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Abstract

The development of facile and reliable methods to image and detect important
biomolecules has drawn considerable attention owing to their potential
applications in clinical, bioanalytical and forensic analysis.
One-photon microscopy (OPM) has traditionally been used in cell biology
research. However, probes based on OPM are associated with shortcomings
including photobleaching, cell damage, and intracellular autofluorescence
interference. Many researchers are seeking better tools to overcome these
obstacles. Two-photon microscopy (TPM) is a convenient and powerful tool to
explore the intracellular environment and provides the opportunity to overcome
the abovementioned obstacles. Probes based on TPM have become important for
bioimaging and sensing because of their low photodamage, reduced fluorescence
interference, and better tissue penetration depth.
With the development of fluorescence molecules in recent decades, a wide range
of organic fluorescence probes based on TPM has been rapidly developed and
used in biomedicine and bioimaging.
Cyanine dye, one of the classic synthetic dyes, continues to be used in many fields,
especially in bio-related applications, owing to its ability to interact with
biomolecules through non-covalent and electrostatic bonds.
Based on cyanine models, we designed a series of structural modifications of
cyanine fluorophores used as two-photon (TP) probes to detect and image the
intracellular environment in which new cyanine compounds, namely SLSO3,
SLCOOH-Pr, F-SLOH, SLOH, Me-SLM, SLE, SAM, SAOH, SLG, F-SPG,
SLOH-Pr, SLAD, F-SLAD, Me-SLG, SLNA, SLAD-Pr, SLCOOH, SLAce,
SLM, SPC, SIOH, PSIOH, DMA-SLOH, DBA-SLOH, DPA-SLM, GBPM,
HBBM, HBLM, SBM, SIBM, SIM, PLOH, and PTM, was successfully
synthesized. All of these newly designed compounds were characterized with 1H
ii

NMR, 13C NMR, and HRMS and found to show good agreement with the desired
structures. To our surprise, some of the novel cyanine molecules were also able to
detect and image amyloid-β (Aβ) peptide species and showed excellent biological
properties including neuroprotective effects against the cytotoxicity induced by
different forms of Aβ species, blood–brain barrier permeability, and high in vivo
stability.
The photophysical and biological properties of these newly synthesized
compounds included optical properties such as UV-vis absorption, emission,
fluorescence quantum yield in different solvents, dissociation constant determined
by fluorescence titration, and circular dichroism spectroscopy, cytotoxicity assay,
neuroprotection, and inhibition of Aβ aggregation were investigated.
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Chapter One
Multifunctional Compounds for Bioimaging with
Two-Photon Microscopy and their Application in
Amyloid-β Imaging and Aggregation Inhibition

1.1 Two-Photon Probes for Bioimaging Applications
1.1.1 Introduction
Small-molecule fluorescence imaging probes are versatile and attractive
agents that can be applied to visualize and characterize biological activities in
living systems.1 They can also perform many other functions, such as organelle
tracking and acting as molecular beacons.2 Fluorescence probes typically consist
of a signal agent that can rapidly detect biological targets and a targeting moiety
that can be easily loaded into a cell.3 Cell-imaging reagents are important for the
detection and monitoring of biological processes. Their physical optical properties
and biological properties including excitation/emission wavelength, binding
affinity and localization to a specific organelle can be tuned flexibly through a
well-established structure design. Thus, the structures of many probes can tailored
to various biomolecules and intracellular organelles of interest. For this purpose,
thousands of common fluorophores have been developed, including cyanine4,
rhodamine5, BODIPY6, and related molecules. However, most of these
fluorophores are based on one-photon microscopy (OPM) for bioimaging and
many limitations and obstacles still need to be overcome. Many applications in
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tissues, the intracellular environment and organelles in live cells are impractical
due to an ultraviolet–visible absorption area (350–500 nm) that may cause
photodamage, reactive oxygen species (ROS)7, shallow tissue penetration, and
autofluorescence induced by exciting self-given fluorophores.
Over the past few years, two-photon microscopy (TPM) has become a
convenient and powerful tool for biological and medical research. Compared with
OPM, the main advantage of TPM is that the focal plane limits excitation, and the
specimen is exposed to harmless infrared light.8 The regions where imaging takes
place are subject to less photodamage and photobleaching. Owing to the long
wavelengths used for excitation, light penetrates most living tissues and images
can be obtained at deeper depths with higher spatial resolution.9
It is necessary to develop two-photon (TP) probes in tandem with the
improvement of new optical techniques to allow the visualization of intact cells
and subcellular organelles in live cells and tissues.10 Most fluorescent dyes used in
TPM are one-photon (OP) probes that are not optimized for TPM due to small TP
absorption (TPA) action cross-sections, which limits their application in imaging.
The unit of two-photon absorption cross-section is Gӧppert-Mayer (GM), which
provides a direct measure of brightness. A large action cross-section value of
probes at low concentrations can offer a bright TP excited fluorescence images in
living cells. To promote the application of TPM in biomedical research, various
application-specific TP probes need to be developed. To date, various TP probes11
have been promoted, and their utility has been demonstrated in many areas of
biology.

1.1.2 Principles of One-photon and Two-photon Microscopy
The theoretical possibility of TPM was predicted by Gӧppert-Mayer in
1931.12 But experiment verification of TPA was delayed due to the less efficient of
TPA comparing with the OPA at low laser power levels. With the development of
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the high-energy pulsed laser, Kaiser and Garrett confirmed the prediction in an
experiment in 1961.13 One-photon excitation involves high-energy blue light (λ =
488 nm) exciting individual photons in fluorescence probes in the sample from a
laser excite. As shown in Figure 1-1, absorbed light excites electrons in dye
molecules from the ground state (S0) (green arrow) to the excited state (S2) within
femtoseconds.8 Because of non-radiative relaxation, it loses energy rapidly.
Fluorescence emission occurs at a longer wavelength than the excitation
wavelength (Stokes shift), as the electron falls back to S0.
Compared with OP confocal microscopy, the more recent TPM imaging
technique, which is based on a completely different principle, provides superior
imaging depth and minimum photodamage in cells.14 Two-photon (TP) excitation
involves two photons exciting a molecule at approximately the same time, with
each photon contributing half of the total energy causing fluorescence.15 (Figure
1-1) The energy level of TP excitation is much lower than for OP excitation,
which has been shown to lead to penetration deeper into the sample; thus, there is
a need for a higher-powered light source. For example, the ratio of OPA/TPA of a
molecule can be expressed by an equation as n1/n2 = 2[σ(ν)/δ(ν)](hν/I), where n1
and n2 stands for the number of molecules excited by single or multi photons per
unit volume and unit time, σ(ν) and δ(ν) stands for the OPA and TPA
cross-sections at frequency ν, I stands for the intensity of excitation source, and hν
stands for the photon energy. We can image that the ratio is equal to 1 at 800 nm
for a molecule with σ(ν) = 104 M-1 cm-1, δ(ν) = 100 GM, and I = 10 GW / cm2,
suggesting that TPA remain its superiority to OPA, when a maximum laser
excitation is greater than 10 GW / cm2. The main advantage of TPM is provided
by the quadratic relationship. Fluorophores are excited using a microscope
objective lens, which causes photons to accumulate at the focal point, with a much
lower density of photons above and below the focal point; TP excitation of the
fluorophore is highest at the focal point, and falls close to zero less than 1 μm
above and below the focal point.1
The photons must accumulate to a high density to achieve TP excitation.
3

Although it is possible for continuous-wave lasers to achieve high power, under
normal conditions, such high-powered laser beams are harmful to biological
specimens, and may even vaporize them. This problem can be solved by using
pulsed lasers in which peak power is extremely high and average laser power is
low. So it is necessary to optimize the probes with proper TP cross-section. TP
action cross-section is a measure of TP brightness. According to the previous
equation, such molecules with large TP cross-section would allow TP excitation at
a lower laser power. Notably, the value of TPA cross section increases due to the
increase of intramolecular charge transfer (ICT). Following these principles, the
structures of TP molecules can be fine-tuned by increasing the conjugation length
to obtain a large TPA cross section. However, enhancing the ICT of molecules
usually results in a reduction in fluorescence. Therefore, it is necessary to
optimize TP molecules for bioimaging.

Figure 1-1. Principles of one-photon and two-photon microscopy.

1.1.3 Model Studies and Design of Two-photon Probes
Crucial events in biology and chemistry happen at a very small scale. To
better understand and observe these events, it is necessary to develop efficient
light microscopy. Along with the development of efficient TPM, parallel efforts
have been focused on the development of TPA probes for bioimaging. Initial
efforts were aimed at understanding TP mechanisms, such as resonance electron
transfer (RET), twisted intramolecular charge transfer (TICT), intramolecular
charge transfer (ICT), and photoinduced electron transfer (PET), to design
4

suitable and efficient sensors for various conditions.
In dyes based on TICT, ICT and PET, electrons are transferred from an
electron-donor group such as an amine group to an electron-withdrawing group
(e.g., an aromatic system) under the excited state. ICT can be regulated to
generate changes in absorption or wavelengths. For TICT, the conformation of
dyes, including rotation and twist, is changed, which is a prerequisite for electron
transfer. PET produces a very rapid change in the fluorescence intensity, keeping
the emission wavelength unchanged. In RET, energy is transferred between a
dependent donor molecule and an acceptor molecule, without conversion to
thermal energy and without molecular collision.

Figure 1-2. (a) TP fluorescent probe 1 based on PET; fluorescence spectra change
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of probe 1 toward GSH; TP action cross-section excited spectra of probe 1 in the
absence and presence of GSH. (b) TP fluorescent probe 2 based on ICT;
fluorescence spectra change of probe 2 toward protons; TP action cross-section
excited spectra of probe 2 toward various pH buffer. (c) TP fluorescent probe 3
based on TICT; fluorescence spectra change of probe 3 toward Cys; TP excited
spectra of probe 3 in the absence and presence of Cys. (d) TP fluorescent probe 4
based on RET; fluorescence spectra change of probe 4 toward H2S; TP excited
spectra of probe 4 in the absence and presence of H2S.

At present, more and more dyes based on various mechanism were designed
for various conditions. For example, Figure 1-2a shows TP fluorescence probe 1
based on PET is used to detect thiols. A naphthalimide fluorophore was the donor
of the PET pathway, and maleimide was the acceptor and the recognition moiety,
which reacted with thiols through 1,4-Michael addition. Fluorescence intensity of
probe 1 increased upon reacting with H2S leading to the blockage of PET process
and thus “turning” fluorescence on. TP brightness of probe 1 increased six-fold
after the addition of thiols.16 Probe 2 possessed benzimidazole substituent as a
proton-binding group to detect protons. The pKa of benzimidazole ring can be
modified by introducing electron donating/accepting group into the heterocycle.
The maximum fluorescence emission wavelength of probe 2 is 455 nm. Under
acidic environment, the emission wavelength of probe 2 was red-shifted to a
longer wavelength at 494 nm. The red-shift spectrum of probe 2 showed that
protonation at the benzimidazolyl nitrogen enhanced intramolecular charge
transfer (ICT). The TP action cross-sections of probe 2 in basic and acidic
conditions were 40 and 140 GM, respectively, which was about 3.5 times larger
than probe 2 upon addition of hydrogen ion.17 (Figure 1-2b) Probe 3 was based
on TICT for cysteine (Cys). N, N-dimethyl group is typically used as a TICT
electron-donating group, which can change the molecular geometry. TICT process
can be achieved by conjugated N, N-dimethyl group with 6-substituted quinoline
moiety via a triple bond. The fluorescence enhancement of probe 3 at 537 nm in
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the presence of Cys was 7.25 times higher than that of probe 3 itself. The TPA
cross-section values of probe 3 in the presence Cys and Hcy were about 580 and
710 GM at 795 nm, respectively.18 (Figure 1-2c) Probe 4, based on RET, was
modulated by two fluorophores comprising a 2-acetyl-6-dialkylaminonaphthalene
moiety as a donor and anthocyanidin-analog dye as an acceptor. Irradiation of
probe 4 resulted in maximum emission at around 620 nm and a minor band at
around 490 nm. The fluorescence intensity of probe 4 in the presence of H2S was
2.6 times stronger than that of probe 4 only. In TP mode, the TP excitation
wavelength of probe 4 at 760 nm remained fixed, which is suitable for accurate
two-photon imaging for H2S.19 (Figure 1-2d)
Taken together, these results suggest that the mechanisms of bioimaging
and sensing utilized in TP probes also function in OP mode, indicating that the
basic mechanisms of OP probe models can be applied to the development of TP
probes.

1.1.4 Two-Photon Probes for Subcellular Organelles
Organelles are essential subunits within cells that are usually separately
enclosed by their own lipid bilayers. Major intracellular organelles include
lysosomes, mitochondria and the nucleus. Lysosomes are acidic organelles that
digest macromolecules for cell recycling and activate enzymes, mitochondria
supply the energy of the cells and are responsible for aerobic metabolism, and the
nucleus modulates gene expression. A variety of TP LysoTracker, MitoTracker
and NucleusTracker probes have been designed and developed.
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Figure 1-3. (a) Chemical structure of TP fluorescence probes BLT-blue and
FMT-green. (b) RAW 264.7 cells treated with BLT-blue and FMT-green were
co-labeled with LysoTracker and MitoTracker in TPM and OPM mode. (c) RAW
264.7 cells were incubated with rapamycin for 0–2 h to generate autophagy and
then treated with BLT-blue and FMT-green, co-labeled with LysoTracker and
MitoTracker. (d) TP action cross-section excited spectra of BLT-blue and
FMT-green in EtOH.

Two-photon fluorescence probes20, namely BLT-blue and FMT-green
(Figure 1-3a), were applied for detection of lysosomes and mitochondria. These
two

probes

possess

2-acetyl-7-amino-9,9-dimethylfluorene

and

6-(benzooxazol-2-yl)-2-(N,N-dimethyl-amino) as the fluorophore, and a tertiary
amine and triphenylphosphonium salt as the targeting unit for lysosomes and
mitochondria, respectively. BLT-blue and FMT-green probes showed absorption
maximum wavelengths at 352 and 377 nm, respectively. Colocalization
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experiments with dyes treated with RAW 264.7 cells were performed to
demonstrate that the probes localized in lysosomes or mitochondria. As shown in
Figure 1-3b, BLT-blue and FMT-green stained RAW 264.7 cells, and exhibited
excellent matches with lysosomes and mitochondria. The Pearson’s correlation
coefficient is used to quantify the degree of colocalization between fluorophores.
A correlation between the intensities could reflect a direct molecular interaction or
an indirect interaction. Pearson’s colocalization coefficient of BLT-blue with
LysoTracker was 0.97, but not with those of mitochondria. Similar results were
observed for FMT-green. The Pearson’s colocalization coefficient of FMT-green
with MitoTracker was 0.96, but 0.13 with lysosomes. To demonstrate the
selectively of the two probes for lysosomes or mitochondria, RAW 264.7 cells
were induced by autophagy to stimulate an increase in lysosomal activity and
degradation of mitochondria. The TP excitation intensity of the two probes
showed a clear change over time, in accordance with the breakdown of
mitochondria and activation of lysosomes (Figure 1-3c). The TPA cross-section
values of BLT-blue and FMT-green were 160 GM and 170 GM, which suggests
they have good potential as dyes for the visualization of the intracellular
microenvironment.

9

Figure 1-4. (a) Chemical structure of TP fluorescence probe LT1. (b) Emission
spectra of LT1 in solvents of different polarities. (c) Emission spectra of LT1 in
buffers at various pH. (d) TP excited spectra of LT1, LysoTracker Red and
LysoTracker Green. (e) Colocation images of HCT 116 cells incubated with LT1.
(f) Images of HCT 116 cells treated with fluorescence probe LT1.

Another probe designed for TP fluorescence lysosomal imaging21 is LT1
(Figure 1-4a). To increase water solubility and decrease cytotoxicity, this probe
contains a pair of 10-unit PEG. The emission spectra of LT1 suggest potential
sensitivity to solvent polarity (Figure 1-4b). As the intracellular environment of
lysosomes is acidic (pH 4.8), the pH stability of a lysosome probe is very
important. As shown in Figure 1-4c, LT1 was stable over the entire pH range.
This probe also exhibited an excellent TPA cross-section of 1100 GM, which is
higher than any other commercial dyes (Figure 1-4d). In terms of biological
properties, the colocalization coefficient of LT1 with LysoTracker Red (0.96) was
much higher than others (0.45). LT1 shows lysosomal specificity (Figure 1-4e).
Figure 1-4f shows that LT1 is specific to lysosomes rather than other organelles.
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Figure 1-5. (a) Chemical structure of TDHC dye. (b) Absorption and
fluorescence spectra of TDHC for solutions of varying viscosity. (c) Intracellular
localization studies of TDHC. (d) Real-time fluorescence images of primary
cultured cortical neurons. (e) TPA action cross-section spectra of TDHC.
The mitochondrial matrix is more viscous than the relatively aqueous
cytoplasm. The viscosity of mitochondria is closely related to their respiratory
state. This is an important principle to consider in the design of a probe for
mitochondria. Based on this principle, a TDHC probe was designed22, which can
selectively stain cellular mitochondria. The probe contains a positive charge in
cyanine dye to achieve effective accumulation by the mitochondrial membrane
potential based on an ICT mechanism (Figure 1-5a). As shown in Figure 1-5b,
the dye exhibited no fluorescence in non-viscous solvents, but with increased
solvent viscosity, the fluorescence intensity increased, suggesting that TDHC is
sensitively responsive to changes in viscosity. TDHC was incubated with HeLa
cells and displayed good cell permeability due to its positive charge. A
colocalization experiment was performed and the staining region within cells can
be clearly distinguished (Figure 1-5c), suggesting that this probe can detect
mitochondria. Figure 1-5d shows that TDHC penetrated primary cultured cortical
neurons and only mitochondria were stained, indicating that TDHC has good
specific selectivity within cells. A disadvantage of TDHC as a TP fluorescence
probe is its small TPA cross-section value (Figure 1-5e).
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Figure 1-6. (a) Chemical structure of CAI and CAEI. (b) Fluorescence images of
SiHa cells treated with CAI or CAEI and MTR in OP mode. (c) TP action
cross-section excited spectra of CAI and CAEI

CAI and CAEI were designed23 for mitochondria imaging (Figure 1-6a).
These two probes display intracellular charge transfer (ICT), and have improved
biocompatibility and low cytotoxicity. The best advantage of these two probes is
that they can penetrate the cell membrane and enter a living cell in just 30 min,
decreasing the interference from other environmental factors. Figure 1-6b shows
the results of co-staining experiments. The colocalization coefficients with
MitoTracker were 0.88 for CAEI and 0.95 for CAI, suggesting that these two
probes possess selectivity for mitochondria. The TPA action cross-section values
of CAI and CAEI are 328 GM and 152 GM, respectively (Figure 1-6c),
indicating their suitability as TP probes.
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Figure 1-7. (a) Chemical structure of probe HJVPI. (b) Fluorescence intensity of
HJVPI under various conditions. (c) Fluorescence images of BMSC cells treated
with HJVPI and MitoTracker; fluorescence images of normal cells treated with
HJVPI.

HJVPI24 is also a probe based on the viscosity of mitochondria. This probe
contains molecular rotor-induced fluorescence if the intramolecular rotational
relaxation of a certain donor–acceptor is fixed. Fluorescence disappears when
they are freely rotating. The probe was applied in a viscous system, changing cells
to

monitor

the

mitochondria.

HJVPI
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was

synthesized

by

modified

9-(dicyanovinyl)julolidine to form a D-π-A type rotor (Figure 1-7a). As shown in
Figure 1-7b, HJVPI exhibits a strong fluorescence intensity only in a
high-viscosity system. But other factors, such as the pH or polarity of the solvent,
did not affect the bond rotation to alter its fluorescence. MTG and MTDR, two
commercially available dyes, were chosen to conduct the colocalization
experiment. Figure 1-7c shows that the fluorescence signal from HJVPI
overlapped well with the fluorescence signal from Mitotracker probes. HJVPI
staining various normal cells also exhibits red fluorescence from the granular
mitochondria. These results suggest that HJVPI show high selectivity for
mitochondria.

Figure 1-8. (a) Chemical structure of MPI probe for nucleus. (b) Nonlinear
curve-fitting analysis of intensity for MPI with ct-DNA and RNA. (c)
Two-photon excitation spectra of MPI in the presence of RNA and DNA. (d)
Colocalized fluorescence images of MPI incubated with HeLa cells in the
14

presence of MRT. (e) 3D fluorescence images of HeLa cells treated with MPI and
Hoechst dye.

The nucleus is the control center of the eukaryotic cell and contains the
genetic material. Selective labeling and tracing in the nucleus is very important.
MPI25 based on ICT was designed as an RNA probe. The binding and targeting
properties of this probe, which is an indole-based cyanine fluorophore, can be
easily modified by a substituent attached to the indole moiety. As shown in Figure
1-8b, the dissociation constants of MPI to DNA and RNA as estimated by the
nonlinear curve-fitting analysis of the titration data were 79 μM and 22 μM,
respectively, indicating that MPI binds more strongly to RNA than to DNA. MPI
can stain materials in the nucleus selectively. The TP excitation fluorescence
cross-section value of the probe in the presence of RNA was 228 GM, which is
much higher than with DNA (76 GM) (Figure 1-8c). To further confirm this result,
the colocalization of MPI and the nuclei tracker Hoechst dye in HeLa cells was
examined. Fluorescence was clearly observed in the same regions of the MPI and
Hoechst dye images, suggesting MPI overlap with RNA (Figure 1-8d). The 3D
confocal images in Figure 1-8d also clearly show MPI fluorescence inside the
nucleus.
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Figure 1-9. (a) Chemical structure of nucleoside-based fluorescence probe
dABp-3. (b) Fluorescence spectra for dABp-3 with changes in viscosity;
microviscosity imaging in living HepG 2 cells with dABp-3. (c) Fluorescence
images of dABp-3 and SYTO RNA Select in HepG 2 cell.

Many probes depend on cell viscosity to detect and monitor the
mitochondrial environment. None of these probes can image micro viscosity (<10
cp) selectively in RNA of living cells. Probe dABp-3, which is composed of
2-deoxyadenosine and a boron dipyrromethene (Figure 1-9a), has been used for
dual-mode imaging of micro viscosity.26 The response of dABp-3 to viscosity is
dependent on the different orientations of two dyes. As shown in Figure 1-9b,
dABp-3 shows spectral changes at viscosities from 1–6 cp. To obtain different
viscosities in living cells, they were incubated with dABp-3 at different
temperatures. The fluorescence intensity showed changes in both channels with
the change of viscosity in TP mode. The subcellular distribution of molecules in
living cells was determined by using the commercial RNA dye, SYTO RNA
Select. Figure 1-9c shows that the same cytoplasmic regions of HepG 2 cells
were stained with dABp-3 and with SYTO RNA Select, indicating that dABp-3 is
also a TP fluorescence probe for RNA.

16

Figure 1-10. (a) Chemical structure of CBC probe. (b) Circular dichroism spectra
of Drew AT, LD, HUM 24 and c-kit2 upon addition of CBC. (c) Confocal
fluorescence images of living HeLa cells treated with CBC and HeLa cells fixed
with CBC for 15 min.

The TP excited fluorescence probe CBC27 was developed for DNA. As
shown in Figure 1-10a, the chemical structure of the dye contains two
vinylpyridinium carbazole moieties conjugated by a methylene group. The
non-conjugated dye retains the photophysical properties of single cyanine. This
probe is based on ICT and has a large TPA cross-section. Circular dichroism (CD)
spectra were studied to identify the CBC–DNA interactions with different
sequences of DNA. In Figure 1-10b, the strong ICD signal of the CD spectra of
dye with DNA provides strong evidence of groove-binding and the formation of a
groove complex. The results also indicate that CBC can insert into the minor
groove in the central AT region of the duplex DNA. CBC was applied to stain
fixed cells (Figure 1-10c). The fluorescence intensity was significantly enhanced
when CBC entered the nucleus in TP mode. The result clearly shows that CBC
can interact efficiently with the nuclear DNA.
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1.1.5 Two-Photon Probes for Metal Ions
Cellular metal ions play an important role in many pathological and
physiological processes. Generally, the concentration of metal ions is different in
various regions of tissues and cells. Abnormal metal ion levels in the cells can
induce biological disorders such as neurodegenerative diseases and cancers.
Heavy metals can also cause environmental pollution, which can accumulate in
fish and animals and enter the food chain inducing many diseases. To better
understand and control the metal ions in the environment and biological systems,
it is important to develop a TP probe that can monitor the biologically relevant
metal.
The sodium ion is crucial in many biological activities that modulate
mammalian physiological processes and in pathological processes such as heart,
muscle and nerve disorders. The concentration of intracellular sodium is greater
than the concentration of extracellular sodium. The influx and efflux of sodium
ions is modulated by Na+/Ca+ exchange, Na+/H+ exchange, sodium ion channels
and Na+/K+-ATPase.
One-proton probes, such as SBFI and Sodium Green, possess some
disadvantages such as bulk and difficulty of loading into cells. Smaller TP probes
have also been developed.

Figure 1-11. The chemical structures of ANa1 and ANa2.

Two TP probes, ANa1 and ANa2, have been designed for sodium ions.
They comprise two parts: a 1,7-diaza-15-crown-5 derivative as the sodium ion
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receptor and 2-acetyl-6-(dimethylamino)naphthalene as the fluorophore. The
prolinamide connected with two functional group and expect as a TP turn-on
response to metal.

Figure 1-12. (a) Confocal and TP fluorescence titration curves for ANa1 with
various concentrations of sodium ion. (b) Confocal and TP fluorescence titration
curves for ANa2 with various concentrations of sodium ion.

As shown in Figure 1-12, the fluorescence intensity of ANa1 in the
presence of various concentrations of sodium ion was two times lower than that of
ANa2 in the presence of various concentrations of sodium ion for OP and TP
processes. The fluorescence quantum yield of ANa1 was four times larger than
that of ANa2. This implies that electron exchange of ANa2 based on PET from
the receptor to the excited fluorophore could be more efficient. The structure of
the cyclic prolinamide spacer on ANa2 may restrict the conformation. The utility
of these two probes in live cell and tissue imaging has been demonstrated28.
Copper is an essential cofactor for the proper function of metabolic and
physiological processes in the human body. Too much or too little copper can
result in the development of Wilson’s disease, neurodegeneration, and prion
diseases. Thus, it is necessary monitor copper changes in cells and tissues. Two TP
probes for copper ions have been developed for use in living systems to better
understand copper’s biological role.

19

Figure 1-13. The chemical structure of T4, ACu1 and ACCu2. And
3-Dimensional ratiometric TPM images of EDTA-treated normal, polyp and colon
cancer labeled with ACCu2.

Compound

T4

is

a TP probe

for

copper ions.29

It

contains

phenylene-vinylene structural unit where vinylene is a planar and conjugated
spacer acting as a bridge linking the two redox centers. The vertical electronic
transition energy of T4 was calculated by a Gaussian method. The results showed
that T4 possesses a lower energy band due to its ICT structure. The TPA
cross-section of T4 reaches 12,272 GM because of a low energy gap. With the
addition of micro-molar amounts of copper ions, T4 showed a deep color
indicating that it may be a potential copper detector.
Another TP probe, ACu1, is derived from 2-methylamino-6-acetylnaphthalene as the reporter and bis-{2-[2-(2-ethylthio)ethylthio]ethyl}amine as
the selective copper ion receptor. When copper ions were added to the probe, the
fluorescence intensity increased more than four times than the fluorescence
intensity of the probe without copper ions. The Kd values in OP mode and TP
mode for copper ions were 16 ± 2 pM and 20 ± 3 pM, respectively, indicating that
this probe is suitable for detecting copper ions. Moreover, ACu1 is pH stable in
the biologically relevant pH range. The TP cross-section of the dye–copper ion
was about 67 GM. The utility of this probe has been confirmed in cells and
tissues.30
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ACCu2, based on FRET, is another probe for detecting copper ions. It
consists of a 2-picolymethylamide moiety at the 2-position as the fluorophore and
a copper ion chelator, linked by a piperazine spacer. The TP cross-section value of
ACCu2 is about 32 GM, which is lower than those of T4 and ACu1. The
dissociation constants of ACCu2 to copper ions in OP mode or TP mode were 21
± 3 μM and 22 ± 4 μM, respectively, far larger than for ACu1. The plot of the
Ired/Iblue ratio against copper ion concentration is linear for a copper ion
concentration range from 0 to 25 μM. This result indicates that this probe can be
used to quantitatively estimate the copper ion concentration in human colon
tissue.31
Zinc ion is another important component in some of enzymes and proteins.
The concentration of zinc ions in a mammalian cell is about 0.2 mM. As an
imbalance in zinc homeostasis can induce neurological disorders, TP probes for
zinc have been developed.

Figure 1-14. The chemical structure of probes for zinc ions.

A TP probe

532

was

derived

from

a

methoxy derivative

of

N,N-di-(2-picolyl)ethylenediamine as the zinc ion chelator 6-(benzothiazol-2′-yl)
-2-(N,N-dimethylamino)naphthalene as the fluorophore, and a triphenylphosphonium salt as the mitochondrial-targeting unit. The dissociation constant of
the probe to zinc ions in OP mode and in TP mode was 1.4 nM, indicating strong
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binding. In the presence of excess zinc ions, the TP cross-section value increased
to 155 GM, with pH stability in the biologically relevant range.
Compound 6 is a probe for detecting zinc ions based on a macrocycle
receptor that has shown preferential binding to zinc.33 The sensing mechanism is
based on the coordination of the macrocyclic receptor to the zinc. The maximum
value of two-photon cross-section was 130 GM in the presence of zinc ions,
suggesting it is suitable for applications using TPM.
TP probes 7–10 for zinc ion sensing are based on N, N-di-(2-picolyl)ethylene-diamine as the zinc ion receptor, similar to probe 5. The dissociation
constant of these probes to zinc ions in OP mode and in TP mode was in the range
of 8.4–12 μM, which is a little weaker than probe 5. The TP cross-section of the
probes in the presence of zinc was moderate (86–110 GM) in comparison with
probes 5 and 6. The utility of probes 7-10 in tissue imaging has been established.34

1.1.6 Two-Photon Probes for Hydrogen Sulfide, ROS and pH
Hydrogen sulfide (H2S), newly recognized in gaseous signaling, is
produced mainly in live tissues from cysteine by cystathionine-β-synthase and
cystathionine-γ-synthase in the cytosol. It plays critical roles in regulating cell
growth, intracellular redox and anti-inflammation.
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Figure 1-15. (a) Chemical structure of probe HPB. (b) Fluorescence intensity of
probe HPB in the presence of various concentrations of H2S. (c) Fluorescence
spectra of probe HPB as a function of time. (d) Confocal images showing
fluorescence intensity before and after the addition of H2S.

Probe HPB, based on hexaphenylbenzene, has azide groups as H2S reaction
centers. Hexaphenylbenzene was chosen for selective detection of H2S due to the
structure of its aggregation induced emission enhancement (AIEE) and TP
cross-section. This probe shows high photostability, low toxicity, and high TP
cross-section in the presence of H2S. As shown in Figure 1-15a, the fluorescence
intensity of probe HPB in the presence of H2S showed a dramatic decrease in
emission intensity at 380 nm and gradual red-shift. Upon the addition of excess of
H2S solution, the fluorescence intensity increased more than 30-fold in 10 min
(Figure 1-15b). The confocal microscopy image shows that in the presence of
H2S probe HPB clearly showed blue luminescent aggregates and bright green
luminescence (Figure 1-15c-d). Therefore, probe HPB is suitable for exploring
biological processes.35
Hydrogen ions are one of the most important intracellular species that
modulate the functions of many organelles in cells. Disordered cellular pH values
are known to be linked with inappropriate cellular functions and lead to many
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diseases. Therefore, monitoring pH changes in the intracellular environment is
important.

Figure 1-16. (a) The chemical structure of AH1, AH2, and AL1. (b) TP action
cross-section excitation spectra of AL1, AH1, and AH2 in buffer solution. (b)
Two-photon spectra of AH2 under various pH conditions. (c) Fluorescence
response of dyes to different pH. (d) Confocal and TP fluorescence titration curves
for AH2 and AH1 under various pH conditions. (e) Image in CA3 region at a
depth.

Three probes, AH1, AH2, and AL1, were designed to detect acidic
environments in cells and tissues and image the acidic vesicles at more than 100
μm depth (Figure 1-16). The TP action cross-section excitation spectra of AL1,
AH1, and AH2 at pH 3.2 show TP action cross-section values of about 90 GM
(Figure 1-16b). These three dyes are suitable as TP sensors. The estimated pKa
values of AH1 and AH2 under acidic conditions are 4.42–4.48, suggesting that
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these two probes are able to track acidic vesicles (Figure 1-16c). The bright-field
image of a rat hippocampal slice identifies the acidic vesicles detected by TPM
imaging (Figure 1-16d).36
Oxidative stress results in an imbalance in the production of ROS.
Excessive production of ROS leads to oxidization of protein, DNA damage, and
impairment of mitochondrial functions, resulting in serious cellular injury. TP
probes to detect and monitor ROS are of importance.

Figure 1-17. (a) The chemical structure of MFDBZH. (b) TP fluorescence
intensity of MFDBZH before and after the addition of superoxide anion. (c) OP
microscopic images of HepG2 cells labelled with Mito-SOX Red and Hoechst.

MFDBZH

is

a

reaction-based

TP

fluorescent

probe

(9-butyltriphenylphosphoniumacylamino-2,7-dibenzothiazolineflurene)

for

imaging superoxide anions in mitochondria, which consists of benzothiazoline as
the receptor and a triphenylphosphonium salt as the mitochondria-targeting group
(Figure 1-17a). The presence of superoxide anion gave rise to dramatically
increased MFDBZH fluorescence at the maximum wavelength of 800 nm
(Figure 1-17b). Co-staining imaging study of MFDBZH (Figure 1-17c) showed
that MFDBZH could localize reliably to the mitochondria and respond to rises in
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mitochondrial superoxide anions.37
In addition, to detect the intracellular microenvironment inside a specific
organelle, one must find a proper sensitive dye that can be easily regulated by
introducing the targeting moiety. When we designed the probes, we should
consider many aspects in simple and flexible strategy, resolution-tunable
characteristic, biological application and envision that probes may potential be
used as a clinically auxiliary tool for disease diagnosis

1.2 Application of Compounds in Amyloid-β Imaging and
Aggregation Inhibition
1.2.1 Introduction
Alzheimer’s disease (AD) was first described by the German psychiatrist
Alois Alzheimer in the early 1900s.38 This neurological disorder of the brain
affected around 35 million people worldwide in 2013.39 Ten years ago, there were
more than 4.5 million individuals with AD in the U.S. alone; by 2010, this number
had risen to 5.3 million40, and it is estimated that it will reach 13.2 million by
2050.41 Alzheimer’s disease is a primary, progressive neurodegenerative disease,
which is of unknown cause in more than 90% of cases.42 Some characteristic
neuropathological and neurochemical features finally result in irreversible neuron
degradation.43 The clinical hallmarks of AD are progressive impairment in
decision making and judgment, and distorted language, memory, and orientation
to physical surroundings.44 This disease is the primary cause of dementia in the
elderly.45
The U.S. Food and Drug Administration has approved five medications to
treat the symptoms of AD.46 Unfortunately, none of the treatments available today
alters the underlying course of this terminal disease. For this reason, researchers
are attempting to understand and explore treatment strategies that may have the
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potential to cure this disease.
Alzheimer’s disease has three major neuropathological features: the
accumulation of extracellular senile plaques that are mainly composed of
amyloid-β, intracellular neurofibrillary tangles, and synaptic degeneration.47
(Figure 1-18) Amyloid-β peptides are single-pass transmembrane peptides
generated in the brain by incorrect processing of an integral membrane protein
called amyloid precursor protein (APP).48 These events mainly happen in the
hippocampus, neocortex, and other regions necessary for cognitive function.49 As
the appearance of these peptides apparently occurs over many years, they could be
reasonable markers for AD prediction and cure. The function of Aβ peptides in the
normal brain is still not understood. Aβ is produced in normal individuals, and it
may aggregate and initiate disease progression under certain conditions. There is a
need for in vivo detection to understand the natural history of the disease and to
evaluate the effects of anti-amyloid therapies. Excessive Aβ deposition in the
brain has been recognized as one of the most important early pathological changes
in disease.50 Currently, there are three potential strategies: reduction and
modulation of Aβ aggregates, decreasing Aβ toxicity, and preventing the
formation of amyloid plaques by inhibiting the aggregation of Aβ into fibrils.51

Figure 1-18. (a) Cleavage of β-APP and the accumulation of extracellular senile
plaques. (b) Formation of intracellular neurofibrillary tangles. (c) Synaptic
dysfunction due to Aβ accumulation and its interaction with receptor.
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1.2.2 Amyloid-β Processing
The main pathological feature of AD is the accumulation of Aβ to form
senile plaques in the brain.52 Recent evidence suggests that Aβ generated from
β-amyloid precursor protein (APP) in the brain is a main cause of AD.53
Full-length APP is a type I transmembrane protein54, which is synthesized in the
endoplasmic reticulum and then transported through the Golgi apparatus to the
trans-Golgi-network, where the highest concentration of APP is found in neurons
at steady state.55 Amyloid-β is generated via an amyloidogenic pathway involving
the action of APP, which is first cleaved by β-secretase and then by a γ-secretase
complex. The APP involved in the α-secretase cleavage in the Aβ domain results
in the formation of soluble APPsα and Aβ generation.54

1.2.3 Amyloid-β Aggregation
Amyloid-β aggregation is the primary factor in the diffuse senile plaques
present in AD-afflicted brains.56 Diffuse plaques have been confirmed that
generate Aβ aggregates of higher orders, such as protofibrils, fibrils containing
well-ordered β-pleated sheets, and oligomers.57 In these Aβ aggregates, soluble
oligomers are known to be more neurotoxic than other types of aggregates.58
Extensive studies have been carried out on the formation of various types of Aβ
aggregates in vitro, but the mechanism and formation of Aβ aggregates primarily
composed of intermolecular parallel β-sheets remains unclear. Amyloid-β42 plays
an important role in the pathogenesis of AD, due to its greater neurotoxicity and
stronger aggregative ability than Aβ40 in the brain59. Akira et al.60 established a
proline-scanning method, which synthesized 34 proline-substituted Aβ42 mutants.
Among these, at positions 15–32, only E22P-Aβ42 aggregated more rapidly than
wild-type Aβ42, indicating that a transformation of positions 22 and 23 is a crucial
secondary structure in the Aβ42 fibrils. This finding identified the high aggregative
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ability of the Aβ42 mutants in cerebral amyloid angiopathy.61
The molecular model of Aβ1-40 fibrils can also be described using solid-state
NMR. Using this method, Petkova et al.62 found that approximately the initial 10
residues of Aβ1-40 are disordered in the fibrils. Residues 30–40 and 12–24 easily
changed the conformation of β-strands through intermolecular hydrogen bonding,
and generated parallel β-sheets. The peptide backbone is bent by residues 25–29,
which connect the two β-sheets by side chain–side chain interactions. Thus, a
single cross-β unit becomes a double-layered β-sheet structure with a hydrophobic
core and one hydrophobic face. D23 and K28 possess charged side chains in the
core and form salt bridges. Fibrils with minimum quality and diameter consist of
two cross-β units with their hydrophobic faces juxtaposed63. Paravastu et al.64 also
utilized solid-state NMR to describe a full structure model for amyloid fibrils
formed by Aβ40 residues. At the molecular level, the Aβ40 fibril morphologies
differ in overall symmetry, the conformation of non-β-strand segments, and
certain quaternary contacts. Both morphologies contain in-register parallel
β-sheets constructed from nearly the same β-strand segments. Twisted and striated
ribbon morphologies play a role in the formation of aggregations of other
polypeptides.
Recently, there has been increasing interest in the metal ions involved in Aβ
aggregation. Metal-induced Aβ aggregates are largely amorphous. Most of the
ionization residues in the Aβ peptides are not in the β-strand domains, which are
generally responsible for the main fibrous core formation65. Rather, they are
located either in the hydrophilic domain or in the hairpin loop66. Metal binding
and pH can affect the surface charge of Aβ, because the hydrophilic domain of Aβ
is influenced by aqueous solution67. In fact, the isoelectric point of Aβ is mildly
acidic and Aβ aggregations also formed in mildly acidic environments, suggesting
that charge variation is important for the Aβ aggregation process.68 Jiang et al.
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examined how both the kinetics of the Aβ aggregation process and the colloidal
stability of the Aβ aggregation intermediates are affected by charge and structure
variation upon copper binding and pH change. Their findings suggest that Aβ
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fibrillation and different types of aggregate formation are various competitive
pathways controlled by copper ion binding, pH, and temperature. The more
ordered stacking of these intermediates turns ordered oligomers to fibrils, which is
also affected by solution temperature and pH. The hydrophilic domain of Aβ42 in
the presence of copper ions decreased the Aβ42 surface charge, and the stability of
the partially folded intermediates also imposes steric hindrance on the ordered
β-sheet stacking, leading to the appearance of amorphous aggregates. Circular
dichroism spectra of fibrils and amorphous aggregates both displayed
β-sheet-signifying peaks, supplying evidence that the various competing pathways
diverge from the same β-sheet-containing intermediates.
Gurry et al. 70 presented a detailed computational analysis of Aβ42 and Aβ40
fibril elongation using atomic simulations. Their studies show that both Aβ42 and
Aβ40 have features that are common to the elongation processor for both proteins.
The monomer associates with the odd end of the fibril by forming an N-terminal
β1 strand that forms intermolecular hydrogen bonds with the fibril core.
Association with the odd end of the fibril is followed by the formation of a
common intermediate, H, which takes the form of a β-hairpin in strand β1.
Disruption of the intramolecular hydrogen bonds within the hairpin leads to
formation of the final bound state in which the monomer forms only
intermolecular hydrogen bonds with the fibril core. For both sequences, a
β-hairpin is an obligate intermediate in the folding pathway.
To shed some light on the mechanism of Aβ aggregation and pathogenicity,
Friedrich et al.

71

reported a cell-culture model that enables analysis of the

formation of amyloid plaques inside the culture dish. They showed that living
cells are critical for plaque formation and that plaque biogenesis involves Aβ
accumulation within intracellular vesicles. Their results show that impairment of
cellular functions with cytochalasin B (Cyt) or latrunculin B (Lat) reduces the
plaque yield. Cyt and Lat do not affect the fibril nucleation or fibril elongation
kinetics. MVBs represent multifunctional compartments that functionally interact
with ordered vesicular pathways; this central vesicular compartment appears to be
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primarily affected by the action of Aβ peptide. The data imply a mechanism for
the formation of Aβ amyloid plaques in which initially soluble and extracellular
Aβ peptides become internalized and sorted into MVBs. Upon spontaneous
nucleation or in the presence of suitable fibril seeds, fibrils grow out, disturb the
ordered MVB function, and penetrate the vesicular membrane. Ultimately, cells
die and the entire intracellular structure, including all intracellular amyloid species,
is released into the extracellular space.

1.2.4 Amyloid-β Toxicity
Amyloid-β

is

generated

by

proteolytic

cleaving

by

plasma

membrane-localized APP.72 Amyloid-β oligomers may be altered in the presence
of GM1 ganglioside on the cell membrane. Experimental cell viability assays
show that Aβ aggregates treated with GM1 in a lipid raft-like environment induce
toxic Aβ.73 Nerve growth factor receptors that bind Aβ oligomers also lead to
neuronal cell death in the brain.74 Non-fibrillar Aβ in the presence of αB-crystallin
and ApoJ inhibit fibril elongation and remain in the soluble Aβ oligomer state,
which

generates

neuro-cell

toxicity.75

Cellular

prion

proteins

act

as

toxicity-transducing receptors, exhibiting a stronger binding affinity to Aβ
oligomer and mediating synaptic dysfunction.76 Furthermore, Aβ oligomer
toxicity is associated with the changing function of the cell membrane when an
abnormal situation leads to disruption and leakage of ions, such as Ca2+, which
causes abnormal neuronal morphology and cell death77. Oxidative stress
contributes to neuro cell death due to Aβ oligomers in the presence of the
NMDA-type glutamate receptor (NMDAR), which causes abnormal calcium
homeostasis, impairing brain physiology and neural activity.78 Amyloid-β
oligomers bind to the cysteine-rich domain of receptor Frizzled (Fz), affecting the
Wnt-catenin signaling that can improve the synaptic plasticity, leading to a
breakdown of neuroprotective effects and preventing new neuron formation.79
Moreover, Aβ oligomers can cause loss of insulin receptor signaling on the
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neuronal surface and damage the kinase activity related to long-term potentiation
(Figure 1-19).

Figure 1-19. Formation and toxicity mechanism of Aβ oligomers.

Amyloid-β–membrane interaction with metals generates ROS. When Aβ
aggregation occurs at the cell membrane, membrane-associated oxidative stress
leads to the generation of 4-hydroxynonenal (4HNE), a neurotoxic product that
can promote protein adducts to damage neurons in the brain80. Proteins
oxidatively modified by this Aβ-induced oxidative stress81 include membrane
transporters82 (ionmotive ATPases83, a glucose transporter and a glutamate
transporter84), GTP-binding proteins85 (G proteins) and ion channels86
(voltage-dependent chloride channel; N-methyl-D-aspartate receptor channel).
Oxidative modifications of tau by 4HNE and other ROS can promote its
aggregation and may thereby induce the formation of neurofibrillary tangles.87
Amyloid-β can also cause mitochondrial oxidative stress88 and dysregulation of
Ca2+ homeostasis89, resulting in impairment of the electron transport chain,
increased production of superoxide anion radicals, and decreased production of
ATP. Superoxide is converted to H2O2 by the activity of superoxide dismutase
(SOD) and superoxide can also interact with nitric oxide (NO) via nitric oxide
synthase (NOS) to produce peroxynitrite (ONOO-). Interaction of H2O2 with Fe2+
or Cu+ generates hydroxyl radicals (OH-), highly reactive oxyradicals that are
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potent inducers of membrane-associated oxidative stress that contributes to the
dysfunction of the endoplasmic reticulum.90

1.2.5 Amyloid-β Detection
As mentioned above, the misfolding-driven aggregation of Aβ peptides in
the brain is one of the main causes of AD. Amyloid-β peptides lead to the
formation of protofibrils, fibrils and polymorphic oligomers. Oligomers are the
most neurotoxic form of Aβ, causing oxidative stress, disturbing metal
homeostasis, interacting with signaling receptors and disrupting neuronal cell
membranes. Amyloid-β aggregates are biomarkers to target the diagnosis and
therapeutics of AD. It is thus necessary to understand the mechanism and
formation Aβ aggregates. Optical imaging using fluorescence probes and
colorimetric probes is a potential technique.

Figure 1-20. (a) Chemical structure of probe TC. (b) Plot of difference in
fluorescence intensity as a function of the concentration of TC in the presence of
Aβ42 fibrils. (c) High affinity TC effectively displaces ThT from the ThT/Aβ42
fibrillar aggregate complex. (d) Region A: ThT/Aβ42 aggregate complex. Region
B: TC/THT/Aβ42 aggregate complex. (e) Proposed model for the TC displacement
of ThT and FRET on the Aβ42 fibrils.

Probe TC mainly consists of N,N-dimethylaniline as electron-donating
and benzothiazole as electron-withdrawing moieties (Figure 1-20a). The binding
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constant was determined by studying the fluorescence response with varying
concentrations of TC against a fixed concentration of Aβ42 aggregates, which
gave a dissociation constant Kd of 58 ± 1.2 nM, suggesting strong binding ability
(Figure 1-20b). To study the binding interaction of TC, a displacement assay was
performed against ThT-bound Aβ42 fibrillar aggregates. The well-separated
emission spectra of ThT and TC changed during the displacement experiments.
Figure 1-20c clearly suggests an effective displacement of ThT by TC owing to a
stronger TC-Aβ42 aggregate complex. TC also binds to the ThT/Aβ42 aggregate
complex by partially displacing ThT, leading to FRET between bound TC as a
receptor and ThT as a donor. These results show that this probe binds to Aβ
aggregates and displaces the ThT probe bound to Aβ42 aggregates.91

Figure 1-21. (a) Chemical structure of AN-SP. (b) The fluorescence intensity
change of AN-SP treated with Aβ species. (c) Colocalization of AN-SP and
oligomeric β-amyloid.

The AN-SP probe (Figure 1-21a) is based on a spiropyran structure. The
fluorescence intensity of the dye with Aβ oligomers is significantly enhanced,
indicating a strong affinity with Aβ oligomers. This shows that the AN-SP probe
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has the potential to detect Aβ oligomers. AN-SP was incubated with monomers,
soluble oligomers and insoluble aggregates of Aβ species. Fluorescence was not
obvious for the monomer and aggregates and was significantly enhanced in
addition of Aβ oligomers (Figure 1-21b). To support this result, the colocalization
of AN-SP with Aβ oligomers was examined. As shown in Figure 1-21c, the
images of the brain slice showed excellent colocalization due to overlap of the dye
fluorescence dye with Aβ oligomer-specific antibodies92.

Figure 1-22. (a) Chemical structure of QAD1. (b) Fluorescence titration curve of
QAD1 with Aβ42 aggregates. (c) TPM image showing colocalization of QAD1
and oligomeric Aβ.

A quadrupolar TP probe was designed for Aβ plaques (Figure 1-22a). The
dissociation constant for Aβ aggregates with QAD1 was studied by a fluorescence
titration method. The value of the dissociation constant was estimated to be 16.2
nM, suggesting stronger binding affinity (Figure 1-22b). This probe has the
potential to detect Aβ aggregates. A colocalization experiment with Congo red
confirmed that QAD1 can specifically label the Aβ plaques. The fluorescence
images of QAD1 and Congo red overlapped. The bright spots in the TPM images
reflect the Aβ plaques93 (Figure 1-22c).

Figure 1-23. (a) Chemical structure of ReOL3. (b) Frontal cortex serial tissue
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sections (5 μm) from human subjects viewed at 10 × magnification.

The ReOL3 probe consists of oxorhenium and new tetradentate ligands,
which form charge-neutral complexes with oxorhenium, and a ligand featuring a
styrylpyridyl functional group designed to bind to Aβ plaques (Figure 1-23a). The
affinity of ReOL3 for Aβ42 fibrils was estimated to be Ki = 855 nM based on a
fluorescence competition assay against Thioflavin T. Localization of the
compound on the treated brain tissue was measured by epifluorescent microscopy
and compared to a contiguous section immune-stained with an Aβ antibody (1E8)
that selectively binds to Aβ plaques. The results indicate that this probe can bind
to Aβ plaque and is a potential imaging tool.94 (Figure 1-23b)

Figure 1-24. (a) Chemical structure of DANIRs. (b) Plots of saturation binding
assays of DANIRs. (c) Brains of ICR mice were dissected 2 min after dosing with
DANIRs under visible light. (d) Ex vivo histology of cortex and cerebellar regions
of Tg mice dosed with DANIRs.

DANIRs was designed as a small and compact NIR probe (MW < 600 Da),
which is based on the ICT structure (Figure 1-24a). The affinity of DANIRs for
Aβ42 aggregates was estimated to be Kd = 14.5 nM, which suggests a strong
binding ability (Figure 1-24b). Figure 1-24c shows that DANIRs can efficiently
penetrate the BBB, and that brains were stained intensely red in visible light and
emitted red fluorescence under UV light. Fluorescent microscopy demonstrated
that DANIRs can selectively stain Aβ plaques in the cortex and cerebellar regions,
and the same fluorescence signals were observed in the same regions.95 (Figure
1-24d) The in vivo imaging result agrees with ex vivo histology, which shows that
36

DANIRs can efficiently permeate the BBB and selectively bind to Aβ plaques in
vivo.

Figure 1-25. (a) Chemical structure of BBTOM-3. (b) Fluorescence images of
BBTOM-3 in the brain of a Tg mouse in vivo. (c) Fluorescence images of
BBTOM-3 on brain slices from a Tg mouse ex vivo.

Zhou et al. reported the synthesis and biological evaluation of an NIR
probe, BBTOM-3, based on pull–push architecture. The probe contained the
barbituric acid group as an acceptor to detect Aβ plaques in the brain (Figure
1-25a). BBTOM-3 was tail-vein injected into ICR mice to test the BBB
permeability, and HPLC was used to analyze the concentration fluctuation of the
BBTOM-3 in the brain. The uptake of BBTOM-3 in the brain was more than 20
times that of THK-265. As shown in Figure 1-25b, BBTOM-3 treatment clearly
revealed neurofibrillary tangles in brain tissue from AD patients, indicating that
this probe has specific affinity for Aβ plaques. Ex vivo histology was performed
after in vivo imaging. The result confirmed the binding of BBTOM-3 to Aβ
plaques. A high number of Aβ plaques in the cortex, hippocampus, and cerebellum
regions of the brain sections from Tg mice, were clearly observed by co-staining
with TH-S.96 (Figure 1-25c)

1.2.6 Amyloid-β Inhibition
An enormous number of studies share the same results that Aβ aggregation
is important in AD formation. Many mutations in the APP gene are associated
with the early onset of AD. The most important factor determining Aβ toxicity is
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the aggregation state. Until now, small-molecule anti-aggregant inhibitors have
not shown efficacy in clinical trials. However, various potential small-molecule
therapies have been developed and designed, leading to the investigation of a
number of potential treatment strategies.

Figure 1-26. Proposed model for small-molecule anti-aggregants.

The amyloid hypothesis suggests a direct correlation of AD with Aβ
species. It is common sense that targeting Aβ species is an effective and efficient
therapeutic strategy. Amyloid-β peptides switch from a nontoxic monomer state to
a toxic aggregate conformation. Drugs that can block β-sheet formation, prevent
fibrillogenesis, convert Aβ in its toxic state to a nontoxic state and accelerate the
conversion of oligomers to aggregates are under consideration.97 (Figure 1-26)
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Figure 1-27. (a) Chemical structure of Baicalein 1. (b) ThT fluorescence assay of
inhibition

of

amylin

amyloid

formation

by

Baicalein

1.

(c)

ThT

fluorescence-based assay showing amyloid formation. (d) Photoinduced
cross-linking

of

protein

analysis

of

amylin

oligomer

formation.

(e)

Amylin-induced cytotoxicity by Baicalein 1 in INS-1 β-cells.

Baicalein 1 has been reported as a natural compound that reduces the
production of β-amyloid by increasing APP processing (Figure 1-27a). As shown
in Figure 1-27b, in a ThT fluorescence assay used to quantify inhibition of amylin
amyloid formation, Baicalein 1 showed a strong inhibitory activity. The function
of Baicalein 1 was further tested by spiking it into solutions containing preformed
amylin amyloid, in which it showed significant amyloid inhibition functions
(Figure 1-27c). Oligomers are confirmed to be more toxic than other types of
aggregates. Baicalein 1 strongly disrupted oligomer formation in an in vitro
PICUP assay (Figure 1-27d). Most importantly, cell-based assays demonstrated
significant neutralization functions of Baicalein 1 (Figure 1-27e).
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Figure 1-28. (a) Chemical structure of 11. (b) Oxygenation of Aβ using 11. (c)
Aβ-selective oxygenation. (d) Cross-β-sheet dependency of the oxygenation. (e)
CD spectra of oxygenation of Aβ vs. native Aβ aggregates and their respective
AFM images.

Taniguchi et al. reported photo-oxygenation catalysts based on the
target-state dependent bound to the β-sheet structure, which are selectively active,
a hallmark of pathogenic aggregated amyloid proteins. They designed compound
11 connecting juloidine moieties with brominated benzothiazole (Figure 1-28a).
In PB, compound 11 oxygenated pre-aggregated Aβ to 80% under
photoirradiation for 4 hours. Thus, compound 11 is a highly Aβ aggregated
oxygenation catalyst (Figure 1-28b). Compound 11 bound to Aβ selectively in
five compounds, which indicates that compound 11 is active only in binding to
cross-β-sheet structures (Figure 1-28c). Different cross-β-sheet structures were
incubated with dye for varying periods. As shown in Figure 1-28d, with the
growth of the cross-β-sheet, the oxygenation efficacy of 11 improved, which
indicates that compound 11 binding to non-aggregated Aβ42 was not active. In
addition, CD spectroscopy showed that an oxygenated random coil structure
occurred after 6 hours, whereas native Aβ adopted a β-sheet structure. Studies on
samples by AFM clearly showed that robust fibril formation in the native amylin
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was markedly reduced in the oxygenated amylin. Together, the studies show that
oxygenation of compound 1 might effectively and selectively identify amyloid
aggregation.98 (Figure 1-28e)

Figure 1-29. (a) Chemical structure of PEI. (b) ThT fluorescence assays. (c) the
respective AFM images of Aβ aggregates under various conditions.

Recently, accelerating the conversion of toxic amyloid oligomers to nontoxic
fibrils has become a potential strategy to regulate the types of amyloid
aggregation. Acceleration of Aβ aggregates to turn toxic Aβ oligomers into
nontoxic Aβ fibrils has become a potential way to reduce neurodegeneration.
Moore et al. designed and synthesized dual-effect modulators based on ICT,
which connect a PEI core to perphenazine as an inhibitor to achieve the
acceleration and inhibition of Aβ aggregation (Figure 1-29a). The lag phase
measured by ThT fluorescence assays assessed Aβ40 aggregation to investigate the
modulation effects of PEI and perphenazine. The ThT assays revealed that PEI
accelerates Aβ40 aggregation by 44% at 0.13 equiv, decreasing the lag time from
190 to 105 min and by 58% at 1.3 equiv, decreasing the lag time from 190 to 80
min (Figure 1-29b). AFM studies show that PEI accelerates the formation of
disordered aggregates, rather than long unbranched mature fibrils (Figure 1-29c).
These results suggest that PEI interacts with Aβ40 or Aβ40 aggregates to alter the
association of Aβ40 monomers that would lead to final fibril formation.
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Figure 1-30. (a) Chemical structure of 12. (b) Images from the in vitro
phagocytosis assay.

Compound 12, a molecule with single-digit nM binding affinity for the EP2
receptor and significantly improved microsomal stability, has been shown to have
good pharmacokinetic properties in CD-1 mice and high CNS permeability in
C57B1/6s mice and Sprague-Dawley rats (Figure 1-30a). The effect of dye 12 on
macrophage-mediated Aβ phagocytosis was explored using an ex vivo assay of
plaque-bearing brain slices from 18-month-old Tg2576 mice in the presence of
mouse peritoneal macrophage IC21 cells and vehicle or 12. As shown in Figure
1-30b, incubation with 12 at various concentration levels from 10 nM to 3 μM
confirmed a consistent

dose-dependent

increase in

the

IC21-mediated

phagocytosis of Aβ plaques. The image of a brain slice stained with 12 shows an
increase in Aβ phagocytosis compared to the vehicle, as shown by the reduction in
the number and size of plaques.99
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Figure 1-31. (a) Chemical structure of L2-b. (b) Scheme showing the inhibition
experimental protocols. (c) Analysis of the size distribution of the resultant Aβ42
species by gel electrophoresis and Western blotting with an anti-Aβ antibody. (d)
TEM images of the 24 h incubated samples.

L2-b was designed to target metal–Aβ complexes and modulate their
interaction with a subsequent reduction in toxicity. It was constructed by
incorporation of two nitrogen donor atoms into the structure of an Aβ aggregate
imaging agent that could interact with metal–Aβ complexes (Figure 1-31a). To
confirm whether L2-b could redirect metal–Aβ aggregation, leaving metal-free
Aβ cases unaffected, inhibition and disaggregation experiments were performed
using Aβ40 and Aβ42 (Figure 1-31b). In the inhibition studies of both Aβ40 and
Aβ42, and in the disaggregation experiment of Aβ42, Cu–Aβ samples treated with
L2-b for 4 h showed the MW distribution of Aβ. In the case of Zn–Aβ, L2-b
could also transform the aggregation pathways (Figure 1-31c). L2-b-incubated
Cu–Aβ, analyzed by TEM, displayed both narrower and shorter fibrils, as well as
unstructured Aβ aggregates in the inhibition experiments.100 (Figure 1-31d)
With aging populations and extended life experiences, the number of
Alzheimer’s case globally is growing at epidemic levels. Unfortunately, till now
many aspects of AD are not yet completely understood and there is no perfect
agents to imaging and inhibition for the onset and progression of AD.
Development of proper agents used as tracking and therapeutic for AD, especially
which can be readily synthesized bio-compatible molecules, is still in great
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demand.
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Chapter Two
Multifunctional Fluorophores for Bioimaging via
Two Photon Microscopy (TPM)

2.1 Introduction
Cell is the basic unit that makes up all known life forms.1 It is the smallest
self-sustaining and self-reproducing unit of life. Cells contain a variety of internal
sub-structures called organelles. For instances, nucleus composed of proteins and
deoxyribonucleic acid (DNA) which is the genetic material of the cell2,
mitochondrion provides energy in the form of ATP through the process of
respiration3, lysosomes breaking drown the waste materials inside the cell and so
on. These organelles play critical roles in a myriad cellular processes.4 Abnormal
microenvironment in these organelles, such as excess reactive oxygen species
(ROS), protons and metal ions, could lead to cellular dysfunctions, which are
associated with many diseases including cancer and neurodegenerative disorders5.
To further understand the roles of organelles and intracellular microenvironment
in biology and pathology, it is crucial to monitor and track their fluctuation at the
cells, tissues and organism level.
Fluorescence imaging microscopy is an indispensable tool in the study of
living systems6. Two-photon microscopy (TPM), which uses two photons of lower
energy as the excitation source, is growing in popularity among biologists because
of several distinct advantages.7 TPM can be applied in imaging intact tissue for a
long period of time with minimum interference from tissue preparation artifacts,
self-absorption, photodamage, photo-bleaching and auto-fluorescence.8 However,
to make TPM a more versatile tool in biology, it is necessary to develop a variety
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of two-photon probes for specific applications.

2.2 Cellular Reactive Oxygen Species (ROS) Detection
The imbalance between the production of large reactive oxygen species
(ROS) and suppression of intracellular antioxidant defenses resulted in the
oxidative stress in the cell9. Excessive production of ROS in cells often leads to
functional disorder such as impaired mitochondrial functions10, damaged DNA 11,
oxidized proteins12, and affects cell divisions leading to a severe injury of cells.13
It was shown that live nitrone spin traps by reacting with free ROS radicals to
form a spin adduct with a longer half-life, which could be detected by electron
paramagnetic

resonance

(EPR)

allowing

indirect

monitoring

ROS

concentrations.14 On the other hand, this method cannot be applied to diamagnetic
ROS including H2O2, and hypochlorite anion. Currently, no direct signal can be
observed for tracking of ROS and further study on cellular protection conditions.
Carbazole-based cyanine fluorophores, namely SPC and SPM were
designed and synthesized as novel two-photon active and biocompatible probes
for various ROS detection in cells. Importantly, SPC possessing ability of
macrophage cell membrane permeability exhibits cellular protection in both
phorbol-12-myristate-13-acetate and lipopolysaccharide induced toxic O2- and
OCl- generation, respectively. Such protection was able to be monitored by a
change in fluorescence intensity of this versatile dye. Interestingly, SPM
contained methyl group instead of carboxylic acid functional group as a
substituent on the pyridine ring, which could be taken up by cells including KB,
MCF-7, HepG2, HeLa and A549 but not by macrophages. Figure 2-1 shows the
molecular structure of these two probes.
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Figure 2-1. Molecular structures of SPC and SPM.

2.2.1 Synthesis
The synthetic routes for SPC and SPM are outlined in Scheme 2-1. The
palladium catalyzed cross-coupling of mono bromine 1 and 4-vinylpyridine gave
2 in 67% yield. Alkylation of 2 with bromoacetic acid and iodomethane to afford
SPC and SPM in 83% and 85% yield, respectively. These cyanine dyes were
fully characterized by 1H NMR, 13C NMR, and HRMS and the data obtained are
in good agreement with the proposed structures.

Scheme 2-1. Synthetic route of SPC and SPM.
Reagents and Conditions: a, 4-vinylpyridine, Pd(OAc)2, P(o-tol)3, Et3N, DMF,
90 °C; b, CH3OH, BrCH2COOH; c, CH3I, CH3CN.
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2.2.2 Results and Discussion
2.2.2.1 Photophysical Properties
SPC and SPM are excellently soluble in organic solvents and aqueous
medium. The photo physical properties of cyanine dye SPM have been reported in
literature and the newly synthesized cyanine fluorophores SPC was characterized
by UV-vis absorption spectroscopy, fluorescence spectroscopy, two-photon
absorption spectroscopy, and fluorescence quantum yield (Φ) measurements. The
emission and absorption spectra of SPC in DMSO and 0.1 M phosphate buffer
(PB) solution at pH 7 are shown in Figure 2-2. The absorption maximum (λabs),
emission maximum (λem), maximum and quantum yields (Φ) are summarized in
Table 2-1.
Cmpd

solventa

λabsmax(ε)b

λemmaxc

Φ (%)d

SPM

PB

416 (4.03)

573

2e

DMSO

432 (2.48)

563

15e

PB

423 (3.26)

575

1.2e

SPC

Table 2-1. aDMSO is dimethyl sulfoxide. T.E. buffer is 10 mM Tris-HCl, 1 mM
EDTA, pH = 7.5. PB is 0.1 M phosphate buffer solution; bLinear absorption
maximum peak in nm unit; ε is the molar absorptivity (104 M−1 cm−1).
c

Fluorescence maximum peak excited at the absorption maxima in nm unit.

d

Fluorescence quantum yield using Coumarin 6 (Φ420 = 0.78) as the standard, ±

10%. eusing Rhodamine 6G (Φ480 = 0.95).
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Figure 2-2. The absorption and emission spectra of SPC in DMSO and PB.

The absorption maxima are exhibited at 431 nm and 423 nm in DMSO and
PB buffer, respectively. When being excited at the maximum of absorption, SPC
shows much stronger fluorescence at 563 nm in DMSO. In contrast to this, SPC
shows very weak and redshifted emission (~575 nm) in PB buffer, because of the
more stabilized charge transfer excited state of SPC. This probe also showed
different fluorescence quantum yield of 0.15 and 0.012 in DMSO and PB,
respectively. The weak emission and much lower fluorescence quantum yield in
PB than those in DMSO results from the higher tendency of π-π stacking of this
molecule in an aqueous medium. SPC also exhibited massive stoke shift between
absorption and emission spectra (∆ 131 nm) in DMSO and (∆ 152 nm) in PB as
summarized in Table 2-1.
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2.2.2.2 Stability of SPC
SPC and SPM exhibited the strongest two-photon excited absorption at 810
nm and 850 nm (δ2 = 430 GM at 850 nm in PB), respectively (Figure 2-3a). The
stability of SPC was measured as a function of time over a specific pH condition
(i.e. pH = 4, 7.4, and 10) and as a function of pH condition for 24 h. SPC was
exposed to air in PBS, NaOH and HCl solution, respectively (Figure 2-3b) and in
solutions under various pH values (Figure 2-3c) at different time points, which
were excited at 423 nm. The results indicated that SPC was not only stable over
time but also stable at pH ranging from 4 to 10 in aqueous media. Therefore, this
probe could be useful as a fluorescence probe under physiological conditions.

Figure 2-3. (a) The two-photon excitation spectrum of SPC. (b) Fluorescence
responses of SPC probe to different solutions under pH 4, 7.4 and 10 as a function
time. (c) The fluorescence intensity of 23 μM SPC under various pH from 4.0 to
9.0 at 25 °C in aqueous media for 24 h, λex = 423 nm, λem = 575 nm.
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2.2.2.3 Reactivity and Selectivity of SPC toward ROS
We explored the fluorescence changing of SPC, which reactivity and
selectivity response upon various ROS and metal ions. The metal ions are chosen
in this study, which are playing essential roles in controlling and regulating the
proper cellular environment in biology. The study was carried out at proper
temperature. The fluorescence intensity was observed over time. As shown in
Figure 2-4a, SPC probe reacted with OCl-, O2- or .OH over a period of 24 h
respectively leading to the apparent change in fluorescence intensity. The rest of
ROS and metal ions showed no obvious quenching effect on SPC. The probe with
different ROS species was tested under different reaction time points to explore
the chemical kinetic. As shown in Figure 2-4b, the fluorescence intensity of SPC
quenched completely by OCl-, O2- and .OH after 3 min, 3 h and 24 h, respectively.
It was anticipated that the reaction kinetic within the cellular conditions changed
much faster, it could be reasonable to apply the SPC probe to detect and track
ROS on a real-time scale. Figure 2-4c shows the fluorescence responses of SPC
toward O2- of various concentrations (from 0 to 8 mM) at pH ~10. As anticipated,
the fluorescence intensity of SPC decreased progressively concomitant with an
increase in the [O2-]. Figure 2-4d shows the fluorescence intensity of SPC in the
presence of OCl- with respect to reaction time, which also shows a rapid
fluorescence quenching of SPC.
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Figure 2-4. (a) Fluorescence response of 23 µM SPC to various ROS or metal
ions for 24 h. (b) Fluorescence response of 23 µM SPC to ROS under different
reaction time points. (c) Fluorescence responses of 23 µM SPC toward O2- of
various concentrations (from 0 to 8 mM) at pH ~10. (d) Fluorescence response of
23 µM SPC to O2− and OCl− at pH ~ 10 as a function of time. (e) Absorption
spectra of SPC in the presence of ROS after 30 min and (f) 24 h.

2.2.2.4 The Reaction Mechanism of SPC with Superoxide or
Hypochlorite
To get insight into the underlying reaction mechanism of SPC toward O2and OCl-, various spectroscopic techniques including 1H NMR, HRMS and
UV-vis measurements were employed to investigate it. The reactions were firstly
carried on with SPC and O2− in D2O by 1H NMR studies. After 3 h of reaction, 1H
NMR spectrum showed the proton resonance on the double bond of SPC
disappeared. As shown in Figure 2-5c suggesting that O2− cleaved the double
bond of the probe, generating another new compound, hydroxyl-SPC which
exhibits a fragment peak at m/z 449.2098 corresponding to [M]+ in the HRMS
spectrum (Figure 2-5d). The color of SPC after reacting with superoxide or
hypochlorite showed obvious change from deep yellow to colorless (Figure 2-5a).
Also, the HRMS analysis of a mixture of SPC and OCl- consistently indicated the
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cleavage of double bond leading to form a new compound, chloro-SPC, with a
fragment peak at m/z 467.2053 (Figure 2-5e). The UV absorption spectra of SPC
in the presence of various ROS were also performed accordingly. The maximum
of absorption wavelength at 420 nm which corresponds to the donor-π-acceptor
core of SPC molecule clearly disappeared, when SPC mixed with OCl-, O2-,
or .OH, suggested the cleavage of the π-conjugated system (Figure 2-4e). On the
contrary, the absorption band remains unchanged upon mixing SPC with H2O2, or
1

O2 even after 24 h because of the poor reactivity under reaction conditions

(Figure 2-4f).

Figure 2-5. (a) A color change of SPC in the presence of superoxide or
hypochlorite anions. (b) 1H NMR spectra of SPC before and (c) after reacting
with superoxide in a mixture of DETPA. (d) HRMS spectrum of SPC upon
reacting with superoxide. (e) HRMS spectrum of SPC upon reacting with
hypochlorite.
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As a result, SPC fluorophore is found to be remarkable to monitor and track
ROS without giving any intermediate interference signals, showing a real
potential for detection of ROS in vivo.

2.2.2.5 Cytotoxicity Effect of SPC and SPM
The cell viability of RAW 264.7 cells upon treatment with SPC was studied
by using standard MTT assay. The RAW 264.7 cells were treated with various
concentrations of SPC at 37 °C overnight. Each cell sample in the presence of
MTT reagent was added with ethanol/DMSO (1:1) as a solvent. The results
showed that more than 90% survival rate was observed (Figure 2-6a).

Figure 2-6. (a) Cytotoxicity of RAW 264.7 cells upon treated with different
concentrations of SPC. (b) One-photon fluorescence images of RAW 264.7
treated with 23 μM SPC and 23 μM SPM.

2.2.2.6 Internalization Efficiency of SPC and SPM in Different
Cell Lines and Photostability Test of SPC
Interesting, the RAW 264.7 cells could only take up SPC efficiently (Figure
2-6b); on the contrary, SPM having methyl substituent instead of a carboxylic
acid functional group could only be uptaken by other cell lines including A549,
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KB, HepG2, MCF-7 and HeLa cells but not the RAW 264.7 cells (Figure 2-7a).
SPC probe also exhibits an extremely good photostability in RAW 264.7 cells
under one-photon excitation and its fluorescence intensity is stable over 30 min
(Figure 2-7b).

Figure 2-7. (a) One-photon microscopy images of various cell lines treated with
23 μM SPC and 23 μM SPM. (b) Photostability of SPC in RAW 264.7 cells at
different time points.

These findings suggested that SPC was useful as a cellular ROS probe
because the ROS production and its reactions mainly take place in macrophages.
The excellent biocompatibility, low cytotoxicity and high cell permeability of
SPC to RAW 264.7 cells are of paramount importance for practical usage for ROS
detection and imaging in vivo.

2.2.2.7

Cellular

Protection

of

SPC

on

PMA-stimulated

Macrophages
To probe the usefulness of SPC for ROS detection and the cellular protection,
RAW 264.7 cells was treated with phorbol-12-myristate-13-acetate (PMA) which
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was used to activate and facilitate the release of ROS, particularly O2−. After
treating RAW 264.7 macrophages with SPC for 6 h at 37 °C (final concentration
of probe was 23 µM), the fluorescence signals were collected in which the probe
exhibited stable and bright one (OP) /two-photon (TP) fluorescence (Figure 2-8a).
However, when RAW 264.7 cells was treated with SPC and then incubated with
PMA (100 ng/mL) at 37 °C for 3 h, OP/TP excited fluorescence signals were
apparently decreased as compared with the signals without being treated with
PMA (Figure 2-8b). This result was consistent with the average emission
intensity obtained from cell extracts (Figure 2-8d). To demonstrate the selectivity
of the probe for intracellular O2−, Tiron solution (100 ng/mL), being a well-known
cell-permeable O2− scavenger, was added to the cells for 1 h after PMA treatment.
Indeed, both OP/TP fluorescence channels showed strong fluorescence signals,
consistently confirmed that the fluorescence quenching was due to the generation
of excess O2− in the cells (Figure 2-8c). The bright-field images showed that the
PMA-treated RAW 264.7 cells showed very high survival rate. This further
supported the response/reaction upon O2− led to the fluorescence quenching.

Figure 2-8. OP/TP fluorescence microscopy images of RAW 264.7 cells. (a)
Cells treated with 23 µM of SPC only. (b) Cells with an incubation of 23 µM of
SPC followed by a stimulation of PMA (100 ng/mL) at 37°C for 3 h. (c) with a
stimulation of PMA (100 ng/mL) followed by an incubation of Tiron (100 ng/mL)
for 1 h and SPC for another 6 h at 37°C. OP and TP images were collected using
458 nm and 810 nm excitations, respectively. The emission was collected from
500 – 600 nm. Scale bar is 10 µm. (d) Fluorescence responses of SPC in RAW
264.7 cells in addition to various PMA concentrations for 3 h.
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After PMA treatment for 40 min, the spherical RAW 264.7 cells (blank)
became elongated with a few pseudopodia. In sharp contrast, RAW 264.7 cells
pretreated with SPC showed no obvious morphological change even after PMAtreatment (Figure 2-9). As shown in Figure 2-9a, RAW 264.7 cells treated with
PMA only showed morphological changes over a period of time. No apparent
difference in cell viability was observed. Upon SPC addition, SPC suppressed the
morphological change of the PMA-stimulated cells (Figure 2-9b). Thus, we came
to the conclusion that SPC exerted cellular protection from morphological change
in PMA-stimulated macrophages by quenching of the O2− produced, resulting in a
apparent fluorescence intensity change (Figure 2-9d).

Figure 2-9. Bright field images (BFI) and fluorescence images (FI) of PMA
stimulated RAW 264.7 cell as a function of time. (a) RAW 264.7 cells were in the
presence of PMA (100 ng/mL) at 37 °C for 3 h. (b) RAW 264.7 treated with SPC
cells for 6 h and then stimulated by PMA (100 ng/mL) for 3 h at 37 °C. (c) RAW
264.7 cells (Blank) and RAW 264.7 cells were in the presence of 23 µM SPC for
6 h. (d) The cytotoxicity of RAW 264.7 in the presence of different concentrations
of PMA for 14 h at 37 °C.

2.2.2.8

Cellular

Protection

of

SPC

on

LPS-stimulated

Macrophages
Lipopolysaccharide (LPS), known to stimulate mammalian cells and
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generate highly reactive OCl−, was also used to treat RAW 264.7 to probe the
applicability of SPC for cellular protection. SPC was added to the RAW 264.7
cells and then incubated with LPS (5 mg/mL) for 14 h to generate OCl−. The
OP/TP fluorescence signals of SPC loaded in RAW 264.7 cells decreased
tremendously, indicating that SPC showed potential for detecting and tracking
OCl− (Figure 2-10a). However, RAW 264.7 cells incubated with LPS induced
high cytotoxicity (Figure 2-10d blue curve). Meanwhile, the morphological
shape of the cells was also distorted. (Figure 2-10b) Upon an increase in LPS
concentration, irregular shape with many pseudopodia and vesicles in the cells
occurred. Live/dead assay including trypan blue staining and/or propidium iodide
(PI) staining was used to assess the cell viability as LPS concentration increased.
Indeed, the RAW 264.7 cells incubated with LPS showed substantial cell death
with the level of LPS concentration more than 10 ng/mL. However, the toxicity of
LPS-stimulated RAW 264.7 cells dramatically reduced the percentage of cell
death in the presence of SPC; even LPS concentration was above 100 ng/mL.
(Figure 2-10d red curve).

Figure 2-10. (a) OP fluorescence microscopic images of RAW 264.7 cells treated
with 23 µM SPC and followed by a stimulation of LPS (100 ng/mL) at 37°C for
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12 h. (b) RAW 264.7 cells treated with various concentration of LPS inducing the
cell morphological changes. (c) (i) Bright-field images showing PI staining of
LPS-treated RAW 264.7 cells and (ii) Bright-field images showing trypan blue
staining of LPS-treated RAW 264.7 cells before and after adding 23 µM of SPC
as a function of concentration of LPS. (d) The cytotoxicity of RAW 264.7 with
respect to percentage under different concentrations of LPS.
These findings suggest that the product produced by the reaction of SPC
with OCl− is low in toxicity affording the cell viability. Thus, RAW 264.7 cells in
the presence of SPC reduced the LPS-induced cytotoxicity and enhance the
viability of cells in a dose-dependent manner.

2.2.3 Conclusion
We have demonstrated the effectiveness

and versatility of the

biocompatible and low cytotoxic carbazole-based cyanine, SPC not only as a
smart ROS sensor for intracellular detection of O2− and OCl− in a biological
system but also as a ROS scavenger for cellular protection in stimulated
macrophages for the first time.

2.3 Cellular Acidic Environment Detection
Hydrogen ion is one of the most important intracellular species15. Many
cellular metabolic pathways are modulated by pH values in the acidic range,
including signaling, endocytic process and defense16. An acidic environment can
serve to protein degradation and activate enzyme functions17. Considering that an
abnormal pH in intracellular microenvironment is a peculiar feature of the cancer
cells. Solid tumors show an acidic extracellular fluid with pH of 6.2-6.918. In the
tumor cells, the increased glucose catabolism results in significant production
hydrogen ion. The excess hydrogen ions diffuse along the concentration gradient
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from the tumor into another adjacent normal tissue leading to a chronically acidic
microenvironment for neighboring normal cells19. Since tumor induction is
associated with abnormal change of pH in the cellular environments 20, it is
important to monitor and track the distribution of abnormal pH fluctuation in
living system to understand the pathological effects, its physiological functions, as
well as for early stage diagnosis of such serious diseases.
Toward this end, we designed and synthesized a novel TP active
fluorophores, namely PSIOH, for monitoring and imaging of pH change in living
cells and tissues. This probe is composed of 9-(2-(2-methoxyethoxy)ethyl)
-9H-carbazole that can enhance the water solubility of the molecule and
9,9,9a-trimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indole as the hydrogen ion
response site. The molecular structure of PSIOH probe is shown in Figure 2-11.

N
O

N
R

PSIOH
R = CH2CH2OCH2CH2OCH3

Figure 2-11. The molecular structure of PSIOH.

2.3.1 Synthesis
Synthesis of oxazolidine-based probe was prepared as outlined in Scheme
2-2. The key intermediate, SIOH was synthesized by the condensation of
1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium chloride, 6 with aromatic
aldehydes, 3 in refluxing ethanol affording SIOH in 57% yield. Subsequent ring
closure reaction was carried out in a basic medium by stirring SIOH with sodium
hydroxide yielding the desired product, PSIOH in good yield (78%). The
oxazolidine probe was fully characterized by 1H NMR, 13C NMR, and HRMS and
71

the data obtained are in good agreement with the proposed structure.
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Reagents and Conditions: a, ClCH2CH2OH, sealed tube; b, n-BuLi, DMF, THF,
-78 °C; c, 6, EtOH, reflux; d, NaOH, r.t.
Scheme 2-2 Synthetic route of PSIOH.

2.3.2 Results and Discussion
2.3.2.1 Photophysical Properties
The photophysical properties of PSIOH and its key intermediate, SIOH
were characterized by UV-vis absorption, emission and fluorescence quantum
yield (ΦPL) measurements. The absorption and emission spectra of PSIOH in
DMSO and 0.2 M NaH2PO4 solution at pH 9.2 are shown in Figure 2-12. The
absorption and emission spectra of SIOH in DMSO and 0.2 M Na2HPO4 solution
at pH = 4.5 are shown in Figure 2-13. Their absorption maxima (λabsmax),
emission maxima (λemmax) and fluorescence quantum yields (ΦPL) are summarized
in Table 2-2.
As shown in Figure 2-12, PSIOH shows a band with absorption maxima
locating at 344 nm and the emission maxima at 443 nm in DMSO with a Stoke
shift of 99 nm. Under basic conditions (pH = 9.2), a similar phenomenon was
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observed in which this probe showed an absorption maximum at 340 nm and the
emission maximum at 435 nm with a Stoke shift of 95 nm. Then, the fluorescence
quantum yield (Φ) is 61% in DMSO and 36% in basic medium. As shown in
Figure 2-13, the absorption and emission maxima of the cationic intermediate,
SIOH showed a red-shift to 489 nm and 606 nm, respectively, which was
attributed to an enhanced intramolecular charge transfer, with a large Stoke shift
of 117 nm in DMSO. In aqueous buffer at pH = 4.5, SIOH showed the absorption
and emission maxima at 481 and 604 nm, respectively with a large Stoke shift of
123 nm. The fluorescence quantum yield of SIOH in aqueous buffer is much
lower than in DMSO due to the strong intermolecular interactions between the
cationic SIOH and the water molecules.

Cmpd

PSIOH

SIOH

abs

λemmaxd
(Stoke Shift)

Φ (%)e

Solvent

λ

Buffera

340 (1.98)

435 (95)

36f

DMSO

344 (2.12)

443 (99)

61f

Bufferb

481 (1.89)

604 (123)

1g

DMSO

489 (2.99)

606 (117)

11g

max

(ε)

c

Table 2-2. aMeasured in 0.2 M NaH2PO4 solution (pH = 9.2) containing 10%
DMSO. bMeasured in 0.2 M Na2HPO4 solution (pH = 4.5) containing 10% DMSO.
c

Absorption maximum in nm and ε is the molar absorptivity (104 M-1cm-1).

d

Emission maximum in nm. eFluorescence quantum yield.

f

Using Norharman

(Φ330-390 = 0.58) as the standard. gUsing Rhodamine 6G (Φ480 = 0.95).
4

1.2x10

PSIOH in PB
PSIOH in DMSO

4

2.5x10
4

4

2.0x10
3

-1

8.0x10

-1

Molar Absorptivity/M cm

-1

Molar Absorptivity/M cm

-1

1.0x10

3

6.0x10

3

4.0x10

3

2.0x10

0.0

4

1.5x10

4

1.0x10

3

5.0x10

0.0

350

400

450

500

550

600

350

375

Wavelength/nm

Wavelength/nm

73

400

PSIOH in PB

1.0

PSIOH in DMSO

1.0

0.8

Intensity/ a.u

Intensity/ a.u

0.8

0.6

0.4

0.6

0.4

0.2

0.2

0.0

0.0

400

450

500

550

450

Wavelength/nm

500

550

Wavelength/nm

Figure 2-12. The absorption and emission spectra of PSIOH in PB and DMSO.
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Figure 2-13. The absorption and emission spectra of SIOH in DMSO and PB.

2.3.2.2 Optical Response to H+ ion
We then investigated the responses of this fluorophore as a ratiometric
probe toward pH change. Initially, the pH titration was conducted in a
DMSO/buffer (0.2 M Na2HPO4, 0.2 M NaH2PO4) (1:9, v/v). When PSIOH was
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titrated from pH 9.2 (basic) to 4.5 (acidic), the absorption maximum at 287 nm
gradually decreased concomitant with an increase of absorption band at 491 nm.
Meanwhile, the fluorescence titration showed a similar ratiometric behavior with
a progressive decrease of the emission band at 435 nm and a simultaneous
increase of the peak at 604 nm upon excitation at 320 nm (Figure 2-14a). Such a
large Stoke shift of 115 nm is beneficial to reducing the excitation interference.
Furthermore, a distinct isosbestic point at 543 nm was observed between two fully
resolved λem at 435 and 604 nm (Figure 2-14b). Such a spectral red shift is
attributed to the opening of the protonated oxazolidine ring, leading to the
enhancement of the intramolecular charge transfer (ICT).
The color change of PSIOH solution upon pH change can be visualized by
the naked-eye observation in which the color changes from pale yellow to orange
with a decrease in pH value (Figure 2-14d). In addition, such colorimetric
transition was reversible upon pH variation. Meanwhile, the emission color
changes of PSIOH solution from blue to orange was also apparent under UV
lamp irradiation (365 nm).

Figure 2-14. All data were measured in DMSO-buffer (1:9, v/v) (0.2 M Na2HPO4,
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0.2 M NaH2PO4). (a) Absorption spectra of PSIOH (10 μM) at various pH values
in DMSO-buffer solution (1:9, v/v). (b) Emission spectra of PSIOH (10 μM) at
various pH values in DMSO-buffer solution (λex = 320 nm). (c) Emission intensity
ratio changes (F604/F435) over the pH range of 4-9. The red line represents the
nonlinear fitting of the experimental data by origin software. (d) An absorption
and emission color changes of PSIOH at 10 μM in DMSO-buffer solution at pH
4.5 to 9.2 under ambient and UV lamp light.

2.3.2.3 pKa Value of Probe
The pKa of the conjugate acid-base of PSIOH was estimated from the
emission intensity ratios at 604 and 435 nm in the fluorescence titration curve as
shown in Figure 2-14c, which indicated that the intensity ratio changed gradually
and increased with the reduction of pH values. The pKa value was calculated to be
6.60 by using Boltzmann equation. This pKa value is useful for assessing
intracellular acidic in living cells and tissues.

2.3.2.4 Photostability, Reversibility and Selectivity of Probe
The photostability of PSIOH was investigated by measuring the relative
fluorescence intensity responses over a period of two hours. There were no
significant difference in the relative fluorescence responses at pH 4.49, 6.64 and
8.04, confirming that this probe was photostable under sensing conditions (Figure
2-15a).
Reversibility is another important parameter to assess the fluorescence
performance of a pH probe that was conducted between pH 4.49 and 9.18. The pH
value of the solution was modulated back and forth. The ratio of the fluorescence
intensity at 604 and 435 nm was recorded. As shown in Figure 2-15b, the result
indicated that the fluorescence intensity ratio was increased quickly at the pH 4.49
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and fast recovered at the pH 9.18. In the meantime, the visible color change
between colorless to orange by naked eyes was apparent. The reversible response
to the pH change was rapidly complete within seconds. Thus, PSIOH showed a
remarkable reversibility of pH change.
To further investigate whether PSIOH could work in a complex biology
environment and have the ability to respond to the proton in the intracellular
environment without interference with other bioactive small molecules and metal
ions. The high concentration of various interference reagents (50 μM) were added
into the probe solution (10 μM) at pH 4.49, 6.64 and 8.04, respectively. As shown
in Figure 2-15c, there are no significant changes in fluorescence intensity ratio of
the probe upon addition of commonly found bioactive species. These results
suggested that this probe exhibited very high selectivity toward pH change.

Figure 2-15. (a) The time courses of fluorescence intensity of PSIOH (10 μM) at
different pH values of 4.49, 6.64, and 8.04, respectively. (b) Changes in
fluorescence intensity of PSIOH between pH 4.49 (λex = 602 nm) and 9.18 (λex =
435 nm). λex = 320 nm. (c) Fluorescence intensity changes of 10 μM PSIOH in
DMSO/buffer (2/1 v/v) at pH 4.49, 6.64 and 8.04, respectively in the presence of
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diverse metal ions and bioactive small molecules. 1, blank; 2, Mg2+ (50 μM); 3,
Pb2+ (50 μM); 4, Cd2+ (50 μM); 5, Ca2+ (50 μM); 6, Hg2+ (50 μM); 7, Co2+ (50
μM); 8, K+ (50 μM); 9, Cu2+ (50 μM); 10, Ba2+ (50 μM); 11, Ag+ (50 μM); 12,
Mn2+ (50 μM); 13, Zn2+ (50 μM); 14, Fe3+ (50 μM); 15, NH4+ (50 μM); 16, H2O2;
17, Aspartic acid (50 μM); 18, Cysteine (50 μM); 19, Phenylalanine (50 μM); 20,
Arginine (50 μM); 21, Lysine (50 μM); 22, Tryptophan (50 μM); 23, Glutamic
acid (50 μM); 24, Methionine (50 μM); 25, Leucine (50 μM); 26, Glutamine (50
μM); 27, Valine (50 μM); λex = 320 nm.

2.3.2.5 Response Mechanism of Probe with H+ Ion
This oxazolidine-based probe is anticipated to undergo acid catalyzed
ring-opening of oxazolidine in which C-O bond cleavage is facilitated by the
protonation at the O atom of the oxazolidine ring and then induced by the
nucleophilic attack of nearby nitrogen atom. This results in the formation of
cationic ICT state of the probe which absorbs and emits at a longer wavelength
than the neutral oxazolidine form. Thus, this provides a proton sensing mechanism.
(Figure 2-16) To confirm the pH response mechanism, 1H NMR titration of
PSIOH was conducted in a DMSO-d6 solution with the addition of HCl. As
shown in Figure 2-17, upon an addition of H+ ion, two methyl protons on the
indolium moiety at h and g positions merge together and shift downfield. In the
meantime, the methylene protons, b, next to the N atom in oxazolidine ring also
show a dramatic downfield shift which is due to the formation of iminium ion
(C=N+) upon the opening of protonated oxazolidine ring leading to the
deshielding of the methylene protons b. Furthermore, the formation of a strong
ICT state of the probe causes the i and j protons on the double bond and k-q
protons on the carbazole ring being deshielded, leading to the downfield shift of
these protons.
Unambiguously, this deduced mechanism can clearly show that PSIOH can
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instantly respond to the change of acidic environment giving rise to a significant
characteristic of optical changing.

Figure 2-16. The pH sensing mechanism for the PSIOH probe.

Figure 2-17. 1H NMR titration spectra of PSIOH probe (0.02 M) in DMSO-d6
upon the addition of H+ ion: (a) free, (b) 0.25 equiv. of H+ ion, (c) 0.5 equiv. of H+
ion, (d) 0.75 equiv. of H+ ion, (e) 1 equiv. of H+ ion.
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2.3.2.6 Ratiometric Two-Photon Fluorescence Probe Imaging
Behavior of Intracellular pH Change
The cytotoxicity of PSIOH towards HeLa cells was evaluated using MTT
assay to assess the practical application. Different concentration of 0-50 μM of
PSIOH was given to cells upon exposure for 24 h. The lethal concentration 50
(LC50) was determined to be ~13 μM as depicted in Figure 2-18 suggesting
acceptable cytotoxic effect of PSIOH toward the HeLa cells.
100
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Figure 2-18. Cell viability values (%) estimated by MTT proliferation. HeLa cells
were incubated with different concentrations of PSIOH at 37 ℃ for 24 h.

To demonstrate the application of PSIOH to detect and sense the pH
change of living cells and tissues. TPM imaging study using HeLa cell with H+/K+
ionophore nigericin was conducted which is a standard protocol for homogenizing
the pH of cells and culture medium to perform the intracellular pH calibration
experiment. Upon excitation at 740 nm, the dual channel fluorescence images at
400-450 nm (blue channel) and 580-620 nm (red channel) were collected. As
shown in Figure 2-19, the fluorescence in the blue channel (second row) increases
in the cell upon an increase in pH value meanwhile the fluorescence in the red
channel (third row) decreases. It is important to note that PSIOH shows a fast
response to the change in intracellular pH and no subcellular localization
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selectivity but distributes relatively evenly within the cell as shown in the overlay
of bright-field and TP fluorescence images (fourth row), being different from most
of small molecule TPM probes. This probe also affords better biocompatibility
and dispersibility. Thus, this probe could measure the whole intracellular pH map
rather than only a particular organelle such as lysosomes or endosomes in cell and
monitor pH value change in the living cell including the cytoplasm and nucleus.

Figure 2-19. Two-photon imaging of PSIOH in HeLa cells at various pH: blue
channel, emission at 400-450 nm (TPM; λex = 750 nm); red channel, emission at
580-620 nm (TPM; λex = 750 nm).

2.3.2.7 Tracking the Stimulated Intracellular pH Fluctuation by
PSIOH via TPM Fluorescence Imaging
To investigate the effect of the probe to monitor intracellular acidic
environment fluctuation, different chemicals were applied to HeLa cells to
stimulate intracellular pH fluctuation. Redox chemicals such as H2O2 and glucose
were reported that they could modify the activity of cell membrane ion transport
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which was important for proper cellular functions resulting in acidification of
intracellular pH to 7.0 ± 0.221. Ammonia chloride was known to induce the pH
changes of lysosomes inside the cell from 4.7-4.8 to 6.2-6.422. Therefore, these
chemicals were incubated with HeLa cells and its pH was monitored by PSIOH
via TPM. As shown in Figure 2-20a, H2O2, glucose and NH4Cl induce the pH
change in the intracellular environment of HeLa cells to different extent. The
overlay images clearly exhibit difference in fluorescence intensity in red channel
and blue channel confirming the ability of PSIOH to track the chemicals induced
intracellular pH change.
Hypoxia results from an inadequate supply of oxygen that compromises
biological functions. Studies showed tissue hypoxia was strongly related to tumor
propagation. In hypoxia, the mitochondrial oxygen consumption rate and
production of ATP are reduced, which decreases cytosolic pH resulting in
intracellular acidosis23. According to this mechanism, we investigated whether the
probe PSIOH can track the intracellular pH change upon a reduction of oxygen in
cells. HeLa cells were incubated with PSIOH (1.0 μM) for 0.5 hours and then
kept under 20%, 10%, 5% and 0% oxygen for 3 hours at 37 °C, significant blue
and red fluorescence was observed in the cells (Figure 2-20b). As expected, with
the reduction of oxygen, the fluorescence intensity from the red channel was
much stronger than those from blue channel. Importantly, this probe showed
distinct fluorescence intensity difference from the two channels under different
oxygen content in the cells. This result implies that PSIOH as a TPM probe is
sensitive to an intracellular pH environment change under the conditions of
insufficient oxygen.
It was unavoidable that excess amount of reactive oxygen species (ROS)
can lead to the oxidative cell damage and cell death even under optimal conditions.
Hydrogen peroxide may be reactive to H+-ATPase in plasma membrane, which
will stimulate the cell to change to more acidic in the intracellular environment.
To track the ROS to stimulate the intracellular pH changes, probe PSIOH (1 μM)
was incubated with HeLa cells for 0.5 h and then irradiated with UV light for 10
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min and 30 min, respectively. UV-driven oxygen reduction causes the formation
of hydrogen peroxide which increases acidity of the cell strongly over time. As
shown in Figure 2-20c, the untreated PSIOH-loaded cells exhibited a strong
fluorescence in the blue channel. Then the red fluorescence observed from the red
channel increases over UV-exposure time. This phenomenon shows that the
production of ROS stimulated the decrease in pH value of the cells and also
supports our probe can be quickly and distinctly responsive to the changes of
intracellular pH environment.

Figure 2-20. (a) Two-photon microscopy images of PSIOH loaded HeLa cells.
Intact cells, H2O2 (0.1 mM) treated, Glucose (10 mM) treated and NH4Cl (1.0 mM)
treated cell were incubated 1 h at 37 °C. The excitation wavelength was 750 nm
and the images obtained from blue (400-450 nm) and red (580-620 nm) channels.
(b) Two-photon microscopy images of PSIOH loaded HeLa cells for 0.5 h at
37 °C and then kept under 20 %, 10%, 5% and 0 % oxygen for 3 h. The excitation
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wavelength was 750 nm and the images obtained from blue (400-450 nm) and red
(580-620 nm) channels. (c) Two-photon microscopy images of PSIOH loaded
HeLa cells for 0.5 h at 37 °C and then irradiated by UV light for 10 min and 30
min. The excitation wavelength was 750 nm and the images obtained from blue
(400-450 nm) and red (580-620 nm) channels.

2.3.3 Conclusion
In summary, we have developed PSIOH as a novel ratiometric TP probe,
with a pKa value of 6.60 that can detect pH changes in intracellular environment
in living cells and tissues. This probe exhibits a good TP cross-section. It can
detect and visualize multiple types of pH stimulant in HeLa cells via TPM.
Importantly, this intracellular light-up probe as a two-photon ratiometric sensor
possesses advantages of high signal-to-noise ratio, excellent good photo-stability,
as well as low toxicity, showing potential applications in biology research,
including studies of the intracellular environment.

2.4 Experimental
General Procedures All the solvents were dried by the standard methods
wherever needed. 1H NMR spectra were recorded using a Bruker-400 NMR
spectrometer and referenced to the residue CHCl3 7.26 ppm or DMSO-d6 2.5 ppm.
13

C NMR spectra were recorded using a Bruker-400 NMR spectrometer and

referenced to the CDCl3 77 ppm or DMSO-d6 39.5 ppm. Mass Spectroscopy (MS)
measurements were carried out by using fast atom bombardment on the API
ASTER Pulser I Hybrid Mass Spectrometer or matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) technique.

(E)-1-(Carboxymethyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)
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vinyl)pyridin-1-ium bromide (SPC): A solution of 2 (0.17 g, 0.5 mmol) and
bromoacetic acid (0.28 g, 2.0 mmol) in ethanol was stirred overnight at room
temperature. After removing the solvent, the residue was precipitated from
methanol and ethyl acetate to afford SPC (212 mg) in 83% yield. 1H NMR (400
MHz, DMSO-d6) δ 8.68 (d, J = 5.2 Hz, 2H), 8.56 (s, 1H), 8.11-8.19 (m, 4H), 7.86
(dd, J = 1.2 Hz, J = 8.4 Hz, 1H), 7.72 (d, J = 8 .8 Hz, 1H), 7.67 (d, J = 8.4 Hz,
1H), 7.51-7.53 (m, 1H), 7.47-7.49 (m, 1H), 7.27 (t, J = 7.2, 1H), 4.84 (s, 2H), 4.58
(t, J = 5.2 Hz, 2H), 3.81(t, J = 5.2 Hz, 2H), 3.44-3.47 (m, 2H), 3.30-3.28 (m, 2H),
3.10 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 170.4, 152.7, 144.8, 141.9, 141.7,
140.9, 126.4, 126.3, 126.1, 122.7, 122.2, 122.1, 120.9, 120.3, 120.1, 119.7, 110.4,
110.2, 71.3, 69.8, 68.8, 58.1, 42.9; HRMS (MALDI-TOF) m/z Calcd for
C26H27N2O4 431.1965 Found 431.1953 [M+].

1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium chloride (6): A solution
mixture of 2,3,3-trimethyl-3H-indole (0.30 g, 2.0 mmol) and 2-chloroethan-1-ol
(0.16 g, 2.0 mmol) was heated to reflux in a sealed tube overnight. After cooling
to room temperature, methanol was removed under vacuum. The resulting solid
was washed with acetone and dried to afford 6 (0.42 g) in 87% yield. 1H NMR
(400 MHz, DMSO-d6) δ 8.00-7.98 (m, 1H), 7.85-7.83 (m, 1H), 7.62-7.59 (m, 2H),
4.61 (t, J = 4.0 Hz, 2H), 3.86 (t, J = 4.0 Hz, 2H), 2.85 (s, 3H), 1.55 (s, 6H).
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C

NMR (100 MHz, DMSO-d6) δ 197.7, 141.8, 141.2, 129.3, 128.8, 123.4, 115.7,
57.7, 54.3, 50.4, 22.1, 14.5.

(E)-1-(2-hydroxyethyl)-2-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)
vinyl)-3,3-dimethyl-3H-indol-1-ium (SIOH): A mixture of 3 (0.6 g, 2 mmol)
and 6 (0.5 g, 2 mmol) was dissolved in absolute EtOH under nitrogen. The
mixture was heated to reflux overnight. After cooling down to room temperature,
the organic solvent was removed. The residue was purified by precipitation from
methanol to afford SIOH (0.55 mg) in 57% yield. 1H NMR (400 MHz, DMSO-d6)
δ 9.13 (s, 1H), 8.65 (d, J = 16.0 Hz, 1H), 8.35-8.33 (m, 1H), 8.28 (d, J = 8.0 Hz,
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1H), 7.88-7.86 (m, 2H), 7.83-7.79 (m, 2H), 7.74 (d, J = 8.0 Hz, 1H), 7.62-7.53 (m,
3H), 7.37-7.34 (m, 1H), 4.84-4.81 (m, 2H), 4.67-4.65 (m, 2H), 3.94 (d, J = 4.0 Hz,
2H), 3.84 (t, J = 4.0 Hz, 2H), 3.47-3.45 (m, 2H), 3.29-3.27 (m, 2H), 3.08 (s, 3H),
1.86 (s, 6H). 13C NMR (100 MHz, DMSO-d6) δ 182.5, 155.2, 143.9, 143.4, 141.2,
128.8, 128.7, 128.6, 126.9, 125.9, 124.9, 123.1, 122.9, 122.3, 120.7, 120.6, 115.0,
110.9, 110.8, 109.9, 71.3, 69.8, 68.8, 58.7, 58.1, 51.9, 48.9, 43.1, 26.3. HRMS
(MALDI-TOF) m/z Calcd for C31H35N2O3 483.2642 Found 483.2649 [M+].

9a-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)vinyl)-9,9-dimethyl-2,3
,9,9a-tetrahydrooxazolo[3,2-a]indole (PSIOH): A mixture of SIOH (1 g 2mmol)
and NaOH (0.2 g 5 mmol) was dissolved in CH2Cl2 and stirred at ambient
temperature overnight. The resulting solution was washed with water and brine.
The organic phase was dried over anhydrous sodium sulfate and the solvent was
removed. The residue was purified by silica gel chromatography to afford PSIOH
(0.8 g) in 78% yield. 1H NMR (400 MHz, CDCl3) δ 8.17 (s, 1H), 8.10 (d, J = 8.0
Hz, 1H), 7.62 (dd, J = 8.5 Hz, J = 1.5 Hz, 1H), 7.48-7.44 (m, 3H), 7.27-7.23 (m,
1H), 7.22-7.17 (m, 1H), 7.13-7.06 (m, 2H), 6.99-6.95 (m, 1H), 6.84 (d, J = 7.8 Hz,
1H), 6.32 (d, J = 15.8 Hz, 1H), 4.52 (t, J = 6.2 Hz, 2H), 3.87 (t, J = 6.2 Hz, 2H),
3.74-3.65 (m, 2H), 3.58-3.49 (m, 4H), 3.45-3.43 (m, 2H), 3.33 (s, 3H), 1.51 (s,
3H), 1.24 (s, 3H).

13

C NMR (100 MHz, CDCl3) δ 151.0, 141.2, 140.7, 140.2,

133.2, 128.1, 127.8, 126.1, 124.8, 123.4, 123.1, 122.6, 121.8, 120.6, 119.5, 119.0,
112.3, 110.4, 109.3, 72.2, 71.1, 69.5, 63.8, 59.3, 50.4, 48.2, 43.5, 28.7, 20.6.
HRMS (MALDI-TOF) m/z Calcd for C31H34N2O3 482.2564 Found 482.2545
[M+].

Instrumentation: Absorbance, emission, stability and quenching of SPC in
different solutions were characterized by UV-VD (Aglient 8453) and
Spectrofluorometer (Fluormax-4). Confocal fluorescence imaging and bright field
imaging were performed on Laser Confocal Scanning Microscope (Leica TCS
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SP5) with magnification of 63X. The MTT experiment was conducted at Bio Tek
Powerwave XS microplate reader.
Uv-vis absorption spectra and fluorescence intensity spectra of PSIOH was
measured on a Cary UV-100 spectrophotometer and PTI QM4, respectively.
Fluorescent microscopy imagings of HeLa cells were carried out by using an
Olympus FV 1000-MPE multiphoton laser scanning confocal microscope.
Fluorescent imagges of mice were taken by a Caliper VIS Lumina XR small
animal optical in vivo imaging system.

Live Cell Imaging: To identify the stimulated intracellular pH fluctuation, HeLa
cells were treated PSIOH for 0.5 h in PBS and then followed with redox active
substance (H2O2/0.1 mM, Glucose/10 mM, NH4Cl/1 mM), various concentration
of oxygen (20%, 10%, 5%, 0%) and various exposure time (10 min, 30min) under
UV light, respectively. Cells were treated to fluorescence imaging using Olympus
FV 1000 laser confocal microscopy. Fluorescence imaging was obtained by
excitation with multi Ar laser (750 nm). The fluorescence was collected in
Channel 1 (400-450 nm) and Channel 2 (580-620 nm), respectively, and analyzed
by ImageJ software.

Prepartion of ROS and Metal Ion Solutions:
Various Metal Ion Solutions: 8 mM of different types of cations including Ca2+,
Na+, K+, Ba2+, Fe3+, Fe2+ and Cu2+ were prepared from commercially available
metals chloride. Singlet oxygen: Singlet oxygen was generated by mixing sodium
molybdate dehydrate with H2O2 at molar ratio of 1 : 2 under pH range from 9.5 to
11.5. Hydrogen peroxide: 8 mM hydrogen peroxide was generated by diluting
37% H2O2. The final concentration of H2O2 was determined by its absorbance at
240 nm (ε = 43.6 M-1cm-1) Hypochlorite anions: 8 mM OCl– was prepared by
diluting concentrated commercially available NaOCl. The concentration of OCl–
was determined by its absorbance at 292 nm (ε = 350 M-1cm-1). Superoxide: 8
mM superoxide was initially prepared by dissolving KO2 in 50 mM ice-cold
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NaOH solution and then mixing with 0.5 mM diethylenetriamine pentaacetic acid.
Peroxynitrite: 8 mM nitrite and nitrate anions were prepared from sodium nitrite
and sodium nitrate. Tert-butyl hydroperoxide 100 μM of tert-butyl
hydroperoxide was mixed with 0.1 M sodium phosphate buffer at 37 oC, pH 7.4
followed by adding 0.1% DMF as cosolvent. Cysteine: 8 mM cysteine solution
was prepared from commercially available cysteine. Hydroxide radical: 8 mM of
Iron(II) perchlorate and 37% hydrogen peroxide were mixed and added up to total
volume of 5 mL with D. I. water. The ratio of H2O2 to Fe2+ is 10:1 through the
Fenton reaction.

MTT Assay: Cells (1 x 105) were seeded on 96 wells plate, cell samples were
treated with various concentrations of SPC, PMA or LPS at 37℃ under 5% CO2
for overnight. MTT regent (50 μg) was then added to each sample after refreshing
the media. The absorbance at 570 nm of each sample was measured by BioTek
Powerwave XS microplate reader after dissolving with ethanol/DMSO (1:1); The
cytotoxic effect of PSIOH was assessed using the MTT assay. HeLa cells were
seeded into 96-well plates in a density of 3 million per well and incubated at 37 ℃
in a humidified atmosphere with 5% CO2 one day before treatment. The cells
were then incubated with different concentrations (0, 10 nM, 1 μM, 10 μM and 50
μM) of PSIOH for 24 h. After that, PSIOH was replaced by fresh medium
containing 0.5 mg mL-1 of MTT for 3 h with a dark incubation at 37 ℃
humidified incubator. The medium was replaced by DMSO to dissolve the
formazan crystals and the plate was shaken gently for 5 min. The absorbance was
measured at 540 nm and 690 nm by Universal Microplate Reader. For data
analysis, the mean values of the OD dye/OD control were calculated and error
bars show the standard deviation of three trials.

TPA Cross-section Measurements: The TPA cross-section spectra were
obtained by up-conversion fluorescence using a Mode locked Ti:Sapphire
femtosecond laser (Insight from Spectra Physics, at 80 MHz repetition rate and
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100 fs pulse width) in the range 750–950 nm. The excitation beam was collimated
over the cell length (10 mm). The fluorescence, collected at 90°of the excitation
beam, was focused into an optical fiber connected to a spectrometer. The incident
beam intensity was adjusted to ensure an intensity-squared dependence of the
fluorescence over the whole spectral range. Calibration of the spectra was
performed by comparing the two-photon absorption spectrum of Rhodamine B in
the range of 750–950 nm.6 The experimental uncertainty of the absolute TPA
cross-sections has been determined to be ±15% which was estimated from several
independent measurements.

Calculation of pKa Value: The pKa value for PSIOH were calculated from the
changes in the fluorescence intensity with different pH values by using the
formula, log[(Rmax ˗ R)/(R ˗ Rmin)] = pH ˗ pKa. R is the ratio of emission intensity
at two wavelengths. Rmin and Rmax are minimum and maximum limiting values of
R, respectively. The pKa value was derived from the plot of pH v.s. log[(Rmax ˗
R)/(R ˗ Rmin)].
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Chapter Three
NIR Probes for Imaging of β-Amyloid and
Inhibition of β-Amyloid Aggregation

3.1 Introduction
Alzheimer's disease (AD) is the most common kind of senile dementia and
neurodegenerative disease found in elderly.1 With the rapid growth of ageing
population, AD has posed a severe social and economic problems to the society2.
Studies showed that the accumulation and deposition of misfolded proteins were
closely associated with the causes of this dementia.3 The presence of extracellular
beta-amyloid (Aβ) plaques is one of the important pathological hallmarks of AD4,
which is mainly made up of Aβ1-42 and Aβ1-40 in the brain of patients.5 Recent
studies also confirmed that soluble Aβ oligomers are more toxic to neuronal cells
than its monomeric counterparts and fibrils.6 They would cause the death of
neuronal cells eventually resulting in dementia.7 Unfortunately, there are still no
therapeutic drugs can cure this disease.8 The aggregation of the Aβ peptides is a
key event in the pathogenesis of AD9 and it occurs much earlier than any clinical
symptoms. Therefore, Aβ aggregates in the brain may be a promising predictive
biomarker for AD.10 On the other hand, Aβ aggregation inhibitors that can prevent
Aβ monomers from forming neurotoxic soluble oligomers, which may be
potentially useful to treat AD.11
There are tremendous activities in developing contrast agents to
accommodate various imaging techniques such as magnetic resonance imaging
(MRI)12, radiation-based positron emission tomography (PET)13 and single photon
emission computed tomography (SPECT)14 for selective detecting and imaging of
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Aβ plaque. But these imaging techniques have some drawbacks, such as high cost
of equipment15, use of radioactive compounds16, poor sensitivity17 and complex
data analysis protocols. On the other hand, optical fluorescence imaging has
emerged as an intriguing alternative means, which is simple and sensitive for
detecting Aβ aggregates in high-resolution manner18. Thioflavin T (ThT) and
Congo red are widely used to stain a specific protein including Aβ aggregates.19
However, because of the poor lipophilicity, they can hardly stain the Aβ monomer
and show no blood-brain barrier (BBB) permeability. In addition, the emission
maximum of these dyes are below 550 nm, indicating that autofluorescence would
interfere the fluorescence signals of these dyes in the biological substances, and
thus preventing them from deep tissue imaging of living matters.
In recent years, fluorophores with near-infrared (NIR) emission at around
650-900 nm have drawn considerable attention in the development of
fluorescence probes for tracking and monitoring of biomolecular processes in
vivo20. Since NIR dyes possess unique and desirable properties such as
non-invasive in nature, higher depth of penetration, low photo-damage and free
from auto-fluorescence interference in biological samples, NIR imaging has
become useful tool to help researchers for detecting and monitoring the formation
of Aβ aggregates and assess the therapeutic effects of drug treatement in AD
animal models21. Recently, some NIR probes to detect the Aβ species have been
reported and demonstrated for in vivo imaging of Aβ plaques. Nevertheless,
majority of these NIR probes have some drawbacks for Aβ plaques in vivo
imaging including poor brain blood barrier permeability, weak binding affinity,
moderate selectivity towards Aβ species, high toxicity, poor biological stability
and weak fluorescence enhancement upon binding to Aβ species/plaques. On the
other hand, prevention Aβ peptides from aggregation and fibril formation is one
of the potential treatment approaches for AD. Numerous inhibitor molecules have
been developed to control and prevent the nucleation/elongation-growth of Aβ
aggregates and fibrils. Recently, several dual functional fluorescent molecules
have developed to image and inhibit Aβ species. However, their usefulness in vivo
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imaging applications have not been shown.
Toward this end, three dialkyl/diaryl-amino-derived cationic NIR dyes,
namely DMA-SLOH, DBA-SLOH and DPA-SLM, were designed and
synthesized in order to obtain a high binding affinity toward Aβ species for in vivo
imaging as well as an effective inhibition potency against Aβ aggregate formation
for potential AD treatment (Figure 3-1). Among these cationic dyes, DBA-SLOH
bearing lipophilic butyl chains showed the most favorable biological
characteristics including high lipophilicity, excellent brain blood barrier
permeability, higher stability and low cytotoxicity. In addition, this NIR dye show
not only selectively targeting to Aβ species/plaques in vivo but also strong
inhibition effect against the Aβ aggregation, highlighting its promising diagnostic
and therapeutic potentials for AD.

Figure 3-1. Molecular structures of DMA-SLOH, DPA-SLM, and DBA-SLOH.

3.2 Synthesis
The three NIR dyes of DMA-SLOH, DBA-SLOH, and DPA-SLM, were
designed based on the donor--acceptor motif (D--A) in which the strong
dialkyl/diaryl-amino

donating

group

such

as

N,

N-dimethylamino,

N,

N-dibutylamino and diphenylamino and the alkylquinolinium accepting moiety
was conjugated by a double bond. The variation of alkyl group on the quinolinium
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moiety would provide a means to tune the properties of the cationic dye such as
lipophilicity, brain blood barrier permeability and biocompatibility. The synthetic
routes for the three cationic NIR fluorophores are illustrated in Scheme 3-1.
The Knoevenagel condensation reaction of 4-alkylquinolinium halide and the
corresponding aldehyde was employed as the key step to synthesize the cyanine
framework. Alkylation of lepidine in acetonitrile afforded the desired
4-methylquinolinium halides, 1 and 2, in moderate to high yield. The
Knoevenagel reaction of the aldehydes and the corresponding quinolinium
compounds 1 or 2 in the presence of piperidine in ethanol yielded the cyanine
fluorophores, DMA-SLOH, DBA-SLOH and DPA-SLOH in 78%, 65% and 70%
yield, respectively. These cyanine dyes were fully characterized by 1H NMR, 13C
NMR, and HRMS and the data obtained are in good agreement with the proposed
structures.
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Reagents and Conditions: a, 1, EtOH, reflux. b, 2, EtOH, reflux.
Scheme 3-1. Synthetic routes of DMA-SLOH, DBA-SLOH and DPA-SLOH.
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3.3 Results and Discussion
3.3.1 Photophysical Properties
The newly synthesized cyanine fluorophores, DBA-SLOH, DMA-SLOH
and DPA-SLM were characterized by UV-vis absorption, fluorescence emission
and fluorescence quantum yield (PL). The absorption and emission spectra of
DBA-SLOH, DMA-SLOH and DPA-SLM in DMSO and 0.1 M phosphate
buffer (PB) solution at pH 7 are shown in Figure 3-2 to Figure 3-13, respectively.
The absorption maximum (absmax), emission maximum (emmax), and quantum
yields (Φ) are summarized in Table 3-1.

Cmpd

Solvent

a

λ

abs

b
max

(ε)

λem maxc

Φ (%)d

Log Pe

(Stoke Shift)
DBA-SLOH

DMA-SLOH

DPA-SLM

PB

550 (1.61)

672(122)

0.6

DMSO

564 (1.60)

697 (133)

5.4

PB

520 (2.17)

664 (144)

0.7

DMSO

547 (3.20)

695 (148)

6.3

PB

505 (1.82)

685 (180)

0.3

DMSO

514 (2.00)

699 (185)

3.0

3.1

0.46

2.39

Table 3-1. aDMSO is dimethyl sulfoxide. PB is 0.1 M phosphate buffer solution;
b

Linear absorption maximum peak in the nm unit; ε is the molar absorptivity (104

M-1cm-1). cFluorescence maximum peak excited at the absorption maxima in nm
unit. dFluorescence quantum yield using Rhodamine 6G (Φ488 = 0.95) as the
standard, ± 10%. eLog P values were estimated by the online ALOGPS 2.1
program.
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Figure 3-2. UV-vis absorption and emission spectra of DBA-SLOH in PB.
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Figure 3-3. UV-vis absorption and emission spectra of DBA-SLOH in DMSO.

1.0

4

2.5x10

Nornalized Intensity / a.u.

-1
-1

Molar Absorptivity/M cm

DMA-SLOH in PB

DMA-SLOH in PB

4

2.0x10

4

1.5x10

4

1.0x10

3

5.0x10

0.8

0.6

0.4

0.2

0.0

0.0
400

500

600

600

700

Wavelength/nm

650

700

750

Wavelength / nm

Figure 3-4. UV-vis absorption and emission spectra of DMA-SLOH in PB.
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Figure 3-5. UV-vis absorption and emission spectra of DMA-SLOH in DMSO.
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Figure 3-6. UV-vis absorption and emission spectra of DPA-SLM in PB.
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Figure 3-7. UV-vis absorption and emission spectra of DPA-SLM in DMSO.

As illustrated in Figure 3-3, Figure 3-5 and Figure 3-7, these probes
showed a featureless absorption band with absorption maxima (absmax) locating at
around 514-564 nm in a polar organic solvent, DMSO, corresponding to ICT
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transition. They exhibited emission maxima (emmax) at around 695-699 nm upon
excitation at their absorption maxima (absmax), with fluorescence quantum yields
(ΦPL) ranging from 3.0-6.3% in DMSO. These cyanine dyes with high solubility
in aqueous medium also showed board absorption band with absorption maxima
(absmax) at around 505-550 nm in 0.1 M phosphate buffer solution. Upon
excitation at their absorption maxima (absmax), these compounds exhibited a weak
emission with emission maxima (emmax) at 664-685 nm and low fluorescence
quantum yields (ΦPL) ranging from 0.3-0.6% in PB. The weak emission and much
lower fluorescence quantum yield in PB than those in DMSO result from the
higher tendency of π-π stacking of these molecules in the aqueous medium. All
these dyes exhibit large Stokes shift of Δ122-180 nm in PB and Δ133-185 nm in
DMSO as summarized in Table 3-1, indicating that their first excited states are
highly stabilized by the highly polar solvent. The large Stokes shift and
long-wavelength of emission make these fluorescence probes good potential for
bio-sensing applications and high-resolution NIR imaging. The lipophilic
compounds are known to beneficial to biocompatibility and brain blood barrier
permeability. The structure of these dyes containing alkyl chains was found to
significantly affect lipophilicity. By the online ALOGPS 2.1 program, the
lipophilicity, Log P, of DMA-SLOH, DPA-SLM, and DBA-SLOH was
calculated to be 0.46, 2.39 and 3.10, respectively. The Log P value showing
2.0-3.5 is considered to be highly desirable for brain blood barrier penetration;
thus, DBA-SLOH and DPA-SLM showed promising to cross the brain blood
barrier.

3.3.2 Fluorescence of NIR Probe toward Aβ Species
Although these NIR dyes showed very low fluorescence quantum yield (<1%)
in PBS, their fluorescence enhanced remarkably upon binding to Aβ1-40/Aβ1-42
aggregates, concomitant with a blue shift of the emission wavelength of ~20 nm
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(Figure 3-8 to Figure 3-10). Such a fluorescence increase upon binding to Aβ
monomers and aggregates arises from the restricted rotation of the photo-excited
state of dyes leading to the decrease in a non-radiative decay. Typically, these
cationic dyes showed different extent of fluorescence enhancement when they
bound to various Aβ species. The fluorescence enhancement upon binding was the
strongest with Aβ fibrils and the weakest with Aβ monomers i.e. Ffibril > Foligomer >
Fmonomer. In addition, these dyes exhibit different binding behavior/properties with
the two isoforms of Aβ peptides i.e. Aβ1-40 and Aβ1-42 leading to different
fluorescence responses. For example, the fluorescence enhancement of
DBA-SLOH upon binding with Aβ1-40 species was ~1.5 times stronger than that
of the corresponding Aβ1-42 counterparts although there was only a dipeptide unit
difference.

Figure 3-8. The fluorescence spectra of DMA-SLOH (1.0 μM) in the absence
and presence of 10.0 μM (a) Aβ1-40 species and (b) Aβ1-42 species.
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Figure 3-9. The fluorescence spectra of DBA-SLOH (1.0 μM) in the absence and
presence of 10.0 μM (a) Aβ1-40 species and (b) Aβ1-42 species.

Figure 3-10. The fluorescence spectra of DPA-SLOH (1.0 μM) in the absence
and presence of 10.0 μM (a) Aβ1-40 species and (b) Aβ1-42 species.

3.3.3 Binding Studies of NIR Probes to Aβ Species
Fluorescence titration was used to estimate the binding affinities of these
dyes with various Aβ1-40 and Aβ1-42 species in which the dissociation constants
(Kd) was derived from the saturation assays. As shown in Table 3-2 and Figure
3-11 to Figure 3-16, these cationic dyes showed substantially stronger binding
affinities with the Aβ fibrils than its corresponding monomeric and oligomeric
forms as analyzed by the nonlinear curve fitting analysis. The binding affinities of
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the dibutylamino-based cyanine dye, DBA-SLOH toward various Aβ40 species
e.g. Kd (Aβ1-40) of fibril = 1.13 μM, Kd (Aβ1-40) of oligomer = 2.77 μM, and Kd
(Aβ1-40) of monomer = 6.18 μM were stronger than those of DMA-SLOH (Kd
(Aβ1-40) of fibril = 4.29 μM, Kd (Aβ1-40) of oligomer = 4.80 μM, and Kd (Aβ1-40) of
monomer = 12.95 μM) and DPA-SLM (Kd (Aβ1-40) of fibril = 14.58 μM, Kd
(Aβ1-40) of oligomer = 23.27 μM, and Kd (Aβ1-40) of monomer = 25.93 μM).
Consistently, the binding interactions of DBA-SLOH with Aβ42 species, e.g. Kd
(Aβ1-42) of fibril = 3.09 μM, Kd (Aβ1-42) of oligomer = 5.66 μM, and Kd (Aβ1-42) of
monomer = 13.12 μM were also greater than those of DMA-SLOH (Kd (Aβ1-42)
of fibril = 7.78 μM, Kd (Aβ1-42) of oligomer = 13.78 μM, and Kd (Aβ1-42) of
monomer = 17.64 μM) and DPA-SLM (Kd (Aβ1-42) of fibril = 17.35 μM, Kd
(Aβ1-42) of oligomer = 29.80 μM, and Kd (Aβ1-42) of monomer = 31.69 μM),
suggesting that the moderate length of terminal alkyl chains is crucially important
for the strong binding with Aβ species.

Cmpd

Kd (μM)
(Monomer)

Kd (μM)
(Oligomer)

Kd (μM)
(Fibril)

DBA-SLOH

6.18a/13.12b

2.77a/5.66b

1.13a/3.09b

DMA-SLOH

12.95a/17.64b

4.8a/13.78b

4.29a/7.78b

DPA-SLM

25.93a/31.69b

23.27a/29.80b

14.58a/17.35b

Table 3-2 a, bKd value of NIR dyes to Aβ1-40 and Aβ1-42, respectively.
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Figure 3-11. Saturation binding curves of DBA-SLOH to Aβ1-40 species

Figure 3-12. Saturation binding curves of DBA-SLOH to Aβ1-42 species
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Figure 3-13. Saturation binding curves of DMA-SLOH to Aβ1-40 species

Figure 3-14. Saturation binding curves of DMA-SLOH to Aβ1-42 species
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Figure 3-15. Saturation binding curves of DPA-SLM to Aβ1-40 species

Figure 3-16. Saturation binding curves of DPA-SLM to Aβ1-42 species

3.3.4 Selectivity in Serum of DMA-SLOH, DBA-SLOH and
DPA-SLM
DBA-SLOH only gave weak fluorescence enhancement upon binding with
bovine serum albumin (BSA), a commonly found protein in biological systems
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indicating a weak binding interaction between them (Figure 3-17).

Figure 3-17. Fluorescence emission spectra of 1.0 µM DBA-SLOH (black line)
upon interaction with 10.0 µM Aβ1-40 fibril (red line) and 10.0 µM BSA (blue line)
in PBS (20 mM, pH 7.4).

The fluorescence response of DBA-SLOH with various pH level ranging
from pH 4 to10 in the absence or presence of Aβ1-40 was also explored. The results
shown in Figure 3-18 revealed that the binding behavior and hence fluorescence
characteristics were not sensitive to physiological pH.
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Figure 3-18. The pH effect of 1.0 µM DBA-SLOH in the absence (black) and
presence (red) of 10.0 µM A1-40 fibril.

To probe further the usefulness of this probe in practice, DBA-SLOH was
firstly dissolved into a healthy human donor serum sample followed by adding Aβ
fibrils. As shown in Figure 3-19, a sharp fluorescence enhancement was apparent
when Aβ fibril was added indicating a good promising of this cationic cyanine for
in vivo detection of Aβ plaques due to its excellent signal-to-noise ratio afforded
in serum.

Figure 3-19. Fluorescence emission spectra of 1.0 µM DBA-SLOH in human
serum before (black line) and after addition of 50.0 µM Aβ1-40 fibril (red line).

3.3.5 Stability in Bovine Serum of DMA-SLOH, DBA-SLOH and
DPA-SLM
Furthermore, the stability of fluorescence intensity of these three dyes in
serum samples was monitored for 6 h. The results showed that the fluorescence
intensity of DBA-SLOH and DPA-SLM exhibited excellent stability in serum as
shown in Figure 3-20. On the contrary, the fluorescence intensity of
DMA-SLOH decreased by almost half for 6 h which was attributed to its
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degradation in serum. To conclude, DBA-SLOH was found to show the most
favorable biological properties for further in vivo imaging applications.

Figure 3-20. Long-term stability of DMA-SLOH (gray bar), DBA-SLOH (blue
bar), and DPA-SLM (red bar) in bovine serum.

3.3.6 Cytotoxicity Analysis
To determine the clinical potential of DBA-SLOH, the MTT assay was
used to assess the cytotoxicity of this dye towards human neuroblastoma
SH-SY5Y neuronal cells. Several concentrations ranging from 0-50 μM of
DBA-SLOH loaded with cells were exposed for 24 h. The lethal concentration 50
(LC50) was found to be about 20 μM, as shown in Figure 3-21, indicating low
cytotoxic effect of DBA-SLOH toward the neuronal cells.
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Figure 3-21. Cell viability values (%) estimated by MTT proliferation. Human
neuroblastoma SH-SY5Y neuronal cells were treated with different concentrations
of DBA-SLOH at 37 oC for 24 h.

3.3.7 Blood-Brain Barrier Permeability
Because of its good stability in serum, high lipophilicity, and low toxicity,
we are greatly interested in determining the brain blood barrier permeability and
the wash-out rate from the brain for potential in vivo cerebral imaging applications.
A nude mouse was administrated with DBA-SLOH (5.0 mg/kg) in PBS
containing 10% DMSO via the tail-vein injection (IV). The in vivo circulation of
DBA-SLOH was tracked in real-time. As illustrated in Figure 3-22, a strong
fluorescence signal of DBA-SLOH was apparent in the brain after 10 min of
injection. In addition, the fluorescence intensity in the brain was much higher than
other organs. These findings indicated that DBA-SLOH could pass through the
blood brain barrier with a high initial intake rate without any interference from
other biomolecules.
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Figure 3-22. In vivo NIR fluorescence imaging of DBA-SLOH in the normal
nude mouse after the tail-vein injection for 10 min.

Then, the mouse were sacrificed, and its brain slices were harvested and
imaged to further confirm the brain penetration of the dye. As seen in Figure
3-23a, the brain slice also showed intense fluorescence under a confocal
microscope in which the confocal lambda scans of the brain slice showed good
agreement with the fluorescence spectral characteristics of DBA-SLOH under
cell-based conditions as shown in Figure 3-23b. These results affirmed that
DBA-SLOH could pass through the BBB efficiently, showing the promising
potential of DBA-SLOH as an in vivo Aβ imaging agent.

Figure 3-23. (a) Confocal fluorescence image of brain slice after a normal mouse
was dissected. (b) The spectral measurement of the fluorescence region observed
in the brain slice by confocal lambda scan.
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3.3.8 In vivo Near-Infrared Imaging of DBA-SLOH for Aβ Plaques
The selectively targeting properties of DBA-SLOH towards Aβ
species/plaques was then carried out ex vivo. Firstly, an APP/PS1 transgenic (Tg)
mouse of 12-month old overexpressing Aβ was injected with DBA-SLOH via
tail-vein. The brain slices of the treated mouse were prepared after 10 min and
then co-stained with Thioflavin (ThT), a typical Aβ plaque specific staining dye.
As seen in Figure 3-24a-f, the brain slice of the treated Tg mouse labelled with
DBA-SLOH, exhibited strong and prominent bright fluorescence red clusters
which were overlapped well with ThT stained Aβ plaques when the two images
overlay. The excellent co-localization of fluorescence signals of DBA-SLOH and
ThT indicated that DBA-SLOH is highly specific for Aβ plaques in the brain. Our
results showed that DBA-SLOH could also bind to Aβ monomers and oligomers;
therefore, the brain slice of APP/PS1 Tg mouse of 6-month old which did not
have Aβ plaque deposition yet was stained with DBA-SLOH and then followed
by the specific anti-amyloid oligomers antibody labeled with FITC. As shown in
Figure 3-24g-i, there were no plaques in the brain slice of the 6-month Tg mouse
were observed. However, fluorescence signals of DBA-SLOH were perfectly
overlapped with the FITC fluorescence signals from the anti-amyloid oligomers
antibody. These findings clearly showed that DBA-SLOH could also target and
label Aβ oligomers in the brain slice, showing a great promise for the early
diagnosis of AD.
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Figure 3-24. Staining of the brain slices from APP/PS1 transgenic AD mice. (a-f)
the brain slices from 12-month Tg mouse treated with DBA-SLOH via tail vein
injection (λex = 559 nm, λem = 640-680 nm, a and d) and ThT (λex = 405 nm, λem =
460-490 nm, b and e). c and f were the superimposed images of a-b and d-e
respectively. 10 X magnification in a-c and 40 X magnification in d-f of the
selected regions was applied. In the bottom panel, the slices of 6-month Tg mouse
stained with DBA-SLOH (g) and anti-amyloid oligomers antibody labeled with
FITC (h) (λex = 488 nm, λem = 500-540 nm) and the superimposed image of g and
h gave i, with 40 X magnification.

Besides, the detection and imaging of Aβ species/plaques in vivo using
DBA-SLOH as a labeling dye was explored. For comparison, APP/PS1
transgenic (Tg) mice of 6-month and 12-month old as well as a 12-month
wild-type (WT) mouce were used. DBA-SLOH was administrated via
intravenously injected with a dosage of 5.0 mg/kg to the mice. The NIR
fluorescence signals/images of the treated mice were recorded at various time
points. As shown in Figure 3-25, the fluorescence intensity of brain slice of Tg
mice were much stronger than that of the WT mouse at the time point from 5 to
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60 min. On the other hand, the fluorescence intensity from 12-month Tg mouse is
also stronger than that of the 6-month old one (i.e. FTg12 > FTg6 > FWT). It is
because the 12-month Tg mouse has more Aβ species/plaques in its brain and
DBA-SLOH binds stronger to Aβ plaques than Aβ oligomer. Moreover, the
fluorescence signal of the Tg mice diminished significantly slower than that of a
WT mouse, which was due to the strong binding and high specificity of
DBA-SLOH to Aβ species/plaques in Tg mouse. The kinetic profiles were also
analysed by using semi-quantitative analysis of the fluorescence images of the
brains.

Figure 3-25. NIR fluorescence images of Tg (12-month old and 6-month old) and
wild-type mice at various time points in the presence and absence of DBA-SLOH
(5 mg/kg). λex = 535 nm, λem = 640-680 nm.

As shown in Figure 3-26, there was a significant difference in the
clearance kinetic of DBA-SLOH between Tg and WT mice. Higher fluorescence
signals exhibited in Tg mouse as compared with those of the WT mouse (p <
0.05). The longer retention and wash-out time of DBA-SLOH in Tg mice is due
to the stronger binding of the dye to Aβ species/plaques.
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Figure 3-26. The relative fluorescence signal [F(t)/F(pre)] in the brain regions of
Tg (12-month, red), Tg (6-month, blue) and WT (black) mice after IV injection of
DBA-SLOH (n = 3, 5.0 mg/kg). The [F(t)/F(pre)] of Tg mouse was dramatically
higher than that of WT mouse (p < 0.05).

3.3.9 The Inhibition of NIR Probe toward Aβ Monomer
We further explored the therapeutic potential of these cyanine dyes and
investigated their inhibition effect on the Aβ1-40 and Aβ1-42 aggregation. First, the
seed-induced growth of Aβ1-40 aggregates with and without dye (50 μM), having
Aβ1-40 : dye ratio of 1:1 was prepared and studied by total internal reflection
fluorescence microscopy (TIRFM). The resulting aggregates were stained by ThT
and examined by TIRFM. As shown in Figure 3-27, all the three dyes showed a
significant decrease in the aggregation kinetic of the Aβ1-40.

Figure 3-27. TIRFM images of Aβ1-40 fibril in the absence of dye (a) and the
presence (b, c, d) of one equivalent of DMA-SLOH, DBA-SLOH and
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DPA-SLM, respectively for 12 h in PBS at pH 7.4.

Besides, ThT assay was used to probe the inhibition effect of these three
dyes on the formation of more toxic Aβ1-42 aggregates. The Aβ1-42 monomer was
incubated together with dye solution (Aβ1-42 : dye, 1:1) and stained by ThT. The
fluorescence intensity of ThT at 490 nm was measured at different time points. As
illustrated in Figure 3-28, all the three dyes can efficiently inhibit the growth of
aggregation of Aβ1-42.

Figure 3-28. The fluorescence intensity of ThT at 490 nm in the absence (▲) and
presence (●) of DMA-SLOH, DBA-SLOH, and DPA-SLM after incubation with
Aβ1-42 at different time point.

The IC50 of the three dyes were also determined which was in the range of
1.20-6.73 μM as shown in Figure 3-29. Because of their excellent inhibition
effect on preventing Aβ1-40 and Aβ1-42 from forming toxic aggregates, these new
cyanine dyes are potentially useful to serve as a drug to treat AD.
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Figure 3-29. Studies on the DMA-SLOH (▲), DBA-SLOH (●) and DPA-SLM
(♦) inhibit to the aggregation of Aβ1-42. Various concentration of dyes were treated
with 50 μM monomeric Aβ1-42 at 37 °Ce for 9 h. The resultant aggregates were
stained with 100 mM ThT. The fluorescence intensity at 480 nm was measured.
The intensity of the ThT fluorescence at 480 nm is plotted against a control Aβ1-42
sample (100%) with no inhibitor. IC50 values were calculated as 6.73, 3.72 and 1.2
μM for DMA-SLOH, DBA-SLOH and DPA-SLM, respectively.

To probe the inhibitory mechanism of these dyes, circular dichroism (CD)
measurements were carried out on the Aβ1-42 monomer upon mixing with the dyes.
As shown in Figure 3-30, there was a clear red shift of absorption at around 215
nm with a decreased intensity. These spectral changes suggested that there are
conformation changes of Aβ1-42 upon binding to the dyes. It is reasonably believed
that the inhibition arises from a significant reduction of amyloidogenic
β-sheet-like conformers in the presence of these dyes which prevents Aβ peptides
from self-aggregation.
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Figure 3-30. CD spectra of A1-42 peptide (20 µM) in the absence (black line) and
presence of DMA-SLOH (cyan line), DBA-SLOH (blue line) and DPA-SLM
(red line), respectively.

3.4 Conclusion
In summary, three donor--acceptor type NIR cyanine dyes were designed
and synthesized which possessed the strong binding affinities toward Aβ species
together with a strong fluorescence enhancement in the NIR region. Among the
three cyanine dyes developed, DBA-SLOH, bearing a moderate length of butyl
chains, exhibits the highest binding affinity and high selectivity toward Aβ species,
high stability in bovine serum, low cytotoxicity, and good lipophilicity for BBB
penetration. DBA-SLOH also exhibits a remarkable targeting properties toward
Aβ species/plaques with excellent self-clearance ability in vivo. Furthermore, the
ThT fluorescence assays, the TIRFM and CD experiments unanimously showed
that these three cyanine dyes were effective Aβ aggregation inhibitors on
preventing Aβ peptides from forming toxic Aβ aggregates. It is worth mentioning
that the new NIR dye, DBA-SLOH shows a great potential as a theranostic agent
for diagnostic and therapeutic of AD. Our design strategy would open up a new
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vista to design and synthesize more efficient theranostic agents with superior BBB
permeability and excellent biocompatibility for NIR imaging of Aβ species in vivo
and potent inhibition of Aβ aggregation. .

3.5 Experimental
General Procedures All the solvents were dried by the standard methods
wherever needed. 1H NMR spectra were recorded using a Bruker-400 NMR
spectrometer and referenced to the residue CHCl3 7.26 ppm or DMSO-d6 2.5 ppm.
13

C NMR spectra were recorded using a Bruker-400 NMR spectrometer and

referenced to the CDCl3 77 ppm or DMSO-d6 39.5 ppm. Mass Spectroscopy (MS)
measurements were carried out by using fast atom bombardment on the API
ASTER Pulser I Hybrid Mass Spectrometer or matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) technique.

Compound 1 and 2 were synthesized according to previously reported procedures.

(E)-4-(4-(dimethylamino)styryl)-1-(2-hydroxyethyl)quinolin-1-ium chloride
(DMA-SLOH): A solution mixture of 4-(dimethylamino)benzaldehyde (0.08 g,
0.55 mmol), 1 (0.12 g, 0.55 mmol) and piperidine (0.1 mL) in ethanol was heated
to reflux overnight. After cooling down to room temperature, the organic solvent
was removed. The residue was purified by recrystallization from methanol to
afford DMA-SLOH (0.15 g) as purple solid in 78% yield. 1H NMR (400 MHz,
DMSO-d6) δ 9.05 (d, J = 6.8 Hz, 2 H), 8.49 (d, J = 8.8 Hz, 1 H), 8.36 (d, J = 6.8
Hz, 1 H), 8.21-8.14 (m, 2 H), 8.04 (d, J = 15.6 Hz, 1 H), 7.95 (t, J = 7.6 Hz, 1 H),
7.89 (d, J = 9.2 Hz, 2 H), 6.83 (d, J = 9.2 Hz, 2 H), 4.98 (t, J = 4.8 Hz, 2 H),
3.91-3.88 (m, 2 H), 3.07 (s, 6 H). 13C NMR (100 MHz, DMSO-d6) δ 153.3, 152.3,
147.0, 144.8, 138.1, 134.4, 131.4, 128.3, 126.6, 126.1, 123.1, 119.0, 113.7, 113.2,
111.9, 58.9, 58.1. HRMS (MALDI-TOF) m/z calcd for C21H23N2O [M]+ 319.1805,
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found 319.1798.
(E)-4-(4-(dibutylamino)styryl)-1-(2-hydroxyethyl)quinolin-1-ium

chloride

(DBA-SLOH): A solution mixture of 4-(dibutylamino)benzaldehyde (0.14 g, 0.55
mmol), 1 (0.12 g, 0.55 mmol) and piperidine (0.1 mL) in ethanol was heated to
reflux overnight. After cooling down to room temperature, the organic solvent was
removed. The residue was purified by recrystallization from methanol to afford
DBA-SLOH (0.25 g) as purple solid in 65% yield. 1H NMR (400 MHz, DMSO-d6)
δ 9.02-9.00 (m, 1 H), 8.97 (d, J = 6.4 Hz, 1 H), 8.46 (d, J = 8.8 Hz, 1 H), 8.33 (d,
J = 6.8 Hz, 1 H), 8.18-8.13 (m, 2 H), 8.00-7.93 (m, 2 H), 7.85 (d, J = 8.8 Hz, 2 H),
6.78 (d, J = 8.8 Hz, 2 H), 4.95 (t, J = 4.8 Hz, 2 H), 3.91-3.87 (m, 2 H), 3.42-3.40
(m, 2 H), 3.34-3.31 (m, 2 H), 1.59-1.51 (m, 4 H), 1.40-1.31 (m, 4 H), 0.94 (t, J =
7.2 Hz, 6 H). 13C NMR (100 MHz, DMSO-d6) δ 153.4, 150.4, 146.9, 144.9, 138.2,
134.4, 131.8, 128.3, 126.5, 126.1, 122.5, 119.0, 113.4, 112.6, 111.6, 49.9, 29.1,
19.7, 13.9. HRMS (MALDI-TOF) m/z calcd for C27H35N2O [M]+ 403.2743, found
403.2779.
(E)-4-(4-benzhydrylstyryl)-1-methylquinolin-1-ium iodide (DPA-SLM): A
solution mixture of 4-benzhydrylbenzaldehyde (0.14 g, 0.5 mmol), 2 (0.14 g, 0.5
mmol) and piperidine (0.1 mL) in ethanol was heated to reflux overnight. After
cooling down to room temperature, the organic solvent was removed. The residue
was purified by recrystallization from methanol to afford DPA-SLM (0.19 g) as
purple solid in 70% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.26 (d, J = 6.8 Hz, 1
H), 9.02 (d, J = 8.4 Hz, 1 H), 8.45-8.40 (m, 2 H), 8.27-8.23 (m, 1 H), 8.15 (s, 2 H),
8.04-8.00 (m, 1 H), 7.90 (d, J = 9.2 Hz, 2 H), 7.42-7.38 (m, 4 H), 7.21-7.14 (m, 6
H), 6.98 (d, J = 8.8 Hz, 2 H), 4.51 (s, 3 H).
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C NMR (100 MHz, DMSO-d6) δ

152.7, 149.8, 147.6, 146.1, 142.9, 138.8, 134.8, 130.5, 129.9, 129.0, 128.4, 126.3,
126.1, 125.5, 124.7, 120.4, 119.3, 116.8, 115.3, 44.4. HRMS (MALDI-TOF) m/z
calcd for C30H25N2 [M]+ 413.2012, found 413.1978.

120

Preparation of Aβ Monomer, Oligomer and Fibril: Monomeric Aβ1-40 was
purchased from r-Peptide (GA, USA). Stock Aβ1-40 solution was prepared by
dissolving 1 mg Aβ powder in 400 μL of 1% ammonium solution without any
purification and stored at -20 °C prior to use. Monomeric Aβ1-42 was purchased
from American peptide (CA, USA). The Aβ1-42 powderwas dissolved in 100%
HFIP, sonicated for 5 min and dried under nitrogen stream to give a clear film.
The stock solution was prepared by dissolving the film in 200 μL DMSO and
stored at -20 °C prior to use. To prepare Aβ1-40 oligomer, Aβ1-40 monomer was
diluted to 50 μM with phosphate buffer (PB) and incubated at 37 °C

for 3 h.

Aβ1-40 fibril was prepared by incubating 50 μM Aβ1-40 monomer at 37 °C for 24 h.
To prepare the Aβ1-42 oligomers, Aβ1-42 monomer was first resuspended in dry
DMSO to 5 mM and then diluted to a final concentration of 100 μM with F-12
(without phenol red) culture media. The resultant mixture was incubated at 4 °C
for 3 days. The size of the aggregates was determined with SDS-PAGE as shown
in supporting information (see Figure 3-31). Aβ1-42 fibril was prepared by
incubating 100 mM monomeric Aβ1-42 in 10 mM HCl for 1 day.

Figure 3-31. SDS-PAGE with Commassie Blue staining to determine the size of
the A1-42 oligomers as prepared for the binding assay. Right lane, oligomeric
A1-42 (consisted of monomer, dimer and trimer); middle lane, monomeric A1-42;
Left lane: molecular weight markers.
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In vitro Binding Assays: To obtain the dissociation constants, a solution of 500
μL containing Aβ monomer or pre-formed oligomer and fibril (a final
concentration of 5.0 μM) was mixed with different concentrations of the NIR dye
and incubated at room temperature for 3 min. Emission spectra of the mixture
were measured by a fluorescence spectrometer, PTI QM4 Fluorescence System
(Photo Technology International, Birmingham, NJ) using excitation wavelength
of 550 nm with emission range of 580-800 nm. The Kd resulted from the
saturation experiments were calculated by GraphPad Prism 6.0.

Stability in Bovine Serum of DMA-SLOH, DBA-SLOH and DPA-SLM: The
in vitro stability of NIR dyes in bovine serum was determined by incubating these
dyes (10 mL, PBS solution, 1 mM) with 500 μL of bovine serum at 37 °C. The
fluorescence intensity was monitored by fluorescence spectrometer at 0, 1, 3, 6 h,
respectively.

Ex vivo and In vivo Fluorescence Staining: The APP/PS1 transgenic mice (male,
12-month old) were injected via tail-vein with DBA-SLOH (5 mg/kg, PBS
solution). After 10 min, the mouse was sacrificed, and the brain section was
excised. Then, the brain was embedded in optimum cutting temperature
compound (OCT) and then was sliced into 20-μm in thickness for micrography.
Finally, the slices from 12-month mouse were stained by ThT to further confirm
the presence of Aβ plaques. For the staining of ThT, slices were immersed in a 1.0
mM ThT solution containing 10% DMSO for 5 min, washed in 40% ethanol for 2
min, and rinsed with water for 30 s. For the staining of oligomer antibody, slices
were obtained from 6-month mouse without injection of DBA-SLOH. Instead, the
slice was incubated with DBA-SLOH (10 μM) for 10 min. After washing with 40%
ethanol and PBS 30 s respectively, the slice was then stained by anti-amyloid
oligomers antibody labeled with FITC to further confirm the presence of Aβ
oligomers. The slice was immersed 100 mg/mL oligomers antibody labeled with
FITC containing 49% PBS and 50% Glycerol for 5 min, washed with 40% ethanol
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and water for 30 s. After drying, the fluorescence observation was performed by
Olympus FV1000-MPE multiphoton laser scanning confocal microscope. The
excitation wavelength and emission range used for imaging of DBA-SLOH, ThT
and FITC are (λex = 559 nm, λem = 640-680 nm), (λex = 405 nm, λem = 460-490 nm)
and (λex = 488 nm, λem = 500-540 nm), respectively.

Cytotoxicity Analysis: The cytotoxic effect of DBA-SLOH was assessed using
the MTT assay. SH-SY5Y cells (Cat. Number CRL2266, ATCC, USA) were first
seeded into 96-well plates in a density of 3 million per well and incubated at
37 °C in a humidified atmosphere with 5% CO2 one day before treatment. The
cells were then incubated with different concentrations (0, 10 nM, 1 μM, 10 μM
and 50 μM) of DBA-SLOH for 24 h. After that, DBA-SLOH was replaced by
fresh medium containing 0.5 mg mL-1 of MTT for 3 h with a dark incubation at
37 °C humidified incubator. The medium was replaced by DMSO to dissolve the
formazan crystals and the plate was shaken gently for 5 min. The absorbance was
measured at 540 nm and 690 nm (as a reference) by Universal Microplate Reader
(Elx 800, Bio-TEK instruments Inc., USA). For data analysis, the mean values of
the OD dye/OD control were calculated and error bars show the standard
deviation of three trials.

In vivo Near-infrared Imaging of DBA-SOH for Aβ Plaques: APP/PS1
Transgenic mice (n = 3, 6-month and 12-month old, male) and the age-matched
wild-type mouse as control were shaved before background imaging, Before
imaging, mice were anesthetized under isoflurane gas (2.0 mL min-1)
supplemented with oxygen (1.0 mL min-1) to be motionless, then a 100 mL of
DBA-SLOH in PBS (5 mg/kg) containing 10% DMSO was injected via the tail
vein. Fluorescence imaging from the brain section were acquired using an IVIS
Imaging System at different time points. Fluorescence images were acquired
using a filter set (excitation at 535 nm and emission at 650 nm) and an exposure
time of 1 s. Images were analyzed with Living Image software, and an ROI was
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selected at the brain region. Intensity of brain fluorescence was obtained from the
photon counts. The data were analyzed by normalizing the fluorescence intensity
to the background fluorescence of each mouse [i.e., F(t)/F(pre)], where F(t) was
the fluorescence intensity of the time point of interest and F(pre) was the
background fluorescence signal.

Inhibition Effect of DMA-SLOH, DBA-SLOH and DPA-SLM on Aβ1-40
Fibrillation:

To study the inhibitory effect of the fluorophore, 50 μM dye

solutions were co-incubated with 50 μM Aβ1-40 monomer in 0.1 M PBS at 37 °C
for 24 h. The resultant mixtures were then labeled with Thioflavin (ThT) (molar
ratio of ThT : Aβ1-40 = 2:1) was visualized under a prism-type total internal
reflection fluorescence microscopy imaging (TIRFM) system as described
previously.

Inhibition Effect of DMA-SLOH, DBA-SLOH and DPA-SLM on Aβ1-42
Aggregation and Determination of IC50: To investigate the inhibitory effect of
the fluorophores on Aβ1-42, 100 μM dye solutions were co-incubated with 100 μM
Aβ1-42 monomer at 37 °C for 3, 6, 9, 12 h. The resultant mixtures were labeled
with ThT (molar ratio of ThT : Aβ1-42 = 1:1) and the emission measurement was
obtained by QM-4 Photon Technology International. To obtain the IC50, different
concentrations of dyes were incubated with 50 μM monomeric Aβ1-42 at 37 °C for
9 h. The resultant aggregates were labeled with 100 μM ThT. The fluorescence
intensity at 480 nm was measured and plotted against a control Aβ1-42 sample
(100%) with no inhibitor.

Circular Dichroism (CD) Measurement: Monomeric Aβ solution of 20 μM was
prepared with PBS. CD characteristic spectra of monomeric Aβ in the presence or
absence of 20 μM DMA-SLOH, DBA-SLOH and DPA-SLM solutions was then
measured by Jasco J-810 Circular Dichroism Spectropolarimeter. The spectra
were measured by using a 1 mL quartz cell from 190 to 260 nm with 0.1 nm
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bandwidth, scan speed was set at 100 nm/min. Spectra were smoothed by software
SigmaPlot 10.0.

Acknowledgement: The content of this chapter partly cited “A theranostic agent
for in vivo near-infrared imaging of β-amyloid species and inhibition of β-amyloid
aggregation” DOI: 10.1016/j.biomaterials.2016.03.047. I’m the first co-author22.
In this chapter, all work done by myself except the in vivo animal experiments
which was carried out in Hunan University by Dr. Yinhui Li.
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CHAPTER FOUR
Investigation and Applications of Cyanine
Fluorophores for Beta-Amyloid Imaging and
Aggregation Inhibition

4.1 Introduction
Studies showed that the formation of toxic beta-amyloid (Aβ) species is a
key event that causes AD pathogenesis.1 Aβ is a class of peptides containing
39-42 amino acids generated by the sequential proteolytic cleavage of amyloid
precursor protein (APP) by γ- and β-secretases.2 Even though the exact
physiological function of APP is not currently known, it is strongly believed that
the over-production of Aβ generated from APP plays a role in AD development.3
For a long time, research in the AD field mainly encompassed the study of
senile plaques which are composed of primarily Aβ4, being one of the
characteristic hallmarks of AD and explained by an earlier version of the amyloid
cascade hypothesis.5 It relies on the fact that Aβ is released in the extracellular
space where it accumulates into senile plaques leading to the neurofibrillary
tangles formed by tau proteins6 which causes vascular damage7, cell loss8, and
finally dementia.9 The presence of non-demented individuals with AD
neuropathology imply that plaque burden does not correlate to cognition or
degeneration.10 Larger insoluble aggregates, such as Aβ plaques, did not induce
memory impairment in the absence of oligomers, which develop plaque
pathology.11
Soluble Aβ oligomers, on the other hand, have been shown to cause
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cognitive deficits in the absence of plaques.12 Moreover, there are individuals who
appear to have AD but show no pathological changes in their brains
demonstrating that larger aggregates are not critical to cognitive impairment13.
These findings indicate that larger aggregates are not responsible for
neurodegeneration and that the smaller soluble oligomers are the toxic Aβ
species14. Since then, the focus of research shifted to an alternative entity, soluble
Aβ oligomers. Many studies showed that the toxic soluble oligomers are spherical
structures which come together forming strings of beads, termed as protofibrils
which also possess toxic effects.15
Aβ1–42 protofibrils but not fibrils were shown to stimulate microglial
production of tumor necrosis factor α suggesting that soluble Aβ aggregates play a
role in stimulating inflammatory responses and toxicity.16 Oligomers of different
proteins were reported to take a common sequence-independent conformation
which suggests that a similar mechanism of toxicity would exist for all the
amyloid diseases.17 Oxidative stress such as lipid peroxidation, protein oxidation,
DNA oxidation and 3-nitrotyrosine formation is observed in AD brain.18 Among
various sources, amyloid β-peptide 42 plays a key role in the neurotoxicity in the
brain, which could be as a central to the pathogenesis of AD.19 Thus, prevention
Aβ peptides from forming toxic oligomers is one of the potential intervention
approaches for AD.20
Most recently, a series of cyanine dyes were designed and synthesized for
direct labelling and imaging of Aβ oligomers. These compounds also showed
excellent biological and pharmaceutical properties as potential drugs for AD. The
cyanine dyes that studied in this work include SAOH, SAM, SLG, Me-SLG,
SLNA, SLE, SLM, SLOH-Pr, SLOH, SLAD, Me-SLM, F-SLOH, SLAD-Pr,
SLAce, F-SPG, SIM, SIOH, SIBM, SBM, GBPM, HBBM, SLSO3, PLOH,
PTM, F-SLAD, SLCOOH-Pr and HBLM for imaging and inhibition of Aβ
aggregate formation.
Importantly, some of these cyanine dyes, namely SLE, SLM, SLOH-Pr,
SLOH, SLAD, Me-SLM, SBM, GBPM and HBBM, which showed
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neuroprotective effect against the Aβ42-induced cytotoxicity toward both mouse
primary cortical cells and SH-SY5Y cells. Some of them also exhibited the strong
inhibition effect on Aβ42 oligomers. The molecular structure of the cyanine dyes
are shown in Figure 4-1.
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Figure 4-1. Molecular structures of cyanine fluorophores.

4.2 Synthesis
SAOH, SAM, SLG, Me-SLG, SLE, SLM, SLOH-Pr, SLOH, SLAce and
Me-SLM were synthesized according to previously published procedures and the
newly developed dyes, SLNA, SLAD, F-SLOH, SLAD-Pr, F-SPG, SIM, SIOH,
SIBM, SBM, GBPM, HBBM, SLSO3, PLOH, PTM, F-SLAD, SLCOOH-Pr
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and HBLM were synthesized using the same strategy as outlined in Scheme 4-1.
The Knoevenagel reaction of aldehyde and the corresponding heterocyclic
quaternary ammonium salts was used as the key step to synthesis these cyanine
fluorophores. Alkylation of 2,3,3-trimethyl-3H-indole, picoline, lepidine, and
1,1,2-trimethyl-1H-benzo[e]indole was carried out in a sealed tube in acetonitrile
except 8 affording the corresponding heterocyclic quaternary ammonium salts,
1-9, in good to high yield. Compound 8 was synthesized by reacting
2-methyl-1H-benzo[d]imidazole with iodomethane in the presence of sodium
ethoxide

affording

in

moderate

yield.

Alkylation

of

carbazole

and

10H-phenothiazine was carried out with 1-(2-chloroethoxy)2-methoxyethane in
the presence of sodium hydride in DMF afforded alkylated carbazole 10 and
phenothiazine 19, respectively in good yield. Monobromination of 10 and 19 in
the

presence

of

NBS

gave

alkylated

3-bromocarbazole

11

and

3-bromophenothiazine 20 in 68% and 65% yield, respectively. Fluorination of 11
was done by lithium bromide exchange at -78 °C followed by the subsequent
quenching with N-fluorobenzenesulfonimide (NFSi) affording compound 12 in 65%
yield. Then, monobromination of 12 was done with NBS yielding compound 13.
Lithium bromide exchange of 13 at -78 °C followed by quenching with DMF
afforded the desired product 14 in 60% yield. The Knoevenagel reaction of
aldehyde 14 and quinolinium salt 2 in the presence of piperidine as a catalyst in
ethanol afforded F-SLOH in 57% yield.
Heck-coupling

reaction

of

4-vinylpyridine

and

13

using

Pd(OAc)2/2P(o-tol)3 as a catalyst gave the desired product in 67% yield which
was followed by alkylation with 1-iodo-2-(2-methoxyethoxy)ethane to afford
F-SPG in 65% yield.
Formylation of 11 and 20 was done by lithium bromide exchange at
-78 °C and then followed by the subsequent quenching with DMF affording
carbazolyl-3-aldehyde 17 and phenothiazine-3-aldehyde 21 in 60% and 75% yield,
respectively. Compound 14 and 17 was condensed with lepidine in the presence
of TMSCl in the sealed tube affording 16 and 18 in 72% and 60% yield,
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respectively which were
2-bromoacetamide,

followed by alkylation with 3-bromopropanoic acid,
3-bromopropanamide,

2-bromoacetamide,

and

N-(2-chloroethyl)acetamide to give SLCOOH-Pr, F-SLAD, SLAD-Pr, SLAD
and SLNA, respectively in 52-80% yield.
The Knoevenagel reaction of aldehyde 17 and the corresponding
heterocyclic quaternary ammonium salts, 5, 7, 8 and 3 in the presence of
piperidine as a catalyst in ethanol afforded cyanine dyes SIM, SIBM, SBM and
SLSO3 in 58-75% yield. The cyanine dye SIOH was synthesized in an alternative
method because of its sensitivity to basic condition. SIOH was synthesized by
reacting aldehyde 17 with 6 without piperidine as a catalyst which afforded 65%
yield.
The Knoevenagel reaction of aldehyde 21 and the corresponding
heterocyclic quaternary ammonium salts, 5 and 2 in the presence of piperidine as
a catalyst in ethanol afforded cyanine dyes, PTM and PLOH in 77% and 75%
yield, respectively.
Alkylation of 4-hydroxybenzaldehyde with 1-(2-chloroethoxy)2-methoxyethane in the presence of K2CO3 in MeCN gave 22 in good yield. The
Knoevenagel reaction of 4-hydroxybenzaldehyde, and compound 22 with the
corresponding heterocyclic quaternary ammonium salts, 9, 8, and 4 in the
presence of piperidine as a catalyst in ethanol afforded the corresponding cyanine
dyes, GBBM, HBBM and HBLM, respectively in 62-78% yield.
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Reagents and conditions: a, MeCN, Br(CH2)3OH, sealed tube, reflux; b, MeCN,
Cl(CH2)2OH, sealed tube, reflux; c, MeCN, (CH2)3SO3, sealed tube, reflux; d,
CH3I, reflux; e, CH3I, reflux; f, Cl(CH2)2OH, sealed tube, reflux; g, CH3I, reflux;
h, NaOC2H5, CH3I, MeOH; i, CH3I, reflux.
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Reagents and conditions: a, ClCH2CH2OCH2CH2OCH3, NaH, DMF, 75 °C; b,
NBS, DCM, 0 °C to r.t.; c, n-BuLi, NFSi, THF, -78 °C to r.t.; d, NBS, DCM, 0 °C
to r.t.; e, (1) n-BuLi, DMF, THF, -78 °C to r.t. (2) H+; f, piperidine, EtOH, reflux;
g,

Pd(OAc)2,

P(o-tol)3,

Et3N,

4-vinylpyridine,

DMF,
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°C;

h,

1-iodo-2-(2-methoxy-ethoxy)ethane, CH3CN, reflux; i, lepidine, TMSCl, DMF,
100 °C, sealed tube; j, 2-bromoacetamide, MeCN, reflux; k, n-BuLi, DMF, THF,
-78 °C; l, TMSCl, DMF, 100 °C, sealed tube; m, N-(2-chloroethyl)acetamide,
MeCN, reflux; n, 3-bromopropanoic acid, MeCN, reflux; o, 2-bromoacetamide,
MeCN, reflux.
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Reagents and conditions: a, 5, piperidine, EtOH, reflux; b, 6, EtOH, reflux; c, 7,
piperidine, EtOH, reflux; d, 8, piperidine, EtOH, reflux; e, 3, piperidine, EtOH,
reflux; f, ClCH2CH2OCH2CH2OCH3, NaH, DMF, 75 °C; g, NBS, DCM, 0 °C to
r.t.; h, (1) n-BuLi, DMF, THF, -78 °C (2) H+; i, 5, piperidine, EtOH, reflux; j, 2,
piperidine, EtOH, reflux.

Reagents and conditions: a, K2CO3, MeCN, reflux; b, 9, piperidine, EtOH, reflux;
c, 8, piperidine, EtOH, reflux; d, 4, piperidine, EtOH, reflux.

Scheme 4-1. Synthetic routes of SLNA, SLAD, F-SLOH, SLAD-Pr, F-SPG,
SIM, SIOH, SIBM, SBM, GBPM, HBBM, SLSO3, PLOH, PTM, F-SLAD,
SLCOOH-Pr and HBLM.

4.3 Results and Discussion
4.3.1 Photophysical Properties
The new cyanine dyes, SLNA, SLAD, F-SLOH, SLAD-Pr, F-SPG, SIM,
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SIOH, SIBM, SBM, GBPM, HBBM, SLSO3, PLOH, PTM, F-SLAD,
SLCOOH-Pr and HBLM were characterized by UV-vis absorption, fluorescence
emission and fluorescence quantum yield (ΦPL). The absorption and emission
spectra in aqueous medium at pH 7.0 and organic solvent are shown in Figure 4-2
to Figure 4-18, respectively. The absorption maximum (λabsmax), emission
maximum (λemmax), and quantum yields (ΦPL) are summarized in Table 4-1.

Cpmd
SLNA
SLAD
F-SLOH
SLAD-Pr
F-SPG
F-SLAD
SLCOOH-Pr
SLSO3
SIM
SIOH
SIBM
SBM
PLOH
PTM
GBPM
HBBM

Solventa

λabs max (ε) b

PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB
DMSO
PB

466 (2.68)
491 (2.30)
474 (2.46)
496 (2.38)
470 (1.16)
483 (1.97)
466 (4.26)
491 (3.22)
421 (3.68)
432 (4.53)
476 (3.60)
491 (3.57)
462 (1.00)
482 (2.57)
465 (5.00)
488 (1.89)
475 (3.02)
489 (3.82)
481 (1.89)
489 (2.99)
469 (1.71)
498 (3.00)
374 (1.61)
383 (1.90)
491 (1.31)
512 (1.43)
515 (1.86)
534 (2.32)
368 (1.56)
381 (1.32)
329 (0.87)
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λem maxc
(Stoke Shift)
635 (169)
646 (153)
643 (169)
647 (151)
643 (173)
636 (153)
643 (177)
640 (149)
590 (169)
593 (161)
658 (182)
643 (152)
633 (171)
634 (152)
655 (190)
652 (164)
597 (122)
606 (117)
604 (123)
606 (117)
608 (139)
616 (118)
555 (181)
529 (146)
624 (133)
653 (141)
607 (92)
619 (85)
496 (128)
505 (124)
428 (99)

Φ (%)d
2.1
5.6
0.03
4
0.6
11
0.59
4.8
11
28
0.023
6.6
1.3
11
0.4
15
13
18
1
11
0.6
1.3
3.7
5.2
0.6
0.7
0.2
1.2
13
29
0.3

Log Pe
2.60
2.36
2.50
3.18
2.36
3.02
3.93
2.47
2.35
2.28
3.16
2.25
2.32
2.03
2.56
2.36

DMSO
PB
DMSO

HBLM

350 (0.72)
414 (1.00)
442 (2.42)

365 (11)
570 (156)
577 (135)

0.3
2.2
2.3

2.37

Table 4-1. aDMSO is dimethyl sulfoxide. PB is 0.1 M phosphate buffer solution;
b

Linear absorption maximum peak in nm unit; ε is the molar absorptivity (104

M-1cm-1). cFluorescence maximum peak excited at the absorption maxima in nm
unit. dFluorescence quantum yield using Rhodamine 6G (Φ488 = 0.95) as the
standard, ± 10%.

e

Log P values were calculated using the online ALOGPS 2.1

program.

As shown in Table 4-1, these cyanine dyes showed a featureless absorption
band with absorption maxima (λabsmax) locating at 350-534 nm in polar organic
solvent, DMSO, corresponding to ICT transition with a large molar absorptivity.
They also exhibited emission maxima (λemmax) at 365-652 nm upon excitation at
their λabsmax with fluorescence quantum yields (ΦPL) ranging from 0.7-29% in
DMSO. These cyanine dyes showed high solubility in aqueous solution with a
broad absorption band in which their λabsmax are in the range of 329-515 nm in 0.1
M phosphate buffer solution. Upon excitation at their λabsmax, these compounds
exhibited a very weak emission with λemmax at 428-655 nm and low fluorescence
quantum yields (ΦPL) ranging from 0.023-13% in PB. The weak emission with
much lower fluorescence quantum yield in PB than those in DMSO results from
the higher tendency of π-π stacking of these molecules in aqueous medium. All
these cyanine dyes (except HBBM) exhibit large Stokes shift between the
wavelengths of maxima absorption and emission (Δ 92-190 nm) in PB as
summarized in Table 4-1, which is larger than those in DMSO (Δ 85-164 nm),
suggesting that their first excited states are highly stabilized in aqueous medium.
Furthermore, the quinolinium-based cyanine dyes SLNA, SLAD, F-SLOH,
SLAD-Pr, F-SLAD, SLCOOH-Pr and SLSO3 have longer absorption and
emission wavelengths resulting from a lower ICT transition energy due to the
more extended π-conjugated system as compared with those of SIM, SIOH,
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SIBM, SBM, PLOH, PTM, GBPM, HBBM and HBLM. The large Stokes shift
and relative long-wavelength absorption make them potentially good fluorescence
dyes for bio-sensing applications. The weak emission and the low fluorescence
quantum yield in PB are attributed to the rapid non-radiative decay of the first
excited state in aqueous medium through rotation motion in the central C-C bond.
Lipophilicity (Log P) measures the ability of a compound to dissolve in lipophilic
solutions, which is important for the compound to permeate through various
biological membranes. Meanwhile, it is an important parameter to predict whether
these compounds can go through the brain blood barrier. Generally, the Log P
value of 2.0-3.5 has been regarded as highly desirable for BBB penetration. As
shown in Table 1, all these cyanine dyes, except SLCOOH-Pr, were estimated to
be in the range of 2.03 - 3.18, which would be highly favorable for BBB
permeability.

4.3.2 Binding Studies of the Cyanine Fluorophores to Aβ Species
To evaluate the binding ability of cyanine dyes with Aβ species, both Aβ40
monomer and Aβ40 fibril as well as Aβ42 monomer and Aβ42 fibril were titrated
with these cyanine dyes in phosphate buffer. We found that there was an obvious
and progressive enhancement in fluorescence intensity together with substantial
red shifts of the emission maxima (emmax) as shown in fluorescence titration
spectra in appendix. These phenomena indicate that all these dyes can associate
with Aβ species i.e. fibril and monomer.
The dissociation constants (Kd) of these fluorophores towards Aβ monomer
and fibril were determined from the fluorescence titration curves by nonlinear
curve fitting analysis as shown in appendix. All the dissociation constants for
cyanine fluorophores are summarized in Table 4-2.
The dissociation constants of cyanine dyes, Me-SLG, SLM, SLOH-Pr,
SLOH, F-SLOH and SLAD-Pr for Aβ42 monomer were smaller than those of the
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cyanine dyes for Aβ42 fibril, which suggests the higher binding affinity of the
quinolinium-based fluorophores toward Aβ42 monomer. It is interesting to find
that the binding affinity of all these cyanine dyes toward Aβ40 monomer is weaker
than those of Aβ40 fibril. On the other hand, these results contradict to the binding
affinity of Me-SLG, SLM, SLOH-Pr, SLOH and SLAD with Aβ42 species. It
was attributed to the conformational difference of these two Aβ peptides. Aβ42
peptide adopts a S-shaped conformation while Aβ40 peptide prefers to be in an
U-shaped conformation. Aβ40 is less hydrophobic than Aβ42. Meanwhile, many
details of the molecular conformations, and the association within and between
molecules in Aβ42 and Aβ40 species are very different. However, researchers still
can’t understand the specific structural features so far. We found that different
alkyl chains in this class of cyanine dyes affect the binding affinity toward Aβ42
species. With such a strong binding, they can also be utilized as imaging agents
for the Aβ40 plaques for the diagnostic application.

Kd mon (Aβ42)
Cmpd

Kd fibril (Aβ42) Kd mon (Aβ40)

Kd fibril (Aβ40)

(μM)a

(μM)a

(μM)a

(μM)a

SAOH

392.1

58.21

127.5

2

SAM

151.4

49.09

64.16

10.82

SLG

9.10

8.42

32.9

6.56

Me-SLG

1.95

10.21

233.2

183.4

SLNA

52.94

18.7

26.26

21.52

SLE

26.43

24.86

26.87

1.5

SLM

15.6

30.5

123.2

108.8

SLOH-Pr

2.26

37.52

30.48

5.03

SLOH

15.41

17.78

33.86

17.12

SLAD

81.39

10.84

41.85

39.36

Me-SLM

91.46

73.92

416.5

21.4

F-SLOH

39.7

74.65

118.1

10.65
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SLAD-Pr

8.11

8.77

19.07

SLAce

57.62

42.15

43.56(5%D)b

SIM

82.66

SIOH

7.23

SIBM

157.3

SLSO3

151.9

8.08(10%D)b

Table 4-2. Dissociation constant of cyanine dyes to Aβ42 species. aSamples were
prepared from untreated A-beta peptide. bD stands for DMSO.
As shown in Table 4-3, strong fluorescence enhancement was observed
upon addition of both Aβ42 fibril and Aβ42 peptide to the solution of cyanine dyes
in PB. Notably, the fluorescence enhancement of SLG, Me-SLG, SLE, F-SLOH
and F-SLAD was much stronger for Aβ42 fibril than for Aβ42 peptide. The
fluorescence enhancement of SAOH, SAM, SLNA, SLAD and Me-SLM was
much stronger for Aβ42 monomer than for Aβ42 fibril. The similar results also
showed that the fluorescence enhancement of SLG, Me-SLG, SLNA and
F-SLAD was stronger for Aβ40 fibril than for Aβ40 peptide. However, SLE, SLAD,
Me-SLM and SLOH-Pr also show stronger enhancement with Aβ40 fibril. The
rest of the cyanine dyes show the stronger enhancement with Aβ40 monomer.
These cyanine dyes with such strong fluorescence enhancement makes them
promise as labeling dyes for the investigation of the aggregation process of Aβ
species. Their fluorescence intensity enhancement was summarized in Table 4-3.

Cmpd
SAOH
SAM
SLG
Me-SLG
SLNA
SLE
SLAD
Me-SLM
F-SLOH

Fmon42/Fdyea
1.5
1.5
11
14
7.2
8.1
23.7
14.7
4.8

Ffibril42/Fdyeb
2.5
3.1
8.7
10.5
6.35
14.8
18.7
6.2
12.8
141

Fmon40/Fdyea
46.9
183.2
78.6
75.4
165.9
18.9
38.3
56.2
41.2

Ffibril40/Fdyeb
45.2
31.7
331.5
93.7
214.1
117.2
51.6
160.8
30.5

F-SLAD
SLOH-Pr
SLAce
SIM
SIOH
SIBM
SLSO3
PLOH
PTM
SLM
SLOH

14
49.6
4.44
26.01
15.49
29.8
3.48
1.29
1

46.7

86.1
20.6
2188.7

87.3
103.9
48.2

8.4
27.9

106.4
74.4

96.0
124.2

Table 4-3. aFluorescence enhancement ratio measured at saturation of Aβ42
peptide and Aβ42 fibril content. Samples were prepared from untreated Aβ peptide.
b

Fluorescence enhancement ratio measured at saturation of Aβ40 peptide and Aβ40

fibril content. Samples were prepared from untreated Aβ peptide.

4.3.3 Studies of the Cyanine Dyes for Blood-Brain Barrier (BBB)
Permeability
The blood-brain barrier (BBB) permeability of the cyanines and their ability
to target the Aβ plaques are of great importance for the evaluation of their
potential for clinical applications. To further investigation the BBB permeability
of SAOH, SAM, SLG, SLE, F-SLOH, SLAD, SLOH-Pr, Me-SLM, Me-SLG,
SLAce, and GBPM, these compounds were injected into normal and transgenic
mice via tail-vein injection. Apparently, these cyanines showed a strong
fluorescence signal, which can be easily distinguished from the auto-fluorescence
of brain tissue.
As shown in Figure 4-2, the large fluorescent clusters which are expected to
be the Aβ plaque can be seen from the images of the brain slices from the
transgenic mice. Besides, the images of non-transgenic mice brain slice shows
fluorescence of GBPM after a tail-vein injection of the dye in which the lambda
of the fluorescence matches well with its emission spectrum as shown in Figure
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4-3.
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Figure 4-2. Fluorescence images of brain slices of Tg2576 transgenic mice
labelled with various cyanines.

Figure 4-3. Fluorescence image of brain slice of normal mice after tail-vein
injection of GBPM and the lambda scan spectrum of the fluorescence.

4.3.4 Cytotoxicity of the Cyanine Dyes
The intrinsic cytotoxicity of these cyanine dyes is one of the major concerns.
Toward this issue, the evaluation of the cytotoxicity for these compounds toward
human neuroblastoma SH-SY5Y neuronal cells were conducted. The cytotoxicity
of these cyanine fluorophores by evaluating the cell viability upon exposure to
these

cyanine

fluorophores

was

determined

by

MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Generally,
different concentrations, i.e. 10 nM, 1 µM, 10 µM and 50 µM, of these nine
molecules were incubated with SH-SY5Y cells for 24 h and the MTT assay was
studied the cytotoxicity. As shown in Figure 4-4, basically enhanced cytotoxicity
of these dyes can be observed with higher dye concentration for 24 h, the
cytotoxicity of all cyanine fluorophores is lower than 20% at dye concentration of
1 µM for 24 h exposure. The cytotoxicity of SLNA, SLE, SLOH-Pr, SLAD, and
Me-SLM is lower than 60% at dye concentration of 10 µM; on the other hand, the
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cytotoxicity of SAOH, SAM, SLG and Me-SLG is over 80% at the same
concentration. With an increase in concentration of these dyes, the cytotoxicity of
dyes becomes much higher. Similar situation is observed for SAOH, SAM, SLG,
Me-SLG, and SLE, their cytotoxicities are over 80% at 50 µM for 24 h exposure,
which is much higher than the others. From these results, we can conclude that a
subtle modification of a substituent attached onto cyanine significantly altered the
level of cellular toxicity.

100
80

Cytotoxicity / %

60
40
20
0

-40

SAOH 10 nM
SAOH 1 uM
SAOH 10 uM
SAOH 50 uM
SAM 10 nM
SAM 1 uM
SAM 10 uM
SAM 50 uM
SLG 10 nM
SLG 1 uM
SLG 10 uM
SLG 50 uM
Me-SLG 10 nM
Me-SLG 1 uM
Me-SLG 10 uM
Me-SLG 50 uM
SLNA 10 nM
SLNA 1 uM
SLNA 10 uM
SLNA 50 uM
SLE10 nM
SLE 1 uM
SLE 10 uM
SLE 50 uM
SLOH-Pr 10 nM
SLOH-Pr 1 uM
SLOH-Pr 10 uM
SLOH-Pr 50 uM
SLAD 10 nM
SLAD 1 uM
SLAD 10 uM
SLAD 50 uM
Me-SLM 10 nM
Me-SLM 1 uM
Me-SLM 10 uM
Me-SLM 50 uM

-20

Figure 4-4. Cytotoxicity studies of cyanine dyes with MTT assay.

4.3.5 Studies on the Inhibition of Aβ42 Aggregation
To determine whether the compounds would inhibit the formation of Aβ
oligomers, we used SDS-PAGE coupled with PICUP, a photochemical
cross-linking method that is rapid, efficient and requires no structural
modification of Aβ, to accurately reveals the oligomerization state of Aβ. Without
incubation, only Aβ42 monomers were observed. After incubating monomer in
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F12 medium for 24 h, Aβ42 existed predominately as a mixture of monomers and
oligomers (Lane 2, Figure 4-5a to Figure 4-5d). When dyes mixed with Aβ42 at a
peptide: compound ratio of 1:1 (Lane 5, 7, Figure 4-5a and Lane 7, Figure 4-5b),
oligomerization was moderately inhibited. The intensity of dimer and trimer
bands were decreased. When the ratio of dyes mixing with Aβ42 was up to 1:5
(Figure 4-5a to Figure 4-5d), oligomerization was inhibited almost completely.
The findings suggest that these cyanine fluorophores are an effective inhibitor on
Aβ42 oligomerization.

Figure 4-5. Aβ1-42 was dissolved to 1mM in 100% hexafluoroisopropanol,
hexafluoroisopropanol was removed under vacuum, and the peptide was stored at
-20℃. For the oligomeric protocols, the peptide was first resuspended in dry
DMSO to 5Mm. F-12 (without phenol red) culture media was added to bring the
peptide to a final concentration of 100 μM, and the peptide was incubated at 4 °C
for 24 h. Aβ1-42 was mixed with different concentration of dyes, SLM, Me-SLG,
SLAD, SLOH, Me-SLM, SLOH-Pr, SAM, SAOH, SLNA, SLE, SLG,
F-SLAD and F-SLOH at (1X) or 5(X) μM, and incubated at 4 °C for 24 h in
media. All samples PICUP, followed by SDS-PAGE and Commassie Blue
staining, was used to determine the effect of dyes on oligomerization of Aβ42. (a)
Lane 1, aggregate-free protein alone; Lane 2, protein aggregation; Lane 3-4, in the
presence of SLM at 1:1 or 5:1 molar ration of protein; Lane 5-6, in the presence
of Me-SLG at 1:1 or 5:1 molar ration of protein; Lane 7-8, in the presence of
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SLAD at 1:1 or 5:1 molar ration of protein; (b) Lane 1, aggregate-free protein
alone; Lane 2, protein aggregation; Lane 3-4, in the presence of SLOH at 1:1 or
5:1 molar ration of protein; Lane 5-6, in the presence of Me-SLM at 1:1 or 5:1
molar ration of protein; Lane 7-8, in the presence of SLOH-Pr at 1:1 or 5:1 molar
ration of protein; (c) Lane 1, aggregate-free protein alone; Lane 2, protein
aggregation; Lane 3-4, in the presence of SAM at 1:1 or 5:1 molar ration of
protein; Lane 5-6, in the presence of SAOH at 1:1 or 5:1 molar ration of protein;
Lane 7-8, in the presence of SLNA at 1:1 or 5:1 molar ration of protein; Lane
9-10, in the presence of F-SLAD at 1:1 or 5:1 molar ration of protein; (d) Lane 1,
aggregate-free protein alone; Lane 2, protein aggregation; Lane 3-4, in the
presence of SLG at 1:1 or 5:1 molar ration of protein; Lane 5-6, in the presence of
F-SLOH at 1:1 or 5:1 molar ration of protein; Lane 7-8, in the presence of SLE at
1:1 or 5:1 molar ration of protein;

4.3.6 Studies on the Circular Dichroism of Aβ42 with Dyes
The circular dichroism (CD) spectroscopy was applied to investigate the
conformational changes of the Aβ42 peptide binding to dyes, which can be used to
elucidate a proposed inhibition mechanism of dyes on Aβ42 peptides.
The CD spectra showed the conformation of the monomer changing in the
presence or absence of dyes. As shown in Figure 4-6, various dyes were treated
with Aβ42, we found that red shift of CD spectra. This result indicated that the
conformation of β-sheet of Aβ42 peptide which has great tendency to
self-aggregate to the neurotoxic form transformed to a new conformation.
The results of CD studies are consistent with the above SDS-PAGE
experiment confirming the inhibitory effect of dyes to Aβ42 peptide aggregation.
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Figure 4-6. Circular dichroism spectra of Aβ42 monomer solution in the presence
or absence of cyanine compounds in the molar ratio 1:1.

4.3.7 Studies on the Neuroprotective Effect of Cyanine Dyes
against Aβ42
It is widely known that Aβ42 peptide is more neurotoxic and its soluble
oligomers are the neurotoxic species formed in the progression of AD. The
binding and inhibition Aβ42 aggregation by cyanine dyes could potentially offer
one of the most effective ways to treat AD. Thus, it is important to explore the
neuroprotective effect of these dyes on Aβ42 peptide.
The neuroprotective effect of the selective cyanine fluorophores (D), i.e.
SLE, SLM, F-SLOH, Me-SLM, SLOH-Pr, SLAD, SLOH, GBPM, HBBM and
SBM towards the cytotoxicity induced by Aβ42 monomer, i.e. Aβ42 peptide
monomer (M) was studied on mouse primary cortical cells and the results are
shown in Figure 4-7 (DM/M = (D + M) / M). The value of the ratio lower than
one means the cell apoptosis after incubation with Aβ42 peptide in the presence of
cyanine dye (dye / Aβ42 peptide = 1:1) is lower than that in the absence of cyanine
dye for 24 h incubation, suggesting the neuroprotective effect of the cyanine dye.
As shown in Figure 4-7, obvious neuroprotective effect of these dyes for
human neuroblastoma cells, SH-SY5Y cells, can be observed after 24 h incubation
with Aβ42 peptides. Significantly, neuroprotective effect of dyes to SH-SY5Y cells
can be observed at concentration ratio of 1 after long period of 24 h incubation,
indicating the effectiveness of dyes against the Aβ42-induced cytotoxicity to
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SH-SY5Y cells. This results highlights the potential therapeutic application of the
cyanine dyes. Among them, F-SLOH shows the best neuroprotective effect for
both SH-SY5Y cells and mouse primary cortical cells after 24 h incubation.
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Figure 4-7. Neuroprotective effect results of the cyanine compounds

4.3.8 Studies of Cyanine Dyes for ROS Suppression
Studies show that Aβ damages the mitochondrial redox activity and
enhances the production of reactive oxygen species (ROS). Some studies also
show that Aβ induces oxidative stress leading to apoptosis of neuronal cells that
can be prevented by antioxidants.
We explored the influence of cyanine fluorophores on the level of reactive
oxygen species (ROS) in primary cells. A ROS fluorescent dye, carboxyl-DCFDA,
was employed to monitor the ROS level in SH-SY5Y that were exposed to Aβ42 in
the presence of cyanine dyes including SLE, F-SLOH, SLOH-Pr, SLAD,
Me-SLM, GBBP, HBBM and SBM. As shown on Figure 4-8, the fluorescent
intensity of ROS level decreases by 10-20%. This result revealed these dyes could
decrease the ROS level in cells and offer a potential to protect the neuronal cells.
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Figure 4-8. Cyanine fluorophores suppressed the ROS level against Aβ42-induced
cytotoxicity toward primary cortical cells.

4.4 Conclusions
In summary, a series of novel cyanine dyes were synthesized and
characterized by different kinds of spectroscopic studies. Their binding to
Aβ40/Aβ42 monomer and Aβ40/Aβ42 fibril, which afforded strong fluorescence
enhancement upon binding, were investigated and demonstrated. Their intrinsic
cytotoxicities were also studied by MTT assay in which low toxicity was found
for some of these cyanine fluorophores. Importantly, these molecules showed
good inhibitory effect to Aβ42 oligomerization. Furthermore, their neuroprotective
effect towards the toxicity induced by Aβ42 monomer were also investigated and
some of them showed moderate to good neuroprotective effect against Aβ42
induced toxicity. These findings suggest the importance of the unique structures
of these cyanine dyes for exhibiting desirable functional and biological properties.
These results also highlight that these cyanine molecules are good candidates or
model molecules for the development of therapeutic agent for Alzheimer’s
disease.
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4.5 Experimental
General Procedures All the solvents were dried by the standard methods
wherever needed. 1H NMR spectra were recorded using a Bruker-400 NMR
spectrometer and referenced to the residue CHCl3 7.26 ppm or DMSO-d6 2.5 ppm.
13

C NMR spectra were recorded using a Bruker-400 NMR spectrometer and

referenced to the CDCl3 77 ppm or DMSO-d6 39.5 ppm. Mass Spectroscopy (MS)
measurements were carried out by using fast atom bombardment on the API
ASTER Pulser I Hybrid Mass Spectrometer or matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) technique.

SAOH, SAM, SLG, Me-SLG, SLE, SLM, SLOH-Pr, SLOH, SLAce and
Me-SLM were synthesized according to previously published procedures. SIOH
was synthesized in Chapter 3.

(E)-1-(2-acetamidoethyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-y
l)vinyl)quinolin-1-ium (SLNA): A solution of 18 (0.20 g, 0.5 mmol) and
N-(2-chloroethyl)acetamide (0.24 g, 2.0 mmol) in ethanol was stirred overnight at
room temperature. After removing the solvent, the residue was precipitated from
methanol and ethyl acetate to afford SLNA (0.13 g) in 52% yield. 1H NMR (400
MHz, DMSO-d6) δ 9.16-9.13 (m, 2H), 8.86 (d, J = 1.2 Hz, 1H), 8.58 (d, J = 8.8
Hz, 1H), 8.49 (d, J = 6.4 Hz, 1H), 8.43 (s, 1H), 8.35 (s, 1H), 8.27-8.22 (m, 2H),
8.14-8.11 (m, 2H), 8.06-8.03 (m, 1H), 7.78 (d, J = 8.8 Hz, 1H), 7.71 (d, J = 8.4 Hz,
1H), 7.53-7.49 (m, 1H), 7.32-7.29 (m, 1H), 4.98-4.95 (m, 2H), 4.62 (t, J = 5.2 Hz,
2H), 3.82 (t, J = 5.2 Hz, 2H), 3.65-3.62 (m, 2H), 3.47-3.45 (m, 2H), 3.30-3.27 (m,
2H), 3.09 (s, 3H), 1.71 (s, 3H).

13

C NMR (100 MHz, DMSO-d6)  170.1, 153.5,

147.3, 145.3, 140.9, 138.3, 134.9, 128.8, 127.4, 126.8, 126.5, 126.4, 122.8, 122.2,
121.8, 120.4, 119.9, 116.2, 115.0, 110.5, 79.3, 79.0, 78.6, 58.1, 43.8, 22.4.HRMS
(MALDI-TOF) m/z calcd for C32H34N3O3 [M]+ 508.2589, found 508.2594.
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(E)-1-(2-amino-2-oxoethyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3
-yl)vinyl)quinolin-1-ium (SLAD): A solution of 18 (0.20 g, 0.5 mmol) and
3-bromopropanamide (0.30 g, 2.0 mmol) in ethanol was stirred overnight at room
temperature. After removing the solvent, the residue was precipitated from
methanol and ethyl acetate to afford SLAD (0.2 g) in 83% yield. 1H NMR (400
MHz, DMSO-d6) δ 9.25 (m, J = 6.7 Hz, 1H), 9.18 (d, J = 8.4 Hz, 1H), 8.89 (s,
1H), 8.58 (d, J = 6.6 Hz, 1H), 8.52-8.39 (m, 2H), 8.28-8.25 (m, 2H), 8.18-8.14 (m,
3H), 8.08-8.04 (m, 1H), 7.81 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.2 Hz, 1H),
7.55-7.51 (m, 1H), 7.34-7.31 (m, 1H), 5.67 (s, 2H), 4.64 (t, J = 5.2 Hz, 2H),
3.86-3.83 (m, 2H), 3.49-3.47 (m, 2H), 3.11 (s, 3H).13C NMR (100 MHz,
DMSO-d6)  166.3, 153.9, 148.2, 145.8, 142.3, 140.9, 138.7, 135.2, 128.8, 127.5,
126.7, 126.4, 126.1, 122.8, 122.2, 121.9, 120.4, 119.9, 118.5, 116.2, 115.0, 110.5,
110.4, 71.3, 69.8, 68.8, 58.1, 57.8, 42.9. HRMS (MALDI-TOF) m/z calcd for
C30H30N3O3 [M]+ 480.2281, found 480.2301.

(E)-4-(2-(6-fluoro-9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)vinyl)-1-(2hydroxyethyl)quinolin-1-ium chloride (F-SLOH): A solution mixture of 14
(0.25 g, 0.8 mmol), 2 (0.25 g, 1.1 mmol) and piperidine (0.1 mL) in ethanol (40
mL) was heated to reflux overnight. After cooling down to room temperature, the
organic solvent was removed. The residue was purified by precipitation from
methanol and ethyl acetate to afford F-SLOH (0.22 g) in 57% yield. 1H NMR
(400 MHz, DMSO-d6) δ 9.23 (d, J = 6.8 Hz, 1H), 9.16 (d, J = 8.4 Hz, 1H), 8.91 (s,
1H), 8.59 (d, J = 8.8 Hz, 1H), 8.54 (d, J = 6.8 Hz, 1H), 8.41 (d, J = 3.6 Hz, 2H),
8.24 (t, J = 7.6 Hz, 1H), 8.15-8.13 (m, 1H), 8.08-8.03 (m, 2H), 7.79 (d, J = 8.8 Hz,
1H), 7.73 (dd, J = 4.4 Hz, J = 8.8 Hz 1H), 7.40-7.35 (m, 1H), 5.34 (s, 1H),
5.08-5.05 (m, 2H), 4.65-4.62 (m, 2H), 3.94-3.92 (m, 2H), 3.84-3.81 (m, 2H),
3.46-3.50 (m, 2H), 3.30-3.27 (m, 2H), 3.31-3.29 (m, 2H), 3.10 (s, 3H) 13C NMR
(100 MHz, DMSO-d6)  158.3, 155.9, 153.2, 147.9, 144.7, 142.9, 138.2, 137.5,
134.8, 128.8, 127.9, 126.8, 126.7, 126.6, 122.8, 122.7, 122.4, 122.4, 122.2, 119.3,
116.6, 115.0, 114.1, 113.8, 111.6, 111.5, 110.7, 106.2, 106.0, 71.3, 69.8, 69.0, 59.0,
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58.1, 43.5, 22.1. HRMS (MALDI-TOF) m/z calcd for C30H30FN2O4 [M]+
485.2211, found 485.2235

(E)-1-(2-amino-2-oxoethyl)-4-(2-(6-fluoro-9-(2-(2-methoxyethoxy)ethyl)-9H-c
arbazol-3-yl)vinyl)quinolin-1-ium (F-SLAD): A solution of 16 (0.22 g, 0.5
mmol) and 3-bromopropanamide (0.30 g, 2.0 mmol) in ethanol was stirred
overnight at room temperature. After removing the solvent, the residue was
precipitated from methanol and ethyl acetate to afford F-SLAD (0.18 g) in 72%
yield. 1H NMR (400 MHz, DMSO-d6) δ 9.26 (d, J = 6.8 Hz, 1H), 9.15 (d, J = 8.8
Hz, 1H), 8.89 (s, 1H), 8.59 (d, J = 6.8 Hz, 1H), 8.38-8.49 (m, 2H), 8.27 (t, J = 8.0
Hz, 1H), 8.18 (d, J = 9.2 Hz, 3H), 8.04-8.08 (m, 2H), 7.81 (d, J = 8.8 Hz, 2H),
7.72-7.76 (m, 1H), 7.37-7.42 (m, 1H), 5.68 (s, 2H), 4.63-4.66 (m, 2H),
3.81-3.84(m, 2H), 3.45-3.48 (m, 2H), 3.26-3.30 (m, 2H), 3.10 (s, 3H).

13

C NMR

(100 MHz, DMSO-d6)  166.4, 158.3, 156.0, 153.8, 148.3, 145.5, 143.0, 138.8,
137.5, 135.2, 128.9, 128.0, 126.7, 126.1, 122.8, 122.7 122.4, 118.6, 116.4, 115.1,
114.1, 113.9, 111.7, 111.6, 110.8, 106.2, 106.0, 71.3, 69.8, 68.9, 58.1, 57.8.
HRMS (MALDI-TOF) m/z calcd for C30H29FN3O3 [M]+ 498.2157, found
498.2187.

(E)-3-(4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)vinyl)quinolin-1-i
um-1-yl)propane-1-sulfonate

(SLSO3)

:

A

solution

mixture

of

9-(2-(2-methoxyethoxy)ethyl)-9H-carbazole-3-carbaldehyde (0.16 g, 0.55 mmol),
3 (0.15 g, 0.55 mmol) and piperidine (0.1 mL) in ethanol (35 mL) was heated to
reflux overnight. After cooling down to room temperature, the organic solvent was
removed. The residue was purified by recrystallization from methanol to afford
SLSO3 (0.15 g) as red solid in 70% yield. 1H NMR (400 MHz, DMSO-d6, δ) 9.30
(d, J = 6.6 Hz, 1 H), 9.14 (d, J = 8.8 Hz, 1 H), 8.86 (s, 1 H), 8.63 (d, J = 9.0 Hz, 1
H), 8.51 (d, J = 6.6 Hz, 1 H), 8.40 (dd, J = 15.8 Hz, J = 27.5 Hz,1 H), 8.25 (m, 2
H), 8.12 (d, J = 8.9 Hz, 1 H), 8.06-8.03 (m, 1 H),7.76 (d, J = 8.7 Hz, 1 H), 7.70 (d,
J = 8.3 Hz, 1 H), 7.54-7.50 (m, 1 H), 7.33-7.30 (m, 1 H), 5.12-5.08 (m, 2 H),
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4.64-4.62 (m, 2 H), 3.85-3.82 (m, 2 H), 3.48-3.46 (m, 2 H), 3.32-3.30 (m, 2 H),
3.11 (s, 3 H), 2.60-2.57 (m, 2 H), 2.32-2.26 (m, 2 H). 13C NMR (100 MHz,
DMSO-d6, δ) 153.2, 147.1, 145.1, 142.1, 140.9, 138.0, 135.0, 128.9, 127.4, 126.8,
122.8, 122.2, 121.7, 120.4, 119.9, 116.3, 115.3, 110.4, 71.3, 69.8, 68.9, 58.1, 42.9,
31.0, 26.0, 22.1. HRMS (MALDI-TOF) m/z calcd for C31H32N2O5S 567.1924
Found 567.1881 [M+Na]+

(E)-1-(3-amino-3-oxopropyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol
-3-yl)vinyl)quinolin-1-ium (SLAD-Pr): A solution of 18 (0.20 g, 0.5 mmol) and
3-bromopropanamide (0.3 g, 2.0 mmol) in ethanol was stirred overnight at room
temperature. After removing the solvent, the residue was precipitated from
methanol and ethyl acetate to afford SLAD-Pr in 65% yield. 1H NMR (400 MHz,
DMSO-d6) δ 9.27 (d, J = 6.4 Hz, 1H), 9.16 (d, J = 8.4 Hz, 1H), 8.87 (s, 1H),
8.52-8.46 (m, 2H), 8.42-8.33 (m, 2H), 8.27-8.23 (m, 2H), 8.12 (d, J = 7.6 Hz, 1H),
8.03 (t, J = 7.6 Hz, 1H), 7.77 (d, J = 8.8 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H),
7.55-7.49 (m, 2H), 7.32-7.28 (m, 1H), 7.09 (s, 1H), 5.15 (t, J = 6.4 Hz, 2H),
4.63-4.61 (m, 2H), 3.83 (t, J = 5.2 Hz, 2H), 3.48-3.46 (m, 2H), 3.31-3.29 (m, 2H),
3.10 (s, 3H), 3.09 (s, 3H), 2.90-2.86 (m, 2H) 13C NMR (100 MHz, CDCl3) 170.7,
153.5, 147.7, 145.3, 142.1, 140.9, 137.7, 135.0, 128.8, 127.4, 126.9, 126.7, 126.4,
122.8, 122.2, 121.8, 120.4, 119.8, 118.9, 116.2, 114.9, 110.4, 110.3, 71.3, 69.8,
68.8, 59.8, 58.1, 42.9, 34.2. HRMS (MALDI-TOF) m/z calcd for C31H32N3O3
[M]+ 494.2438, found 494.2452

(E)-1-(2-carboxyethyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)v
inyl)quinolin-1-ium (SLCOOH-Pr): A solution of 18 (0.20 g, 0.5 mmol) and
3-bromopropanoic acid (0.3 g, 2.0 mmol) in ethanol was stirred overnight at room
temperature. After removing the solvent, the residue was precipitated from
methanol and ethyl acetate to afford SLCOOH-Pr in 56% yield. 1H NMR (400
MHz, DMSO-d6) δ 9.36 (d, J = 6.8 Hz, 1H), 9.08 (d, J = 8.4 Hz, 1H), 8.82 (s, 1H),
8.48 (d, J = 8.8 Hz, 1H), 8.42 (d, J = 6.8 Hz, 1H), 8.28-8.37 (m, 2H), 8.18-8.24
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(m, 2H), 8.10 (d, J = 8.8 Hz, 1H), 7.69 (d, J = 8.0 Hz, 1H), 7.49-7.53 (m, 1H),
7.28-7.32 (m, 1H), 5.02-5.05 (m, 12H), 4.62 (t J = 5.2 Hz, 2H), 3.82-3.84 (m, 2H),
3.47-3.48 (m, 2H), 3.29-3.32 (m, 2H), 3.11 (s, 3H), 2.53-2.57 (m, 2H). 13C NMR
(100 MHz, CDCl3) 170.2, 152.8, 148.0, 144.6, 142.1, 140.9, 137.7, 134.7, 128.6,
127.2, 126.8, 126.7, 126.4, 126.3, 122.8, 122.2, 121.6, 120.4, 119.8, 119.1, 116.4,
114.8, 110.4, 110.3, 71.3, 69.8, 68.8, 59.7, 58.1, 55.2, 54.9, 42.9, 37.7, 20.8, 14.1.
HRMS (MALDI-TOF) m/z calcd for C31H31N2O4 [M]+ 495.2272, found
495.2278.

(E)-4-(2-(6-fluoro-9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)vinyl)-1-(2(2-methoxyethoxy)ethyl)pyridin-1-ium iodide (F-SPG): A solution of 15 (0.20
g, 0.5 mmol) and 1-iodo-2-(2-methoxyethoxy)ethane (0.46 g, 2.0 mmol) in
ethanol was stirred overnight at room temperature. After removing the solvent, the
residue was precipitated from methanol and ethyl acetate to afford F-SPG in 65%
yield. 1H NMR (400 MHz, DMSO-d6) δ 8.85 (d, J = 6.8 Hz, 2H), 8.59 (s, 1H),
8.19-8.23 (m, 3H), 8.00-8.04 (m, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.77 (d, J = 8.8
Hz, 1H), 7.69-7.73 (m, 1H), 7.56 (d, J = 16.4 Hz, 1H), 7.34-7.39 (m, 1H),
4.66-4.68 (m, 2H), 4.60-4.62 (m, 2H), 3.90-3.92 (m, 2H), 3.79-3.82 (m, 2H),
3.55-3.58 (m, 2H), 3.44-3.46 (m, 2H), 3.38-3.40 (m, 2H), 3.27-3.30 (m, 2H),
3.19(s, 3H), 3.09(s, 3H). 13C NMR (100 MHz, CDCl3) 158.2, 155.9, 153.6, 144.4,
142.6, 142.5, 137.4, 126.6, 126.2, 122.8, 122.6, 122.5, 122.2, 121.7, 120.2, 114.1,
113.8, 111.5, 111.4, 110.9, 106.2, 105.9, 71.3, 71.1, 69.8, 69.5, 68.9, 68.7, 58.1,
58.1, 55.0, 43.1. HRMS (MALDI-TOF) m/z calcd for C29H34FN2O4 [M]+
493.2469, found 493.2497

(E)-2-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)vinyl)-1,3,3-trimeth
yl-3H-indol-1-ium

(SIM):

A

solution

mixture

of

9-(2-(2-methoxyethoxy)ethyl)-9H-carbazole-3-carbaldehyde (0.16 g, 0.55 mmol),
5 (0.16 g, 0.55 mmol) and piperidine(0.1 mL) in ethanol (35 mL) was heated to
reflux overnight. After cooling down to room temperature, the organic solvent was
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removed. The residue was purified by recrystallization from methanol to afford
SIM (0.23 g) as red solid in 75% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.12 (s,
1H), 8.64 (d, J = 16.0 Hz, 1H), 8.36 (d, J = 8.5 Hz, 1H), 8.26 (d, J = 7.6 Hz, 1H),
7.87-7.82 (m, 3H), 7.75-7.72 (m, 2H), 7.64-7.53 (m, 3H), 7.38-7.34 (m, 1H),
4.68-4.65 (m, 2H), 4.16 (s, 3H), 3.85-3.83 (m, 2H), 3.48-3.45 (m, 2H), 3.30-3.27
(m, 2H), 3.09 (s, 3H), 1.85 (s, 6H). 13C NMR (100 MHz, DMSO-d6) δ181.1, 155.1,
143.9, 143.2, 141.9, 141.1, 128.9, 128.6, 126.8, 125.8, 124.8, 123.1, 122.8, 122.3,
120.6, 114.5, 110.9, 110.8, 109.3, 71.3, 69.8, 68.8, 58.1, 51.7, 43.1, 34.1, 25.8.
HRMS (MALDI-TOF) m/z Calcd for C30H33N2O2 453.2537 [M+], Found
453.2544

(E)-2-(2-(10-(2-(2-methoxyethoxy)ethyl)-10H-phenothiazin-3-yl)vinyl)-1,3,3-t
rimethyl-3H-indol-1-ium iodide (PTM): A solution mixture of 21 (0.26 g, 0.8
mmol), 5 (0.33 g, 1.1 mmol) and piperidine (0.1 mL) in ethanol (40 mL) was
heated to reflux overnight. After cooling down to room temperature, the organic
solvent was removed. The residue was purified by precipitation from methanol
and ethyl acetate to afford PTM (0.37 mg) in 77% yield. 1H NMR (400 MHz,
DMSO-d6) δ 8.30 (d, J = 16.0 Hz, 1H), 8.07 (d, J = 2.0 Hz, 1H), 8.03 (dd, J = 2.0
Hz, J = 8.8 Hz,1H), 7.85-7.83 (m, 2H), 7.63-7.58 (m, 2H), 7.56-7.50 (m, 1H),
7.26-7.21 (m, 2H), 7.20-7.18 (m, 1H), 7.15 (d, J = 7.6 Hz, 1H), 7.05-7.01 (m, 1H),
4.18 (t, J = 5.6 Hz, 2H), 4.10 (s, 3H), 3.79 (t, J = 5.6 Hz, 2H), 3.57-3.54 (m, 2H),
3.44-3.42 (m, 2H), 3.21 (s, 3H), 1.77 (s, 6H). 13C NMR (100 MHz, DMSO-d6) δ
181.1, 170.3, 151.8, 149.0, 143.3, 142.5, 141.8, 132.2, 129.0, 128.9, 128.1, 128.0,
127.2, 123.9, 123.4, 122.8, 122.0, 116.6, 115.7, 114.7, 110.4, 71.3, 69.7, 67.4,
58.1, 51.8, 47.7, 34.2, 25.6. HRMS (MALDI-TOF) m/z Calcd for C30H33N2O2S
485.2257 [M+], Found 485.2282.

(E)-1-(2-hydroxyethyl)-3-(2-(10-(2-(2-methoxyethoxy)ethyl)-10H-phenothiazi
n-3-yl)vinyl)quinolin-1-ium chloride (PLOH): A solution mixture of 21 (0.26 g,
0.8 mmol), 2 (0.24 g, 1.1 mmol) and piperidine (0.1 mL) in ethanol (40 mL) was
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heated to reflux overnight. After cooling down to room temperature, the organic
solvent was removed. The residue was purified by precipitation from methanol
and ethyl acetate to afford PLOH (0.28 mg) in 73% yield. 1H NMR (400 MHz,
DMSO-d6) δ 9.23 (d, J = 6.4 Hz, 1H), 9.08 (d, J = 8.4 Hz, 1H), 8.56 (d, J = 8.8 Hz,
1H), 8.44 (d, J = 6.4 Hz, 1H), 8.23-8.18 (m, 2H), 8.11 (d, J = 15.6 Hz, 1H), 7.99 (t,
J = 8.0 Hz, 1H), 7.91 (d, J = 1.6 Hz, 1H), 7.74 (dd, J = 1.6 Hz, J = 8.8 Hz,1H),
7.24-7.09 (m, 5H), 7.00 (t, J = 7.2 Hz, 1H), 4.12 (t, J = 5.2 Hz, 2H), 3.91 (d, J =
4.4 Hz, 2H), 3.77 (t, J = 5.6 Hz, 2H), 3.44-3.41 (m, 2H), 3.21 (s, 3H). 13C NMR
(100 MHz, DMSO-d6) δ 152.9, 148.0, 146.7, 143.4, 142.1, 138.1, 134.8, 130.2,
130.0, 128.9, 128.0, 127.2, 126.8, 126.7, 126.6, 123.7, 123.4, 122.4, 119.3, 117.8,
116.2, 115.5, 71.3, 69.7, 67.4, 59.0, 58.1, 43.5, 22.1. HRMS (MALDI-TOF) m/z
Calcd for C30H31N2O3S 499.2050 [M+], Found 485.2057.

(E)-4-(4-hydroxystyryl)-1-methylquinolin-1-ium iodide (HBLM): A solution
mixture of 4-hydroxybenzaldehyde (0.10 g, 0.8 mmol), 4 (0.31 g, 1.1 mmol) and
piperidine (0.1 mL) in ethanol (40 mL) was heated to reflux overnight. After
cooling down to room temperature, the organic solvent was removed. The residue
was purified by precipitation from methanol and ethyl acetate to afford HBLM
(0.24 mg) in 78% yield. 1H NMR (400 MHz, DMSO-d6) δ 10.27 (s, 1H), 9.25 (d,
J = 6.4 Hz, 1H), 9.03 (d, J = 8.4 Hz, 1H), 8.43-8.40 (m, 2H), 8.27-8.23 (m, 1H),
8.17-8.08 (m, 2H), 8.02 (t, J = 8.0 Hz, 2H), 6.91 (d, J = 8.4 Hz, 2H), 4.5 (s, 3H).
13

C NMR (100 MHz, DMSO-d6) δ 160.5, 153.1, 147.7, 143.6, 138.8, 134.9, 131.2,

129.0, 126.8, 126.4, 126.1, 119.3, 116.1, 115.3, 44.5. HRMS (MALDI-TOF) m/z
Calcd for C18H16NO 262.1226 [M+], Found 262.1242.

(E)-2-(4-hydroxystyryl)-1,3-dimethyl-1H-benzo[d]imidazol-3-ium

iodide

(HBBM): A solution mixture of 4-hydroxybenzaldehyde (0.10 g, 0.8 mmol), 8
(0.31 g, 1.1 mmol) and piperidine (0.1 mL) in ethanol (40 mL) was heated to
reflux overnight. After cooling down to room temperature, the organic solvent
was removed. The residue was purified by precipitation from methanol and ethyl
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acetate to afford HBBM (0.20 mg) in 62% yield. 1H NMR (400 MHz, DMSO-d6)
δ 8.44 (s, 1H), 7.99 (s, 2H), 7.78-7.66 (m, 5H), 7.27 (d, J = 16.4 Hz, 1H), 6.91 (d,
J = 6.4 Hz, 2H), 4.09 (s, 6H). 13C NMR (100 MHz, DMSO-d6) δ 166.0, 161.5,
149.0, 147.0, 132.0, 131.3, 130.9, 126.3, 125.2, 116.2, 114.7, 112.8, 103.5, 32.9.
HRMS (MALDI-TOF) m/z Calcd for C17H17N2O 265.1335 [M+], Found
265.1322.

(E)-4-(4-(2-(2-methoxyethoxy)ethoxy)styryl)-1-methylpyridin-1-ium (GBPM):
A solution mixture of 22 (0.10 g, 0.18 mmol), 9 (0.26 g, 1.1 mmol) and piperidine
(0.1 mL) in ethanol (40 mL) was heated to reflux overnight. After cooling down
to room temperature, the organic solvent was removed. The residue was purified
by precipitation from methanol and ethyl acetate to afford GBPM (0.25 mg) in 72%
yield. 1H NMR (400 MHz, DMSO-d6) δ 8.81 (d, J = 6.8 Hz, 2H), 8.16 (d, J = 2.8
Hz, 2H), 7.97 (d, J = 16.4 Hz, 1H), 7.44 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 16.4 Hz,
1H), 7.07 (d, J = 8.4 Hz, 2H), 4.23 (s, 3H), 4.17 (t, J = 4.4 Hz, 2H), 3.75 (t, J =
4.4 Hz, 2H), 3.60-3.58 (m, 2H), 3.47-3.45 (m, 2H), 3.24 (s, 3H). 13C NMR (100
MHz, DMSO-d6) δ 160.4, 152.9, 144.9, 140.6, 130.0, 127.8, 123.0, 120.8, 115.1,
71.3, 69.7, 68.8, 67.4, 58.1, 46.8. HRMS (MALDI-TOF) m/z Calcd for
C19H24NO3 314.1750 [M+], Found 314.1744.

(E)-2-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)vinyl)-1,3-dimethyl1H-benzo[d]imidazol-3-ium iodide (SBM): A solution mixture of 17 (0.24 g,
0.8 mmol), 8 (0.31 g, 1.1 mmol) and piperidine (0.1 mL) in ethanol (40 mL) was
heated to reflux overnight. After cooling down to room temperature, the organic
solvent was removed. The residue was purified by precipitation from methanol
and ethyl acetate to afford SBM (0.31 mg) in 68% yield. 1H NMR (400 MHz,
DMSO-d6) δ 8.77 (s, 1H), 8.22 (d, J = 7.6 Hz, 1H), 8.22 (d, J = 7.6 Hz, 1H), 8.08
(d, J = 8.8 Hz, 1H), 8.03-7.99 (m, 3H), 7.78 (d, J = 8.8 Hz, 1H), 7.70-7.66 (m,
3H), 7.56-7.50 (m, 2H), 7.30 (t, J = 7.2 Hz, 1H), 4.61 (d, J = 4.4 Hz, 1H), 4.17 (s,
6H), 3.83 (d, J = 4.8 Hz, 2H), 3.60 (d, J = 10 Hz, 1H), 3.31-3.28 (m, 2H), 3.10 (s,
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3H). 13C NMR (100 MHz, DMSO-d6) δ 148.8, 147.9, 142.2, 140.9, 132.0, 126.4,
126.2, 125.9, 125.5, 122.6, 122.1, 121.7, 120.3, 120.0, 113.2, 112.8, 110.6, 110.4,
104.0, 71.3, 69.8, 68.8, 58.1, 42.9, 32.9. HRMS (MALDI-TOF) m/z Calcd for
C28H30N3O2 440.2332 [M+], Found 440.2305.

(E)-2-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-yl)vinyl)-1,1,3-trimeth
yl-1H-benzo[e]indol-3-ium iodide (SIBM): A solution mixture of 17 (0.24 g, 0.8
mmol), 7 (0.39 g, 1.1 mmol) and piperidine (0.1 mL) in ethanol (40 mL) was
heated to reflux overnight. After cooling down to room temperature, the organic
solvent was removed. The residue was purified by precipitation from methanol
and ethyl acetate to afford SIBM (0.40 mg) in 79% yield. 1H NMR (400 MHz,
DMSO-d6) δ 9.10 (s, 1H), 8.72 (d, J = 16.4 Hz, 1H), 8.44 (d, J = 8.8 Hz, 1H), 8.37
(d, J = 8.8 Hz, 1H), 8.27 (t, J = 8.4 Hz, 2H), 8.21 (d, J = 8.0 Hz, 1H), 8.08 (d, J =
8.8 Hz, 1H), 7.86-7.79 (m, 3H), 7.76-7.69 (m, 3H), 7.56 (t, J = 8.0 Hz, 1H), 7.37
(t, J = 7.6 Hz, 1H), 4.67 (d, J = 4.8 Hz, 2H), 4.28 (s, 3H), 3.85 (t, J = 4.8 Hz, 2H),
3.49-3.44 (m, 2H), 3.30-3.28 (m, 2H), 3.09 (s, 3H), 2.07 (s, 6H). 13C NMR (100
MHz, DMSO-d6) δ 181.9, 170.4, 154.0, 143.8, 141.1, 140.0, 137.4, 133.0, 130.8,
130.1, 128.5, 128.4, 126.9, 126.8, 125.9, 124.6, 123.1, 122.3, 120.6, 120.6, 113.1,
111.0, 110.8, 109.0, 71.3, 69.8, 68.9, 58.1, 53.4, 43.1, 34.6, 25.6. HRMS
(MALDI-TOF) m/z Calcd for C34H35N2O2 503.2693 [M+], Found 503.2669.

Calculation of the dissociation constant (Kd) by the nonlinear curve-fitting
method: In principle, the dissociation constant Kd is calculated by the following
equation:
𝐹 = 𝐹0 + (𝐹𝑆𝐴𝑇 − 𝐹0 ) x

([C] + [P] + 𝐾𝑑 ) − √([C] + [P] + 𝐾𝑑 )2 − 4[C][P]
2[C]

F0 represents the initial fluorescence intensity without peptide. FSAT represents the
saturated fluorescence intensity with peptide. F represents the fluorescence
intensity detected experimentally. Nolinear curve fitting was carried out by use of
the Graphpad Prism program. The dissociation constant (Kd) were obtained from
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the best fitted curve of each tested compound.

Cell culture and medium: All reagents for cell culture were purchased from Gibco
(USA). Human neuroblastoma SH-SY5Y cell line were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F-12 medium supplemented with 10 %
fetal bovine serum (FBS). Cells were grown in a humidified cell incubator at 37 °C
under a 5 % CO2 atmosphere.

Cell viability assay: Exponentially growing SH-SY5Y cells were plated onto
96-well plates at a density of 5 x 105 cells/mL in cell culture medium per well. The
day after plating, the culture medium was replaced with 0.2 % serum and
containing 24 µL of carbazole-based derivatives at final concentration ranging from
10 nM to 50 µM or containing 24 µL inhibitors together with monomer, mixture of
monomer and seed, and seeding fibril respectively in 1-to-1 ratio. Cells were
incubated at 37 °C for 2, 6 and 24 h, respectively. The medium of each well was
replaced with 100 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (0.25 mg/mL; Sigma, USA) and further incubated for 3 h
at 37 ℃. The MTT solution was aspirated off and then 100 µL of DMSO (Sigma,
USA) was added to each well to dissolve the formazan crystals. The plates were
agitated on a plate shaker for 15 min and the absorbance was measured at 540 nm
with the reference set to 690 nm using absorbance microplate reader (BioTek,
USA). Wells without cells were used as blanks and were subtracted as background
from each sample. Results were expressed as a percentage of control. The relative
percentage of cytotoxicity was calculated as ((MTTcontrol – MTTbg) – (MTT
inhibitors –MTTbg)) / (MTTcontrol – MTTbg) × 100%. Three independent trials
were analyzed and the results were expressed as mean ± SEM. The MTT assays
were conducted at three different time points (2, 6 and 24 h) of incubation and four
different final concentrations (10 nM, 1 µM, 10 µM and 50 µM) of the inhibitors in
the cell culture.
160

ROS measurement: SH-SY5Y cells were plated onto a 96-black plate at a density
of 5 x 105 cells/mL in cell culture medium per well. The day after plating, the
culture medium was replaced with 0.2% serum and containing 100 μM
5-(and-6)-Carboxy-2',7'-Dichlorofluorescein

Diacetate

(carboxy-DCFDA)

purchased from Invitrogen (Camarillo CA, USA), incubating in dark in humidified
cell incubator at 37 °C under a 5% CO2 atmosphere for 30 min. The medium was
removed and the wells were washed with PBS twice. A fresh culture medium was
added into each well and incubated for further 30 min. The medium was replaced
by inhibitors together with monomer in 1-to-1 ratio in HBSS. Cells were incubated
at 37 °C for 24 h in dark. The fluorescence intensity of cells was measured by a
microplate reader (Tecan Schweiz AG, Switzerland) with excitation/emission at
485/530 nm. The values were expressed as fluorescence intensity ratio to control.

Circular Dichroism measurement: 20 μM of Aβ(1-42) monomer solution was
prepared with phosphate buffer. CD characteristic of Aβ(1-42) in the presence and
absence of 20 μM of SLM, SLNA, SLOH, SLOH-Pr, Me-SLG, Me-SLM, SAM,
SAOH, SLAD, SLE and SLG was measured by Jasco J-810 Circular Dichroism
Spectropolarimeter. CD spectra were measured by using a 1-mL quartz cell from
190 to 260 nm with 0.1 nm bandwidth at a scan speed of 100 nm/min. Each
spectrum represents the average of three measurements. Spectra were smoothed
by Savitzky-Golay smoothing using the software OriginPro 8.
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CHAPTER FIVE
Concluding Remarks
Fluorophores, namely SPC, PSIOH, and HPI were designed and
synthesized as novel two-photon probes for sensing of biologically important
species. Three dialkyl-/diphenyl-amino-based NIR dyes namely DMA-SLOH,
DBA-SLOH and DPA-SLM were also designed and developed to inhibit Aβ
aggregation and image Aβ species in vivo. Furthermore, SLNA, SLAD, F-SLOH,
SLAD-Pr, F-SPG, SIM, SIOH, SIBM, SBM, GBPM, HBBM, SLSO3, PLOH,
PTM, F-SLAD, SLCOOH-Pr and HBLM were designed and synthesized as
multifunctional cyanine fluorophores for Aβ imaging and aggregation inhibition.
Two-photon probes were designed to track and monitor the fluctuation of
intracellular environment to understand the functions of organelles and
intracellular microenvironment in pathology and biology. NIR cyanine
fluorophores were applied to direct image Aβ species in vivo and inhibit Aβ42
oligomerization for the study of the potential drugs for AD.
(1) Carbazole-based cyanine fluorophore, SPC, was designed and synthesized as
a novel two-photon active and biocompatible probe for various biologically
ROS detection. SPC not only possesses an ability of macrophage membrane
permeable

but

also

exhibits

phorbol-12-myristate-13-acetate

and

cellular

protection

lipopolysaccharide

in

both
induced

morphological cell changes which generate toxic O2- and OCl-, respectively.
Such protection was clearly observed from a change in fluorescence intensity
of this versatile dye.
(2) A two-photon pH fluorescence probe, namely PSIOH was designed which
was applied to monitor and image a change of acidic environment in living
cells and tissues. The pKa value of PSIOH was found to be 6.60, which was
useful for assessing intracellular acidity in living cells and tissues. This probe
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also showed excellent photostability, reversibility and selectivity. PSIOH
could be distributed in the whole cell rather than in a particular organelle
different from other TPM probes. Furthermore, PSIOH can track the chemical
stimulated intracellular environment changes.
(3) Three NIR dyes were designed, namely DMA-SLOH, DBA-SLOH and
DPA-SLM, which showed enhanced binding affinity toward Aβ species and
excellent inhibition of Aβ aggregation. Besides, DBA-SLOH and DPA-SLM
showed BBB permeability. These molecules exhibited different types of
binding mode/properties with various Aβ species as determined fluorescence
titrations. These three dyes showed excellent stability in serum samples for 6 h.
These NIR probe also showed inhibition of Aβ aggregation as confirmed by
TIRFM and THT fluorescence assay. Importantly, DBA-SLOH exhibited a
remarkable targeting properties toward Aβ species/plaques with excellent
self-clearance ability in vivo.
(4) A series of novel cyanine fluorophores were synthesized which included
SAOH, SAM, SLG, Me-SLG, SLNA, SLE, SLM, SLOH-Pr, SLOH,
SLAD, Me-SLM, F-SLOH, SLAD-Pr, SLAce, F-SPG, SIM, SIOH, SIBM,
SBM, GBPM, HBBM, SLSO3, PLOH, PTM, F-SLAD, SLCOOH-Pr and
HBLM for imaging Aβ species and inhibition of Aβ42 aggregation. All these
cyanines show very low fluorescence emission in aqueous solution but strong
fluorescence enhancement upon mixing with various Aβ species. Interestingly,
SAOH, SAM, SLG, SLE, F-SLOH, SLAD, SLOH-Pr, Me-SLM, Me-SLG,
SLAce and GBPM show good BBB penetration as determined by a tail-vein
injection of these dyes to normal and transgenic mice giving rise to a strong
fluorescence signal of these cyanine dyes in the brain slices.
(5) Importantly, some of these cyanines dyes, namely SLE, SLM, SLOH-Pr,
SLOH, SLAD, Me-SLM, SBM, GBPM and HBBM, show neuroprotective
effect against the Aβ42-induced cytotoxicity toward both mouse primary
cortical cells and SH-SY5Y cells. In addition, SLM, Me-SLG, SLAD, SLOH,
Me-SLM, SLOH-Pr, SAM, SAOH, SLNA, SLE, SLG, F-SLAD and
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F-SLOH show the effective inhibition against Aβ42 oligomerization as
determined by SDS PAGE.
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Appendix Ⅰ 1H NMR Spectra of Selected Novel
Synthesized Compounds
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Appendix Ⅱ 13C NMR Spectra of Selected Novel
Synthesized Compounds
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Appendix Ⅲ HRMS Spectra of Selected Novel
Synthesized Compounds
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Appendix Ⅳ Fluoresence titration and nonlinear
fitting curve of Selected Novel Synthesized with
Aβ42 species
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