hydrophilic 2PA Zn?* sensing
fluorescent probe, bis(1,2,3-triazolyl)fluorene derivative, is described. 2PFM bioimaging of the
probe in living HelLa cancer cells was demonstrated. The results revealed a significant
fluorescence increase upon introduction of Zn?* into the cancer cells, and a reversible Zn*
binding to the probe was also demonstrated, providing a robust probe for two-photon

fluorescence zinc ion sensing.

Early cancer diagnosis is another critical application for 2PFM, but there are still huge
challenges for this new technique in clinical areas. Most 2PA probes with large two-photon
absorbing cross sections and fluorescence quantum efficiency are synthetically more accessible
in hydrophobic forms. In order to increase the efficiency of the probes and minimize the effect of

the probe on the human body, delivery of the probe specifically to cancer sites is desired. The



synthesis and characterization of narrow dispersity organically modified silica nanoparticles
(SiNPs), diameter ~30 nm, entrapping a hydrophobic two-photon absorbing fluorenyl dye, are
reported in Chapter IV. The surface of the SiNPs was functionalized with folic acid to
specifically deliver the probe to folate receptor (FR) over-expressing HelLa cells, making these
folate 2PA dye-doped SiNPs potential candidates as probes for two-photon fluorescence
microscopy (2PFM) bioimaging. In vitro studies using FR over-expressing HelLa cells
demonstrated specific cellular uptake of the functionalized nanoparticles. However, when the
concentration of the dye in SiNPs increased for higher signal output, the fluorescence quantum
efficiency of a probe normally decreases because of self-quenching. In Chapter V, a near-
infrared (NIR) emitting probe is reported to overcome this limitation through both aggregate-
enhanced fluorescence emission and aggregate enhanced two-photon absorption. The dye was
encapsulated in SiNPs and the surface of the nanoparticles was functionalized with PEG
followed by a folic acid derivative to specifically target folate receptors. NIR emission is
important for deep tissue imaging. In vitro studies using HelLa cells that upregulate folate
receptors indicated specific cellular uptake of the folic acid functionalized SiNP nanoprobe.
Meanwhile, the probe was also investigated for live animal imaging by employing mice bearing
HeLa tumors for in vivo studies. Ex vivo 2PFM tumor imaging was then conducted to achieve

high quality 3D thick tissue tumor images.
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CHAPTER I: BACKGROUD AND INTRODUCTION

.1 Background
Cancer is going to surpass heart disease to become the leading cause of morbidity and
mortality in the United States, and the incidences are expected to continue on an upward trend
for the near future (Figure 1-1).> In 2009, it was estimated that 12.9 million new cases of cancer
occurred worldwide, with an estimated economic cost of US $286 billion.? Because early cancer
detection can increase the survival rates dramatically and save money, no mention increase
quality of life, investment in the research of developing new techniques for early cancer

detection is of paramount interest.>
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Figure I-1. Death rates for leading causes of death for all ages: United States, 1950-2006.



Conventional imaging technologies for cancer detection — Xx-ray, magnetic resonance
imaging (MRI) and computed tomography (CT) — can serve as proxies for proximity, but the
pictures they offer are often incomplete and obscured.* One of the exciting areas of research is
the application of the fluorescence-based two photon fluorescence microscopy (2PFM) for
cancer diagnostics. This technique provides a series of advantages over conventional imaging
technologies including: (a) providing images in three-dimension (3D) with submicrometer
resolution; (b) large tissue depth penetration compared to traditional one-photon fluorescence
microscopy (1PFM); (c) allowing high-sensitivity imaging by eliminating contamination of the
fluorescence signal by the excitation light; (d) reduced specimen photodamage that facilitates
imaging of living specimens.>® However, a lack of biocompatible two-photon absorbing (2PA)
probes with large 2PA and fluorescence efficiency in physiological environment, good

photostability and high biological specificity limited their application in bioimaging.”

To introduce organic-based 2PA probes into physiological environments, one strategy is to
incorporate hydrophilic moieties and targeting biomolecules directly on the organic chromophore.
However, this method generally involves tremendous efforts in synthesis and biomolecular
conjugation for targeting bioimaging. Another strategy is by employing hydrophilic
nanoparticles to encapsulate hydrophobic 2PA dyes in their nonpolar cores and, thus, bring the
dyes into aqueous media. In addition, the surface of the nanoparticles can further be
functionalized with targeting agents. The in vivo application of this class of nanoprobes as
diagnostic agents is of intense interest owing to their unique properties, such as large specific
capacity for chromophore loading and sufficient fluorescence efficiency. This concept aims to

provide a path for the development of probes for early detection of cancer.
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Bioconjugated nanoprobes are attractive candidates because of their: (a) enhanced permeation
and retention (EPR) effects that may result in increased concentration in tumor tissue; (b) ligand-
mediated active targeting of the tumor site by modifying the surface of the nanoparticles with
bimolecular; (c) increased circulation time and enhanced the accumulation of the probe in
targeted tumor sites; (d) increased photostability; and (e) decreased nephrotoxicity, bone-marrow

toxicity, cardiotoxicity, mucositis, and gastrointestinal toxicity or neurotoxicity.®**



1.2 Introduction

1.2.1 Lysosomal bioimaging

Lysosomes are membranous organelles of ~500 nm that normally function as the terminal
degradation compartment of the endocytic pathway, while the abnormal accumulation of
lysosomes may cause autosomal recessive storage disease.* In addition, cancer invasion and
metastasis are frequently accompanied with altered lysosomal trafficking and increased
lysosomal enzyme expression and activity.™ '® A few fluorescent-based techniques for labeling
lysosomes of cancer cells and solid tumor models have been investigated to study lysosomal
trafficking and their role in invasion.'” *® Hence, developing effective probes to label lysosomes
with fluorescent tags and monitor the lysosomal trafficking in cells and solid tumors are critical

to study the role of lysosomes in cancer invasion and metastasis.

1.2.2 Folate receptor targeted bioimaging

Folate receptors (FRs), glycosylphosphatidylinositol-anchored proteins that bind to both folic
acid and folate-linked probes or drugs with high affinity (Kq ~ 100 pM), are significantly
upregulated in a variety of human cancers (ovaries, breast, endometrium, lungs, kidneys, colon,
brain, and myeloid cells of hematopoietic origin) but few express to any large degree in most
healthy tissues.'> ?° The use of folic acid-conjugated PET agents, MRI contrast agents, and
fluorescent probes to target FRs overexpressed cancers for the purpose of early diagnosis and
imaging cancers with high specificity and sensitivity were reported recently.??* However, there

are few reports of FR targeted two-photon fluorescence microscopy (2PFM) bioimaging.*



1.2.3 Reticuloendothelial system (RES)

The reticuloendothelial system (RES), which is divided into primary and secondary
lymphoids organs, is a part of the immune system and normally accumulates in lymph nodes and
the spleen. It consists of phagocytic cells located in reticular connective tissue, primarily
monocytes and macrophages. In addition, the Chuffer cells of the liver and tissue histiocytes are
part of the RES.?> % The RES in the animal body always functions through poisonings, which
are any molecules that act as a binding enhancer for the process of phagocytosis, and can bind to
circulating particles and remove them from the circulation within seconds to minutes.?” The RES
can recognize and sequester intravenously injected colloidal carriers, such as liposome and
multifunctional nanoprobes rapidly and subsequently clear them from the circulation. Hence, the

RES has hampered nanoprobes or drugs from efficient accumulation in pathological sites.?® %

1.2.4 Influence of particle surface and size-mechanism for passive targeting

To avoid RES uptake and consequently prolong their circulation time, the particle surface and
particle size of nanoparticles are two significant parameters for optimization. Imparting a stealth-
shielding on the surface of the nanoparticle is a convenient strategy to prevent recognition of the
circulating particles by RES cells. PEGylation has proven to be the most effective method among
several strategies to modify the surface of the nanomaterials and impart them with shielding
properties.®® Because of a loss of conformational entropy of bound PEG chains upon the
approach of serum opsonins in terms of PEG steric hindrance, it prevents the deposition of
particle surfaces, thereby reducing the uptake by RES cells.*!

In addition, because of the enhanced permeation and retention (EPR) effect of cancerous

tumors, reducing the particle size below 100 nm was demonstrated to decrease the clearance of
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nanomaterials by the RES effectively.* Long-circulating nanomaterials with the appropriate
particle size have more frequent opportunities to encounter ‘leaky tumor capillaries’ and
extravasate into the tumor tissue via the EPR effect.®® Therefore, passive targeting to cancerous
tumors can be obtained by tuning the size of nanomaterials.
1.2.5 Ligand-mediated active targeting

A variety of disease-specific ligand-receptor pairs, €.g., ligands based on antibodies, antibody
fragments, proteins, and peptides have been identified with the development of cell biology.*
Those ligands based on antibodies, antibody fragments, proteins, and peptides were fervently
investigated for specific drug and probe delivery in term of their highly selective towards
specific cell receptors.®® Therefore, in addition to passive targeting through the EPR effect,
delivery of particles to smaller solid tumor and metastatic cells can be achieved by modifying
particle surfaces with moieties directed at cell surface markers unique to the cell types.
1.2.6 Enhanced specificity via a synergistic combination of passive and active targeting
strategies

An optimal platform for in vivo nanoprobe delivery and significant enhancement of the
efficacy of a diagnostic protocol can be achieved by combining passive and active targeting
strategies synergistically. By optimizing the particle size to best suit the pathophysiology of a
particular cancer, one can maximize accumulation of nanoprobe at the pathological sites.
Additionally, appropriate selection of the targeting ligand and control over nanoparticle
modification can lead to enhanced cellular accumulation of specific targeting nanoprobe. It was
suggested that the physiological properties of nanoparticle carriers can largely determine their

pharmacokinetics and biodistribution; meanwhile, the presence of targeting ligands can lead to



enhancement of intracellular accumulation.®® Nanoparticles first extravasate into the tumor
stroma through the fenestrations of the angiogenic vasculature, demonstrating targeting by
enhanced permeation and retention. Nanoprobes can carry multiple targeting biomolecular,
which can further target them to their receptors upregulated in cancer tissues, resulting in

nanoprobes accumulation the tumors suitable for bioimaging.



1.3 Organization of the Dissertation

After a brief background introduction in Chapter I, the application of a novel two-photon
absorbing fluorene derivative LT1, selective for the lysosomes of cancer cells is described in
Chapter I1. In order to increase the water solubility of the lysosomal probe, polyethylene glycol
(PEG) was introduced to a fluorene based two-photon absorbing (2PA) probe LT1 for lysosomal
two-photon fluorescence microscopy (2PFM) cell imaging. Linear and nonlinear photophysical
and photochemical properties of the probe were investigated to evaluate the potential of the
probe for 2PFM lysosomal imaging. After the investigation of the cytotoxicity of this new probe,
colocalization studies of the probe with the commercial lysosomal probe Lysotracker Red in
HCT 116 cells were conducted. A high colocalization coefficient (0.96) was achieved and
supporting specific localization of the probe in lysosomes. To compare the properties of the
novel between probes, a figure of merit, Fy, was introduced. LT1 was demonstrated to have a
number of properties that far exceed those of commercial lysotracker probes, including much
higher 2PA cross sections, good fluorescence quantum vyield, and, importantly, high
photostability, all resulting in a superior figure of merit. Consequently, 2PFM was used to

demonstrate lysosomal tracking with LT1.

In Chapter 111, the 2PFM bioimaging application of a 2PA Zn** sensing fluorescent probe
bis(1,2,3-triazolyl)fluorene derivative is described. After investigating the cytotoxicity, 2PFM
bioimaging of the probe in living HeLa cancer cells was demonstrated. The results revealed a

significant fluorescence increase upon introduction of Zn?* into the cancer cells, and a reversible



Zn?* binding to the probe was also demonstrated, providing a robust zinc ion sensing probe for

future studies.

In Chapter IV, the synthesis and characterization of narrow dispersity organically modified
silica nanoparticles (SiNPs), average diameter ~30 nm, entrapping a hydrophobic two-photon
absorbing fluorenyl dye were reported. The surface of the SiNPs were functionalized with a folic
acid derivative to specifically deliver the probe to folate receptor (FR) overexpressing HelLa
cells, making these folate two-photon dye-doped SiNPs potential candidates as probes for two-
photon fluorescence microscopy (2PFM) bioimaging. In vitro studies using FR overexpressing
HeLa cells demonstrated specific cellular uptake of the functionalized nanoparticles. However,
when the concentration of the dye in SiNPs increased, the fluorescence quantum efficiency of
probes normally decreased because of self-quenching, making a strategy to overcome this

limitation an important objective.

Consequently, a 2PA and aggregation-enhanced emission NIR dye was proposed to overcome
the limitation of self-quenching at high dye loading and is described in Chapter V. The dye was
encapsulated by SiNPs and the surface of the nanoparticles was functionalized with maleimide-
terminated PEG. In addition, the NIR emission property of the dye was beneficial for deep tissue
imaging. The surface of the 2PA and aggregation-enhanced emission nanoprobe was modified
with a folic acid derivative for folate receptor-targeted in vitro and in vivo bioimaging. In vitro
studies using HeLa cells, that upregulate folate receptors, indicated specific cellular uptake of the

folic acid functionalized nanoprobe. Meanwhile, the probe was also investigated for live animal



imaging by employing mice bearing HeLa tumors for in vivo imaging. Ex vivo 2PFM tumor

imaging was then conducted to achieve high quality 3D thick tissue tumor images.
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CHAPTER II: HIGH FIDELITY HYDROPHILIC PROBE FOR TWO-

PHOTON FLUORESECENCE LYSOSOMAL IMAGING

Reproduced with permission from: Wang, X.; Nguyen, D. M.; Yanez, C. O.; Rodriguez, L.; Ahn,
H.; Bondar, M. V.; Belfield, K. D.J. Am. Chem. Soc. 2010, 132, 12237-12239. Copyright [2011]

American Chemical Society.

1.1 Abstract

The synthesis and characterization of a novel two-photon absorbing fluorene derivative LT1,
selective for the lysosomes of HCT 116 cancer cells was reported. Linear and nonlinear
photophysical and photochemical properties of the probe were investigated to evaluate the
potential of the probe for 2PFM lysosomal imaging. The cytotoxicity of the probe was
investigated to evaluate the potential of using this probe for live two-photon fluorescence
biological imaging applications. Colocalization studies of the probe with commercial
Lysotracker Red in HCT 116 cells demonstrated the specific localization of the probe in the
lysosomes with an extremely high colocalization coefficient (0.96). A figure of merit, Fy, was
introduced to allow comparison between probes. LT1 has a number of properties that far exceed
those of commercial lysotracker probes, including higher 2PA cross sections, good fluorescence
quantum yield, and, importantly, high photostability, all resulting in a superior figure of merit.

2PFM was used to demonstrate lysosomal tracking with LT1.
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1.2 Introduction

Lysosomes are membrane-bound organelles of ~ 500 nm diameter that are terminal
degradative compartments of mammalian cells.! Lysosomes are involved in a numerous
physiological processes, such as bone and tissue remodeling, plasma membrane repair,
cholesterol homeostasis along with cell death and cell signalling.” In addition, tumor invasion
and metastasis are largely associated with altered lysosomal trafficking and increased lysosomal
enzyme expression and activity.® Effective techniques to fluorescently label lysosomes of cancer
cells and solid tumor models are therefore of significant interest to study lysosomal trafficking

and its role in invasion.*

In order to understand the biological activities of lysosomes, a variety of fluorescent probes
derived from neutral red and acridine orange have been developed and commercialized.’
However, most of the commercial probes require a rather short excitation wavelength, seriously
limiting their use in tissue imaging due to low penetration depth, the need to be conjugated with
bimolecular, suffer from pH sensitivity, poor water solubility, and poor photostability.® These
limitations motivated us to search for two-photon absorbing dyes for two-photon fluorescence
microscopy imaging, due to the longer wavelength (700 - 1300 nm) light and a quadratic
dependence on laser intensity of two-photon absorption (2PA) provide advantages such as
localized excitation and prolonged observation time.” A biocompatible, photostable and water
soluble lysosomal marker with high 2PA cross section will provide a strong tool to study

lysosomal trafficking and its role in invasion with high resolution spatial images.
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1.3 Result and Discussion
Herein, wie describe a symmetric hydrophilic fluorene derivative 4,4'-(9,9-di(2,
5,8,11,14,17,20,23,26,29-decaoxahentriacontan-31-yl)-9H-fluorene-2, 7-diyl) bis (ethyne-2,1-
diyl) bis (N, N-dimethylaniline) (LT1) and demonstrate ins use as an efficient 2PA fluorophore
to perform noninvasive labeling of lysosomes in vitro. The new fluorene derivative LT1 was
specifically designed to contain a pair of 10-unit polyethylene glycol (PEG) groups in the 9-
position of the fluorene ring, which made the probe highly water soluble and imparted very low
cytotoxicity. The hydrophilic fluorene derivative LT1 was synthesized from 2, 7-diiodofluorene
2 and 4-ethynyl-N, N-dimethylaniline 3 through a Sonogashira cross-coupling reaction using a

PdCI,P(Phs),/Cul catalytic system at 72% yield (Scheme 11-1).2

Scheme 11-1. Synthesis of the fluorene derivative LT1.

|
/N N\
do__ O (L e, P [
/ PdCI,P(Phj). N =
SavTans e Sl e
2 3 LT1

The linear and nonlinear photophysical properties of probe are reported to investigate specific
fluorescence properties which are important for nonlinear optical applications. The absorption
and emission spectra of LT1 were sensitive to solvent polarity, and the emission spectra
exhibited large bathochromic shifts in the order of toluene < THF < EtOH < H,0. The emission
spectra showed much greater solvatochromic shifts than absorption spectra (79 nm vs. 7 nm),

suggestive of the potential of LT1 as a polarity-sensitive probe.

In addition, the excitation anisotropy spectra (dot) and anisotropy values, r, for LT1 in

polytetrahydrofuran (pTHF) are shown in Figure 11-1, along with the linear absorption spectra for
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LT1 in PBS buffer. Probe LT1 displayed a constant value of r = 0.37, for excitation in the
spectral range A = 374 — 455 nm, corresponding to the first electronic transition So — S;. And a
higher electronic transition, Sy — S,, was observed in the wavelength range A ~ 289 — 326 nm (r
~ (0.24). Because the pH of lysosomes is around 4.8, the pH stability in slight acidic environment
is essential for lysosomal probes. The pH stability of the LT1 was investigated by measuring the
absorbance and emission of LT1 in a series of buffers with different pH values from 4.16 to 10.0.

The results, illustrated in Figure 11-4, indicated that LT1 was very stable over this entire pH

range.
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Figure 11-1. (a) Normalized absorption (solid) (in PBS), emission (dish) (in PBS), anisotropy (dot)
spectra (in pTHF) and two-photon absorption cross section (square) (in toluene) of LT1; (b) Viability of

HCT 116 cells with LT1.

By employing a standard two-photon induced fluorescence method with a femtosecond laser
system, probe LT1 afforded a maximum 2PA cross section of ~ 1100 GM (1 GM = 10 cm* s
photon™) at 700 nm (Figure 11-1, square), which is a much higher than commercial probes of

those reported by others < 10 - 200 GM for two-photon fluorescence microscopy (2PFM)
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bioimaging.® In addition, the photostability and 2PA cross sections of LT1 were compared with
the commercially available Lysosomal markers Lysotracker Red (LT Red) and Lysotracker
Green (LT Green) by photodecomposition experiments and 2PA cross-section measurements.
Herein, we define a Figure of Merit (Fy) by which probes for 2PFM can be compared; the
product of their fluorescence quantum yield (®5) and 2PA cross section (8) normalized by their
photodecomposition quantum vyield (®g), i.e., Fy = ©/dy. The Fy of LT1 was two orders of
magnitude higher than LT Green and LT Red (Table 1I-1), strong support for the fidelity of LT1
relative to the commercial LT Red and LT Green for 2PFM biological imaging.

Table 11-1. Photophysical data for LT1, Lysotracker Green, and Lysotracker Red.?

Probes afaw® et ot 5% @gx10°T Do 9 Fum <10°"
LT1 387/501 7.7 038 1135 0.94 431.3 458.8
LT Green  502/510 6.3 1.0 17 3.70 17 4.6
LTRed 575/591 49 007 33 5.31 2.3 0.4

 Except for 2PA cross section measurements, all other measurements were performed in PBS
buffer. ® Amax values of the one-photon absorption and emission spectra in nm. ¢ Molar
absorbance in 1 x10* M -cm™. ¢ Fluorescence quantum yield, #15%. ¢ 2PA cross-section (LT1
in toluene at 700 nm, LT Green in DMSO at 700 nm and LT Red in DMSO at 740 nm) in 10"
cm” s photon*(GM), +15%. " Photobleaching decomposition quantum yield. ¢ Two-photon action

cross section in GM. " Figure of merit in GM.

In order to demonstrate the potential utility of LT1 for 2PFM cellular imaging, cytotoxicity or

cell viability must be assessed. To address this, viability assays in an epithelial colorectal
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carcinoma cell line, HCT 116, was conducted via the MTS assay.™ Figure 11-1 (b) showed the
viability data for HCT 116 cells after treating with several concentrations of LT1 for 24 h. The
data indicated that LT1 has low cytotoxicity (~85% viability) over a concentration range from 1—
20 M, appropriate for cell imaging. This bodes well for the utility of this hydrophilic probe,
particularly for live cell imaging application for lysosomal tracking via 2PFM.

Subsequently, in order to assess whether LT1 can be efficiently uptaken by cancer cells, the
efficiency of LT1 uptake by HCT 116 cells was evaluated. The one photon fluorescence
microscopy (1PFM) and 2PFM images showed LT1 can be effectively taken by HCT 116 cells
and the optimum concentration of LT1 for the cellular uptake was determined by comparing the
image of HCT 116 treated with 5, 10, 20, and 30 uM for 2 h. The results showed that HCT 116
treated 20 uM can provide bright images with negligible toxicity. In addition, to determine the
location of the probes in the cells, a colocalization study of LT1 with several well known one-
photon fluorescence (1PF) probes in HCT 116 cells was conducted. 1PFM images of HCT 116
cells co-stained with LT1 and lysosomal marker Lysotracker Red (LT Red), mitochondrion
marker Mitotracker Red FM (MT) or Golgi apparatus marker Alexa Fluor 555 (AF) (Figure 11-2
and Figure 11-7) individually demonstrated that the localization of LT1 in the cells was nearly
identical to Lysotracker Red. The 1PFM images of HCT 116 cells were taken with two different
channels; Fluor out (Ex: 377/50; DM: 409; Em: 525/40) for LT1 and Texas Red (Ex: 562/40;
DM: 593; Em: 624/40) for commercial markers under the same conditions. The colocalization
coefficient, A, was calculated by Slidebook 5.0 software with Pearson’s method to evaluate the

colocalization of LT1 relative to the commercial probes. The data in Table I1-2 showed that the
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colocalization coefficient of LT1 with Lysotracker Red was much higher than the others (0.96

vs. 0.45, 0.46), indicating that LT1 possesses lysosomal specificity.

Figure 11-2. Colocalization images of HCT 116 cells incubated with LT1 (20 uM, 2 h) & Lysotracker
Red (LT Red, 75 nM, 2 h) and photostability comparison of LT1 and Lysotracker Red as lysosome
markers in HCT 116 cells. (A) (a) DIC (b) one-photon confocal probe LT1 fluorescence image using a
custom made Fluor out filter cube (Ex: 377/50; DM: 409; Em: 525/40; (c) one-photon confocal LT Red
fluorescence image using a Texas Red filter cube (Ex: 562/40; DM: 593; Em: 624/40); (d) merged image
of DIC and two channels of fluorescence images. One-photon confocal microscopy images of HCT 116
cells co-stained with (B) LT1 and (C) Lysotracker Red. The images were taken at (a) 0 min (b) 6 min (c)
12 min, and (d) 15 min under successive irradiation (the power on the focus plane is ~ 9 mW). All the

images were acquired with a 60> oil immersion objective.

Moreover, the photostability of LT1 and Lysotracker Red in the HCT 116 cells was also

compared (Figure 11-2 and Figure 11-10), and were consistent with the photodecomposition
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experiments in PBS buffer. The fluorescence intensity of Lysotracker Red decreased by ca. 50%
in the first 3 min under successive irradiation using a 100 W mercury lamp (the power on the
focal plane is ~ 9 mW), resulting in only 10% of the initial fluorescence intensity after 15 min
irradiation. In contrast, the fluorescence intensity of LT1 decreased very slowly, decreased to ca.
70% of the initial fluorescence intensity after 15 min irradiation. In order to evaluate if LT1 can
be used as a long-term lysosome tracking probe, a long-term lysosome tracking assay was
conducted. The results (Figure 11-11) revealed that after 9 h postincubation, the images still
showed the probe was lysosome-specific, with a Pearson’s colocalization coefficient of 0.78.
This result demonstrates the potential for LT1 as a stable lysosome marker for two-photon

fluorescence microscopy.

In addition, to get an initial sense of the lysosomal specificity of LT1 in other cell lines, COS-
7 (African green monkey kidney fibroblast-like) cells were employed using the same method
described above for the HCT 116 cells. The colocalization images (Figure 11-8) and
colocalization coefficient data (Table 1I-2) indicated that LT1 can also specifically stain
lysosomes of other cells and significantly avoid staining other organelles such as the Golgi
apparatus and mitochondria, suggesting broad, general utility for this new probe. An endocytosis
process is proposed (Figure 11-9) for a possible pathway of LT1 cellular uptake, consistent with

the literature.™*

To demonstrate the advantage of using probe LT1 as a lysosomal marker for 2PFM imaging,
two-photon fluorescence imaging of HCT 116 cells was conducted. The HCT 116 cell images
(Figure 11-3) indicate that the 1PFM and 2PFM images are similar, with higher 3D resolution and
contrast realized by 2PFM, to the point of visualizing individual lysosomes.
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Figure 11-3. Images of HCT 116 cells incubated with fluorescence probe LT1 (20 piM, 2h) all taken with
60x, oil immersion objective. a) DIC, 500 ms. b) One photon fluorescence image, 150 ms (filter cube Ex:
377/50 DM: 409 Em: 525/40). c) 3D reconstruction from overlaid two-photon fluorescence images (Ex:
700 nm; Em: long-pass filter 690 nm) 5 pm grid. d) two-photon fluorescence images (Ex: 700 nm; Em.

long-pass filter 690 nm).
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1.4 Conclusion

In conclusion, we report a very effective hydrophilic fluorene derivative, LT1, as a lysosomal
marker for two-photon fluorescence cell imaging. A figure of merit, Fy, was introduced to allow
a meaningful comparison between any probes designed for two-photon fluorescence imaging.
The new probe has a number of properties that far exceed those of commercial lysotracker
probes, including higher 2PA cross sections, high lysosomal selectivity, good fluorescence
guantum vyield, and, importantly, high photostability, all resulting in a superior figure of merit
relative to commercial lysosomal probes. 2PFM was used to demonstrate lysosomal tracking
with LT1, paving the way for future studies with LT1 to detect aberrant lysosomal trafficking.
This may eventually lead to a new agent for studying lysosome related diseases such as Tay-

Sachs disease, mucopolysaccharidosis 111 B, and Niemann-Pick disease.'
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1.5 Experimental

11.5.1 General

The *H and *C NMR spectroscopic measurements were performed using a Varian 500 NMR
spectrometer, at 500 MHz for *H and 125 MHz for *C, with tetramethysilane (TMS) as internal
reference; *H (referenced to TMS at & = 0.0 ppm) and **C (referenced to CDCl; at & = 77.0 ppm).
Chemical shifts of *H and **C spectra were interpreted with the support of CS ChemDraw Ultra
version 5.0. Lysotracker Red, Alexa Fluor 555 conjugate and Mitotracker Red FM were
purchased from Invitrogen (Carlsbad, CA, USA). Promega CellTiter 96® AQueous One Solution
Reagent was purchased from Fisher. The epithelial colorectal carcinoma cell line HCT 116 and
African green monkey kidney fibroblast-like cell line COS-7 were purchased from ATCC
(America Type Culture Collection, Manassas, VA, USA). All cells were incubated in
Dulbecco’s modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA, USA), supplemented
with 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA, USA), 100 units /
mL penicillin-streptomycin (Atlanta Biologicals, Lawrenceville, GA, USA) and incubated at
37 °C in a 95% humidified atmosphere containing 5% CO,. The steady-state absorption spectra
were obtained with an Agilent 8453 UV/Vis spectrophotometer in 10 mm path length quartz
cuvettes with dye concentrations ~ 1 x 10° M. The steady-state fluorescence, excitation and
excitation anisotropy spectra were measured with PTI QuantaMaster spectrofluorimeter in 10
mm_ spectrofluorometric quartz cuvettes, with dye concentrations ~ (1-1.5) < 10° M. All

measurements were performed at room temperature.
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11.5.2 pH sensitivity measurements

The steady-state absorption spectra of probe ~1.5 uM LT1 at various pH in 10 mM EMS
buffer were obtained with an Agilent 8453 UV/Vis spectrophotometer in 10 mm path length
quartz cuvettes. The emission spectra of probe LT1 at various pH in 10 mM EMS buffer were
measured on the PT1 QuantaMaster spectrofluorimeter. As can be seen in Figure 11-4, the probe

LT1 is very stable with no observable changes in either the absorption or emission spectra.
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Figure 11-4. (a) Normalized absorption and (b) emission spectra of ~1.5 yM LT1 at various pH in 10 mM

EMS buffer (excited at 397 nm).
11.5.3 Photostability of LT1 in PBS buffer (pH = 7.4)

The photostability of LT1 was determined by the absorption method previously described in
ref.16. For LT1, a solution of LT1 in PBS buffer (pH = 7.4) was irradiated in 1 mm path length
quartz cuvettes with a 405 nm diode laser at 20 mW. The photostability of Lysotracker Red was
measured by irradiating a solution in PBS buffer (pH = 7.4) in 1 mm path length quartz cuvettes
with a 534 nm diode laser at 20 mW. The photostability of Lysotracker Green was measured by
irradiating a solution in PBS buffer (pH = 7.4) in 1 mm path length quartz cuvettes with a 501
nm argon ion laser filtered with a band pass filter (490-510 nm) at 20 mW. The values of

photodecomposition quantum vyields, dq4, were calculated according to equation 11-2, and the
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results listed in Table I1-1 are the average of ten pairs of adjacent absorbance maxima (Figure Il-

5).

_ (A —A)Na (1-2)
Dy =
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where @y is the photobleaching decomposition quantum yield, A; is absorbance maxim at t;, Ag
is absorbance max at tp, Na is Avogadro’s number, € is molar absorbance, t;-ty IS time exposed

(s), and 1 is the intensity of laser in photon em™ s
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Figure 11-5. Absorbance spectra of (a) LT1, (b) Lysotracker Red and (c) Lysotracker Green in PBS buffer

(pH = 7.4) by irradiation at 405, 534, and 501 nm, respectively.
I1.5.4 Cytotoxicity Assay

To assess the cytotoxicity of fluorene derivative LT1, 5x<10° per well of HCT 116 cells in 96-
well plates were incubated in 90 pL of DMEM medium without phenol red, supplemented with
10% FBS and 100 units / mL penicillin-streptomycin for 24 h. The cells were then incubated
with various amounts of fluorene derivative LT1 (30, 20, 10, 5, and 1 M) for an additional 20 h.
Subsequently, 20 pL of CellTiter 96® AQueous One Solution reagent was added to each well,
followed by further incubation for 4 h at 37 °C. The relative viability of the cells incubated with
fluorene derivative to untreated cells was determined by measuring the MTS-formazan
absorbance on a Kinetic microplate reader (Spectra Max M5, Molecular Devices, Sunnyvale, CA,
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USA) at 490 nm with subtraction of the absorbance of the cell-free blank volume at 490 nm. The

results from three individual experiments were averaged.

11.5.5 Uptake of LT1 by cancer cells
HCT 116 cells or COS-7 cells were placed onto poly-D-lysine coated glasses in 24-well

plates (40,000 cells per well), and the cells were incubated for 48 h before incubating with
fluorescent probes. A stock solution of fluorescent probe LT1 dissolved in H,O was prepared as
a 1.7 mM solution. The solution was diluted to 5, 10, 20, or 30 uM solutions by complete growth
medium, Dulbecco’s modification of Eagle’s medium (DMEM), and freshly placed over the cells
for a 2 h incubation period. After incubation, the cells were washed with PBS (3 — 5>) and fixed
using 3.7% formaldehyde solution for 15 min at 37 °C. Then 0.5 mL / well NaBH,4 (1 mg / mL)
solution in PBS (pH = 8.0), which was prepared by adding few drops of 6N NaOH solution into
PBS (pH = 7.2), was used for treating the fixed cells for 15 min (2>). The plates were then
washed twice with PBS and once with H,O. Finally, the glass covers were mounted with Prolong

gold mounting media for microscopy.

11.5.6 Colocalization study
HCT 116 cells or COS-7 cells were placed onto poly-D-lysine coated glasses in 24-well

plates (40,000 cells per well), and the cells were incubated for 48 h before incubating with
fluorescent probes. A stock solution of fluorescent probe LT1 dissolved in water was prepared as
a 1.7 mM solution. Stock solutions of Lysotracker Red (LT Red) and Mitotracker Red FM (MT
Red) in DMSO were purchased as 1.0 mM solutions. A stock solution of Alexa Fluor 555 (AF)
in DMSO was prepared as a 10 ug / mL solution. For co-staining the cells with LT1 and LT

Red, the solution was diluted to 20 uM LT1 and 75 nM LT Red with complete growth medium,
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DMEM, and then freshly placed over the cells for a 2 h incubation period. For co-staining the
cells with LT1 and MT Red, the solution was diluted to 20 uM LT1 and 500 nM MT Red with
complete growth medium, DMEM, and then freshly placed over the cells for a 2 h incubation
period. For co-staining the cells with LT1 and AF, the cells were first incubated with 20 uM LT1
solution for 100 min, followed by incubation with LT1 (20 uM) and AF (10 pg / ml) for 20 min.
After incubation, the cells were washed with PBS (3-5>) and fixed using 3.7% formaldehyde
solution for 15 min at 37 °C, followed by treatment with 0.5 mL / well NaBH4 (1 mg / mL)
solution in PBS (pH = 8.0) for 15 min. The last step was repeated. The plates were then washed
twice with PBS and once with H,O. Finally, the glass coverslips were mounted with Prolong

gold mounting media for microscopy.
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Figure 11-6. Normalized absorption and emission spectra of (a) LT1 and Lysotracker Red (LT Red)
(excited at 397 and 540 nm), (b) LT1 & Mitotracker Red FM (MT Red) (excited at 397 and 545 nm) and

(c) LT1 and Alexa Fluor 555 (AF) (excited at 397 and 515 nm) in PBS (pH = 7.4) buffer.

Conventional single-photon fluorescence images were obtained using inverted microscope
(Olympus 1X70) equipped with a Qlmaging cooled CCD (Model Retiga EXi) and a 100 W
mercury lamp. In order to improve the fluorescence background-to-image ratios, one-photon
confocal fluorescence images of the fixed cells were taken using a custom made filter cube
referred to as Fluor out (Ex: 377/50; DM: 409; Em: 525/40) and a Texas Red filter cube (Ex:

562/40; DM: 593; Em: 624/40) for LT1 and Lysotracker Red, Alexa Fluor 555, and Mitotracker
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Red FM, respectively. The specifications of the filter cube were tailored to match the excitation
wavelength of the probes and to capture most of their emission (Figure 11-6). After that, the
Slidebook 5.0 program was employed to calculate the Pearson’s colocalization coefficients of
images acquired in the two channels; Fluor out and Tex Red channels. First, the background of
the images was subtracted, and then a mask fitting the area of cells was used to calculate the
Pearson’s colocalization coefficients. The Pearson’s colocalization coefficients are listed in

Table I1-2.
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Figure 11-7. Colocalization images of HCT 116 cells incubated with LT1 (20 uM, 2 h) and Lysotracker

Red (LT Red, 75 nM, 2 h) (top row), LT1 (20 uM, 2 h) and Mitotracker Red FM (MT, 500 nM, 2 h)
(middle row), and LT1 (20 uM, 2 h) and Alexa Fluor 555 (AF, 10 g / mL, 20 min) (bottom row). All the
images were acquired with a 60x, oil immersion objective. Left column: DIC, 500 ms. Second column
(from left): one-photon confocal fluorescence image of probe LT1 using a custom made Fluor out filter
cube (Ex: 377/50; DM: 409; Em: 525/40), 150 ms. Third column (from left): one-photon confocal

fluorescence image of LT Red, MT, or AF using a Texas Red filter cube (Ex: 562/40; DM: 593; Em:
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624/40) 150 ms. Right column: merged image of DIC and two channels of fluorescence images. The scar

bar is 10 pm.
Fluor out Tex RD Merge
2 N
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Figure 11-8. Colocalization images of COS-7 cells incubated with LT1 (20 uM, 2 h) and Lysotracker Red
(LT Red, 75 nM, 2 h) (top row), LT1 (20 uM, 2h) and Mitotracker Red FM (MT, 500 nM, 2 h) (middle
row), and LT1 (20 uM, 2 h) and Alexa Fluor 555 (AF, 10 g/mL, 20 min) (bottom row). All the images
were acquired with a 60x, oil immersion objective. Left column: DIC, 500 ms. Second column (from left):
one-photon confocal fluorescence image of probe LT1 using a custom made Fluor out filter cube (Ex:
377/50; DM: 409; Em: 525/40), 150ms. Third column (from left): one-photon confocal fluorescence
image of LT Red, MT, or AF using a Texas Red filter cube (Ex: 562/40; DM: 593; Em: 624/40) 150 ms.

Right column: merged image of DIC and two channels of fluorescence images. The scar bar is 10 pm.
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Figure 11-9. Proposed LT1 uptake pathway via endocytosis process in cell.

Table 11-2. Pearson’s colocalization coefficient.

Cell types A, Pearson’s colocalization coefficient
LTI&LT Red LT1&MT LTI1&AF
HCT 116 0.96 0.45 0.46
COS -7 0.92 0.51 0.45

[1.5.7 Photostability of LT1 as a lysosome marker in cancer cells

In order to test the photostability of LT1 as lysosome marker in cancer cells, HCT 116 cells
were co-stained with LT1 (20 uM, 2 h) and Lysotracker Red (75 nM, 2 h). After incubation, all
the cells were washed with PBS (3-5>) and fixed using 3.7% formaldehyde solution for 15 min
at 37 °C. Then the fixed cells were treated with 0.5 mL / well NaBH4 (1 mg / mL) solution in
PBS (pH = 8.0) for 15 min. The last step was repeated. The plates were then washed twice with
PBS and once with H,O. Finally, the glass coverslips were mounted with Prolong gold mounting
media for microscopy. The same cells were excited for 15 min by successive irradiation using a

100 W mercury lamp (the power on the focal plane is ~ 9 mW). The one-photon fluorescence
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images were collected every 3 min in the Fluor out channel (Ex: 377/50; DM: 409; Em: 525/40)
for LT1 and the Texas Red channel (Ex: 562/40; DM: 593; Em: 624/40) for Lysotracker Red.
The fluorescence intensity of the images was calculated by the Slidebook 5.0 program and

normalized to track the change in fluorescence intensity from the two channels.
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Figure 11-10. Photostability comparison of LT1 and Lysotracker Red as lysosome markers in HCT 116
cells. One-photon confocal microscopy images of HCT 116 cells co-stained with (A) LT1 and (B)
Lysotracker Red. The images were acquired at (a) 0 min (b) 3 min (c) 6 min (d) 9 min (e) 12 min, and (f)
15 min under successive irradiation (the power on the focal plane is ~ 9 mW). (C) Normalized
fluorescence intensity curves of LT1 and Lysotracker Red. All the images were acquired under the same

conditions.
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11.5.8 Long-term lysosome tracking assays

HCT 116 cells were placed onto poly-D-lysine coated glasses in a 5 cm-diameter dish
(400,000 cells per well), and the cells were incubated for 48 h before incubating with fluorescent
probe LT1. In order to track the lysosome in cancer cells, the HCT 116 cells were co-stained
with LT1 and LT Red, the solution was diluted to 20 uM LT1 and 75 nM Lysotracker Red
solution by complete growth medium, DMEM, and then freshly placed over the cells for a 2 h
incubation period. The cells were then washed thoroughly and incubated by new DMEM
medium for an additional 3, 6, and 9 h. After incubation, the cells were washed with PBS (3-5x)
and fixed using 3.7% formaldehyde solution for 15 min at 37 °C. The fixed cells were then
treated with 0.5 mL / well NaBH, (1 mg / mL) solution in PBS (pH = 8.0) for 15 min. The last
step was repeated. The plates were then washed twice with PBS and once with H,O. Finally, the
glass coverslips were mounted with Prolong gold mounting media for microscopy. The one-
photon cell images were taken with an inverted microscope (Olympus 1X70) equipped with a
QImaging cooled CCD (Model Retiga EXi) and 100 W mercury lamp. The one-photon confocal
fluorescence images of the HCT 116 cells were taken using a custom-made filter cube Fluor out
(Ex: 377/50; DM: 409; Em: 525/40) for LT1 and a Texas Red filter cube (Ex: 562/40; DM: 593;

Em: 624/40) for Lysotracker Red.
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Figure 11-11. Long-term lysosome tracking assay for LT1 as a lysosome marker. Left line: colocalization
images of HCT 116 cells incubated with LT1 (20 uM, 2 h) & Lysotracker Red (LT Red, 75 nM, 2 h).
Second to fourth line: colocalization images of HCT-116 cells incubated with LT1 (20 uM, 2 h) first and
then postincubated with fresh DMEM medium for an additional 3, 6, and 9 h, respectively. Lysotracker

Red (75 nm, 2 h) was used to label lysosomes just before cell imaging.
11.5.9 Two-photon image of cells

Two-photon fluorescence microscopy (2PFM) images were collected on a modified Olympus
Fluoview FV300 microscope system coupled to a tunable Coherent Mira 900F Ti: sapphire, 76
MHz, modelocked, femtosecond laser tuned to 700 nm. An emission short-pass filter (cutoff 690
nm) was placed in the microscope scanhead to avoid background irradiance from the excitation
source. Consecutive layers, separated by approximately 0.15 um, were recorded to create a 3D

reconstruction from overlaid two-photon fluorescence images. The two-photon induced
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fluorescence was collected with a 60> microscope objective (UPLANSAPO 60x, NA=1.35,

Olympus).
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CHAPTER I11: IN VITRO TWO-PHOTON FLUORESCENCE ZINC ION

SENSING WITH A BIS (1, 2, 3-TRIAZOLYL) FLUORENYL PROBE

Reproduced in part with permission from: Nguyen, D. M.; Wang, X.; Ahn, H.; Rodriguez, L.;
Bondar, M. V.; Belfield, K. D. ACS Appl. Mater. Interfaces 2010, 2, 2978-2981. Copy right

[2010] America Chemical Society

I11.1  Abstract
A bis(1,2,3-triazolyl)fluorene derivative was synthesized as a multiphoton absorbing, zinc ion
sensing fluorescent probe. Two-photon fluorescence microscopy imaging revealed a significant
fluorescence increase upon introduction of Zn?* into HelLa cells, demonstrating reversible Zn**

binding.
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1.2 Introduction

Zinc is the second most abundant element in vivo and plays a significant role in the metabolic
regulation, ion channels and receptors, neuronal transmission, and certain metalloenzymes.? In
neurophysiology, zinc ion is thought to participate in the formation of B-amyloid in Alzheimer’s
disease.® Zinc ion release also causes hypoglycemia-induced neuronal death.* The zinc ion is
relatively inert with a closed shelf of 3d'° electronic configuration, hence fluorescence methods
are advantageous for detection of Zn**.*°

Fluorescent probes for Zn?* sensing in vitro and in vivo in biological environments should
exhibit selectivity for Zn®** over other relevant heavy metal ions. The probe should have high
affinity, as well as bind rapidly and reversibly. Zinc ion sensing utilizing fluorescein and
porphyrin derivatives have been reported.”® Since the advent of two-photon absorption (2PA)
and techniques that rely on 2PA, a number of advantages have been identified for 2PA, e.g.,
molecules can be excited at a long wavelength, usually in the near infrared (NIR) region, deeper
penetration and less scattering, and reduced photodamage and photobleaching.’® Recently, our

11, 12

laboratory developed 2PA fluorescent probes for targeting cellular proteins and other

biological applications. The fluorene-based construct is employed for its generally high

fluorescence quantum yield, reasonably large 2PA cross section, and high photostability.***
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1.3 Result and Discussion
The cytotoxicity of probe 1 was evaluated by the Alamar Blue cytotoxicity assay to assess its
suitability for in vitro imaging. Relative low cytotoxicity of 1 in HeLa cells was demonstrated
with optimal concentrations for imaging at 5-15 uM (Figure I11-1).
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Figure 111-1. Structure of Zn?* probe 1 and viability of HeLa cells incubated with 1. Error bars represent

standard error of the mean of 3 replicates.

In vitro Zn?* sensing and 2PFM imaging was investigated for probe 1 in live HeLa cells; cells
were maintained on a stage incubator and images were acquired before and after a zinc
containing. medium  was introduced into cells. Next, N,N,N’,N’-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN) was introduced as a chelator®® to displace Zn®* in the
zinc complex of 1, resulting in a decrease in fluorescence (Figure I11-2B, D) in vitro.

The new probe exhibited both good two-photon absorption and fluorescence enhancement

upon Zn?* binding, had low cytotoxicity, had high Zn®* binding constants, and, importantly, was
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soluble in aqueous media. Bis(1,2,3-triazolyl)fluorene 1 proved useful for in vitro zinc ion
sensing by 2PFM, suggesting future potential for in vivo Zn®* sensing and imaging, a subject of

future investigation.

Figure 111-2. (A) DIC image of HeLa cells incubated with 15 uM of probe 1 for 2 h. (B) 2PFM image at
Aex = 740 nm and power = 50 mW. (C) 2PFM image after 15 min treatment with zinc sulfate (50 uM). (D)

2PFM image after further incubation with 50 ym TPEN for 15 min.
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I11.4  Conclusion
A high two-photon absorbing hydrophilic fluorene derivative 1 was demonstrated as a zinc
ion sensing fluorescent probe. 2PFM imaging revealed a significant fluorescence increase upon

introduction of Zn®* into living HeLa cells, demonstrating reversible Zn?* binding.
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I11.5 Experimental

I11.5.1 Materials and general methods

N,N,N’,N’-tetrakis(2-pyridylmethyl) ethylenediamine (TPEN) were purchased from
commercial sources (Acros and Aldrich) and used as received. The HeLa cells were purchased
from ATCC (America Type Culture Collection, Manassas, VA, USA). All cells were incubated
in RPMI-1640 medium (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum
(FBS, Atlanta Biologicals, Lawrenceville, GA, USA), 100 units / mL penicillin-streptomycin
(Atlanta Biologicals, Lawrenceville, GA, USA) and incubated at 37 <T in a 95% humidified

atmosphere containing 5% CO,.

111.5.2 Cell viability assay
HeLa cells (ATCC) were incubated for 24 h in 96-black wall well plates (20,000 cells per

well) with RPMI medium (GIBCO) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin in a humidified atmosphere of 5% CO; at 37 <C. Probe 1 was added into
the wells and incubated for a period of 24 h prior to the Alamar Blue viability protocol
(Invitrogen). Briefly, Alamar Blue (20 uL) was added to culture medium at 10% volume and
kept at 37 T in an incubator. Fluorescence emission was then recorded at 590 nm upon
excitation at 560 nm with a SpectraMax M5 (Molecular Devices) after 6 h of incubation. For a
control, Alamar Blue was added to the cell medium without fluorescent probe. The experiment

was performed in triplicate for data analysis.

[11.5.3 Cell incubation and imaging

HeLa cells were placed into a poly-D-lysine (Invitrogen) coated glass coverslip in 5 cm

diameter plates (200,000 cells per well). The cells were grown for 36 h before incubation with

44



probe 1. A stock solution of 1 in DMSO was prepared as 1 mM solutions, and then diluted to 15
M dye solution with the cell medium. The dye solution was freshly prepared and placed over
the cells for 2 h. After incubation with 1, the cells were washed with the PBS solution (3 to 5
times) and put in a Biophotonics stage incubator chamber on a fluorescence microscope stage at
37 <C with continuous flow of medium for live cell imaging. An inverted microscope (Olympus
IX70) equipped with a QImaging cooled CCD (Model Retiga EXi) was utilized, where the
output of a filtered 100 W mercury lamp was employed as the light excitation source. A
customized filter cube (Ex 377/50, DM 409, Em 460/50) was used. Two-photon fluorescence
microscopy (2PFM) images were collected on a modified Olympus Fluoview FVV300 microscope
system coupled to a tuneable laser at 740 nm. An emission short-pass filter (cutoff 690 nm) was
placed in the microscope scanhead to avoid background irradiance from the excitation source.
The two-photon induced fluorescence was collected with a 60> microscope objective

(UPLANSAPO 60x, NA = 1.35, Olympus).
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CHAPTER IV: FOLATE RECEPTER TARGETING SILICA
NANOPARTICLE PROBE FOR TWO-PHOTON FLUORESCENCE

BIOIMAGING

Reproduced with permission of the Optical Society of America from: Wang, X.; Yao, S.; Yang
Ahn, H.; Zhang, Y.; Bondar, M. V.; Torres, J. A.; Belfield, K. D. Biomedical Optics express

2010, 1, 453-462.

IV.1 Abstract

Narrow dispersity organically modified silica nanoparticles (SiNPs), diameter ~30 nm,
entrapping a hydrophobic two-photon absorbing fluorenyl dye, were synthesized by hydrolysis
of triethoxyvinylsilane and (3-aminopropyl) triethoxysilane in the nonpolar core of Aerosol-OT
micelles. The surface of the SiNPs were functionalized with folic acid, to specifically deliver the
probe to folate receptor (FR) over-expressing HelLa cells, making these folate two-photon dye-
doped SiNPs potential candidates as probes for two-photon fluorescence microscopy (2PFM)
bioimaging. In vitro studies using FR overexpressing HeLa cells and low FR expressing MG63
cells demonstrated specific cellular uptake of the functionalized nanoparticles. One-photon
fluorescence microscopy (1PFM) imaging, 2PFM imaging, and two-photon fluorescence lifetime
microscopy (2P-FLIM) imaging of HeLa cells incubated with folate-modified two-photon dye-

doped SiNPs were demonstrated.
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IV.2  Introduction

Two-photon fluorescence microscopy (2PFM) has several advantages in biological imaging
over conventional one-photon fluorescence microscopy (1PFM), including high three-
dimensional (3D) spatial localization due to the inherent nonlinear dependence of two-photon
fluorescence (2PF) on the illumination intensity *2, deeper penetration into optically thick tissue,
and improved tissue viability because of using near-IR excitation. ** We have reported a number
of fluorene-based molecules that undergo good two-photon absorption (2PA). However, 2PA
fluorenyl fluorophores with high fluorescence quantum efficiency are synthetically more
accessible in hydrophobic forms.>” The incompatibility to aqueous biological systems limits
their application in biological imaging area. Our efforts are directed to overcome these
limitations as described herein.

Nanomaterials are beginning to revolutionize the fields of medicine, bioimaging, and
photonics due to their chemical and biological resilience, safety, and multimodality of the
surface.2’ In the past few years, ceramic-based nanomaterials have proven to be innocuous and

have been widely investigated in the application of gene delivery as DNA carriers™,

12,13 14,15 In

photodynamic therapy as carriers of photosensitizers , and bioimaging as nanoprobes
this paper, organically modified silica (ORMOSIL) nanoparticles were employed to encapsulate
hydrophobic fluorenyl dyes to provide a stable aqueous dispersion of the fluorescent probe and
improve the fluorophore’s photostability. Narrow dispersity ORMOSIL nanoparticles (diameter
~25 nm), entrapping a hydrophobic two-photon absorbing fluorenyl dye 4,4'-(1E,1'E)-2,2'-(9,9-
didecyl-9H-fluorene-2,7-diyl)bis(ethene-2,1-diyl)bis(N,N-dibutylaniline) (DBF), were
synthesized in the nonpolar core of Aerosol-OT micelles by hydrolysis of triethoxyvinylsilane
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and (3-aminopropyl)triethoxysilane. To introduce targeting specificity, the surface of the SiNPs
was further functionalized by a cell receptor targeted ligand.

With the development of cell biology, a variety of disease-specific ligand-receptor pairs have
been identified, e.g., ligands based on antibodies, antibody fragments, proteins, and peptides.
Because of their high selectivity towards specific cell receptors, those biomolecules were
conjugated to nanoparticles and investigated for specific targeting delivery.’® One example of
such a ligand-receptor pair is folate ligand and folate receptor (FR). FR is found overexpressed in
a number of human cancer cell while the distribution in normal tissues is minimal. The folate
ligand, which is a member of vitamin B family, plays an important role in cell survival by its
participation in the biosynthesis of nucleic and amino acids."” It is also a high affinity ligand that
enhances conjugated anti-cancer drugs by targeting folate receptor (FR) positive cancer cells.'®
In this work, a most commonly used folate ligand, folic acid, was introduced on the surface of
dye-doped SiNPs, not only because it can efficiently internalize into the cell through receptor
mediated endocytosis when conjugated with a variety of biomolecules, but, significantly, folic
acid is stable and low cost."

The nanoparticle probes were structurally characterized while spectroscopic analyses
demonstrated that the optical properties of the incorporated dye were retained. Moreover the
photostability of the dye improved significantly by encapsulation within the SiNPs. In vitro
studies using Hela cells that overexpress FRs revealed cellular uptake of the folate nanoparticles.
Meanwhile MG63 cells, which do not express FR, did not uptake the folate SiNPs efficiently.?
Furthermore, Hela cells, whose FRs were first blocked by free folic acid, were incubated with the

folic acid conjugated SiNPs, resulting in a dramatic decrease in the uptake of the folic acid
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conjugated SiNPs. These finding demonstrated that the folic acid functionalized SiNPs have in
vitro cell specificity, while maintaining good 2PA, fluorescence, and photostability properties,

making these 2PA modified SiNPs useful tools as for two-photon optical bioimaging.?
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IV.3 Results and discussion

The morphology and size of the DBF-doped SiNPs were determined by TEM images (Figure.
IV-1). The particle size distribution determined by the TEM images indicated that they were of
narrow dispersity, with a diameter range of 25-40 nm. The average particle size of the dye-doped
amino-terminated silica nanoparticles (SNP-DBF-NH;) was 30 nm. After the particles were
conjugated with folic acid, their average particle size increased to 34 nm. The increase in particle
size is apparently attributed to the shielding of their surface by folic acid. In addition, the
absorbance of 272 nm in the folic acid functionalized nonlabeled silica nanoparticles (SNP-
NHFA) and folate dye-doped silica nanoparticles (SNP-DBF-NHFA) also indicated successful
conjugation of the folic acid with the silica nanoparticles (Figure. 1\VV-2a). Moreover, the presence
of the folic acid on the surface of the SiNPs was demonstrated by comparing the anisotropy,
excitation, and emission spectra of the nonlabeled amino-terminated silica nanoparticles (SNP-
NH,) and SNP-NHFA in water. The concentration of dye in SNP-DBF-NHFA was determined
by absorbance at 410 nm (g410nm = 7.1 % 10* M em™ in water). The final concentration of SNP-

DBF-NHFA in water was 2.3 mg/mL, determined by vaporization.
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Figure 1V-1. TEM images of silica nanoparticles (a) SNP-NH,, (b) SNP-DBF-NH,, and (c) their particle
size distribution, (d) SNP-NHFA, (e) SNP-DBF-NHFA, and (f) their particle size distribution. Scale bar:

100 nm.

The linear and nonlinear photophysical properties of the SiNPs were investigated to assess
their potential for two-photon bioimaging. The absorption, excitation, and fluorescence spectra
of the SiNPs suspended in water, as well as the free DBF dye in THF, are shown in Figure IV-2.
The spectra of dye-doped SiNPs were similar to the spectra of the free DBF in THF, except for
the expected absorbance of folic acid at 272 nm in the folate SiNPs. The spectra of unlabeled
folate silica nanoparticles (SNP-NHFA) exhibited absorbance and excitation of folic acid at 272
and 360 nm, and very weak fluorescence of the folic acid with maximum emission at 476 nm,

which was not present in the spectra of folic acid-free unlabeled silica nanoparticles (SNP-NH,).
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Figure IV-2. (a) Normalized absorption of DBF in THF and SiNPs in water, (b) normalized excitation
spectra of DBF in THF and SiNPs in water, the maximum excitation of SNP-NH, and SNP-NHFA were
normalized to 0.1 (Em: 490 nm), (c) normalized fluorescence emission spectra of DBF in THF and SiNPs
in water, the maximum fluorescence of SNP-NH, and SNP-NHFA were normalized to 0.1 (Ex: 410 nm),

and (d) fluorescence anisotropy of DBF in THF and SiNPs in water (Em: 490 nm).

The fluorescence anisotropy of SNP-DBF-NH;, SNP-DBF-NHFA suspended in water and the
free dye in THF (Figure 1V-2d) indicates that the fluorescence of the dye doped in the particles
manifests relative high anisotropy, just as in very viscous solvent pTHF ** while the free dye in
THF exhibited much lower fluorescence anisotropy. This result can be explained by the fact that
the rotational mobility of the dye molecules within the SiNPs was limited. Although the
fluorescence quantum vyield, @, of the dye in SiNPs suspended in water decreased to 0.49 from

1.0 in organic solvent, due to likely aggregation, its photostability improved nearly 7 times when
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it was encapsulated in the SiNPs. The photostability of the dye-doped SiNPs nanoparticles and
free dye in THF were compared with the common fluorescent dye fluorescein. The
photobleaching decomposition quantum vyield of fluorescein was 7.3 x 10, approximately 4
times higher than DBF in THF and 28 times higher than SNP-DBF-NHFA in water. The
photostability results and the photophysical properties of SNP-DBF-NHFA suspended in water
and the free dye in THF are summarized and compared with fluorescein in Table 1V-1. The
florescence decays of the free dye in THF and SNP-DBF-NHFA suspended in water were
characterized by a single exponential process. The fluorescence life time, T = 1.2 ns, of DBF
remained almost the same after encapsulation in SiNPs. The efficiency 2PA for free DBF in
relatively high polarity solution, THF, which is close to water, was investigated. The 2PA cross
sections were determined in the range of 700-940 nm, a useful range for 2PFM, and are
presented in Figure 1V-3a. The dye showed a maximum 2PA cross section value of ~400 GM at
740 nm, which is quite suitable for 2PFM bioimaging using commercially available femtosecond

lasers.
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Figure IV-3. (a) 2PA cross sections of DBF (fs excitation). (b) Viability of Hela and MG63 cells with

SNP-DBF-NHFA.
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Table 1V-1. Photophysical properties of the DBF in THF, SNP-DBF-NHFA in water and fluorescein in

0.1 M NaOH agueous solution.

Materials 209 14D a 10" ° T® @7 Dy<10°°
DBF 410/470 10.1  1.25+008 1.0 1.9
SNP-DBF-NHFA 409/458 71 120008 049 0.26
Fluorescein 491/521 8.8 n.d.f 095 7.3

% Mmax Values of the one-photon excitation and emission spectra in nm; ® molar absorbance in Mtem®: ¢
fluorescence lifetime in ns; ® fluorescence quantum yield, #15%; ® photodecomposition quantum yield,

+15%: "Not determined.

Cytotoxicity of the SiNPs must be minimized if the particles are to be used as probes for
2PFM imaging in living cells. An MTS viability test with Hela and MG63 cells was performed
to determine the cytotoxicity of the folate dye-doped SiNPs The results presented in Figure 1V-
3b indicates that the toxicity of the nanoparticles is very low (~ 90% viability) over a
concentration range from 1 — 30 uM, after treating the HeLa and MG63 cells with a variety of
concentrations of nanoparticles for 24 h. The concentrations were determined by the absorbance
of the SiNPs at 410 nm.

To test the selectivity of the folate dye-doped SiNPs in vitro, HelLa cells, known to
overexpress FRs, were employed as a positive control while low folate receptor expressing
cancer cells MG63 were selected as a negative control.’” One-photon and two-photon
fluorescence microscopy was used to study the selective uptake of the folate silica nanoparticles

SNP-DBF-NHFA between Hela and MG63 cells. The fluorescence images of HeLa and MG63
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cells incubated with folate silica nanoparticles SNP-DBF-NHFA, shown in Figure V-4,
indicated that SNP-DBF-NHFA was specifically taken by FR overexpressing Hela cells.
However, the low FR expressing MG63 cells (Figure 1V-4 middle row) did not take the folate
nanoparticles effectively. To confirm that the uptake of the folate nanoparticles by Hela cells is
mediated by the FR, HeLa cells whose FR were initially blocked by free folic acid were used to
incubate with SNP-DBF-NHFA. The result (bottom row of Figure 1V-4) indicated that the Hela
cells did not uptake the folate silica nanoparticles to any large degree after their FRs were
blocked by folic acid. This enhanced efficiency is attributed to receptor-mediated uptake of these

folate nanoparticles with the FR of HeLa cells.

57



Figure 1V-4. Images of HelLa cells (top row), MG63 cells (middle row), and folate receptor blocked
HelLa cells (bottom row) incubated with SNP-DBF-NHFA (20 pM, 2 h). Left column: DIC, 40 ms.
Middle column: one-photon fluorescence image, 200 ms (filter cube Ex: 377/50 DM: 409 Em: 525/40).
Right column: 3D reconstruction from overlaid two-photon fluorescence images (Ex: 740 nm; Power: 30

mW; Em. short-pass filter 690 nm) 10 m grid.

Moreover, 2PFM and 2P-FLIM images (Figure 1V-5) of HelLa cells incubated with SNP-
DBF-NHFA were performed to show the distribution of nanoparticles in the cells. The resulting
2PFM and 2P-FLIM images clearly illustrate organelles in the cytoplasm of cells. The organelles
are spherical in shape with an average diameter of ~600 nm, likely lysosomes or endosomes in
term of their size and morphology.? The average fluorescence lifetime of the SiNP probe within
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the organelles was ~ 1.2 ns, consistent with that observed for the dye-doped SiNPs in water,

further confirming successful SNP-DBF-NHFA up take by HelLa cells.

[Average Lifetime [ns)
2
'K

Figure IV-5. Images of HeLa cells incubated with SNP-DBF-NHFA (20 M, 2 h). (a) DIC, 20 ms, (b)
3D reconstruction from overlaid two-photon fluorescence images (Ex: 740 nm; Power: 30 mW; Em.

short-pass filter 690 nm) 10 pm grid, (c) 2P-FLIM image (Ex: 740 nm; Power: 30 mW).
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IV.4  Conclusion

Narrow dispersity organically-modified SiNPs, entrapping a hydrophobic 2PA fluorescent
dye, were synthesized and characterized. In order to specifically deliver the two-photon
fluorescent SiNPs to cancer cells, the surface of the nanoparticles were functionalized with folic
acid. Significantly, the photostability of the fluorescent silica nanoparticles was seven times
greater than the free dye and 28 times greater than the commercially available dye fluorescein.
Cytotoxicity of the folate-modified dye-containing SiNPs was low. The folate-modified dye-
containing SiNPs were selectively taken by folate receptor overexpressing HeLa cells, as
determined by 1PFM, 2PFM, and 2P-FLIM imaging experiments. Thus, these folate-modified
dye-containing SiNPs are candidates as efficient probes for 2PFM and 2P-FLIM bioimaging
applications, and have prospective application for earlier diagnosis of folate receptor

overexpressed cancers, including breast, ovary, endometrium, and lung cancer.
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IV.5 Experimental

IV.5.1 Materials

Triethoxyvinylsilane (VTES, 97%), cosurfactant 1-butanol (99%), surfactant Aerosol OT
(AOT, 98%). Dioctylsulfosuccinate sodium salt and (3-aminopropyltriethoxysilane (APTES)
were purchased from Sigma-Aldrich. N-methyl-2-pyrrolidinone (NMP, 99%) was purchased
from Acros Organic. Thermo Slide-A-Lyzer® 10K cut off dialysis cassettes and 0.22 pm cutoff
membrane filter were purchased from Fisher Inc. All the above chemicals were used as received
without further purification unless noted. HeLa and MG63 cells were purchased from ATCC
(America Type Culture Collection, Manassas, VA). All cells were incubated in RPMI-1640
medium (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS, Atlanta
Biologicals, Lawrenceville, GA), 100 units / mL penicillin-streptomycin (Atlanta Biologicals,
Lawrenceville, GA), and incubated at 37 <T in a 95% humidified atmosphere containing 5%
CO,. Details of fluorenyl derivative DBF, including preparation and characterization, were

described in ref. 23.%

IV.5.2 Synthesis of dye-encapsulated amine-terminated silica nanoparticles
Amine-terminated SiNPs, with or without fluorenyl derivative DBF, were synthesized

according to the method described by P. N. Prasad et al.™

The synthesis of silica nanoparticles
and their bioconjugation with folic acid was schematically described by Figure 1V-6. Briefly, the
nanoparticles were synthesized in the nonpolar core of AOT / 1-butanol micelles in deionized
water. NMP was used as a hydrophilic solvent which has unlimited water miscibility as well as
suitable solubility for DBF. First, 0.22 g of the surfactant AOT, 300 uL of the cosurfactant 1-

butanol, and 100 uL. of NMP were dissolved in 10 mL deionized water with magnetic stirring,
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forming an oil-in-water microemulsion. To the microemulsion system, 100 puL of neat NMP or
NMP solutions containing DBF dye (2 mg / mL) was added, followed by addition 100 pL of neat
VTES. After stirring the reaction mixture for one additional hour, the polymerization reaction
was initialized by the addition of 20 pL neat APTES. To ensure completion of polymerization
within the coprecipitated nanoparticles, the mixtures were further stirred at room temperature for
20 h. Nanoparticle purification was conducted by dialysis against deionized water in a 10 kDa
cutoff cellulose membrane to remove surfactant, cosurfactant, and other unreacted molecules for
48 h. The dialyzed solution was then filtered through a 0.22 um cutoff membrane filter and

stored at 5 <C for later use.

{}}«’% e

NHFA
H,N NH, AFHN NHFA
o @ " Folic Acid, EDC _ ae @ A
>
AFHN NHFA
RN NH, NHFA

2

SNP-DBF-NH, SNP-DBF-NHFA
C1oH21C10H21

DaF Bu2N Q J Q.O N O NBu,
S O OH
e HzNj\i)N\INj/\NH‘: :I HNLE/\OrOH

O~ = AOT o = Dye DBF

Dialysis
—_—

Figure 1V-6. Schematic illustration of the synthesis of silica nanoparticles and their bioconjugation with

folic acid.
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IV.5.3 Conjugation of amine-terminated silica nanoparticles with folic acid

To a 5 mL portion of stock solution of amine-terminated DBF dye-doped or unlabeled
nanoparticles, 200 uL of 0.1 M EDC solution was added, and the mixture was stirred at r. t. for
30 min. Then, an excess of folic acid (2 mg) was added, and the reaction between folic acid and
amino groups was allowed to proceed for 3 h. The reaction mixture was dialyzed against
deionized water for 50 h to remove unreacted molecules. Finally, all the samples were filtered

through a 0.22 pm cutoff membrane filter and stored at 5 °C for later use.

IV.5.4 Characterization of dye-encapsulated silica nanoparticles

Transmission electron microscopy (TEM) images were obtained using a JEOL-JEM 1011
Transmission electron microscope (Manufacturer: JEOL, Ltd., Japan.) operating at 100 kV n
bright field for the SINPs. A drop of nanoparticles dispersed in water was placed on a holey
carbon film copper grid and left to evaporate. The bioconjugation of the SiNPs with folic acid

was confirmed by comparing the optical spectra of the SiNPs.

IV.5.5 Linear photophysical characterization

Linear photophysical properties of DBF and the SiNPs, including absorption, fluorescence,
excitation, anisotropy, and fluorescence lifetime, were investigated in spectroscopic grade THF
or ultrapure deionized water at room temperature. The steady-state absorption spectra were
measured with an Agilent 8453 UV-visible spectrophotometer in 10 mm path length quartz
cuvettes. The steady-state fluorescence, excitation, and fluorescence anisotropy spectra were
measured with PTI QuantaMaster spectrofluorimeter in 10 mm spectrofluorometric quartz
cuvettes, with dye concentrations ~ (1-1.5) < 10° M. Fluorescence lifetimes of the free dye and

nanoparticles were measured with a single photon counting system PicoHarp 300 under 76 MHz
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femtosecond excitation (MIRA 900, Coherent) with time resolution of =~ 80 ps. The values of
fluorescence quantum yield of DBF in THF and SiNPs in water were determined relative to 9,
10-diphenylanthracene in cyclohexane (®f = 0.90) as a standard.?* All optical densities of the dye

DBF, silica nanoparticles, and standard were less than 0.1.

IV.5.6 Photostability measurement

The photostabilities of DBF in THF and SiNPs suspended in water were measured by
irradiation of solutions of DBF in THF or SiNPs in water in 1 mm path length quartz cuvettes
using a 405 nm diode laser at 20 mW.?* Irradiation time-dependent absorption spectra were
obtained with an Agilent 8453 UV/Vis spectrophotometer with an initial OD of ~ 1.5. For
comparison, the photostability of fluorescein was measured by irradiation of solutions of
fluorescein in 0.1 M NaOH(aq) in 1 mm path length quartz cuvettes by a 501 nm argon ion laser
at 2.1 mW. Absorption spectra were recorded with an initial OD of ~ 1.6. Photodecomposition
quantum yields, ®q, were calculated according to equation V-1, and the result shown in Table I-

1 is the average of ten pairs of adjacent maximum absorption values.

_ (AL —Ag)Na V-1
Dy =
d 1 6xg><I><(171 6A1+A0)/2) i —tg) ( )

where @y is the photodecomposition quantum yield, A; is absorbance maximum at t;, Ag is
absorbance maximum at tp, Na is Avogadro’s number, € is molar absorbance, t;-tp IS exposure

time (s), and 1 is the intensity in photon -sec™* -cm™.

IV.5.7 Determination of two-photon cross section
The 2PA spectrum of DBF was determined over a broad spectral region by the typical two-
photon induced fluorescence (2PF) method relative to Rhodamine B in methanol as a standard.?
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A PTI QuantaMaster spectrofluorimeter and femtosecond Ti: sapphire laser (Mira 900F, 220 fs
pulse width, 74 MHz repetition rate, Coherent, USA), tuning range 700-940 nm, were used.
Two-photon fluorescence measurements were performed in 10 mm fluorometric quartz cuvettes
with dye concentrations ~ 1.5 < 10° M in THF. The experimental fluorescence excitation and
detection conditions were conducted with negligible reabsorption. The quadratic dependence of
two-photon induced fluorescence intensity on the excitation power was verified for each

excitation wavelength.

IV.5.8 Cytotoxicity Assay

To test the cytotoxicity of the folate-modified SiNPs, 4x10° per well of HeLa cells or MG63
cells in 96-well plates were incubated for 24 h in 90 pL of RPMI-160 medium without phenol
red, supplemented with 10% FBS and 100 units / mL penicillin-streptomycin. Then cells were
then incubated with various amounts of silica nanoparticles SNP-DBF-NHFA (30 piv, 20 iV,
10 pM, 5 piM, 1 pM) for an additional 20 h. Subsequently, 20 pL of CellTiter 96® AQueous
One Solution reagent was added into each well, followed by incubation for an additional 4 h at
37 <C. The relative viability of the cells incubated with the SiNPs relative to untreated cells was
determined by measuring the MTS-formazan absorbance on a Kinetic microplate reader (Spectra
Max M5, Molecular Devices, Sunnyvale, CA, USA) at 490 nm with a subtraction of the
absorbance of cell-free blank volume at 490 nm. The results from three individual experiments

were averaged.

IV.5.9 Uptake of silica nanoparticles by cancer cells
HeLa cells or MG63 cells were placed onto poly-D-lysine coated glasses in 24-well plates

(40,000 cells per well), and the cells were incubated for 48 h before incubating with dye-doped
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SiNPs. A stock solution of dye-doped SiNPs suspended in water was prepared as 0.5 mM
solution. The solution was diluted to a 10 pM, 20 uM, and 50 uM by complete growth medium,
RPMI-1640, and then freshly placed over the cells for a 2 h period. After incubation, cells were
washed with PBS (3-5x) and fixed using 3.7% formaldehyde solution for 15 min at 37 <C. To
reduce autofluorescence, a fresh solution of NaBH4 (1 mg / mL) in PBS (pH = 8.0), which was
prepared by adding few drops of 6N NaOH solution into PBS (pH = 7.2), was used for treating
the fixed cells for 15 min (2x). The plates were then washed twice with PBS and finally water.

Subsequently, glass covers were mounted with Prolong gold mounting medium for microscopy.

IV.5.10 1PFM, 2PFM and two-photon FLIM imaging

Conventional single-photon fluorescence images were obtained using an inverted microscope
(Olympus 1X70) equipped with a Qlmaging cooled CCD (Model Retiga EXi) and excitation with
a 100 W mercury lamp. In order to improve the fluorescence background-to-image ratios, one-
photon confocal fluorescence images of the fixed cells were obtained using a custom made filter
cube (Ex: 377 / 50; DM: 409; Em:525 / 40) for the dye-doped SiNPs. The specifications of the
filter cube were tailored to match the excitation wavelength of probes and to capture most of its
emission profile. 2PFM and 2P-FLIM imaging were performed by a modified Olympus
Fluoview FV300 microscope system coupled to a tunable Coherent Mira 900F Ti: sapphire (76
MHz, modelocked, femtosecond laser tuned to 740 nm), and a compact FLIM system from
PicoQuant. An emission short-pass filter (cutoff 690 nm) was placed in the microscope scanhead
to avoid background irradiance from the excitation source. Consecutive layers, separated by
approximately 0.15 um, were recorded to create a 3D reconstruction from overlaid 2PFM images.

The two-photon induced fluorescence was collected with a 60> microscope objective
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(UPLANSAPO 60> NA=1.35, Olympus). For 2P-FLIM imaging, the output fluorescence was
delivered to an avalanche photodiode (APD) detector (PicoQuant, Germany). A band-pass filter
(500nm -700 nm) was placed in front of the APD detector. Data were acquired using the Time

Harp 300 module and software package SymPhoTime (PicoQuant, Germany).
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CHAPTER V: FOLATE RECEPTOR-TARGETED AGGREGATION-

ENHANCED NEAR-IR EMITTING SILICA NANOPROBE FOR ONE-

PHOTON IN VIVO AND TWO-PHOTON EX VIVO FLUORESCENCE
BIOIMAGING

Reproduced with permission from: Wang, X.; Morales, A. R.; Urakami, T.; Zhang, L.; Bondar,
M. V.; Komatsu, M.; Belfield, K. D. J. Am. Chem. Soc. 2011, submitted for publication.

Unpublished work copyright [2011] American Chemical Society.

V.1 Abstract

A two-photon absorbing (2PA) and aggregation-enhanced near infrared (NIR) emitting pyran
derivative, encapsulated in and stabilized by silica nanoparticles (SiNPs), is reported as a
nanoprobe for two-photon fluorescence microscopy (2PFM) bioimaging that overcomes
fluorescence quenching associated high chromospheres loading. The new SiNP probe exhibited
aggregate-enhanced emission producing nearly twice as strong signal as the unaggregated dye, a
three-fold increase in two-photon absorption relative to the DFP in solution and approx. four-fold
increase in photostability. The surface of the nanoparticles was functionalized with a folic acid
(FA) derivative for folate-mediated delivery of the nanoprobe for 2PFM bioimaging. Surface
modification of SiNPs with the FA derivative was supported by zeta potential variation and *H
NMR spectral characterization of the SiNPs as a function of surface modification. In vitro
studies using HeLa cells expressing folate receptor (FR) indicated specific cellular uptake of the
functionalized nanoparticles. The nanoprobe was demonstrated for FR targeted one-photon in

vivo imaging of HelLa tumor xenograft in mice upon intravenous injection of the probe. The FA-
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targeting nanoprobe not only exhibited highly selective tumor targeting but also readily
extravasated from tumor vessels, penetrated into the tumor parenchyma and was internalized by
the tumor cells. Two-photon florescence microscopy bioimaging provided three-dimensional

(3D) cellular-level resolution imaging up to 350 um deep in the HelLa tumor.
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V.2 Introduction

In comparison with conventional bioimaging techniques, such as computed tomography (CT)
or magnetic resonance imaging (MRI), fluorescence-based optical bioimaging affords much
higher resolution and has been widely exploited to track biological processes.'* Two-photon
fluorescence microscopy (2PFM), one of the advanced fluorescence imaging techniques, has
been investigated as a powerful tool for fundamental studies, cancer diagnosis, and oncologic
drug development.>® This technique has a number of advantages over traditional one-photon
fluorescence microscopy (1PFM), including highly localized 3D spatial excitation, lower photo-
induced damage, longer possible observation time, less interference by autofluorescence, and
deeper penetration in tissue and thick samples.’®®® However, one major challenge to the
development and implementation of 2PFM for molecular bioimaging is a lack of biocompatible
probes with sufficient two-photon absorption (2PA) cross section, high fluorescence quantum
yield, and high photostability in physiological environments.*® ** For 2PFM applications, 2PA
dyes are required to be hydrophilic or dispersible in aqueous media while maintaining high
fluorescence efficiency.”®*” Generally, organic materials with large 2PA cross sections are
synthetically more accessible in hydrophobic forms and their fluorescence efficiencies are
dramatically reduced in aqueous media due to self-aggregation-induced fluorescence
quenching.®*®

Recently, ceramic-based nanoparticles encapsulating hydrophobic dyes have been reported as
biocompatible fluorescent probes for bioimaging.?>?> Although the strategy to disperse
hydrophobic dyes in agueous media has been relatively successful in improving photostability,

the amount of dye remained at quite a low concentration, limiting the intensity of the
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fluorescence signal from individual nanoparticles due to aggregation-induced fluorescence
quenching at high chromospheres loading.”® Typically, fluorescence quantum yields of organic
dyes are decreased by self-quenching in the aggregated stage. However, a series of organic dyes
with a self-distorted structure were reported to exhibit fluorescence enhancement via aggregation
rather than the customary decrease.?*?® This phenomenon was exploited to develop a high-signal
output silica nanoprobe for 2FPM imaging.? Although enhanced two-photon fluorescence was
achieved, surface modification of the nanoparticles for in vivo targeting bioimaging have rarely
been reported and the 2PA cross section of the dyes employed were generally low. A series of
compounds, were reported to exhibit aggregation-enhanced emission,® but their two-photon
based optical properties and application for 2PFM have not been reported. The development of
silica nanoparticles (SiNPs) encapsulating an aggregation-enhanced emitting dye with a large
2PA cross section and high photostability as a nanoprobe for 2PFM would be significant.

To increase the stability of SiNPs for in vivo imaging, polyethylene glycol (PEG) is often
introduced to their surface, since PEGylation of a drug or therapeutic protein can "mask" the
agent from the host's immune system (reduced immunogenicity and antigenicity), increase the
hydrodynamic size (size in solution) of the agent which prolongs its circulatory time by reducing
renal clearance, decrease the toxicity of the system, and provide water solubility to hydrophobic
drugs and proteins.** The PEG group has also been used to reduce normal tissue uptake of
various materials, decrease toxicity, and increase tumor accumulation.** Beyond passive
targeting through the enhanced permeability and retention (EPR) effect, delivery of particles to
smaller solid tumors and metastatic cells can be achieved by modifying particle surfaces with

moieties directed at cell surface markers unique to these cell types.*® With developments in cell
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biology, a variety of disease-specific ligand-receptor pairs have been identified, e.g., ligands
based on antibodies, antibody fragments, proteins, and peptides.’* Because of their high
selectivity to specific cell receptors, ligands based on antibodies, antibody fragments, proteins,
and peptides were fervently investigated for drug and bioimaging agent delivery.>> Among the
receptors of interest, the folate receptor (FR) is overexpressed by a spectrum of malignant tumors,
including cancers of lung, ovary, breast, brain, kidney, colon and endometrium.® Recently, folic
acid conjugated nanoparticles were investigated as carriers for delivering magnetic agents for
MRI bioimaging,®” photosensitizes for photodynamic therapy,® anti-cancer drugs for cancer
therapy,®® and quantum dots for two-photon fluorescence microscopy.*® Folic acid was widely
used for selective delivery of attached imaging and therapeutic agents to cancer tissues and sites
because of its high affinity for the folate receptor (Kq = 10 M).** However, the cellular-level
understanding of how nanoparticles distribute within a solid tumor has not been thoroughly
investigated due to the lack of fluorophores suitable for high resolution 3-d analysis in deep
tissues. Herein, a two-photon absorbing, aggregation-enhanced near infrared (NIR) emitting and
folate receptor-targeting silica nanoprobe is reported to probe the cellular distribution of folate
nanoprobe within a solid tumor. The FR-targeted, highly selective tumor accumulation of the
new SiNP probe was demonstrated by in vivo one-photon fluorescence imaging of tumor-bearing
mice and ex vivo two-photon fluorescence imaging of whole-mounted tumors. Our study

presents a critical development in SiNP technology for disease diagnostics and therapeutics.
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V.3 Results and discussion
V.3.1 Aggregation enhanced emission of DFP
To study and exploit the potential utility of pyran derivatives, which were reported to exhibit
aggregation-enhanced emission,”® a pyran derivative 2-(2,6-bis((E)-2-(7-(diphenylamino)-9,9-
diethyl-9H-fluoren-2-yl)vinyl)-4H-pyran-4-ylidene)malononitrile (DFP) (Figure V-1, left) was
prepared and its photophysical properties were investigated herein for 2PFM bioimaging. A
simple precipitation method was employed to prepare the stable DFP nanoaggregates dispersed

. 24, 26
1n water, ~”

with THF as a water-miscible solvent for DFP. The roles of water in the organic
nanoparticle preparation by precipitation included lowering the solubility of DFP and stabilizing
a colloidal dispersion by promoting surface charge. Figure V-11 shows a representative
transmission electron microscopy (TEM) image of the nanoaggregates made from 90% v/v of
water in THF, having a diameter of 20 = 6 nm. The results pictured in Figure V-1 (right)
indicated that the relative fluorescence quantum yield (®f) of DFP with the same concentration
of 5 x 10° mol-L™" decreased dramatically from 0.067 to 0.003 when the volume fraction of the
water increased from 0 to 40%. Bulk precipitation occurred in the range of 50-60% water volume
fraction, possibly because this amount of water decreased the solubility of DFP but did not
stabilize the 