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Abstract 

Studies on synthesis and properties of   

novel fluorescent molecules and their  

applications to super-resolution 

bioimaging 
 

Gyuwon Byun 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

 

In recent years, super-resolution microscopy has become an indispensable method for 

detecting cellular metabolism and identifying biological signals concomitantly. 

However, the super-resolution technique induces rapid quenching on live-cell 

imaging by strong laser power or long exposure time. Therefore, the development of 

novel fluorophores for super-resolution microscopy is essential for advanced research 

since an appropriate probe determines the potential of the imaging. Specifically, 
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photostability is a crucial parameter for fluorescent probes for super-resolution since 

it enables continuous imaging.  

 

Herein, we report photostable NTD-based fluorescent probes that are applicable for 

cell organelle targeting such as mitochondria and lysosomes. In Chapter 2, novel 

fluorescent probes based on the NTD core were designed and synthesized for cell 

organelle targetable probes for super-resolution bioimaging. By extending the 

conjugation of the NTD core, we synthesized fluorophores based on NTD (NTDT, 

NTDPy, NTDT-DCV) having various color spectra such as blue, green, orange, and 

red. The photophysical properties of NTD-based fluorophores have been studied in 

detail and they showed high brightness and high absorption coefficient at the imaging 

wavelength. It means that they can minimize phototoxicity by decreasing excitation 

light intensity and exposure time while imaging. 

 

In Chapter 3, we directly examine the cell-organelle targeting bioimaging of Confocal 

laser scanning microscopy (CLSM) and high-resolution methods. After the screening 

step of the compounds synthesized in Chapter 2, we selected two lysosome targeting 

probes, NTD-Mor, NTDT-Mor, and two mitochondria targeting probes, NTDT-TPP, 

and NTDT-DCV-TPP that show great possibility under the cell environment. These 

probes have selective affinity for recognizing with a specific cell organelle. As a result, 
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NTD-based fluorophores have high photostability, selectivity, cell viability at 

confocal microscopy. We also report that the NTD-based fluorophores selectively 

binding to targeting mitochondria and lysosomes.  

 

Moreover, we report super-resolution imaging by combining NTD-based fluorescent 

probes of various colors such as NTD (blue) and NTDT (green), and NTDT-DCV 

(red). Furthermore, the green fluorophore, NTDT-TPP, and NTDT-Mor exhibit 

outstanding resistance to photobleaching by depletion laser of STED (Stimulated 

Emission Depletion). Indeed, we succeeded in attaining super-resolution imaging at 

SIM (structured illumination microscopy) without quenching at NTD-based 

fluorescent dyes, meaning that all they could endure long exposure radiation time 

without rapid quenching. Therefore, compared to CLSM images, STED imaging and 

SIM imaging increased resolution. As a result, the NTD-based fluorophores 

demonstrated outstanding quality images of photostability, selectivity, and viability 

for super-resolution imaging. 

Key words: Cell organelle targeting fluorescent probe, Photostability, Selectivity, 

STED, SIM, Super-resolution imaging dye 

Student number: 2019-24279 
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Chapter 1. Introduction 

 

1.1. Fluorescence  

Fluorescence, the absorption, and re-emission of photons with longer wavelengths, 

is a nature phenomenon of nature. Fluorescence is broadly applicable in dye, organic 

light emitting devices (OLED), organic photovoltaics (OPV), and bioimaging. 

Fluorescence analysis is a noninvasive way of measurement in real-time, providing 

information through multiple colors and fluorescence intensity. [1] It makes 

fluorescence imaging widely used for various research since it enables a highly 

sensitive and non-destructive way of real-time monitoring technique. The use of 

fluorescence enables the visualization of signals by measuring spectra and facilitates 

the monitoring of biomolecular processes in living cells. Each molecule has unique 

photophysical properties such as absorption energy and emission energy. Every 

material has different photophysical properties due to different absorption and 

emission energies, and it is important to understand these properties. [2] It is, 

therefore, it is necessary to understand luminescence to describe photophysical 

properties. 
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1.1.2 Jablonski diagram 

The Jablonski diagrams describe luminescence by illustrating the electron states of 

a molecule and the possible transition processes. The horizontal line in the diagram 

reflects the energy level, the ground state is S0 with vibrational sublevels as shown in 

Figure 1.1. The excited state can be both triplet and singlet state. A singlet state refers 

to an antisymmetric system in which all the paired spins of the electrons. Whereas 

the triplet state is symmetric system in which has unpaired electrons. The triplet states 

possess three distinct sublevels as a result of magnetic interaction. [3] Each ground 

states differ between itself, corresponding to changes in vibrational sublevels. The 

overlap between the vibrational levels of the triplet state T1 and its corresponding 

singlet state S1. The triplet states are always lower than the excited singlet states. 

 

1.1.2 Luminescence 

Luminescence is the emission after absorbing the excitation energy by chemical or 

physical processes. Fluorescence is a type of luminescence that is energy exchange 

where photons are absorbed in an excited singlet state and return to the ground state. 

The energy of the photon (E= h x c / λ. h = plank’s constant. c = speed of light in 

vacuum. λ = wavelength of light in vacuum) is required for energy transfer from the 

ground state to the excited state. When light energy excites in the form of photons 

excites an electron, the electron transition occurs from a singlet ground state (S0) to 

the first excited state (S1) The transition is called absorption. When the excited 



3 

electron returns to the lowest energy state, the molecule releases energy. This 

transition called emission. Once a molecule absorbed energy and goes back to the 

lowest vibrational level of a singlet state, this process is called fluorescence. The 

fluorescence lifetime is defined as the time of molecule spending in an excited state 

returning to the ground state. The lifetime of an excited singlet state range between 

100 ps to 15 ns. [4]  

On the other hand, phosphorescence is a radiative transition between the lowest 

triplet and ground states. Fast intersystem crossing from the lowest singlet excited 

state to the triplet state. The intersystem crossing is the inversion process of the 

electron spin. In many fluorophores, triplet state vibrational energy levels overlap 

with the lowest energy level. This overlap leads the intersystem crossing to the lowest 

triplet state. This triplet-singlet process is a less favorable singlet-singlet process, 

observed much relatively long lifetime (10-3 sec to 100 sec) 

Additionally, the reabsorption of emitted photons acts as the primary loss 

mechanism that can dramatically limit energy efficiency and performance. [5] When 

the energy of the emitted photon is less than that of an absorbed photon, this energy 

difference is called the Stokes shift. Compared to fluorescent relaxation, the 

phosphorescence process dissipates much more energy. It means that the energy shift 

of phosphorescence between absorbed and emitted photon is more significant than 

fluorescence. 
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Figure 1. 1 | Jablonski diagram in a molecule. The vertical lines indicate the energy 

level transitions with the upwards pointing arrows indicating absorption (absorbed 

photons) and downwards pointing arrows indicating emission (emitted photons) (b) 

The energy diagram described absorption and emission. (c) The fluorescent excitation 

and emission with lifetime. [4] 
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1.2. Fluorescent probes for bioimaging 

Cells produce an enormous variety of biomolecules during metabolism, performing 

various functions. Intracellular molecules are the key to directly controlling cell fates 

and regulate cellular responses for specific applications. [5] They offer dynamic 

information via visualizing tools, enabling us to study hidden details of living cells 

and animals. Thus, researchers must rely on technology to report the behaviors of the 

molecules of interest. The ideal tools for monitoring small biomolecules in living 

cells need to measure the concentration, chemical modifications, and interactions 

through these molecules. [6,7] To accomplish these objectives, fluorescence 

bioimaging is perfectly fit for visualizing application because the   can obtain 

considerable information of non-invasive, highly sensitive, and inexpensive 

procedures at the scale level of molecules. Advanced bioimaging technology is 

required to enable improved images by the development of fluorescent probes or 

microscopy. 

To meet this need, the development of imaging probes and fluorescent microscopy 

is drawing attention. Imaging probes, in particular, are essential for advanced research 

because the quality of the imaging depends on the quality of the probes. There are 

several types of imaging probes, such as fluorescent proteins, quantum dots, and 

small organic molecules are widely used. [8,9] At first, fluorescent proteins are the 

most frequently used as fluorescent probes because of their compatibility and 

sensitivity to intracellular conditions. [10] Green fluorescent protein (GFP) was 
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discovered and characterized by Shimomura in a jellyfish in 1962. It was widely used 

for fluorescent bioimaging because of its brightness and stability, especially for its 

autocatalytic cyclization without a cofactor. [11] In addition, the GFP has been 

genetically tuned for changing colors from green to yellow (YFP), blue (BFP), or 

cyan (CFP). [12] Fluorescent proteins are required to attach with the primary amino 

acid sequence for interaction with secondary structure, leading to protein-protein 

interaction. Fluorescent proteins help to monitor dynamic changes of signaling 

molecules in living cells. [13] 

Quantum dots are another class of fluorophore defined as particles with physical 

dimensions smaller than the exciton Bohr radius. [14] Quantum dots are emerging as 

a good alternative due to their long fluorescent lifetime and brightness. Quantum dots 

have the advantage of long-lived fluorescent probes. The brightness and color can 

easily be tuned by size controlling and encapsulation techniques. Compared to small 

organic molecules, quantum dots have a broad excitation spectrum but a narrow 

emission spectrum. It means that quantum dots can provide improved sensitivity. [15] 

However, intense concerns of quantum dots are about cytotoxicity as most of them 

are made of heavy metal ions, which pose a threat to severe diseases for human beings. 

[16] 

Small organic molecules are usually composed of p-conjugated ring structures such 

as coumarin, xanthene, cyanine, and oxazines. [17] Although fluorescent proteins are 

currently widely used, small molecule fluorescent compounds take advantage as 
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labeling sensors because of their small size, ease of use, and wide application to any 

sample. This probing technique is convenient and does not involve complex processes 

such as gene cloning. And it can be applied in visualization using confocal 

microscopy. Furthermore, small organic molecules have a low possibility of 

decreasing cell viability compared with quantum dots. Cellular toxicity can seriously 

hinder their usage in biological field. Fluorescent probes need to be biocompatible 

and demonstrate long-term stability. 

Ideally, fluorescent probes need to be biocompatible, high brightness and possess a 

high absorption coefficient to reduce light intensity to minimize phototoxicity. So far, 

well known compounds such as coumarin, BODIPY, and rhodamine are commonly 

used due to their brightness. However, the major challenge encountered with the use 

of numerous organic fluorophores is their tendency to undergo photobleaching, which 

leads to the loss of fluorescence and signal while imaging sample. [18,19] High power 

lasers induce phototoxicity reduces cellular cytotoxicity, resulting in reducing 

fluorescent signals. Fading of the fluorescence signal disturbs quantitative analysis 

due to lost signal during the experiment. Therefore, it is necessary to develop 

materials that maintain the fluorescence phenomenon for a relatively long time. 

A fluorescent dye can be easily modified by tunning the photophysical properties 

and functionality of the fluorophores. [20, 21] Over a century, a relationship between 

structure and photophysical properties was studied for modifications to organic 

fluorophores that can elicit predictable changes in the spectral and chemical 
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properties of the resulting dyes. [22] Silicon-rhodamine which is Silicon-substituted 

xanthene dyes, has developed to enhance photophysical properties just by changing 

one of carbon to silicon. Additionally, there are lots of practical approaches to taking 

advantage of the principles of supramolecular chemistry. Currently, several design 

strategies for fluorescent probes, using technologies such as photoinduced electron 

transfer (PET), fluorescence resonance energy transfer (FRET), and intramolecular 

charge transfer (ICT), have been widely applied [23,24] Developing near-infra-red (NIR) 

probes or photostable fluorescent dyes can be an alternatives approach to minimize 

photobleaching and phototoxicity. 

 

 

1.3. Super-resolution microscopy 

The general experience that “A picture is worth a thousand words.” can instinctively 

explain why bioimaging is needed. For a deeper understanding of cellular metabolism, 

it is necessary to investigate at the molecular level. Unfortunately, the application of 

microscopy is limited by Abbe’s diffraction limit.  In 1873, Abbe’s diffraction limit, 

described by Ernst Abbe and followed by his name, constrained the smallest distance 

between two spots by optical instruments that could not be manufactured under 200 

nm. [25] Over a century, it was believed unbreakable for a long time. 
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However, by the development of new fluorescent microscopy methods, bioimaging 

has overcome the resolution barrier imposed by the diffraction limit, improving 

resolution under 200 nm. [26] Super-resolution methods are systemically divided into 

three groups, patterned illumination microscopy including STED, RESOLFT, 

structured illumination microscopy (SIM), and single-molecule approaches including 

STORM as shown in Figure 1.3. [27] STED is the most widely used super-resolution 

microscopy which was developed by Stefan Hell in 1994. STED consists of confocal 

microscopy and a donut-shaped depletion laser. (Figure 1.4) Once the fluorescent 

probes are excited, tan electron is excited from a vibrational sublevel of the S0 state 

to an S1 state, and the electron in the S1 state can return to the S0 state by fluorescence 

emission. (Figure 1.5) A donut-shaped laser (STED beam) causes the stimulated 

emission of fluorescent molecules to turn off the fluorescence. The STED beam 

switches the molecules off by forcing them to transition to the S0 State. [28] The energy 

of the STED laser is powerful enough to force the fluorophore to decay to the S0 state 

rapidly. The resolution of STED increases as the intensity of stimulated emission 

increases. The resolution up to 20 nm can be achieved using organic fluorescent 

material, and up to 50-70 nm can be achieved using fluorescent proteins can be 

obtained. 

Another widely used super-resolution technique, structure illumination microscopy 

(SIM), analyzes the interference fringe pattern in several different directions to create 

a Moiré effect, allowing information with higher resolution to be extracted. Multiple 

phases and orientations of structured illumination are captured to mathematically 
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transform as a Moiré pattern, consisting of periodic structures producing a down-

modulation of the frequencies as shown in Figure 1.6. [29] Since multiple shots are 

required to obtain one super-resolution image, photostability is vital to survive a long 

radiation exposure time. Furthermore, SIM can be applied easily to controlled low 

strength material (CLSM) samples, and it can cover up to four channels for multicolor 

imaging. Although the resolution is slightly lower than that of STED, high-resolution 

imaging is still possible. CLSM has an advantage that it has broader coverage with 

multicolor imaging, as compared to STED. With SIM, a wider excitation range can 

be covered, from 400 nm to 640 nm. 

Compared to other super-resolution methods, photo-switchable fluorophores are 

required in STORM. The sequential photo-induced fluorescence switching generates 

the overlapping images of single molecules by time-resolved localization. The 

resolution of STORM relies on the precision of the measured position if a sufficient 

number of photons are collected. [30] Therefore, ideal fluorophores for STORM should 

be very bright and have a high rate of photo-switching cycles. [31] 
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Figure 1. 2 | Length scale and Abbe’s limit of optical microscopy. [32] 
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Figure 1. 3 | Schematic description of the super-resolution microscopy approaches. 

(A) is an interested object. (B) is appeared in CLSM by diffraction limitation. In 

RESOLFT / STED of (C), a donut-shaped depletion beam (red) induces stimulated 

emission and turns “off” state. In Structured illumination microscopy (SIM) of (D), 

multiple images are reconstructed by software.  In single-molecule approaches of (E), 

switchable organic fluorophores are required. Fluorophores are repeatedly switched 

on and off on localized areas. Many images are acquired and reconstructed. [27] 
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Figure 1. 4 | Design of a STED microscope. The green line denotes a 488 nm 

excitation laser, and the red line denotes a depletion laser. The STED system 

combines two lasers passing through a sample with two overlapping beams. (a) setup 

schematic (b) detected spot where it is on state (green) or off state (red) (c) molecular 

transitions and (d) the fluorescent intensity following the intensity of the STED light. 

[33] 
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Figure 1. 5 | Energy diagram of STED. The electron of in ground state (S0) is excited 

first to excited state (S1). Green arrow denotes excitation, yellow arrow denotes 

emission, and red arrow denotes stimulated emission depletion.  
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Figure 1. 6 | Design of a SIM and explaining Moiré effect. [34] 

 

 

1.4. Research Objectives  

In recent years, the demand for visualizing molecular and cellular structures using 

fluorescent microscopy has increased. Super-resolution microscopy was suitable to 

give detailed images of cells at the molecular level under 200 nm. However, 

very few fluorophores can be applied to super-resolution techniques because of rapid 

quenching in harsh condition.  The widely used super-resolution microscopy, STED 

needs a high-powered laser and another super-resolution method, SIM needs a longer 

time for detection under light radiation. Therefore, fluorophores with high brightness 

and photostability are crucial for super-resolution. 
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This study aimed to develop highly photostable fluorescent dyes based on 1,5-

naphthyridine-2,6-dione (NTD) fluorophores for super-resolution bioimaging. NTD 

derivatives show outstanding brightness and photostability in organic solution or in 

living cells. Therefore, using the beneficial properties of the newly designed 

molecules, NTD-based fluorophores could provide a breakthrough for challenging 

issues in different super-resolution methods such as STED and SIM. 

In Chapter 2, molecular design strategies for cell organelle targetable NTD-based 

fluorescent probes are proposed. The design of cell organelle targetable probes 

includes fluorophore parts and cell organelle targeting motif.  We synthesized 

fluorophores based on NTD core tuned emission colors from blue (450 nm) to red 

(650 nm).  We used several different motifs such as triphenylphosphine (TPP), 

morpholine and pyridine to import selectivity for specific organelles. To understand 

their basic characteristics, and photophysical properties, including absorption, 

emission spectra, were measured with ultraviolet/visible spectroscopy. 

Photoluminescence quantum yield (PLQY) and brightness were calculated based on 

the measured data.  

In Chapter 3, the bioimaging of a HeLa cell incubated with NTD-based 

fluorophores is proposed. NTD-based probes show high selectivity for targeting cell 

organelles, considering the Pearson’s correlated coefficient (PCC) and profile 

fluorescence intensity. Moreover, the novel probes have higher photostability than 

commercial trackers such as Mito tracker green and Lyso tracker deep red. High cell 
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viability of HeLa cell incubated in NTD-based fluorescent probes up to 10 µM. They 

can be applied to not only in CLSM, but also in super-resolution techniques such as 

STED and SIM. For STED microscopy, NTD-based fluorophores show the strength 

at photostability resisting strong depletion laser. Additionally, the photostability of 

the NTD series helps to retain the signal and endure long exposure times for SIM. 

Ultimately, the main goal of this study is to show that NTD-based probes are the best 

candidates for use as cell organelle targeting probes in super-resolution imaging. 

  

 

 

Figure 1. 7 Research Objective of this work. 
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Chapter 2. Novel fluorescent probe design strategy 

and synthesis of NTD 

 

2.1. Introduction 

Understanding cellular structures with high spatial resolution in living cells is 

essential for the field of molecular biology. In recent years, fluorescence microscopy 

has become an indispensable method for detecting cellular metabolism and 

identifying biological signals concomitantly. The development of novel fluorophores 

and the discovery of organelle targetable motifs should be carried out together since 

an appropriate probe determines the performance of the imaging technique. Suitable 

cell organelle targeting probes needed to be bright, possess a high absorption 

coefficient at the excitation wavelength, have functional targeting moiety, be 

delivered through the cell membrane, and not interrupt metabolism. [1] Specifically, 

brightness is an essential parameter for fluorescent probes since it decreases 

excitation light intensity and exposure time to minimize phototoxicity effects. [2]  

Herein, we reported a photostable dye NTD series, which has high brightness and 

biocompatibility bioimaging. NTD was first synthesized by Rapoport in 1971 and 

reported by our group in 2016. [3,4] 

NTD is the fundamental core in this paper, and we added thiophene, pyridine, and 

dicyanoethane to expand conjugation and induce a significant blue-shift of the most 
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extended absorption band. Targeting subcellular organelle is attracting attention, but 

lots of things are veiled. Thus, the ability of selective fluorescent probes for 

mitochondria could play an essential role in the future for monitoring cellular 

functions and disease progression. In addition, we added various anchoring motif to 

NTD-based fluorophores. We used promising targeting moiety triphenylphosphine 

(TPP) for Mitochondria and morpholine for lysosomes, and we tried other minor 

moieties. [5] We would discuss the design of novel fluorescent probes and 

photophysical properties in this chapter.  
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Fluorophore 
Organelle anchoring 

Motif 
Linker unit 

Figure 2. 1 | The main structure of organelle targetable fluorescent probe. Basic 

fluorescent probes consist of fluorophore, linker, and anchoring part. In this design, 

anchoring part of NTD series is cell organelle targeting moiety. 
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2.2 Experimental 

2.2.1 Materials  

All commercially available reagents were purchased from Sigma Aldrich Chemica

l Co., Tokyo Chemical Industry Co., or Alfa Aesar Co. and were used without furth

er purification.  

 

2.2.2. Measurements 

Chemical structures were identified by 1H NMR (Bruker, Avance-300), 13C NMR 

(Bruker, Avance-500), GC-Mass spectrometry (JEOL, JMS700), and elemental 

analysis EA1110, CE Instrument). NMR and elemental analysis were performed at 

the National Center for Inter-university Research Facilities (NCRIF) at the Seoul 

National University. 

After synthesized NTD, NTDT, NTDPy and NTDT-DCV, optical properties were 

measured. A stock solution of NTD, NTDT, NTDT-DCV (1 mM) were prepared in 

chloroform solvent and then diluted with to 1.0 µM with chloroform or water with 2 % 

dimethyl sulfoxide (DMSO) uv/vis absorption spectra were measured with a 

SHIMADZU UV-1650PC spectrometer. Excitation/emission spectra were recorded 

on a FLS 980 fluorescence spectrometer (Edinburgh Instruments).  
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2.2.3 Synthesis 

The final compounds (6,8,9,10,11,13,14,17) were synthesized by following our 

previously described scheme for the parent core (2,4,12, 16). In previous research, 

we developed the route for synthesizing NTD core. However, for using anchoring 

motif such as triphenylphosphine and morpholine, to NTD and NTDT, we modified 

synthesizing route and it is depicted in Scheme 2.1 and Scheme 2.3.  NTDPy 

derivatives have different counter ion, iodine of chloride. Ion exchange is depicted in 

Scheme 2.5. Furthermore, the route for NTDT-DCV, which is extended ring from 

NTD, is depicted in Scheme 2.6. 

 

 

Scheme 2. 1 | Synthetic route for NTD and their derivatives. 
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Scheme 2. 2 | Synthetic route for NTD-Mor (compound 6). 
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Scheme 2. 3 | Synthetic route for NTDT (compound 7), NTDT-Mor (compound 8), 

NTDT-TPP (compound 9), NTDT-BSA (compound 10), NTDT-Tea (compound 

11). Combining each anchoring moiety by NTDT (compound 8). 
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Scheme 2. 4 | Synthetic route for NTDPy-X (X=I or Cl. NTDPy-I is compound 13 

and NTDPy-Cl is compound 14). 

 

 

Scheme 2. 5 | Ion exchange from Iodide of NTDPy-I (compound 13) to Chloride of 

NTDPy-Cl (compound 14). 

 

 

Scheme 2. 6 | Synthetic route for NTDT-DCV-TPP (compound 17) from NTDT 

(compound 8). Combining TPP by NTDT-DCV (compound 16). 
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Synthesis of 1-hexyl-6-methoxy-1,5-naphthyridin-2(1H)-one (1). In a two-

necked 250 mL round-bottom flask, 6-methoxy-1,5-Naphthyridin-2(1H)-one (NTO) 

15g (85.15mmol) and cesium carbonate (32.39 g ,93.67 

mmol) were taken up in DMSO (100 ml), and the solution was stirred. Then to this 

was added 1-bromohexanen (17.87 mL, 127.73 mmol), and further stirred for 

overnight at 60 °C. After the reaction had gone to completion, the solution was 

cooled to room temperature. Water was 

added to the reaction mixture and extracted using ethyl acetate. The organic phase 

was washed with water three times and dried over anhydrous MgSO4. The residual 

solvent in the crude product was evaporated by rotary evaporation, and the crude pr

oduct was purified by column chromatography (EA/Hexane, 1:3 v/v) to give a yello

w powder. Yield: 26.2% (5.81 g). 1H NMR (300 MHz, CDCl3) δ 7.74 (d, 

J = 9.7 Hz, 1H), 7.61 (d, J = 9.2 Hz, 1H), 6.96 (d, J = 9.2 Hz, 1H), 6.87 (d, J = 9.7 

Hz, 1H), 4.30 – 4.14 (m, 2H), 3.99 (s, 3H), 1.77 – 1.62 (m, 2H), 1.52 – 1.38 (m, 2H), 

1.38 – 1.22 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H). 

C NMR 13C NMR (126 MHz, CDCl3) δ 139.58 (s), 125.60 (s), 125.25 (s), 114.11 (s), 

77.48 (s), 77.23 (s), 76.97 (s), 53.81 (s), 42.76 (s), 31.71 (s), 28.13 (s), 26.78 (s), 

22.74 (s), 14.18 (s). [M + H] + calculated for C15H20N2O2 261.15; Found 260.1529 
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Synthesis of 1-hexyl-1,5-dihydro-1,5-naphthyridine-2,6-dione (2. NTD) In a two-

necked 250 mL round-bottom flask, compound 1 (5.81 g, 22.31 mmol) was taken up 

in 48 % HBr in water (60 mL), and the solution was heated to 125 °C and stirred for 

2.5 h. After the reaction had gone to completion, the solution was cooled to room 

temperature, and the pH was adjusted about 7. The solid was collected by vacuum 

filtration and washed with water and then dried under vacuum to give a beige solid. 

Yield: 76.9 % 4.22 g. 1H NMR (300 MHz, CDCl3) δ 13.82 (s, 1H), 7.68 (d, J = 10.0 

Hz, 1H), 7.60 (d, J = 9.7 Hz, 1H), 6.88 (d, J = 2.4 Hz, 1H), 6.84 (d, J = 2.2 Hz, 1H), 

4.30 – 4.12 (m, 2H), 1.78 – 1.61 (m, 2H), 1.43 (dd, J = 14.0, 5.5 Hz, 2H), 1.38 – 1.23 

(m, 4H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 130.39 (s), 130.11 

(s), 126.01 (s), 123.43 (s), 77.48 (s), 77.22 (s), 76.97 (s), 43.07 (s), 31.69 (s), 28.64 

(s), 26.74 (s), 22.75 (s), 14.20 (s).  [M + H] + calculated for C14H18N2O2 247.14; Found 

247.1442 

 

 Synthesis of 3,7-dibromo-1-hexyl-1,5-dihydro-1,5-naphthyridine-2,6-dione (3) 

In a two-necked 200 mL round-bottom flask, compound 2 (3.3 g, 13.41 mmol) was 

dissolved in acetic acid (120 mL), and the solution was stirred. To this solution was 

added N-bromo succinimide (13.4 g, 75.1 mol), and the solution was heated to 90 °C 

and stirred overnight with light shielding. After the reaction had gone to completion, 

the solution was cooled to room temperature, poured into ethyl acetate (240 mL), and 

the solid was collected by vacuum filtration. The solid was washed with ethyl acetate 
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several times and then dried under vacuum to obtain a dark yellow solid. Yield: 54.2% 

(2.9 g). 13C NMR (126 MHz, DMSO) δ 206.51 – 206.28 (m), 155.61 – 155.29 (m), 

131.81 – 131.40 (m), 120.45 – 119.96 (m), 43.87 – 43.53 (m), 30.79 (d, J = 23.7 Hz), 

27.73 (s), 25.62 (s), 21.99 (s), 13.89 (s). [M + H] + calculated for C14H18Br2N2O2 

402.96; Found 403.9564 

 

Synthesis of 1-hexyl-3,7-di(thiophen-2-yl)-1,5-dihydro-1,5-naphthyridine-2,6-

dione (4) In a two-necked 25 mL round-bottom flask, compound 3 (2.4 g, 7.27 mmol) 

and tributyl(thiophen-2-yl) stanine (5.8 mL, 18.18 mmol) were dissolved in degassed 

DMF (100 mL), and the solution was stirred. To this solution was added Pd (PPh3)4 

(0.84 g, 0.73 mmol), and the solution was heated to 130 °C and stirred overnight. 

After the reaction had gone to completion, the solution was cooled to room 

temperature, poured into ethyl acetate (200 mL), and the solid was collected by 

vacuum filtration. The solid was washed with ethyl acetate several times and then 

dried under vacuum to obtain a red solid. Yield: 80.1% (2.4 g). 13C NMR (126 MHz, 

DMSO) δ 136.57 – 136.35 (m), 136.30 – 135.95 (m), 130.10 – 129.97 (m), 129.93 

(s), 127.00 (s), 126.72 – 126.54 (m), 126.41 – 126.16 (m), 125.73 (s), 124.32 – 124.11 

(m), 123.90 – 123.62 (m), 121.54 (s), 121.22 – 120.94 (m), 42.59 – 42.31 (m), 30.96 

(s), 30.79 – 30.64 (m), 27.90 (s), 25.82 (s), 22.03 (s), 13.89 (s). [M + H] + calculated 

for C22H22Br2N2O2S2 411.11; Found 410.1128 
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Synthesis of 1-(6-bromohexyl)-5-hexyl-1,5-dihydro-1,5-naphthyridine-2,6-dione 

(5, NTD) In a two-necked 300 mL round-bottom flask, compound 2 (1 g, 4.1 mmol) 

and cesium carbonate (1.46 g, 4.47 mmol) were taken up in Toluene (150 mL), and 

the solution was stirred. Then to this was added 1,6-dibromohexane (13.8 mL, 7.27 

mmol), and further stirred for 24 h at 130 °C. After the reaction had gone to 

completion, the solution was cooled to room temperature.  Water was added to the 

reaction mixture and extracted using chloroform. The organic phase was washed with 

water three times and dried over anhydrous MgSO4. The residual solvent in the crude 

product was evaporated by rotary evaporation, and the crude product was purified by 

column chromatography (EA/n-Hex, 1:1 v/v) to give a yellow powder. Yield: 27.5 % 

(0.46 g). 13C NMR (126 MHz, CDCl3) δ 207.99 – 206.20 (m), 157.70 – 156.66 (m), 

129.98 (s), 127.25 (d, J = 5.5 Hz), 126.29 (d, J = 11.0 Hz), 120.16 (s), 119.94 (s), 

77.48 (s), 77.23 (s), 76.97 (s), 44.14 (s), 43.87 (s), 33.88 (s), 32.75 (s), 31.71 (s), 

28.49 (d, J = 10.2 Hz), 28.10 (s), 26.90 (s), 26.39 (s), 22.82 (s), 14.24 (s). [M + H] + 

calculated for C20H29Br2N2O2 409.14; Found 409.1486 

 

Synthesis of 1-hexyl-5-(6-morpholinohexyl)-1,5-dihydro-1,5-naphthyridine-2,6-

dione (6, NTD-Mor) In a two-necked 100 mL round-bottom flask, compound 5 (0.5 

g, 1.22 mmol) was taken up in acetonitrile (50 mL), and the solution was stirred. Then 

to this was added morpholine (128 mg, 1.46mmol) and further stirred for 24 h at 85 °C. 

After the reaction had gone to completion, the solution was cooled to room 

temperature. The residual solvent in the crude product was evaporated by rotary 
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evaporation. Water was added to the reaction mixture and extracted using chloroform. 

The organic phase was washed with water three times and dried over anhydrous 

MgSO4. The residual solvent in the crude product was evaporated by rotary 

evaporation, and the crude product was purified by column chromatography (EA/n-

Hex, 1:5 v/v) to give a yellow powder.  Yield: 40.1 % (0.2 g). 1H NMR (300 MHz, 

CDCl3) δ 7.53 (dd, J = 10.1, 3.4 Hz, 1H), 6.86 (d, J = 10.0 Hz, 1H), 4.31 – 4.15 (m, 

2H), 3.78 – 3.63 (m, 2H), 2.43 (s, 2H), 2.32 (d, J = 7.3 Hz, 1H), 1.70 (s, 2H), 1.63 (d, 

J = 9.6 Hz, 2H), 1.55 – 1.39 (m, 4H), 1.33 (dt, J = 24.3, 12.4 Hz, 3H), 0.90 (t, J = 7.0 

Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 158.45 – 156.66 (m), 129.98 (d, J = 1.9 Hz), 

127.21 (s), 126.24 (d, J = 2.2 Hz), 120.07 (d, J = 10.3 Hz), 77.46 (d, J = 6.0 Hz), 

77.23 (s), 76.97 (s), 67.14 (s), 59.10 (s), 53.93 (s), 44.07 (d, J = 19.6 Hz), 31.72 (s), 

28.56 (d, J = 7.5 Hz), 27.43 (s), 27.16 (s), 26.91 (s), 22.82 (s), 14.24 (s). [M + H] + 

calculated for C24H37N3O3 416.28; Found 415.2829 

 

Synthesis of 1-(6-bromohexyl)-5-hexyl-3,7-di(thiophen-2-yl)-1,5-dihydro-1,5-

naphthyridine-2,6-dione (7, NTDT) In a two-necked 500 mL round-bottom flask, 

compound 4 (2 g, 4.88 mmol) and cesium carbonate (1.75 g, 5.37 mmol) were taken 

up in toluene (240 mL), and the solution was stirred. Then to this was added 1,6-

dibromohexane (11.86 mL, 73.2 mmol), and further stirred for 24 h at 130 °C. After 

the reaction had gone to completion, the solution was cooled to room temperature. 

Water was added to the reaction mixture and extracted using ethyl acetate. The 

organic phase was washed with water three times and dried over anhydrous MgSO4. 
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The residual solvent in the crude product was evaporated by rotary evaporation, and 

the crude product was purified by column chromatography (EA/n-Hex, 1:5 v/v) to 

give a red powder. Yield: 46.6 % (1.3 g). 1H NMR (300 MHz, CDCl3) δ 7.96 (d, J = 

6.0 Hz, 2H), 7.79 (dd, J = 5.9, 2.4 Hz, 2H), 7.54 (dd, J = 5.1, 0.9 Hz, 2H), 7.22 – 7.15 

(m, 2H), 4.43 (d, J = 14.9 Hz, 4H), 3.44 (t, J = 6.6 Hz, 2H), 1.89 (dd, J = 15.2, 7.6 

Hz, 6H), 1.67 – 1.56 (m, 4H), 1.40 (dd, J = 9.6, 6.5 Hz, 5H), 0.93 (t, J = 6.9 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 157.70 – 155.91 (m), 129.98 (s), 127.25 (d, J = 5.5 

Hz), 126.29 (d, J = 11.0 Hz), 120.16 (s), 119.94 (s), 77.48 (s), 77.23 (s), 76.97 (s), 

44.14 (s), 43.87 (s), 33.88 (s), 32.75 (s), 31.71 (s), 28.49 (d, J = 10.2 Hz), 28.10 (s), 

26.90 (s), 26.39 (s), 22.82 (s), 14.24 (s). [M + H] + calculated for C28H33BrN2O2S2. 

574.61; Found 573.1246 

 

Synthesis of 1-hexyl-5-(6-morpholinohexyl)-3,7-di(thiophen-2-yl)-1,5-dihydro-

1,5-naphthyridine-2,6-dione (8, NTDT-Mor). In a two-necked 50 mL round-

bottom flask, compound 7 (200 mg, 0.349 mmol) was taken up in acetonitrile (20 

mL), and the solution was stirred. Then to this was added morpholine (36.49 mg, 

0.419 mmol) and further stirred for 24 h at 85 °C. After the reaction had gone to 

completion, the solution was cooled to room temperature. The residual solvent in the 

crude product was evaporated by rotary evaporation, and the crude product was 

purified by column chromatography (MC/MeOH, 97:3 v/v) to give a red powder. 

Yield: 69.1 % (140 mg).  1H NMR (300 MHz, CDCl3) δ 7.96 (d, J = 5.8 Hz, 1H), 7.77 

(d, J = 3.3 Hz, 1H), 7.57 – 7.49 (m, 1H), 7.18 (ddd, J = 5.1, 3.9, 1.3 Hz, 1H), 4.54 – 
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4.32 (m, 3H), 3.78 – 3.63 (m, 2H), 2.44 (s, 2H), 2.40 – 2.30 (m, 1H), 2.17 (s, 1H), 

2.03 (s, 1H), 1.85 (s, 3H), 1.65 (s, 7H), 1.55 (s, 4H), 1.47 (d, J = 5.9 Hz, 1H), 1.44 – 

1.31 (m, 3H), 1.25 (s, 1H), 0.93 (t, J = 7.1 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 

137.34 – 136.98 (m), 130.00 – 129.39 (m), 127.32 – 126.79 (m), 126.16 – 125.81 (m), 

125.18 – 124.83 (m), 120.62 – 119.64 (m), 77.33 (s), 77.08 (s), 76.83 (s), 67.17 – 

66.45 (m), 59.22 – 58.59 (m), 53.75 – 53.40 (m), 44.46 – 43.57 (m), 31.58 – 31.23 

(m), 28.46 – 28.11 (m), 27.39 – 26.95 (m), 26.85 – 26.50 (m), 23.10 – 22.57 (m), 

14.35 – 13.88 (m). [M + H] + calculated for C32H41N3O3S2. 580.26; Found 580.2660 

 

Synthesis of (6-(5-hexyl-2,6-dioxo-3,7-di(thiophen-2-yl)-5,6-dihydro-1,5-

naphthyridin-1(2H)-yl)hexyl)triphenylphosphonium (9,NTDT-TPP) In a two-

necked 50 mL round-bottom flask, compound 7 (200 mg, 0.349 mmol) was taken up 

in acetonitrile (20 mL), and the solution was stirred. Then triphenylphosphine (274.6 

mg, 1.05 mmol) was added and further stirred for 24 h at 85 °C. After the reaction 

had gone to completion, the solution was cooled to room temperature, poured into 

ether, and the solid was collected by vacuum filtration. The solid was washed with 

Ether several times and then was purified by column chromatography (CHCl3/MeOH, 

9:1 v/v) to give a red powder. Yield: 37.1 % (97.8 mg). 1H NMR (300 MHz, CDCl3) 

δ 8.15 – 8.01 (m, 10H), 7.95 (s, 5H), 7.91 – 7.80 (m, 29H), 7.80 – 7.72 (m, 20H), 7.72 

– 7.59 (m, 30H), 7.49 (dd, J = 5.1, 1.0 Hz, 10H), 7.17 (td, J = 5.1, 3.9 Hz, 10H), 4.61 

– 4.26 (m, 21H), 3.93 (dd, J = 15.7, 12.9 Hz, 10H), 1.80 (d, J = 6.6 Hz, 31H), 1.65 (s, 

38H), 1.56 (dd, J = 14.7, 8.0 Hz, 13H), 1.48 – 1.30 (m, 23H), 1.25 (s, 10H), 13C NMR 
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(126 MHz, CDCl3) δ 157.99 – 157.49 (m), 137.64 – 137.56 (m), 136.91 – 136.84 (m), 

135.10 (d, J = 2.8 Hz), 133.93 (d, J = 10.0 Hz), 130.64 (d, J = 12.6 Hz), 130.05 – 

129.94 (m), 129.68 – 129.50 (m), 127.52 (s), 127.45 – 127.35 (m), 127.13 – 127.02 

(m), 126.49 – 126.37 (m), 125.69 – 125.48 (m), 125.01 – 124.87 (m), 120.48 – 119.36 

(m), 119.06 – 117.56 (m), 77.48 (s), 77.22 (s), 76.97 (s), 44.93 – 43.06 (m), 31.71 (s), 

26.90 (s), 22.81 (s), 14.23 (s). [M + H] + calculated for C46H48N2O2PS2
+

 756.29; Found 

755.2898 

 

Synthesis of N-(6-(5-hexyl-2,6-dioxo-3,7-di(thiophen-2-yl)-5,6-dihydro-1,5-

naphthyridin-1(2H)-yl)hexyl)benzenesulfonamide (10,NTDT-BSA) In a two-

necked 50 mL round-bottom flask, compound 7 (200 mg, 0.349 mmol) and CsCO3 

(227.4 mg, 0.698 mmol) were taken up in DMF (10mL) 

and the solution was stirred. Then benzene sulfonamide (274.6 mg, 1.05 mmol) 

was added and further stirred for 24 h at 110 °C. After the reaction had gone to 

completion, the solution was cooled to room temperature. Water was added to the 

reaction mixture and extracted using ethyl acetate. The organic phase was washed 

with water three times and dried over anhydrous MgSO4. The solid was purified by 

column chromatography (MC/MeOH, 98:2 v/v) to give a red powder. Yield: 44.6% 

(101.1 mg). 1H NMR (300 MHz, CDCl3) δ 8.01 - 7.72 (m, 54H), 1H NMR 

(300 MHz, CDCl3) δ 8.01 – 7.72 (m, 54H), 7.53 (tt, J= 12.1, 6.1 Hz, 48H), 

4.52 (s, 9H), 4.42 (s, 40H), 3.27 – 2.75 (m, 35H), 1.87 – 1.56 (m, 65H), 

1.10 (d, J= 90.7 Hz, 27H). 13C NMR (126 MHz, CDCl3) δ 158.08 – 156.29 (m), 
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141.12 – 140.00 (m), 129.32 (s), 127.23 (s), 121.54 – 119.07 (m), 77.48 (s), 77.23 (s), 

76.97 (s), 53.98 – 51.82 (m), 45.32 – 42.03 (m), 31.71 (s), 26.12 (s). [M + H] 

+ calculated for C34H39N3O4S3 650.21; Found 650.2176 

 

Synthesis of N,N,N-triethyl-6-(5-hexyl-2,6-dioxo-3,7-di(thiophen-2-yl)-5,6-

dihydro-1,5-naphthyridin-1(2H)-yl)hexan-1-aminium (11, NTDT-Tea) In a two-

necked 50 mL round-bottom flask, compound 7 (200 mg, 0.349 mmol) and 

triethylamine (355.7 mg, 3.49 mmol) were taken up in chloroform (40 

mL), and the solution was stirred for 24 h at 60 °C. After the reaction had gone to 

completion, the solution was cooled to room temperature, poured into ether, and the

 solid was collected by vacuum filtration. The solid was washed with Ether several t

imes to give a red powder. Yield: 23.6 % (50 mg). 1H NMR (300 MHz, CDCl3) δ 

7.98 (d, J = 4.1 Hz, 3H), 7.94 – 7.88 (m, 1H), 7.77 – 7.74 (m, 1H), 7.74 (s, 1H), 

7.63 – 7.40 (m, 5H), 7.23 – 7.14 (m, 1H), 4.55 – 4.31 (m, 1H), 3.49 (q, J = 7.2 Hz, 

11H), 3.44 – 3.29 (m, 1H), 1.84 (s, 1H), 1.61 (s, 1H), 1.38 (t, J = 7.2Hz,1H),0.93 (t, 

J = 7.0 Hz, 16H).  [M + H] + calculated for C34H48N3O2S2+ 595.32; Found 

594.4184 

  

Synthesis of 1,5-dioctyl-3,7-di(pyridin-4-yl)-1,5-dihydro-1,5 naphthyridine-2,6-

dione (12) In a two-necked 50 mL round-bottom flask, compound M1 (200 

mg, 0.37 mmol), 1M K2CO3 dissolved in ethanol and 4-pyridinylboronic acid (135 
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mg, 1.10 mmol) were dissolve in Toluene (25 mL), and the 

solution was stirred with light shielding. To this solution was added Pd (PPh3)4 (42 

mg, 0.037 mmol), and the solution was heated to 80 °C and stirred overnight. After 

the reaction had gone to completion, the solution was cooled to room temperature, 

water was added to the reaction mixture and extracted using ethyl acetate. 

The organic phase was washed with water three times and dried over anhydrous M

gSO4. The solid was was purified by column chromatography (MC/MeOH, 98:2 v/

v) to give a red powder. Yield: 57.2 % (115 mg). 1H NMR (300 MHz, CDCl3) δ 

8.74 (dd, J = 4.6, 1.5 Hz, 8H), 7.74 (s, 4H), 7.68 (dd, J = 4.6, 1.6 Hz, 8H), 4.51 – 

4.22 (m, 9H), 1.92 – 1.64 (m, 10H), 1.63 – 1.16 (m, 51H), 0.87 (t, J = 6.7 Hz, 13H) 

 

Synthesis of 1-methyl-4-(7-(1-methyl-1l4-pyridin-4-yl)-1,5-dioctyl-2,6-dioxo-

1,2,5,6-tetrahydro-1,5-naphthyridin-3-yl)pyridin-1-ium (X = I compound 13, 

X = Cl compound 14) In a two-necked 50 mL round-bottom flask, compound 12 

(115 mg, 0.212 mmol) and Iodomethane 90.14 mL, 2.25 mmol) 

were taken up in acetonitrile (20 mL), and the solution was refluxed overnight. 

After the reaction had gone to completion, the solution was cooled to room 

temperature, poured into isopropyl alcohol, and the solid was collected by vacuum f

iltration. The solid was washed with Isopropyl alcohol several times to give a dark r

ed powder. Yield: 81.7 % (0.173 mg).   
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Synthesis of 5,5'-(1-(6-bromohexyl)-5-hexyl-2,6-dioxo-1,2,5,6-tetrahydro-1,5-

naphthyridine-3,7-diyl)bis(thiophene-2-carbaldehyde) (15) In a two-necked 50 

mL round-bottom flask, compound 7 (1g, 1.75 mmol), 1,2-dichloromethane (50 mL) 

were taken up in DMF (40 mL), and then phosphorus oxychloride (POCl3) (1.6 mL, 

17.5 mmol) was added slowly and stirred for 1 h. The mixture was stirred for 24 h at 

65 °C. The mixture was adjusted to pH 7 with Sodium hydroxide (NaOH) and 

extracted with dichloromethane. The organic phase was washed with water three 

times and dried over anhydrous MgSO4. The residual solvent in the crude product 

was evaporated by rotary evaporation, and the crude product was purified by column 

chromatography (EA/Hexane/ChCl3, 1:2:2 v/v) to give an orange powder. Yield: 12.2 % 

(134 mg). 13C NMR (126 MHz, CDCl3) δ 183.20 (s), 135.01 (d, J = 6.7 Hz), 127.06 

(d, J = 15.6 Hz), 121.75 (s), 121.53 (s), 77.27 (s), 77.02 (s), 76.77 (s), 44.13 (s), 43.87 

(s), 33.69 (s), 32.44 (s), 31.48 (s), 30.94 (s), 28.37 (d, J = 11.1 Hz), 27.86 (s), 26.64 

(s), 26.13 (s), 22.58 (s), 14.02 (s), -0.01 (s) [M + H] + calculated for C30H33BrN2O4S2 

629.12; Found 631.1141 

 

Synthesis of 2,2'-(((1-(6-bromohexyl)-5-hexyl-2,6-dioxo-1,2,5,6-tetrahydro-1,5-

naphthyridine-3,7-diyl)bis(thiophene-5,2-diyl))bis(methaneylylidene)) 

dimalononitrile (16, NTDT-DCV)  In a two-necked 50 mL round-bottom flask, 

compound 10 (134 mg, 0.213 mmol), aluminum Oxide (152 mg, 0.639 mmol) were 

taken up in methyl chloride (25 mL), and the solution was stirred. Then malononitrile 

(65.2 mg, 1.05 mmol) was added and further stirred for 24 h at room temperature. 
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After the reaction had gone to completion, poured into methanol (100 mL), and the 

solid was collected by vacuum filtration. The solid was washed with methanol several 

times and then dried under vacuum to obtain a dark red solid. Yield: 56.6 % (87.3 

mg). 1H NMR (300 MHz, DMSO) δ 8.61 (s, 2H), 8.50 (s, 2H), 8.39 (d, J = 2.9 Hz, 

2H), 8.01 (d, J = 4.5 Hz, 2H), 4.55 (s, 4H), 3.51 (dd, J = 17.6, 11.0 Hz, 4H), 2.73 (d, 

J = 1.7 Hz, 2H), 2.27 (d, J = 1.8 Hz, 3H), 1.82 (s, 3H), 1.70 (s, 6H), 1.48 (s, 7H), 1.28 

(d, J = 28.8 Hz, 9H), 0.87 (t, J = 6.8 Hz, 5H). 13C NMR (126 MHz, CDCl3) δ 183.20 

(s), 135.01 (d, J = 6.7 Hz), 127.06 (d, J = 15.6 Hz), 121.75 (s), 121.53 (s), 44.13 (s), 

43.87 (s), 33.69 (s), 32.44 (s), 31.48 (s), 30.94 (s), 28.37 (d, J = 11.1 Hz), 27.86 (s), 

26.64 (s), 26.13 (s), 22.58 (s), 14.02 (s), -0.01 (s). [M + H] + calculated for 

C36H33BrN6O2S2 725.13; Found 727.1351  

  

Synthesis of (6-(3,7-bis(5-(2,2-dicyanovinyl) thiophen-2-yl)-5-hexyl-2,6-dioxo-

5,6-dihydro-1,5-naphthyridin-1(2H)-yl)hexyl)triphenylphosphonium (12, 

NTDT-DCV-TPP) In a two-necked 50 mL round-bottom flask, compound 11 (87.3 

mg, 0.120 mmol) was taken up in Acetonitrile (25mL), and the solution was stirred. 

Then triphenylphosphine (94.4 mg, 0.36 mmol) was added and further stirred for 24 

h at 85 °C. After the reaction had gone to completion, the solution was cooled to room 

temperature, poured into Ether, and the solid was collected by vacuum filtration. The 

solid was washed with Ether several times) to give a dark red powder. Yield: 26.8 % 

(29.2 mg). [M + H] + calculated for C54H48N6O2PS2
+

 908.30; Found 907.3025 
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2.3. Results and Discussions 

To understand the photophysical properties of synthesized NTD-based fluorescent 

probes, we examined the absorption and emission spectra in various solutions (Table 

2.1). Fluorescence quantum yields of NTD-based fluorophores were measured in 

chloroform and water where applicable. Absorption spectra for fluorophores were 

collected from 200 nm to 700 nm, and emission spectra were collected using the 

appropriate optimized wavelength. All spectra were measured under the same diluting 

concentration of NTD-based fluorophores in chloroform and water with 2 % DMSO 

solution. Quinine sulfate (Φ = 0.59 in 0.1 M HClO4 aqueous solution) was used as a 

standard to determine the fluorescence quantum yields of π-conjugation extended 

NTD derivatives bearing thiophene (NTDT), pyridine (NTDPy), or dicyanoethane 

(NTDT-DCV). 

Newly synthesized fluorophores showed various absorption and emission spectra. 

The spectral data (Table 2. 1.) illustrates the effect of ring size on the absorption and 

emission spectra.  It was evident that there is a significant bathochromic shift in the 

absorption and emission maximum on going from NTD to NTDT-DCV-TPP, 

respectively. 

 However, NTDT derivatives (8,9,10,11) have almost the same spectral shape in 

chloroform solution (Figure 2.4), with only a small shift at water solution (Figure 2.5). 

They showed the maximum absorbance peak at 498 nm at chloroform solution and 

484 nm at water solution (with 2% DMSO). The maximum emission peak of NTDT 
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derivatives exhibited 512 nm at chloroform solution and 498 nm at water solution. In 

previous research in our group, photophysical properties of octyl NTDT derivatives 

were reported. Despite the alkyl group changing from octyl to hexyl, spectra did not 

change the spectral shape in chloroform. In addition, photophysical spectra were 

identical at both NTDPy-I and NTDPy-Cl, meaning that the ion exchange did not 

affect photoluminescence. The maximum absorbance peaks were 495 nm in EtOH, 

475 nm in water (with 2 % DMSO) for NTDPy derivatives. 

In the previous research, our research group showed the photophysical property of 

other compounds based on NTD. More than ten modified dyes were synthesized and 

measured.  To understand photophysical properties of synthesized NTD series probe, 

we examined the absorption and emission spectra in various solution (Table 2.1). 

Fluorescence quantum yields of NTD-based fluorophores were measured 

in chloroform and water where applicable.  Absoprtion spectra for fluorophores were 

collected at 1 nm intervals from 200 nm to 700 nm and emission were collected using 

the appropriate optimized wavelength.  Absorption and emission spectra were 

collected under the same diluting concentration of NTD-based fluorophores in 

chloroform and water with 2 % DMSO solution. Quinine sulfate (Φ = 0.59 in 0.1 

M HClO4 aqueous solution) was used as a standard to determine the fluorescence 

quantum yields of NTD, NTDT, NTDPy and NTDT-DCV derivatives. 

In order of NTDT-DCV, NTDPy, NTDT, and NTD showed much bigger, a red-

shifted band more because of π conjugation expansion. The emission maximum 

javascript:popupOBO('CMO:0000813','c2jm14920f')
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undergoes a redshift, with the color of the emitted light changing from blue to red. 

Also, we modified alkyl group and attached other moieties such as TPP, morpholine. 

The relative photoluminescence quantum yield (PLQY), absorption coefficient and 

fluorescent brightness of NTD series were investigated by matching at each peak 

absorbance wavelength, in water with dimethyl sulfoxide (DMSO) solution and 

chloroform solution. The fluorescent brightness of compounds in water were 

marginally higher than in chloroform solution.     Especially, NTDT dye showed very 

high fluorescence quantum yield not only in water but also in CHCl3. NTDT-Mor 

showed the maximum absorbance peak at 498 nm at chloroform solution and 484 nm 

at water solution. NTDT-Mor and NTDT-TPP have very high fluorescence quantum 

yield high fluorescence quantum yield (Φx = 0.71 for NTDT-Mor and NTDT-TPP, Φx 

= 0.77 for NTDT-BSA, Φx = 0.79, for NTDT-Tea) in chloroform and it leads to high 

brightness. NTDT compounds show high fluorescence quantum yield (Φx = 0.46 for 

NTDT-Mor, Φx = 0.55 for NTDT-TPP) in water with DMSO 2 %. In comparison to 

NTDT-Mor, NTDT-TPP showed slightly higher fluorescence quantum yields in 

aqueous environment because NTDT-TPP is existing as a positive ion form Triphenyl 

phosphonium (TPP). And the maximum emission peak of NTDT-Mor exhibited 512 

nm at chloroform solution and 498 nm at water solution. All other NTDT derivatives 

show similar absorption and emission spectra with NTDT-Mor except for NTDT-BSA 

in water solution. Aggregated formation of NTDT-BSA was observed in water with 

2 % DMSO solution. The fluorescence is quenched due to aggregation. [6] 

The maximum absorbance peak of NTD-Mor exhibited 277 nm at chloroform 
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solution and 347nm at water solution. The maximum emission peak of NTD-Mor 

exhibited 452 nm at chloroform solution and 395nm at water solution. NTD-Mor has 

an emission peak at 395 nm with a lower fluorescence quantum yield (Φx = 0.48) than 

NTDT derivatives in organic solvent. For NTDPy, the maximum absorbance peak in 

Ethanol is both 495 nm, in water 475 nm. The ion exchange did not affect to 

photoluminescence, so other photophysical data were same at both NTDPy-I and 

NTDPy-Cl. The maximum absorbance peak of NTDT-DCV-TPP exhibited 552 nm at 

chloroform solution and 535 nm at water solution. NTDT-DCV-TPP has an emission 

peak at 506 nm with a lower PLQY than NTDT series. the maximum emission peak 

of NTDT-TPP exhibited 623 nm at chloroform solution and 506nm at water solution. 

Overall, NTD-Mor, NTDT derivatives show high fluorescence quantum yields in 

both organic solvent and water. NTDT-DCV-TPP show very high fluorescence 

quantum yields in chloroform, but it was low in water. 

The fundamental characterization, including photoluminescence quantum yield 

(PLQY), absorption coefficient, and fluorescent brightness of NTD-based 

fluorophores, was investigated by matching each peak absorbance wavelength. NTD-

Mor, NTDT derivatives, and NTDPy show high fluorescence quantum yields in 

organic solvent and water solution. Especially, NTDT derivatives have very high 

PLQY values in chloroform (Φx = 0.71 for NTDT-Mor and NTDT-TPP, Φx = 0.77 

for NTDT-BSA, Φx = 0.79, for NTDT-Tea) and in water (with DMSO 2 %) (Φx = 

0.46 for NTDT-Mor, Φx = 0.55 for NTDT-TPP). As defined by Birk, 

photoluminescence of quantum yield (PLQY) is the ratio of the number of photons 
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emitted to the number of photons absorbed. [6] The high PLQY value leads to high 

brightness, meaning that the fluorophores have bright and strong signal intensity. 

PLQY of NTDT-TPP and NTDT-Tea were slightly higher than other NTDT 

compounds in an aqueous environment because they existed as positive ions due to 

the anchoring motif. Triphenyl phosphonium (TPP) and triethylamine have 

conjugated double bonds, which increase the absorption coefficient.  

 The fluorescent brightness (Φx) of compounds in water was marginally higher than 

in chloroform solution. The intrinsic brightness of a fluorescent compound is a 

function of the quantum yield and the molar absorption coefficient. [7] For water 

solution (with 2 % DMSO), the relative PLQY values of NTDT-BSA and NTDT-

DCV-TPP were lower than other compounds. We observed lower brightness of 

NTDT-BSA and NTDT-DCV-TPP than other fluorophores. It seems that aggregated 

particles dispersed in solution caused quenching effect. [8,9]   
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Table 2. 1 | Photophysical data for NTD-based fluorescent probe NTD, NTDT, 

NTDPy and NTDT-DCV derivatives. The εmax means the absorption coefficient at 

the max absorption peak.                                                                                                                    

 Solvents Peak abs 

λ /nm 

Peak emi 

λ /nm 

Relative 

PLQY (Φx) 

εmax 

/cm-1M-1 

Effective 

brightness at 

λmax 

NTD-Mor Chloroform 415 452 0.48 12500 6000 

 Water 374 395 0.76 14100 10700 

NTDT-Mor Chloroform 498 512 0.71 41200 29200 

 Water 374 433 0.46 22400 10300 

NTDT-TPP Chloroform 498 512 0.71 61720 43800 

 Water 476 498 0.55 34500 19000 

NTDT-

BSA 

Chloroform 498 512 0.77 61000 47000 

 Water 481 647 0.3 64000 19200 

NTDT-Tea Chloroform 498 512 0.79 31100 24600 

  Water 476 495 0.59 25600 15100 

NTDPy-I EtOH 495 609 0.61 13000 7930 

  Water 459 583 0.67 17300 11600 

NTDPy-Cl EtOH 495 608 0.66 19100 12600 

  Water 459 583 0.67 19400 13000 

NTDT-

DCV-TPP 

Chloroform 552 623 0.82 43400 35600 

Water 535 506 0.02 27100 542 
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Figure 2. 2 | Normalized photoluminescence spectra of NTD-Mor dissolved in 

chloroform. Black line is a normalized absorption spectra and blue line is a 

normalized emission spectrum. 
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Figure 2. 3 | Normalized photoluminescence spectra of NTD-Mor dissolved in 

dissolved in water (with 2%DMSO). Black line is a normalized absorption spectra 

and blue line is a normalized emission spectrum. 
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Figure 2. 4 | Normalized photoluminescence spectra of NTDT derivatives dissolved in 

chloroform. Black line is a normalized absorption spectra and green line is a normalized 

emission spectra. (A) NTDT-Mor (B) NTDT-TPP (C) NTDT-BSA (D) NTDT-Tea. 



52 

 

 

 

Figure 2. 5 | Normalized photoluminescence spectra of NTDT derivatives dissolved 

in water (with 2%DMSO). Black line is a normalized absorption spectra and green 

line is a normalized emission spectra. (A) NTDT-Mor (B) NTDT-TPP (C) NTDT-

BSA (D) NTDT-Tea. 
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Figure 2. 6 | Normalized photoluminescence spectra of NTDPy derivatives dissolved 

in EtOH. Black line is normalized absorption spectra and orange line is a normalized 

emission spectra. (A) NTDPy-I (B) NTDPy-Cl. 
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Figure 2. 7 | Normalized photoluminescence spectra of NTDPy derivatives dissolved 

in water (with 2% DMSO). Black line is a normalized absorption spectra and orange 

line is a normalized emission spectra. (A) NTDPy-I (B) NTDPy-Cl. 
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Figure 2. 6 | Normalized photoluminescence spectra of NTDT-DCV-TPP dissolved 

in chloroform. Black line is a normalized absorption spectra and red line is a 

normalized emission spectra. 

 

 

2.4. Conclusion 

In summary, we successfully synthesized novel fluorescent probes have various 

targeting motif.  The essential structure of fluorescent probes is NTD-based 

fluorophores. Fluorescent probes with high photostability are demanding on account 

of resisting photobleaching. To characterize the photophysical properties of NTD 

derivatives, we observed absorption /emission spectra and identified that they have 
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high PLQY, high brightness. Above all, NTDT shows excellent photophysical data 

than any other compounds, and they unaffected by the alkyl group or anchoring motif. 

Also, NTD, NTDPy, and NTDT-DCV-TPP still show good possibility. In addition, 

NTD-Mor, NTDT-Mor, and NTDT-TPP showed high PLQY and brightness even in 

water, meaning that they are expected to work efficiently in cells, which are aqueous 

environments. Therefore, NTD-based fluorescent probes are expected to work  

well as fluorescent probes in cell environments.  
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Chapter 3. NTD-based fluorescent probes to target 

lysosomes and mitochondria for high resolution 

imaging 

 

3.1  Introduction 

Optical bioimaging on a small fluorescent probe for living cells is widely used to 

visualize and characterize the morphological and biological processes. It is because 

fluorescent probes are suitable tools to map the spatial and temporal distribution of 

interested species within living cells. Moreover, this way of investigating is a versatile, 

non-invasive, low-cost technique and very instinctive way. But it was not sufficient 

to resolve most biological structures. The maximum obtainable imaging resolution is 

200 nm, which is too large to resolve many processes in the cell below the organelle 

level. It makes it hard to investigate fluorescent imaging for subcellular organelles.  

Confocal microscopy has become the most powerful tool and fluorescent probes 

used to study cellular biological processes in real-time in an invasive way. However, 

one of the most significant limitations of fluorescence microscopy was an optical 

limit that cannot detect under 200 nm. To overcome this limitation, the development 

of super-resolution fluorescence microscopy techniques such as stimulated emission 

depletion (STED) was emerging, STED is the simplest way to get super-resolution 
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images with no additional steps. It comprises confocal microscopy and a donut-

shaped depletion laser. Once a focused laser beam excites the fluorescence, it can be 

suppressed by forcing them back to the ground state through stimulated emission 

using a depletion beam (STED beam). The depletion beam leads to an effective 

reduction in the excitation area to a sub-diffraction region in the center of the donut. 

The spatial resolution of the final image depends on the intensity of the STED beam.  

However, the major drawback of STED is the photobleaching effect due to the high 

optical power needed in the depletion beam. The existence of photobleaching limits 

to achieve higher resolution and more delicate imaging, so photostability property 

has been the priority of STED research. As we showed in the previous chapter, NTDT 

showed excellent photostable properties and remarkable selectivity on cellular 

organelle. Therefore, we used NTDT for STED bioimaging.  

Structured illumination microscopy (SIM) is another universally implemented 

optical super-resolution technique applicable to various biological problems. SIM is 

based on the excitation of the sample with the structured pattern of light. Different 

images are acquired, and by mathematically deconvolving the interference signal, a 

super-resolution image is obtained. However, because of cumulative illumination, it 

is easy to be photobleaching fluorescent dyes. Therefore, longer acquisition times are 

required to get super-resolution SIM imaging. To avoid photobleaching and 

overcome this limit, a photostable fluorescent dye is needed. As we showed in the 

last part, NTD-based fluorophores show outstanding photostability and selectivity, so 
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we applied them for SIM imaging. SIM is attractive because it can readily be applied 

to samples prepared for standard fluorescence microscopy without requiring 

significant additional sample preparation. 

NTD shows the perfect photostability under the cell environment and super-

resolution microscopy. We hired STED for high-resolution imaging and SIM for 

high-resolution multicolor imaging. STED and SIM are allowed the visualization of 

cellular structures smaller than can be visualized with conventional microscopy. 

STED and SIM are readily applied to samples prepared for traditional fluorescence 

microscopy, requiring no sophisticated sample preparation protocols. NTDT was 

perfectly fit for multicolor bioimaging and STED, SIM bioimaging for investigating 

living cells. It means that NTDT can be the best solution for super-resolution 

bioimaging.  
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3.2  Experimental 

3.2.1 Preparation of Cell lines 

 HeLa was obtained from Korean Cell Line Bank. HeLa cells were grown in Dulbec

co’s Modified Eagle’s Medium (DMEM; Welgene, Korea) containing 10% fetal bo

vine serum (FBS; Welgene, Korea) and 1 % antibiotic antimycotic solution (100X) 

(AA; Welgene, Korea). As for all preparation of bio-

imaging, HeLa was grown in DMEM containing 10 % FBS and 1 % AA at 37 ℃ in

 5 % CO2.  

 

3.2.3 In-vitro cell labeling and imaging 

Confocal imaging. Cells needed to be imaged were plated on confocal dishes and 

incubated with DMEM containing 10 % FBS and 1 % AA at 37 ℃ and 5 % CO2 for 

a day. The old medium was changed to probe involved DMEM for each optimized 

imaging condition of probes, not containing FBS. And each dish was incubated for 

each appropriate uptake time, and differential interference contrast (DIC) and 

fluorescence images were obtained using a Laser scanning confocal microscope Zeiss 

(LSM800) with a Pin-Apo 10X/0.45 DIC II and (10, numerical aperture; Zeiss). The 

light sources used in this experiment were 405, 488, 561 nm laser. The images were 

processed by Fiji (ImageJ) software to measure Pearson’s correlated coefficient and 

profile intensity. 
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STED imaging. STED imaging experiments were performed using a Leica TCS 

SP8X STED microscope, equipped with various Ar lasers and a pulsed white-light 

laser for excitation, as well as a continuous wave depletion (CWSTED) laser (592 

nm). A ×100 oil-immersion objective (Leica, N.A. 1.4) was employed. STED Super-

resolution Confocal Microscope was performed at the NICEM at the Seoul National 

University. The images were processed by Fiji (ImageJ) software. The Leica TCS 

SP8 STED 3× system and a pulsed laser at nm for the depletion was used for STED 

imaging. The deconvolution images were processed by Huygens. Fluorescence 

intensity were obtained using Origin 2015 software.  
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Figure 3. 1 | STED imaging range for NTDT based fluorophores. The experiment 

setting information was excitation at 488 nm, detection range from 500 nm to 520 nm 

and deletion laser at 592 nm. 
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SIM imaging. Super-Resolution Structured Illumination Microscopy (SR-SIM) 

imaging was recorded with a ELYRA PS.1(Carl Zeiss.) at the National Center for 

Inter-university Research Facilities (NCRIF) at the Seoul National University. 405nm 

(50 mW), 488nm laser (100 mW), 561nm (100 mW) Lasers were used for excitation. 

 

 

Figure 3. 2 | SIM imaging scheme applied to NTD-based fluorophores. NTD-Mor 

was excited by 405 nm laser and detected between 420-480 nm. NTDT-Mor and 

NTDT-TPP were excited by 488 nm laser and detected between 495-575 nm. NTDT-

DCV-TPP was excited by 561 nm laser and detected between 570-650 nm. 
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3.3 Results and Discussions 

3.3.1 Screening test 

NTD-based fluorophores are applied to HeLa cell and directly imaged using Zeiss 

(LSM800). In this step, we tested NTD fluorescent compounds and searching for 

possible imaging dye. All synthesized compounds, NTD-Mor, NTDT-TPP, NTDT-

Mor, NTDT-BSA, NTDT-Tea, NTDT-DCV-TPP, NTDPy-I, NTDPy-Cl were 

applied.  

At first, NTD-Mor successfully stained HeLa cell and showed a significant 

correlation with co-stained Mito tracker deep red. When NTDT-Mor and NTDT-TPP 

were imaged under the optimized conditions, excellent images were obtained. 

Merged images with NTDT-Mor and Lyso tracker deep red, NTDT-TPP, and Mito 

tracker deep red were clearly imaging targeting cellular organelles. (Figure 3.3). 

NTDT-BSA also showed good without any aggregation and stained ER very well. 

But it seems that NTDT-BSA targeted mitochondria and lysosomes also, and its 

correlation with other cell organelles seems good. When considering for cell 

organelle mechanism, mitochondria and lysosomes are attached to the ER, so it is 

difficult to separate all organelles individually. (Figure 3.4) Unlike mitochondria and 

lysosome targeting motif, ER targeting strategy has not been studied much. [1] 

NTDT-Tea, NTDPy-I, and NTDPy-Cl were expected to target mitochondria. 

However, the selectivity with mitochondria seems below. NTDPy showed weak 
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fluorescence intensity in HeLa cells. Merged image with NTDPy-I, NTDPy-Cl with 

Mito tracker deep red, there is some overlap between the yellow fluorescence of 

NTDPy and the red fluorescence of the commercial dye. Since the fluorescence 

intensity is very weak, it is challenging to convince whether compounds targeted 

mitochondria. They show aggregation dots inside the HeLa cell. They must pass 

through the cell lipid membrane to target organelles, which requires an appropriate 

balance of hydrophobicity and hydrophilicity. In the case of NTDPy, it is a divalent 

cation, and it is assumed that this balance is broken.  

Suitable cell organelle targeting probes needed to be soluble in buffer solution, be 

bright at the excitation wavelength, be delivered through the cell membrane. At this 

point of view, NTD-Mor, NTDT-Mor, NTDT-TPP, and NTDT-DCV-TPP are 

suitable. They have promising targeting motif and are selectively anchored at cell 

organelles. On the other hand, NTDPy and NTDT-Tea show low brightness or dotted 

pattern at HeLa cell, which can disrupt analyzing cell signal. 
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Figure 3. 3 | Screening test for NTD series. HeLa cell was incubated NTD-based 

fluorophores in media with DMSO (2 %) for 5 µM, 3 hours, and commercial tracker 

500 µM for 40 min. (A) NTD-Mor (B) NTDT-Mor (C) NTDT-TPP (D) NTDT-BSA 

(E)NTDT-Tea (F) NTDPy-I (G) NTDPy-Cl (H) NTDT-DCV-TPP. 
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3.3.2 Cellular organelle targeting ability 

Characterization of subcellular organelle is very important. Above all, mitochondria 

and lysosomes are the most important because they regulate cell activity. 

Mitochondria regulate several cell activities, such as proliferation, migration. And 

lysosome is generating endocytosis and the synthesis of hydrolases for 

macromolecule digestion. The malfunction of mitochondria and lysosomes can 

induce disorders or disease. Mitochondria–lysosome contacts formed dynamically in 

Figure 3. 4 | Further screening test for NTDT-BSA. Hela cell was incubated with 

NTDT-BSA in media with DMSO (2%) for 5uM, 3 hours and commercial tracker 500 

nM for 40 min. (A) co-stained with Lyso tracker deep red (B) co-stained with Mito 

tracker deep red. 
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healthy untreated cells and were distinct from damaged mitochondria-targeted into 

lysosomes for degradation. They regulate several cell activities. The size of a 

mitochondrion is usually 200 nm in diameter, whereas the distance between the 

cristae in mitochondria is ~100 nm. However, because they are limited by spatial 

resolution, the cristae can only be visualized as lamellar curtain-like structures. In 

both cases, the spatial resolution was insufficient to distinguish individual cristae for 

further analysis. Various techniques have been utilized to visualize submitochondrial 

structures, but the main bottleneck in super-resolution images was the photophysical 

property of fluorophores to get super-resolution imaging. A fluorescent probe suitable 

for applications inside living cells needs to be membrane permeable but must not 

display unspecific interactions with the sample. Also, they need to be high brightness, 

photostability, and targetable cellular structures. Before now, only a small fraction of 

existing fluorophores fulfilled these conditions. In this chapter, we used a novel 

fluorophore called NTD, which has good photostability, brightness, cell permeability, 

and biocompatibility. We designed a targetable fluorescent probe to target cell 

organelles. By incorporating triphenylphosphine or morpholine into the NTD core, 

we developed a new cellular organelle targeting probe.  

We investigated the performance of the new probes in bioimaging by a Confocal 

Laser Scanning Microscopy (CLSM), Zeiss LSM800. We selected NTD-Mor, 

NTDT-TPP, NTDT-Mor, and NTDT-DCV-TPP, which show excellent imaging in 

the HeLa cell at the previous screening step. They are cell-permeable and have 

enough photoluminescence under CLSM. 
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To examine the organelle targeting performance, colocalization experiments were 

conducted by co-staining HeLa cells with commercial trackers and NTD-based 

fluorophores. Lyso tracker deep red was employed to investigate the subcellular 

localization pattern of NTD-Mor (Figure 3.5) and NTDT-Mor (Figure 3.6). Also, we 

evaluated the specificity of NTDT-TPP (Figure 3.7), NTDT-DCV-TPP (Figure 3.8) 

by colocalizing them with Mito tracker green and Mito tracker deep red. 

 For quantitative determination of fluorescence signal, Pearson’s correlation 

coefficient (PCC) is used. PCC values indicate the correlation between two images. 

The range of PCC values is from 1 to -1. PCC value for 1 means that two images are 

perfectly, linearly related. In contrast, the PCC value for -1 implies that the two 

images are perfectly inversely related that do not overlapped. Values near zero 

indicate that the probe distribution of two images is uncorrelated. [2] NTD-Mor and 

NTDT-Mor were explicitly accumulated in the lysosome (overlapped with Lyso 

tracker deep red). The observed high Person’s correlation coefficient (PCC) between 

Lyso tracker deep red and NTD-Mor was 0.753 and 0.907 for NTDT-Mor. NTD-

based lysosomes targeting probes show high selectivity for lysosomes comparing 

with PCC between commercial Mito trackers. (PCC for NTD-Mor with Mito tracker 

deep red was 0.528 and for NTDT-TPP with Mito tracker deep red was 0.612). The 

PCC values between Mito tracker deep red and NTDT-TPP was 0.926 and 0.750 for 

NTDT-DCV-TPP between Mito tracker Green. The PCC values with commercial 

Lyso tracker were 0.624 and 0.394, respectively. The results showed that NTDT-TPP 

and NTDT-DCV-TPP were able to stain mitochondria well. Overall, the NTDT series 
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indicate a very high staining ability for targeting cellular organelles. The changes in 

the linear region's profile intensity in the two channels support the results. 
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Figure 3. 5 | CLSM images of HeLa cells co-stained with NTDT-DCV-TPP and 

commercial dye. The scale bar is 10 um. PCC for NTDT-TPP and Mito tracker deep 

red is 0.750. PCC for NTDT-TPP and Lyso tracker deep red is 0.516. (C), (D) The 

profile intensity for merged image of (A), (B) in white box was measured. ROI is 10 

um. 
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Figure 3. 6 | CLSM images of HeLa cells co-stained with NTDT-Mor and commercial 

dye. The scale bar is 10 um. PCC for NTDT-Mor and Lyso tracker Deep Red is 0.907. 

PCC for NTDT-Mor and Mito tracker deep red is 0.612. (C), (D) The profile intensity 

for merged image of (A), (B) in white box was measured. ROI is 10 um. 
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Figure 3.7 | CLSM images of HeLa cells co-stained with NTDT-TPP and commercial 

dye. The scale bar is 10 µm. PCC for NTDT-TPP and Mito tracker deep red is 0.926. 

PCC for NTDT-TPP and Lyso tracker deep red is 0.624. (C), (D) The profile intensity 

for merged of (A), (B) in white box was measured. ROI is 10 µm. 
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Figure 3. 8 | CLSM images of HeLa cells co-stained with NTDT-DCV-TPP and 

commercial dye. The scale bar is 10 µm. PCC for NTDT-TPP and Mito tracker deep 

red is 0.750. PCC for NTDT-TPP and Lyso tracker deep red is 0.516. (C), (D) The 

profile intensity for merged image of (A), (B) in white box was measured. ROI is 10 

µm. 
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3.3.3 Photostability 

We measured the relative photobleaching time of our novel synthesized dyes and c

ommercial dyes, Lyso tracker Green and Mito tracker deep red. Under each 

optimized imaging condition, NTD-Mor and NTDT-Mor have good photostability as 

well as Lyso tracker Green. Especially, NTD-Mor is more photostable than Lyso 

tracker green. NTDT-TPP and NTDT-DCV-TPP showed higher photostability than 

Mito tracker deep red, also under each optimized imaging condition. The relative 

fluorescent intensity Mito tracker deep red decreased faster than NTDT-TPP and 

NTDT-DCV-TPP. Thus, NTD series fluorescent probes are expected to resist 

quenching with promising photostability. [3] 
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Figure 3. 9 | Integrated fluorescence intensity plotted as a function of recorded 

CLSM images. Hela cell incubated with NTD-Mor, NTDT-Mor, NTDT-TPP and 

NTDT-DCV-TPP show constant fluorescence signal. Compared to commercial 

tracker, NTD-based fluorophores are photostable. 
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 3.3.4 In vitro cytotoxicity 

NTD-Mor and NTDT-Mor showed high cell viability up to the concentration of 5 

µM until 24 hours later. In contrast, NTDT-TPP and NTDT-DCV-TPP showed such 

high cytotoxicity even at a concentration 5 µM for 3 h. This resulted from the high 

permeability of triphenyl phosphate into mitochondria, because the large negative 

potential across the mitochondrial inner membrane can let cation of TPP penetrated 

easier. 
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Figure 3. 10 | Cell viability of NTD series in Hela cells. Hela cells were treated with 

the indicated various concentration of NTD compounds up to 24 hours. The MTT 

assay was used to measure the effectiveness of compounds (A) NTD-Mor (B) NTDT-

Mor (C) NTDT-TPP (D) NTDT-DCV-TPP. 
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3.3.5. Application to STED imaging  

The major drawback of STED is the photobleaching effect due to the high optical 

power needed in the depletion beam. In addition, the existence of photobleaching 

limits to achieve higher resolution and more delicate imaging. Therefore, 

photostability property has been the priority of the research of STED. As we showed 

in previous data, NTDT showed excellent photostable properties and remarkable 

selectivity on cellular organelle. Therefore, we used promising photostable and bright 

fluorophore NTDT for STED bioimaging.  

NTDT derivatives were excited at 488 nm. Under STED conditions, the inner 

membrane of mitochondria stained with NTDT-TPP was visualized in HeLa cells. 

Figure 3.11 (A) displays confocal microscopy, and Figure 3.11 (B) shows STED 

images, showing that NTDT-TPP stained selectively with mitochondria. In the STED 

image, small spots that could not be discriminated in confocal images are clearly 

distinguished. Figure 3. 11 (A) - i and (B) – i, four spots are ambiguous in the confocal 

image and quite blurry. However, the structure was revealed in STED images, and 

four spots appeared.  As shown in Figure 3.11 (C), the spatial resolution in STED 

microscopy was enhanced compared to confocal microscopy. Mitochondria is a small 

organelle with a diameter under 100 nm. [4] We recorded NTDT-Mor STED images 

also. The membrane of the lysosome stained with NTDT-Mor was visualized in HeLa 

cells. Figure 3.12 (A) displays confocal microscopy, and Figure 3.12 (B) shows 

STED microscopy images, showing that NTDT-Mor stained selectively with 
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lysosomes. Using a STED microscope, the membrane of lysosomes stained with 

NTDT-Mor was efficiently visualized in living HeLa cells, which showed narrow 

peak at the STED image. It suggests that the NTDT series can be excellent choices 

for super-resolution imaging probes.  

 Compared to the commercial tracker with standard live-cell mitochondrial probes, 

NTDT dyes exhibit much more robust photostability during STED microscopy. Rare 

photobleaching and mitochondrial shape variations are observed upon exposure to 

STED scanning at NTDT-TPP scanning. The photobleaching assays of NTDT-TPP 

were performed under laser irradiation (30 mW power). After ten scans of STED laser, 

the fluorescence intensity of NTDT-TPP remained at 27 % of initial fluorescence. 

(Figure 3.13) The results showed that NTDT fluorophore displayed good anti-

photobleaching ability. Under the same imaging conditions, in contrast, the 

fluorescence signal from Mito tracker Green dropped very quickly due to significant 

photobleaching, making it unsuitable for long-term live-cell STED imaging. NTDT 

dyes exhibited much more robust photostability than Mito tracker. 
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Figure 3. 11 | Fluorescence images of mitochondria in a fixed HeLa cell stained by 

NTDT-TPP.  The STED images were recorded with 488 nm excitation with a STED 

beam at 592 nm with 50 mW power laser at the sample. (A) Confocal (B) STED (C) 

Profile intensity across the mitochondria in confocal (green curve) or STED (red 

curve) indicated by shaded bar in (A)-ii and (B)-ii. Region of interest is 2 µm. 
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Figure 3. 12 | Fluorescence images of mitochondria in a fixed HeLa cell stained by 

NTDT-Mor. The STED images were recorded with 488 nm excitation with a STED 

beam at 592 nm with 50 mW power laser at the sample. (A) Confocal (B) STED (C) 

Profile intensity across the mitochondria in confocal (green curve) or STED (red 

curve) indicated by shaded bar in (A)-ii and (B)-ii. Region of interest is 2 µm. 
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Figure 3. 13 | STED imaging with long acquisition times of HeLa cells incubated with 

NTDT-Mor. STED imaging were scanned per 4 sec. STED laser power 50 mW (A) 

STED imaging (B) Normalized Fluorescence intensity through scan number. 
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3.3.6 Application to SIM imaging  

Structured illumination microscopy (SIM) is one of the most universally 

implemented optical super-resolution techniques applicable to a wide variety of 

biological problems. SIM is based on the excitation of the sample with the structured 

pattern of light. Different images are acquired, and by mathematically deconvolving 

the interference signal, a super-resolution image is obtained. Because of cumulative 

illumination, it is easy to be photobleaching fluorescent dyes. Longer acquisition 

times are required to get super-resolution SIM imaging. To avoid photobleaching and 

overcome this limit, a photostable fluorescent dye is needed. As we showed in the 

previous part, NTD-based fluorophores show excellent photostability and selectivity, 

so we applied them for SIM imaging.   

We incubated HeLa cell with NTD series, NTDT-Mor, NTDT-TPP, and NTDT-

DCV-TPP. (Figure 3.14) By SIM processing, CLSM images become clear, and spots 

that cannot be discriminated against in CLSM were revealed. After staining with 

NTD-Mor, NTDT-Mor, NTDT-TPP, and NTDT-DCV-TPP individually, the shapes 

of subcellular organelles were clearly revealed outline in SIM images with low-

fluorescence background. Shown in profile intensity (Figure 3.15 (c)), SIM help to 

detect mitochondria that cannot be discriminated at CLSM. The achievable resolution 

of linear SIM is constrained approximately 110 nm and it can detect mitochondria 

under 200 nm. [5] 

Compared to commercial tracker imaging, bioimaging used NTD series show much 

high-quality bioimaging in view of brightness and photostability. SIM imaging by 
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HeLa cell incubated with Mito tracker Green or Lyso tracker deep red showed fast 

quenching during imaging. Compared to commercial tracker imaging, super-

resolution imaging used NTD series are clear and show strength at photostability. 
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Figure 3. 14 | HeLa cell imagines incubated with NTDT series. Left images are 

CLSM imaging, and right images are SIM images.  (A) NTDT-Mor sample was 

excited by 488nm laser and detected between 495-575 nm. (B) NTDT-TPP sample 

was excited by 488nm laser and detected between 495-575 nm. (C) NTDT-DCV-TPP 

were excited by 561 nm laser and detected between 570-650 nm. 
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Figure 3. 15 Hela cell incubated with NTDT-TPP. (A) CLSM image (B) SIM image 

(C) Profile fluorescence intensity of white box of (A) and (B). ROI is 5um.  
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3.4 Conclusion 

In summary, we developed the cell organelle targetable NTD-based fluorescent 

probes for super-resolution bioimaging. Remarkably, compared to commercial 

trackers such as Mito tracker green and Lyso tracker red, NTD-based fluorophores 

showed outstanding photostability and biocompatibility. The photophysical 

properties of novel fluorescent probes, high brightness, quantum yield, and 

photostability allow NTD-based fluorophores to broadly apply bioimaging from basic 

fluorescence microscopy to super-resolution microscopy. 

  The NTD-based fluorophores show the excellent selectivity of targeting cellular 

organelle simply by adding targeting motif.  The data showed that NTD-Mor, NTDT-

Mor can selectively and sensitively target lysosomes, and NTDT-TPP, NTDT-DCV-

TPP targeted mitochondria very sufficiently. Moreover, NTD, NTDT, and NTDT-

DCV-TPP have distinct absorption and emission spectra, allowing multi-channel 

imaging. We observed NTD from the blue channel, NTDT from the green channel, 

and NTDT-DCV from the red channel.  

 The utility of the NTD series is greatly enhanced when it is compatible with super-

resolution techniques. The main problem for super-resolution imaging was 

photobleaching under irradiation and a long acquisition time during observation. 

However, NTDT derivatives allow getting STED imaging under the intense depletion 
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laser. Moreover, the photostability of NTD compounds can endure a phototoxicity 

environment during the long observation time of SIM imaging. 

Despite remarkable progress in this field, several problems remain unaddressed. 

There are some tries to use longer wavelength as excitation laser and to develop near-

infra red (NIR) fluorescent probe. Longer wavelengths with small energy can be a 

safer choice for reducing phototoxicity. Auto-fluorescence and absorption of a cell 

can limit high-resolution bioimaging. In the following research, developing 

fluorophores with longer emission wavelengths to improve resolution is needed. 

 

 

3.5 Reference 

[1] Fang L, Trigiante G, Crespo-Otero R, Hawes CS, Philpott MP, Jones CR, et 

al. Endoplasmic reticulum targeting fluorescent probes to image mobile Zn2+. Chem 

Sci. 2019;10(47):10881-7. 

[2] Dunn KW, Kamocka MM, McDonald JH. A practical guide to evaluating 

colocalization in biological microscopy. Am J Physiol Cell Physiol. 

2011;300(4):C723-42. 

[3] Zhang X-Y, Zhang P-Y. Mitochondria targeting nano agents in cancer 

therapeutics. Oncology Letters. 2016;12(6):4887-90. 



91 

[4] Yang XS, Yang ZG, Wu ZY, He Y, Shan CY, Chai PY, et al. Mitochondrial 

dynamics quantitatively revealed by STED nanoscopy with an enhanced squaraine 

variant probe. Nature Communications. 2020;11(1). 

[5] Wegel E, Gohler A, Lagerholm BC, Wainman A, Uphoff S, Kaufmann R, 

et al. Imaging cellular structures in super-resolution with SIM, STED and 

Localisation Microscopy: A practical comparison. Scientific Reports. 2016;6. 

 

 

 

 

 

 

 

 

 

 



92 

초  록 (Abstract in Korean) 

   

 형광 현미경을 이용한 생명 활동 관찰은 가장 일반적인 방식으로, 비침습성, 

낮은 가격 등으로 인해 널리 사용되고 있다. 초고분해능 형광 현미경의 등장으

로, 200nm 보다 미세한 분자 단위까지 관찰이 가능한 시대가 열렸다. 해당 분

야는 크게 발전하여 STED, SIM, STORM 등 다양한 방면으로 기술 

개발이 이루어졌다. 그 중에서도 STED (Stimulated emission depletion. 유도 

방출 제어 현미경) 은 매우 강한 STED 레이저 세기 때문에, SIM (Structured 

Illumination Microscopy. 구조화 조명 현미경)의 경우 오랜 관측 시간을 필요로 

하여, 기존 형광 탐침을 사용하여 관찰하기에는 어려움이 있었다. 초고분해능 

이미징의 중요성이 부각되는 시점에서, 광안정성이 높은 형광 탐침의 

필요성이 대두되었다. 본 연구에서는 NTD라 불리는 형광원을 기본으로 하여 

광안정성이 우수하고 높은 밝기를 갖는 새로운 디자인의 형광 탐침을 제시하여 

이 문제를 해결하고자 하였다.  

제 2 장에서는 NTD 시리즈에 여러 탐침 작용기를 도입하여 세포 소기관을 

표지 할 수 있도록 설계하였다. 이를 위해 새로운 형광 탐침의 구조와 합성 

경로를 제시하였다. 형광 탐침의 구조는 크게 형광원, 링커, 그리고 표적 탐침 

작용기로 나뉘며 형광원과 탐침 작용기에 다양한 변화를 주었다. 형광원으로 
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NTD, NTDT, NTDT-DCV 등 NTD를 기본으로 하여 다양한 파장대를 가질 수 

있도록 확장하였다. NTD 는 415nm 에서 최대 흡수를 가져 푸른색 

형광원으로 사용하였는데, NTD 형광원에 싸이오펜(Thiophene)을 도입하여 

498nm 에서 최대 흡수를 갖는 초록색 형광원 NTDT 로, 마지막으로 

디시아노에테인(Dicyanoethane)을 NTDT 에 추가 도입하여 짙은 

붉은색 형광원을 합성하였다. 여기에 미토콘드리아 타겟팅 분자로는 링커인 

알킬기 끝에 트리페닐포스핀(Triphenylphosphine), 피리딘(pyridine), 

트리에틸아민(Triethylamine)을, 리소좀 탐침 분자로는 모폴린(Morpholine)을, 

소포체 탐침 분자로는 벤질 설포닐 아민(Benzyl sulfonyl amine)을 도입하였다. 

알킬기에 탐침 작용기를 도입한 다른 형광원과는 다르게, 피리딘(Pyridine)을 

도입한 NTDPy의 경우 NTD 형광원의 공액을 확장하게 되어 609 nm 부근에서 

최대 흡수를 갖는 주황색 발광 물질이 되었다. 이처럼 다양한 조합의 합성을 

시도하여 총 10 가지 물질의 흡수/발광 스펙트럼을 통해 광물리학적 특성을 

확인하였다.   

제 3 장에서는 합성한 NTD 계열 형광 탐침을 이용하여 세포환경에서 

이미징하였다. 이를 위해 선별 실험을 통해 합성한 물질이 세포 표적 물질로 

사용가능한지 세포에 배양하여 검증 단계를 거쳤다. 이 단계를 통해 전 

물질에서 형광 탐침으로서 훌륭한 가능성이 보이는 NTD-Mor, NTDT-Mor, 

NTDT-TPP, NTDT-DCV-TPP 를 선별하였다. 원하는 세포 소기관을 타겟팅 

하였는지 여부는 세포 표적 시약을 사용하여 합병한 이미지, 측면 형광 세기 
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측정, Pearson's correlated coefficient (PCC)를 통해 확인하게 되는데, 합성한 

형광 탐침들은 헬라 세포 이미지에서 겹침 정도가 확연했고, 측면 형광 세기 

그래프에서 기존 세포 표적 탐침과 형광 개형이 일치했으며, PCC값이 높았다. 

세포 독성 테스트 등을 통해 세포 환경에서 적절히 기능할 수 있음을 밝혔다. 

NTD 시리즈 형광 탐침은 훌륭한 광안정성을 바탕으로 초고해상도 이미징에서 

우수한 성능을 보였다. STED 의 경우, 광안정성이 매우 좋은 NTDT 를 

사용하였을 때 STED 레이저에도 형광이 소광되지 않아 성공적인 이미징을 

가능하게 하였다. 이 이미지는 신호 처리 기법 중 하나인 디콘볼루션 

(deconvolution)을 통해 더욱 개선되었고, 기존 회절 한계였던 200 nm 이하까지 

관찰 가능함을 입증하였다. 또다른 초고해상도 이미징 기법인 SIM 을 

사용하였을 때도, NTD 시리즈 형광 탐침은 오랜 탐지 시간동안 형광이 

표백되지 않고 이미징이 가능함을 보였다. 

  본 학위 논문에서는 뛰어난 광 안정성을 갖는 새로운 형광 탐침을 도입하여, 

기존의 공 초점 현미경뿐만 아니라 회절 한계를 넘어 초고분해능 이미징까지 

확장 가능성을 보여주고자 하였다.  다양한 합성 루트를 통해 새로운 NTD형광 

탐침의 합성에 성공하였고, 세포 소기관 표적이 가능할 뿐만 아니라 

초고분해능 이미징 탐침으로서 기능할 가능성도 함께 제시할 수 있었다. 
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Appendix 

1H and 13C NMR spectra of compounds  

 

1a. 1H NMR spectrum of compound 1 in CHCl3 (300 MHz). 
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1b. 13C NMR spectrum of compound 1 in CHCl3 (500 MHz). 

 

 

2a. 1H NMR spectrum of compound 2 in CHCl3 (300 MHz). 

 

2b. 13C NMR spectrum of compound 2 in CHCl3 (500 MHz). 
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3a. 1H NMR spectrum of compound 3 in CHCl3 (300 MHz). 

 

3b. 13C NMR spectrum of compound 3 in CHCl3 (500 MHz). 
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4a. 1H NMR spectrum of compound 4 in CHCl3 (300 MHz). 

 

4b. 13C NMR spectrum of compound 4 in CHCl3 (500 MHz). 
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5a. 1H NMR spectrum of compound 5 in CHCl3 (300 MHz). 

 

5b. 13C NMR spectrum of compound 5 in CHCl3 (500 MHz). 
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6a. 1H NMR spectrum of compound 6 (NTD-Mor) in CHCl3 (300 MHz). 

 

 

6b. 13C NMR spectrum of Compound 6 (NTD-Mor) in CHCl3 (500 MHz) 
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7a. 1H NMR spectrum of Compound 7 in CHCl3 (300 MHz). 

 

7b. 13C NMR spectrum of Compound 7 in CHCl3 (500 MHz). 
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8a. 1H NMR spectrum of Compound 8 (NTDT-Mor) in CHCl3 (300 MHz). 

 

8b. 13C NMR spectrum of Compound 8 (NTDT-Mor) in CHCl3 (500 MHz). 
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9a. 1H NMR spectrum of Compound 9 (NTDT-TPP) in CHCl3 (300 MHz). 

 

9b. 13C NMR spectrum of Compound 9 (NTDT-TPP) in CHCl3 (500 MHz). 
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10a. 1H NMR spectrum of Compound 10 (NTDT-BSA) in CHCl3 (300 MHz). 

 

10b. 13C NMR spectrum of Compound 10 (NTDT-BSA) in CHCl3 (500 MHz). 
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11a. 1H NMR spectrum of Compound 11 (NTDT-Tea) in CHCl3 (300 MHz). 

 

12a. 1H NMR spectrum of Compound 12 in CHCl3 (300 MHz). 
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13b. 13C NMR spectrum of Compound 13 (NTDPy-I) in CHCl3 (500 MHz). 

 

15a. 1H NMR spectrum of Compound 15 (NTDT-CHO) in CHCl3 (300 MHz) 
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15b. 13C NMR spectrum of Compound 15 in CHCl3 (500 MHz). 

 

16a. 1H NMR spectrum of Compound 16 in DMSO (300 MHz). 
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16b. 13C NMR spectrum of Compound 16 in CHCl3 (500 MHz). 

 

17b. 13C NMR spectrum of Compound 17 (NTDT-DCV-TPP) in DMSO (500 

MHz). 
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