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Fluorescent probes are great tools for visualization and imaging of reactive oxygen 

species (ROS) in living cells. Although several probes perform well with green emission, 
however, to maximize light penetration for tissue imaging and minimize interference from 
auto-fluorescence, a probe with longer wavelength is desirable. In this study, three new boron 
dipyrromethene (BODIPY)-based fluorescent probes SB1, SB2 and SB4 have been developed 
for detection of ROS. Each probe has two styryl groups anchored to the BODIPY pyrrole rings 
to extend the emission wavelength into the red region (634–662 nm). Among them, we found 
that SB2 containing electron-rich p-hydroxyl styryl groups was the best probe for ROS 
detection. In aqueous media, the probe SB2 demonstrated colorimetric change from blue to 
purple and gave orange fluorescence turn-on at 590 nm selectively to hypochlorite (NaOCl) 
over other ROS. SB2 provided the detection limit for NaOCl sensing of 0.26 μM. Several 
oxidative intermediates were observed from mass spectrometry, suggesting the NaOCl 
oxidative sensing mechanism of SB2. In RAW264.7 macrophages, SB2 was able to penetrate 
and detect both exogenous NaOCl and endogenous ROS, induced by lipopolysaccharide (LPS), 
in the orange field (570–620 nm). Our finding offers long-wavelength probe for ROS detection 
in live cells. 
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 LIST OF ABBREVIATIONS 
 

Ab   Absorption 
BODIPY  Boron-dipyrromethene 
CCA   2-Cyano-4-hydroxycinnamic acid 
DCM   Dichloromethane 
DDQ   2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 
DIPEA   N,N-Diisopropylethylamine 
DMEM   Dulbecco's Modified Eagle Medium 
DMSO   Dimethyl sulfoxide 
DNA   Deoxyribonucleic acid 
Em   Emission 
EPR   Electron paramagnetic resonance 
ESIPT   Excited-state intramolecular proton transfer 
ESI   Electrospray ionization 
ESR   Electron spin resonance 
Ex   Excitation 
FBS   Fetal Bovine Serum 
FRET   Forster resonance energy transfer 
HOMO   Highest occupied molecular orbital 
HRMS   High-resolution mass spectrometry 
ICT   Intramolecular charge transfer 
IR   Infrared 
LPS   Lipopolysaccharide 
LUMO   Lowest unoccupied molecular orbital 
M   Molar 
mg   milligram 
mL   millilitre 
mmol   millimole 
MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
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nm   nanometer 
NMR   Nuclear magnetic resonance 
PBS   Phosphate buffer saline 
PET   Photo-induced electron transfer 
ppm   parts per million 
ROS   Reactive oxygen species 
TLC   Thin-layer chromatography 
UV-vis   Ultraviolet-visible 
vs   versus 

 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER I INTRODUCTION 
 
1.1 Overview 

Reactive oxygen species (ROS) are ions or molecules containing reactive oxygen atom 
such as hydroxyl radical, superoxide anion, hydrogen peroxide, singlet oxygen and hypochlorite. 
They are important signaling molecules for various metabolism in biological system. Their 
concentration involves the state of health and disease [1]. However, overproduction of ROS from 
oxidative stress in biological cells causes the overoxidation of biomolecules, such as enzymes, 
cellular membranes and DNA, leading to permanent cellular damage [2] and various diseases 
including osteoarthritis [3], atherosclerosis [4], neurodegeneration [5] and nephropathy [6]. 
Therefore, the medical and biological researches involved with the functions of ROS require 
biocompatible and sensitive tool for imaging and mechanistic study of ROS generation in live 
cells, which lead to better understanding of biological processes and clinical diagnostics. 

Among various methods for determination of ROS [7, 8], fluorescent sensor is a suitable 
tool for monitoring and imaging the ROS in biological system [9]. Many fluorescent probes for 
selective detection of ROS in recent years have been reported [10-12], utilizing pyrene [13], 
coumarin [14], fluorescein [15], rhodamine [16], naphthalimide [17], and boron-dipyrromethene 
(BODIPY) as a fluorophore. Among them, BODIPY offers many outstanding advantages 
including excellent photostability, flexible modification, high molar absorptivity and 
biocompatibility [18] which provides its popularity in live cell imaging. However, most 
BODIPY-based fluorescent probes are effective in the green-emissive region (shorter than 530 
nm) which is relatively short wavelength and requires high excitation energy. The short-
wavelength probes usually suffer from low cellular penetration, biomolecular autofluorescence 
and are damaging to living cells. Some of them gives turn-off fluorescence signal which can 
easily provide fault positive result. Based on mentioned drawbacks, we therefore want to prepare 
orange-red emissive BODIPY probe for ROS detection. Based on the literature, gold species has 
been known as a catalyst for oxidation of styrene into epoxide, aldehyde, and ketone compounds 
in the presence of ROS [19]. With this knowledge, we design the new fluorescent probe based on 
BODIPY conjugating with styrene to extend π-conjugation in combination with gold. This 
system should allow us to create near-IR probe with high sensitivity toward ROS. 
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1.2 Introduction of reactive oxygen species (ROS)  

Reactive oxygen species (ROS) are ions or molecules containing oxygen atom such as 
oxygen gas (O2), singlet oxygen (1O2), superoxide anion (O2

-), hydrogen peroxide (H2O2), alkyl 
hydroperoxide (ROOH), hydroxyl radical (•OH) and hypochlorite anion (ClO-) (Figure 1.1). 
Depend on ROS level in the system, they can act as oxidizing agents for many organic reactions 
and biological processes including normal cell growth, induction and maintenance of the 
metabolism, apoptosis and even genomic mutation which leads to tumor [1]. Therefore, ROS 
concentration is an important key for controlling the state of health and disease. 
 

 
Figure 1.1: Generations of reactive oxygen species in biological system [12] 

 
 1.2.1 ROS detection methods 

 There are several methods for determination of ROS including electrochemical analysis, 
spin-trapping, chemiluminescence probing, absorbance probing and fluorescence probing [8]. 

1.2.1.1 Electrochemical analysis 
Electrochemical analysis is an indirect method using correlation between amount of ROS 

in the electrolytic cell and amount of electric signal generated. Gualandi and Tonelli [20] used a 
polyphenol-coated electrode together with the redox pair Ru(NH3)6

3+/Ru(NH3)6
2+. Hydroxyl 

radical could degrade the film, resulting in uncovered area on the electrode and completion of 
electrical circuit (Figure 1.2). 
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Figure 1.2: Relation between hydroxyl radical and electrochemical cell 

 
1.2.1.2 Spin trapping 

This method relies on reaction between nitrone or nitroso compound and radical ROS 
such as 1O2, •OH and peroxy radical (Figure 1.3). Amount of nitroxide adduct, which correlate to 
amount of ROS, can be determined by electron spin/paramagnetic resonance spectroscopy 
(ESR/EPR) [21].  
  

 
Figure 1.3: Reaction between nitrone compound and hydroxyl radical 

 
1.2.1.3 Chemiluminescence probing  

This method relies on reaction between chemiluminogenic compound and ROS, resulting 
in production of an excitation that can be measured by luminometer. Nobushi and Uchikura [22] 
used Ru(bpy)3

3+ as a probe for detection of •OH (Figure 1.4). 
 
 

 
Figure 1.4: Reaction between Ru(bpy)3

3+ and hydroxyl radical 
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1.2.1.4 Absorbance probing 
This method relies on the reduction of probe absorbance or enhancement of product 

absorbance upon the addition of ROS. The absorbance can be measured by UV-vis 
spectrophotometer. Xu and co-worker [23] used nitroblue tetrazolium (NBT) as a probe for 
detection of superoxide ion. NBT could undergo redox reaction with superoxide anion, resulting 
in absorbance reduction at 259 nm (Figure 1.5).  

 

 
Figure 1.5: reaction between NBT and superoxide anion 

 

1.2.1.5 Fluorescence probing 
This method relies on the reaction between fluorescent probe and ROS, resulting in 

change of fluorescent signal. The detail of this method will be described thoroughly in section 1.3. 
 
1.3 Introduction of fluorescent sensor 

1.3.1 Basic of fluorophores 
Fluorophore or chromophore is chemical compound which can absorb and re-emit light in 

the visible region (380–780 nm). Emission wavelength is usually longer than absorption 
wavelength, which can be explained by Jablonski diagram (Figure 1.6) [24]. Initially, energy of 
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fluorophore is at ground state S0. Upon excitation energy, fluorophore is induced into excited 
state S1 with high vibrational energy. Then it releases non-radiative energy in the form of heat or 
vibration to be at most stable excited state. Finally, fluorophore drops back to S0 and release 
emission energy as fluorescence light. The wavelength and intensity of this fluorescence light can 
be measured by fluorescence spectrophotometer. This property can be applied as a signaling unit 
for fluorescence sensor method.  
 

 
Figure 1.6: Jablonski diagram 

 
There are many fluorophores that have been used as commercial dyes with various 

fluorescent color available (Figure 1.7). Their structures can also be modified to get desired 
photophysical properties, including absorption wavelength (λAb), molar absorptivity (ε), 
emission wavelength (λEm) and quantum yield (θF). Among them, boron-dipyrromethene 
(BODIPY) is in our interest due to its unique properties such as high photostability, high quantum 
yield and narrow emission bandwidth. It is also easy to modify BODIPY structure to contain 
functional group which acts as receptor for binding with analyte, resulting in fluorescent change. 
For example, our group have developed a BODIPY-based fluorescent probe GSB containing 
salicylaldehyde moiety [25]. The probe could response to cyanide ion selectively in both solution 
and live cell, resulting in green-fluorescent enhancement (Figure 1.8).  
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Figure 1.7: Common fluorophores 

 

 
Figure 1.8: Response of the probe GSB toward cyanide ion 

 
 1.3.2 Mechanisms of fluorescent change  
When a fluorophore is applied as a component of fluorescent probe, receptor is another 

component in the same molecule which can affect the fluorescence upon interaction with analyte. 
The most widely utilized fluorescent signaling mechanisms are photo-induced electron transfer 
(PET), Intramolecular charge transfer (ICT), Excited-state intramolecular proton transfer (ESIPT) 
and Förster Resonance energy transfer (FRET) processes [26]. 
  

1.3.2.1 Photo-induced electron transfer (PET) 
Normally, upon excitation, an electron of fluorophore at HOMO (highest occupied 

molecular orbital) level will be excited into LUMO (lowest unoccupied molecular orbital) level. 
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Drop back of the electron to the HOMO corresponds to the release of fluorescence. Photo-
induced electron transfer (PET) is a process in which fluorophore and receptor are separated by 
aliphatic spacer and receptor has HOMO energy level in between HOMO and LUMO of excited 
fluorophore. HOMO of excited fluorophore will be occupied by an electron transferred from the 
receptor, leading to inability of electron in LUMO to drop back and resulting in fluorescent 
quenching (Figure 1.9a). However, interaction of receptor and suitable analyte will inhibit PET 
process and recover the fluorescent signal (Figure 1.9b).     
 

 
Figure 1.9: Energy diagram of fluorescent probe a) with PET and b) without PET [27] 

 
1.3.2.2 Intramolecular charge transfer (ICT) 

Intramolecular charge transfer (ICT) is a process in which fluorophore and receptor are 
connected through π-conjugation system. When receptor bind with analyte, the excited state of 
the whole molecule becomes more stable, resulting in narrowing its energy gap and releasing of 
red-shifted fluorescence (Figure 1.10). 
 

 
Figure 1.10: Energy diagram of fluorescent probe with ICT process [26] 
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1.3.2.3 Excited-state intramolecular proton transfer (ESIPT)  
Upon excitation, receptor of the probe containing ketone or imine can undergo proton 

transfer through hydrogen bonding into enol form or keto form (Figure 1.11). Analyte prefer 
bonding with one of the two form, resulting in blue-shifted or red-shifted fluorescent signal.  
 

 
Figure 1.11: Energy diagram of fluorescent probe with ESIPT process [28] 

 
1.3.2.4 Förster Resonance energy transfer (FRET) 

Förster Resonance energy transfer (FRET) process occur in fluorescent probe containing 
two fluorophores. Emission spectrum of donor fluorophore overlap with absorption spectrum of 
acceptor fluorophore. The fluorescent energy released from donor fluorophore will be absorbed 
by the acceptor fluorophore, resulting in red-shifted fluorescent signal (Figure 1.12). 
 

 
Figure 1.12: Energy diagram of fluorescent probe with FRET process [29] 
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1.3.3 Modes of fluorescent sensor 
Fluorescent probe can be divided into three modes based on how its fluorescent signal 

changes including turn-on mode, turn-off mode and ratiometric mode (Figure 1.13). 
1.3.3.1 Turn-off mode 

 Turn-off mode provides fluorescent reduction upon addition of analyte caused by PET 
process. It usually requires initially high fluorescence intensity to get high sensitivity. However, 
limitation of this mode is it suffers from noise of instrument and fault positive result. 

1.3.3.2 Turn-on mode 
Turn-on mode provides fluorescent enhancement upon addition of analyte. It usually 

requires suppression of initial fluorescence via PET process to get high sensitivity. This mode is 
popular and widely used due to high sensitivity.  

1.3.3.3 Ratiometric mode 
 Ratiometric mode provides change of fluorescence from one wavelength to another 
wavelength via ICT, ESIPT or FRET process. If the emissive wavelength becomes shorter, it is 
called blue-shift. If the emissive wavelength becomes longer, it’s called red-shift. This mode has 
advantage on elimination of noise of instrument.  
 

 
Figure 1.13: Modes of fluorescent sensor 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 10 

1.4 Literature review 
1.4.1 Review on Fluorescent probes for ROS detection 
Based on mechanism of fluorescent signal change, many fluorescent probes have been 

developed for ROS detection. As we described the benefit above, most of recent works have been 
designed and developed as turn-on fluorescent probes 

In 2004, Chang et al. [15] have developed a fluorescein-based probe PF1 containing 
boronate unit. The probe could response toward H2O2 in 20 mM HEPES buffer solution pH 7 or 
HEK cells, resulting in enhancement of green emission (Figure 1.14).  
 

 
Figure 1.14: Reaction of probe 1 toward H2O2 

 
In 2013, Long et al. [30] synthesized a fluorescent sensor HRS1 based on dual 

fluorophores, rhodamine and coumarin. This sensor, which emitted only green fluorescence from 
coumarin unit, could be oxidized by OCl- and then two fluorophores were separated from each 
other (Figure 1.15). Therefore, ratiometric fluorescent signal could be observed from fluorophore 
1 and fluorophore 2 in red and blue, respectively. This sensor was selective to OCl- over other 
ions and ROS with LOD of 24 nM and could be applied for the detection in real water samples.  
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Figure 1.15: Reaction of HRS1 with OCl- 

 
 In 2019, He et al. [31] have been developed a dicyanomethylene-4H-pyran derivative 
DCHP as fluorescent probe for detection of H2O2. This probe displayed red turn-on fluorescence 
at 653 nm upon addition of H2O2 with LOD of 5.3 µM. This probe could also be applied in cell-
imaging (Figure 1.16). 
 

 
Figure 1.16: Response of DCHP toward H2O2 

 
1.4.2 Review on BODIPY-based fluorescent probes for ROS detection  
In 2011, Kim et al. [32] synthesized methylthio-BODIPY 7 which emitted red fluorescence 

due to electron-donating substituent. Upon addition of ROS, electron-donating thioether was 
oxidized into electron-withdrawing sulfoxide which underwent blue-shifted emission. This caused 
the ratiometric change from red to green fluorescence (Figure 1.17) which was also compatible 
for cells imaging. 
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Figure 1.17: Ratiometric sensing of probe 7 toward ROS 

 

 In 2017, Lei et al. [33] have developed a BODIPY-based fluorescent probe OHP 
containing dichloromethyl group. This probe could selectively response toward OH radical, 
resulting in turn-off green fluorescence at 514 nm. Limit of detection was determined to be 11 nM. 
This probe could also detect exogenous •OH in live cells (Figure 1.18). 
 

 
Figure 1.18: Response of probe OHP toward •OH  

 

 In the same year, Xu and Qian [34] have developed a fluorescent probe OX-PPA-

BODIPY containing oxime group as a receptor. This probe could be hydrolyzed by ClO- to 
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generate aldehyde product which provided strong green fluorescence (Figure 1.19). This probe 

could be applied in real water sample. 

 

 

Figure 1.19: Response of probe OX-PPA-BODIPY toward ClO- 
 

In 2019, Xu and Qian [35] have developed BODIPY-based fluorescent probe BODIPY-
SE containing selenide unit. Selenide moiety could be oxidized by H2O2 into selenoxide, resulting 
in inhibition of PET effect and then turn-on green fluorescence (Figure 1.20). This probe could be 
applied for exogenous H2O2 in live cells.  
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Figure 1.20: Response of BODIPY-Se toward H2O2 

 
1.5 Introduction of gold species 

 1.5.1 Basic of gold species 
Gold is an element with symbol of Au and atomic number 79 in the transition metal 

category on the periodic table. It is one of the least reactive metal and very rare in nature, hence 
the well-known precious metal used for jewelry and arts. Gold in pure solid form is insoluble in 
water. However, it can be suspended in water in the form of gold nanoparticle (AuNP). Moreover, 
gold compound, which commonly has oxidation state of +3 or in the Au(III) form, can be easily 
dissolved in aqueous solution.  

 1.5.2 Role of gold in organic reaction 
Due to strong affinity toward alkynyl group, thiol group and other heteroatoms, gold can 

be used as a catalyst to activate those functional groups [36] which is summarized in Figure 1.21. 
Barluenga et al. [37] used AuCl3 as Lewis acid to activate alkynyl group for intramolecular 
cyclisation (Figure 1.21a). Later, AuCl3 was used to facilitate Friedel-Craft reaction between 
indole and styrene [38] (Figure 1.21b). Corma and Serna [39] used supported Au(0) as a catalyst 
for hydrogenation of nitro compound into aniline compound in the presence of H2 gas (Figure 
1.21c). Lastly, Deng et al. [19] successfully performed oxidation of styrene into various oxidative 
products in the presence of O2 gas covered on gold surface (Figure 1.21d). 
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Figure 1.21: Gold-catalyzed organic transformations 

 
1.6 Design of our fluorescent probes 
 Based on literature review of BODIP-based fluorescent probes, there were mostly green 
emissive probes. However, in cell-imaging application, green-emissive probes may suffer from 
cell autofluorescence. Also, requirement of high excitation energy for monitoring the probe may 
result in damaging the living cells. Therefore, development of red-emissive probe is within our 
interest. Based on reaction between styrene and oxygen gas mentioned earlier (Figure 1.21d), it is 
possible to create a new and highly sensitive receptor for ROS detection. In this work, we 
therefore designed BODIPY-based fluorescent probe containing styryl moiety at 3- and 5-position 
for ROS detection (Figure 1.22). This aspect should extend π-conjugation and turn emissive 
wavelength of BODIPY from green into red region. Moreover, the styryl group could be oxidized 
by ROS with the help of gold ion, allowed us to monitor amount of ROS by the change in 
fluorescent intensity of our designed probe.  
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Figure 1.22: Design of styryl-BODIPY probes and hypothesis on gold-catalyzed oxidation 

 
1.7 Objective of this research 
 1. To synthesize four red-emissive BODIPY-based fluorescent probes (Figure 1.23) 
containing tolyl (SB1), phenolic (SB2), catechol (SB3) and salicylic group (SB4) to investigate 
substituent effect on photophysical properties and responsive ability toward ROS.  

 

 
Figure 1.23: Chemical structure of the probes SB1–4 

 
2. To select the best probe and optimized condition for detection of ROS. 
3. To apply the probe for detection of exogenous and endogenous ROS in live cell. 
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CHAPTER II EXPERIMENTAL 
 
2.1. Materials 

All reagents were purchased from RCI Labscan, Sigma-Aldrich, TCI, Merck, Fluka, 
Chemieliva, AnalaR, Loba chemie, Carlo Erba or Invitrogen (Grand Island, NY, USA) and used 
without further purification. Column chromatography was carried out with silica gel (60, 230–400 
mesh) from ICN Silitech. Analytical thin-layer chromatography (TLC) was performed on 
Kieselgel F-254 pre-coated plastic TLC plates from EM Science. Visualization of the products on 
TLC was observed under 254 nm and 365 nm ultraviolet lamp.  

 
2.2. Analytical instruments 

Mass spectra were obtained from Microflex MALDI-TOF mass spectrometer (Bruker 
Daltonics) using doubly recrystallized 2-cyano-4-hydroxycinnamic acid (CCA) as a matrix. 
Electrospray ionization high-resolution mass spectra (ESI-HRMS) were obtained from 
Micromass Quattro micro TM API (Waters, USA). NMR spectra were obtained from Varian 
Mercury NMR spectrometer operating at 400 MHz for 1H-NMR and 100 MHz for 13C-NMR 
(Varian Company, CA, USA). Absorption and emission spectra were obtained from Cary100Bio 
UV–Visible spectrophotometer and Carry Eclipse fluorescence spectrophotometer (Agilent 
Technologies) using 10×10 mm quartz cuvette (Starna Scientific). Confocal microscopic images 
were taken by Fluoroview FV10i confocal laser microscope. The pH of each sample solution was 
measured by Ohaus Starter2001 pH meter.  
 
2.3. Synthesis of BODIPY probes 

2.3.1. Precursor SB0  
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Figure 2.24: preparation of SB0 

 

2,4-dimethylpyrrole (2.009 g, 21.1 mmol) and tolualdehyde (1.015 g, 8.4 mmol) were 
dissolved in dry dichloromethane (DCM, 100 mL). The solution was stirred by magnetic bar in 
round-bottom flask at 0 °C under N2 atmosphere for 5 minutes. The solution was added with a 
few drops of trifluoroacetic acid (TFA) and stirred for another 2 hours. Then the reaction mixture 
was quenched with saturated NaHCO3 (aq, 20 mL) followed by washing three times (3×20 mL) 
with deionized water. The organic layer was dried over Na2SO4 and evaporated under reduced 
pressure. The crude was purified by column chromatography using silica gel as stationary phase 
and ethyl acetate/hexane (1/9 v/v) as mobile phase. The oil product was diluted in dry DCM (100 
mL). 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 1.719 g, 7.6 mmol) was added to the 
solution in round-bottom flask. The reaction was stirred under N2 atmosphere at room 
temperature (rt) for 30 minutes. Then the flask was cooled in ice bath. BF3•OEt2 (9.3 mL, 75.4 
mmol) and N,N-Diisopropylethylamine (DIPEA, 9.2 mL, 52.8 mmol) were added to the reaction. 
The reaction was stirred overnight. The reaction mixture was quenched with saturated NaHCO3 
(20 mL) followed by washing three times (3×20 mL) with saturated NaCl. The organic layer was 
dried over Na2SO4 and evaporated under reduced pressure. The crude was purified by column 
chromatography using silica gel as stationary phase and ethyl acetate/hexane (1/9 v/v) as mobile 
phase. The product was obtained as orange solid (811 mg, isolated yield: 28%). 1H NMR (400 
MHz, CDCl3): δ = 7.22–7.20 (d, J = 8 Hz, 2H), 7.08–7.06 (d, J = 8 Hz, 2H), 5.90 (s, 2H), 2.48 (s, 
6H), 2.36 (s, 3H), 1.32 (s, 6H). 13C NMR (CDCl3): δ = 155.2, 143.2, 142.2, 138.8, 132.0, 131.6, 
129.8, 127.8, 121.1, 29.7, 21.4, 14.4. ESI-HRMS (m/z): [M+Na]+ calculated for C20H21BF2N2Na: 
361.1664, found 361.1661. 
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2.3.2. Probe SB1  

  
Figure 2.25: Preparation of SB1 

 

SB0 (33.4 mg, 0.1 mmol), dry toluene (20 mL), tolualdehyde (0.1 mL, 0.8 mmol), acetic 
acid (1.4 mL) and piperidine (1.4 mL) were mixed together in round-bottom flask, equipped with 
reflux condenser. The mixture was stirred overnight under N2 atmosphere at reflux temperature 
(110 ๐C). After cooling to rt, the reaction was quenched with saturated NaHCO3 (20 mL) 
followed by extraction three times (3×20 mL) with DCM. The organic layers were combined, 
washed three times (3×20 mL) with deionized water, dried over Na2SO4 and evaporated under 
reduced pressure. The crude was purified by column chromatography using silica gel as stationary 
phase and ethyl acetate/hexane (1/4 v/v) as mobile phase. The product was obtained as dark blue 
solid (17.4 mg, isolated yield: 32%). 1H NMR (400 MHz, CDCl3): δ = 7.74–7.70 (d, J = 16 Hz, 
2H), 7.57–7.55 (d, J = 8 Hz, 4H), 7.33–7.22 (m, 10H), 6.65 (s, 2H), 2.48 (s, 3H), 2.41 (s, 6H), 
1.49 (s, 6H). 13C NMR (CDCl3): δ = 152.6, 142.0, 139.1, 138.8, 136.0, 134.0, 133.5, 132.2, 129.7, 
129.5, 128.3, 127.5, 118.5, 117.6, 29.7, 21.4, 14.7. ESI-HRMS (m/z): [M+H]+ calculated for 
C36H34BF2N2: 543.2783, found 543.2787. 

2.3.3. Probe SB2 

  
Figure 2.26: Preparation of SB2 
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SB0 (50 mg, 0.15 mmol), dry toluene (9 mL), para-hydroxybenzaldehyde (144 mg, 1.2 
mmol), acetic acid (0.4 mL) and piperidine (0.9 mL) were mixed together in round-bottom flask, 
equipped with reflux condenser. The mixture was stirred overnight under N2 atmosphere at 
refluxed temperature (110 ๐C). After cooling to rt, the reaction was quenched with deionized 
water (20 mL), acidified by a few drops of concentrated HCl and extracted three times (3×20 mL) 
with ethyl acetate. The organic layers were combined, dried over Na2SO4 and evaporated under 
reduced pressure. The crude was purified by column chromatography using silica gel as stationary 
phase and MeOH/DCM (1/99 v/v) as mobile phase. The product was obtained as dark blue solid 
(24.1 mg, isolated yield: 30%). 1H NMR (400 MHz, acetone-D6): δ = 7.47–7.42 (d, J=20 Hz, 2H), 
7.42–7.40 (d, J = 8 Hz, 4H), 7.33–7.31 (d, J=8 Hz, 2H), 7.31–7.29 (d, J = 8 Hz, 2H), 7.20–7.18 (d, 
J = 8 Hz, 2H), 6.83–6.81 (d, J = 8 Hz, 4H), 6.69 (s, 2H), 2.33 (s, 3H), 1.35 (s, 6H). 13C NMR 
(DMSO-D6): δ = 158.9, 152.2, 141.2, 138.5, 137.9, 136.8, 132.5, 131.4, 129.6, 129.0, 128.2, 
127.4, 117.8, 116.1, 115.1, 20.9, 14.3. ESI-HRMS (m/z): [M]+ calculated for C34H29BF2N2O2: 
546.2290, found 546.2148. 

2.3.4. Probe SB4 

  
Figure 2.27: Preparation of SB4 

 

SB0 (51.4 mg, 0.152 mmol), dry toluene (4 mL), 5-formylsalicylic acid (204.7 mg, 1.23 
mmol), acetic acid (0.5 mL) and piperidine (1.0 mL) were mixed together in round-bottom flask, 
equipped with reflux condenser. The mixture was stirred overnight under N2 atmosphere at 
refluxed temperature (110 ๐C). After cooling to rt, the reaction was quenched with deionized 
water (20 mL), acidified by a few drops of concentrated HCl and extracted three times (3×20 mL) 
with ethyl acetate. The organic layers were combined, dried over Na2SO4 and evaporated under 
reduced pressure. The crude was purified by recrystallization using hexane and ethyl acetate. The 
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product was obtained as dark blue solid (27.7 mg, isolated yield: 29%). 1H NMR (400 MHz, 
DMSO-D6): δ = 8.02 (s, 2H), 7.83–7.81 (d, J = 8 Hz, 2H), 7.61–7.57 (d, J = 16 Hz, 2H), 7.41–
7.37 (dd, J = 16 Hz, 4H), 7.32–7.30 (d, J = 8 Hz, 2H), 7.08–7.06 (d, J = 8 Hz, 2H), 6.95 (s, 2H), 
2.43 (s, 3H), 1.44 (s, 6H). 13C NMR (DMSO-D6): δ = 175.5, 164.3, 154.2, 143.1, 140.4, 137.6, 
134.3, 133.6, 132.3, 131.7, 130.9, 129.8, 128.4, 120.5, 118.6, 118.2, 117.3, 23.8, 23.1, 21.4, 14.9. 
ESI-HRMS (m/z): [M-H]- calculated for C36H28BF2N2O6: 633.2014, found 632.9846. 
 
2.4. Preparation of ROS and metal ions 

NaOCl, H2O2, tBuOOH and metal ions were commercially used and diluted in milliQ 
water without further purification. Concentration of NaOCl was determined by UV-vis 
spectrophotometer using an extinction coefficient of 350 M−1cm−1 at 292 nm. Singlet oxygen 
(1O2) was generated in situ by the addition of Na2MoO4•2H2O and H2O2 [40]. Hydroxyl radical 
(•OH) was generated in situ by the addition of (NH4)2Fe(SO4)2•6H2O and H2O2.  

 
2.5. Cell culture 

The murine macrophage cell line RAW264.7 (ATCC number TIB-71) was purchased 
from American Type Culture Collection, ATCC (Bethesda, MD, USA). Cells were cultured in 
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated Fetal 
Bovine Serum (FBS), 100 units/mL of penicillin, and 100 µg/mL of streptomycin at 37 °C in a 
humidified atmosphere of 5% CO2/95% air. 

 
2.6. Cytotoxicity of SB2 on RAW264.7 cells 

Cytotoxicity of SB2 on RAW264.7 cells was evaluated prior to use as SB2 as a dye for 
antioxidant activity evaluation. Cells were seeded in 24-well plates at a density of 1.7 x 104 
cells/500 µL complete medium/well and incubated at 37 °C in a humidified atmosphere at 95% 
air/5% CO2 for 24 h. Culture cells were divided into six groups; cells treated with 1% MeOH as a 
control group, cells treated with lipopolysaccharide (LPS) only, cells treated with SB2 at 
concentration 1 or 10 µM, and cells treated with LPS plus SB2 at concentration 1 or 10 µM. 
Control and treated culture cells were washed and added with DMEM. In the LPS-induced group, 
LPS was added at final concentration 1 µg/mL for 18 h and the induced cells were washed and 
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added with DMEM. Solutions of SB2 in MeOH at two different concentrations was added to the 
cells and further incubated for 30 minutes. Treated cells were washed and added with DMEM. 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was then added at a final 
concentration 0.5 mg/mL and further incubated for 4 h. The media was removed and DMSO was 
then added to dissolve formazan crystals. The absorbance of formazan was measured at 540 nm 
using a microplate reader (CLARIOstar, BMG LABTECH, Germany). Five replicates were 
performed.  
 
2.7. Cells imaging 

2.7.1. SB2-stained cells 
 Cells were placed on 8-well chambers and cultured in DMEM (400 µL for each well) for 

one day. The cells in each chamber were incubated with SB2 in MeOH (final concentration: 1 µM 
SB2, 1% MeOH in DMEM) at 37 °C for 30 minutes. The stained cells were washed three time 
(3×200 µL for each well) with phosphate buffer saline (PBS, 0.1 M) to remove remaining SB2. 

2.7.2. Exogenous NaOCl 
After cells were incubated with SB2 and washed with PBS as described in 2.7.1, DMEM 

(400 µL) was added, followed by NaOCl in water (final concentration: 1, 2.5 or 10 µM). The 
samples were incubated at 37 °C for 30 minutes and then washed three times (3×200 µL for each 
well) with PBS (0.1 M) to remove remaining NaOCl. 

2.7.3. Endogenous ROS 
After cells were cultured in DMEM for one day as described in 2.7.1, the cells were 

incubated with LPS (final concentration: 0.1, 1, 2.5 or 10 µg/mL) at 37 °C for 18 hours. The 
treated cells were washed three times (3×200 µL for each well) with PBS (0.1 M) to remove 
remaining LPS. Then the samples were incubated with SB2 as described in 2.7.1. 

2.7.4. Samples preparation for confocal laser microscopy 
After cells were incubated with SB2 and ROS, the cells were fixed by 4% 

paraformaldehyde in PBS solution at 37 °C for 10 minutes. Then the solution was removed. 
Mowiol (a contrast agent) was dropped on each sample. Then samples were covered with cover 
slide. Fluorescent signal from each sample was recorded by confocal laser microscope (λex= 559 
nm, λem= 570–620 nm). 
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Chapter III RESULTS AND DISCUSSION 
 
3.1 Synthesis of probes SB1–4 

In this research, four fluorescent probes were designed based on BODIPY, SB1–4, and 
their structures are shown in Figure 3.28. Synthesis procedure of each probe is described 
thoroughly in section 2.3 and we also summarized synthetic method in Figure 3.29. Firstly, 
tolualdehyde was condensed with 2,4-dimethylpyrrole catalyzed by trifluoroacetic acid (TFA). 
The purified product was oxidized by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), 
followed by complexation with BF3 to obtain precursor SB0 (28% isolated yield). SB0 was 
reacted with corresponding aldehydes via Knoevenagel condensation to afford SB1, SB2 and SB4 
in 32%, 30% and 29% yield, respectively. Unfortunately, synthesis of SB3 was unsuccessful. Due 
to its high affinity on silica gel, SB3 could not be flushed out of column chromatography.  
  

 
Figure 3.28: Chemical structure of probes SB1–4 
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Figure 3.29: Preparation of probes SB1–4 

 
The structures of SB1, SB2 and SB4 were confirmed by 1H-NMR spectra in comparison 

with SB0 (Figure 3.30). Signals of proton a–e were found in all probes. However, a signal of 
proton f at 2.5 ppm in SB0 disappeared in SB1, SB2 and SB4 spectra confirming successful 
Knoevenagel condensations. Moreover, new peaks were observed at aromatic region (6.5–8.0) in 
SB1, SB2 and SB4 spectra corresponding to the styryl moieties. These results confirmed the 
structures of SB1, SB2 and SB4. Each probe was also confirmed by 13C-NMR and ESI-HRMS 
(Appendix, Figure A.48–59).  
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Figure 3.30: 1H-NMR spectra of SB0, SB1, SB2 and SB4 

 
3.2 Photophysical properties of SB0, SB1, SB2 and SB4 

Photophysical properties of four probes including SB0, SB1, SB2 and SB4 were 
measured by spectrophotometry in methanol. Their absorption and emission spectra are shown in 
Figure 3.31 and their photophysical properties are summarized in Table 3.1. The maximum 
absorption and emission wavelength of SB0 were at 497 nm and 507 nm, respectively, which 
corresponded to pale orange color under room light and green fluorescence under black light. On 
the other hand, SB1, SB2 and SB4 absorbed at significantly longer wavelengths (λAb ~ 624–642 
nm, blue color) and emitted red fluorescence (λEm ~ 634–662 nm) under black light. This is due to 
the extended π-conjugation from styryl moieties as designed. Quantum yield of the three probes 
were estimated using zinc phthalocyanine as standard. We found that SB2 and SB4 gave 
significantly lower quantum yield than SB1. This result is perhaps caused by PET effect from 
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para-hydroxy group on styryl moiety toward the BODIPY core. Importantly, such low quantum 
yields of SB2 and SB4 make them potential useful as turn-on fluorescent probes. 
 

 
Figure 3.31: Absorption (bold line) and emission (dash line) spectra of SB0, SB1 and SB2, inset: 
Images of SB0, SB1, SB2 and SB4 in MeOH under room light and black light. 
 
 
Table 3.1 Photophysical properties of SB0, SB1, SB2 and SB4 in MeOH 

Dye λAb/Ex/Em (nm) Stokes shift (nm) ϕF ε (M-1cm-1)c 

SB0 497/480/507 10 0.23a 55,003 
SB1 624/600/634 10 0.97b 28,477 
SB2 
SB4 

638/600/657 
642/600/662 

19 
20 

0.37b 
0.42b 

84,937 
N/A 

  
a Use fluorescein (ϕF = 0.95 in 0.1 M NaOH) as standard 

 b Use zinc phthalocyanine (ϕF = 0.30 in 1% pyridine/toluene) as standard 
 c Measure at maximum absorption wavelength 
 
3.3 Response of SB2 and SB4 toward Au3+ 

There are several organic reactions that have Au species as a catalyst including 
hydrolysis, cyclisation, desulfurization and oxidation [36] (Figure 3.32). Oxidation on double 
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bond of styrene via reactive oxygen species (ROS) is also among them [19, 41] (Figure 3.32d). 
From above literature, we therefore designed our BODIPY probes containing double bond in the 
hope that it will react with ROS under Au catalyst. With probes in hand from above section, we 
then first tested the response of SB2 and SB4 toward Au3+ and compared with other metal ions. 
The responses were monitored by UV-vis spectrophotometry (Figure 3.33). The results showed 
that maximum absorption wavelength of these probes was blue-shifted (Figure 3.33a and c) 
together with enhancement of fluorescence intensity at 590 nm for SB2 (Figure 3.33b and Figure 
3.34a) and 596 nm for SB4 (Figure 3.33d and Figure 3.34b) upon the addition of Au3+. Color of 
solution under room light changed from blue into purple along with fluorescence change from red 
into orange under black light (Figure 3.34b inset). However, SB4 was affected by other metal ions, 
including Cu2+ and Al3+. We observed color fading along with decrease of both absorption and 
emission. Therefore, SB2 was selected as a potential fluorescent probe because of its high 
specificity.  

 
Figure 3.32: Gold-catalyzed organic transformations 
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Figure 3.33: Absorption spectra (a,c), emission spectra (b,d; λEx= 540 nm) of 5 µM SB2 (a,b) and 
4 µM SB4 (c,d) in the presence of 10 equivalents metal ions including Li+, Na+, K+, Mg2+, Ca2+, 
Ba2+, Al3+, Cr3+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Hg2+, Cd2+, Ag+ and Au3+. All samples 
were measured after 1 hour of mixing in solution (4/1 v/v of MeOH/HEPES buffer pH 7).  
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Figure 3.34: Fluorescence enhancement ratio (λEx = 540 nm) of 5 µM SB2 (a) and 4 µM SB4 (b) 
in the presence of 10 equivalents metal ions including Li+, Na+, K+, Mg2+, Ca2+, Ba2+, Al3+, Cr3+, 
Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Hg2+, Cd2+, Ag+ and Au3+. Inset: image of solutions under 
room light and black light. All samples were measured after 1 hour of mixing in solution (4/1 v/v 
of MeOH/HEPES buffer pH 7).  
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Next, we applied SB2 on biological samples. The RAW264.7 macrophage cell lines 
(white blood cells from mouse) were incubated with SB2 for 30 minutes, followed by the addition 
of Au3+ for another 30 minutes. Confocal microscopic images of the cell samples in bright field 
dark field and merge are shown in Figure 3.35. There was no fluorescent signal at orange region 
(595 nm) from the cells before and after treatment with SB2. On the other hand, upon the addition 
of Au3+, strong emission was observed in cytoplasm. These results suggested that SB2 could 
penetrate through cell membrane to detect Au3+. Moreover, this finding could possibly apply SB2 
as a probe for ROS detection in cells.   
  

 
Figure 3.35: Confocal microscopic images (λEx/λEm = 561/595 nm) of RAW264.7 macrophages 
before and after incubation with SB2 (5 µM), and then treated the stained cells with Au3+ (5 µM).  
 
3.4 Response of SB2 toward ROS in the absence and presence of Au3+ 

To test whether ROS could react with SB2 catalyzed by Au3+, we then monitored 
fluorescent change of SB2 at 590 nm in the absence and presence of Au3+ (1 equivalent) toward 
various ROS (10 equivalents) including tBuOOH, H2O2, NaOCl and combination of H2O2 and 
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NaOCl (Figure 3.36). The result showed that SB2 in the presence of Au3+ provided higher 
fluorescent enhancement ratio upon addition of all ROS in comparison without the addition of 
ROS. Surprisingly, neat SB2 showed small response with mixture of H2O2 and NaOCl. This result 
suggested that oxidation of SB2 might not need Au3+ as catalyst if a certain condition was met.  
 

 
Figure 3.36: Enhancement ratio at 590 nm (λEx = 540 nm) of SB2 (5 µM) toward various ROS 
(50 µM) with or without Au3+ (5 µM). All samples were measured after 30 minutes of mixing in 
solution (4/1 v/v of MeOH/HEPES buffer pH 7).  
 

With above results, we revisited the sensing condition of SB2. The amount of tested ROS 
was reduced from 10 to 2.5 equivalents. Other new ROS were also screened, including 1O2 
(generated from (Na2MoO4/H2O2) and •OH (generated from (NH4)2Fe(SO4)2/H2O2) (Figure 3.37). 
Both colorimetric (from blue into purple) and fluorometric responses (from red into orange) were 
found in case of NaOCl and 25-fold enhancement ratio was observed upon addition of 2.5 
equivalents NaOCl. Therefore, SB2 offered an opportunity as a potential fluorescent probe for 
NaOCl detection in biological system. 
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Figure 3.37: Emission spectra (λEx = 540 nm) of 5 µM SB2 toward various ROS (2.5 equivalents), 
inset: enhancement ratio and Images of each solution. All samples were measured after 30 
minutes of mixing in solution (3/2 v/v of MeOH/PBS (10 mM) pH 7.4). 
 

With the above results, SB0 and SB1 were also tested with NaOCl and compared with 
SB2 as seen in Figure 3.38. While SB2 gave dramatic response as seen in both absorption and 
emission spectra (Figure 3.38c,g), there was no notable change on absorption and emission 
spectra of SB0 (Figure 3.38a,e) and SB1 (Figure 3.38b,e) upon addition of 1 equivalent NaOCl. 
These results suggested that both styryl group and phenolic group contained in SB2 are necessary 
as receptor for NaOCl sensing. 
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Figure 3.38: Absorption (a–c) and emission (e–g; excitation wavelength at 480 nm for SB0 and 
540 nm for SB1 and SB2) spectra of SB0, SB1 and SB2 (5 µM) in the absence (bold line) and 
presence (dash line) of 1 equivalent NaOCl. Absorbance (d) and fluorescence (h) enhancement 
ratio. All samples were measured after 30 minutes of mixing in 4/1 (v/v) of MeOH/PBS (10 mM) 
pH 7.4.  
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3.5 Optimization condition for SB2 toward NaOCl sensing 
Due to poor solubility of SB2 in pure water, organic solvent is then necessary as a co-

solvent. Therefore, we varied mediums to achieve the maximum sensitivity of SB2 toward NaOCl 
at 590 nm. Emission spectra of SB2 in the presence of 1 equivalent NaOCl in various organic 
solvents together with enhancement ratios are shown in Figure 3.39. The result indicated that 
methanol still provided the highest sensitivity for NaOCl detection. Therefore, methanol was 
chosen as co-solvent for further study.  
 

 
Figure 3.39: Emission spectra (λEx = 540 nm) of 5 µM SB2 in various organic solvents after 
addition of 1 equivalent NaOCl for 30 minutes. Inset: Fluorescence enhancement ratios at 590 nm.  
 

In the future, we plan to use our probe for intracellular detection in aqueous media. 
Therefore, the maximum content of water in methanol media that allows SB2 to be operated need 
to be investigated. Effect of solvent ratio of methanol in water on SB2 was evaluated as seen in 
Figure 3.40a. Acceptable fluorescent enhancement could be observed in range of 40–100% 
MeOH which reached its maximum at 80% MeOH. We decided to choose 60% MeOH 
(MeOH/H2O, 3/2 v/v) for further study due to its high response and high water content. Next, we 
studied pH effect on SB2 using phosphate buffer saline (PBS) as a buffer and adjusted pH value 
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by HCl and NaOH. Fluorescent emission maxima of SB2 alone at 590 nm (Figure 3.40b blue 
line) did not change under studied pH range. However, under pH range 5–10 (Figure 3.40b red 
line), fluorescent enhancement was observed under treatment of NaOCl. Due to pH 7.4 is a 
physiological pH in biological cell, so we chose such pH for further study. Lastly, we studied 
time profile of fluorescent enhancement ratio of SB2 in the presence of 1 and 2.5 equivalents 
NaOCl (Figure 3.40c). This investigation will clarify the minimum time requirement for the 
sensing probe toward NaOCl. The result showed that enhancement ratio reached its saturation 
within 30 minutes toward both concentrations of NaOCl. So, the measurement after 30 minutes of 
mixing should be suitable for further study. From these results, optimal condition of SB2 for 
NaOCl sensing should be conducted in 3/2 (v/v) of MeOH/PBS pH 7.4 and will be measured after 
30 minutes time of mixing.  
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Figure 3.40: a) Fluorescence enhancement ratio of SB2 in 0–100% MeOH before and after 
addition of 2.5 equivalents NaOCl for 30 minutes. Inset: Images of the solutions under black light 
in the absence and presence of NaOCl. b) Fluorescent intensity of SB2 in 3/2 (v/v) of MeOH/PBS 
(10 mM) pH 4–10 in the absence and presence of 2.5 equivalents NaOCl. c) Fluorescence 
enhancement ratio of SB2 in (3/2 v/v) of MeOH/PBS (10 mM) pH 7.4 in the presence of 1 or 2.5 
equivalents NaOCl at various time. All samples used 5 µM SB2 (excitation wavelength at 540 nm 
and emission wavelength at 590 nm). 
 
3.6 Sensitivity of SB2 toward NaOCl 

To evaluate working concentration range of NaOCl sensed by SB2, UV-vis and 
fluorescence titration spectra were performed (Figure 3.41). Upon addition of NaOCl up to 2.5 
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equivalents, the reduction of the absorption band at 638 nm was observed together with 
enhancement of an absorption band at 573 nm. Further addition of NaOCl resulted in reduction of 
absorption band at 573 nm along with a rise of new absorption band at 505 nm (Figure 3.41a). 
The solution under room light also showed the corresponding result. Two-step colorimetric 
transformation was observed during the titration from blue to purple at low NaOCl concentration 
and purple to colourless at high NaOCl concentration (Figure 3.41a inset). This result suggested 
that SB2 could reacted with NaOCl to afford two or more intermediates with distinct absorption 
properties. The possible mechanism occurred between SB2 and NaOCl will be discussed in the 
next section. Due to small Stokes shifts of SB2 (19 nm, Table 3.1), absorption and emission 
bands are overlapped. To avoid that, 480 and 540 nm which were shorter than maximum 
absorption wavelengths (513 and 573 nm, respectively) were selected as two excitation 
wavelengths for fluorescence titration experiment. Upon excitation at 540 nm, the fluorescent 
intensity of SB2 at 590 nm gradually rose toward the addition of NaOCl from 0 to 2.5 equivalents. 
Further addition of NaOCl up to 10 equivalents caused reduction of the intensity at 590 nm 
(Figure 3.41b). Upon excitation at 480 nm, similar result was observed in range of 0–2.5 
equivalents of NaOCl. However, further addition of NaOCl up to 10 equivalents caused the drop 
of the intensity centered at 590 nm together with the rise of new peak at 513 nm (Figure 3.41c). 
Changes of emission intensity at the two peaks are plotted in Figure 3.41d. The solution under 
black light also showed the corresponding result by two-step fluorescent color change from red to 
orange at low NaOCl concentration and from orange to green at high NaOCl concentration 
(Figure 3.41d inset). Although both orange and green phase could be used to monitor NaOCl 
concentration, orange phase (λEx/λEm= 540/590 nm) was within our interest due to higher 
sensitivity for NaOCl detection. Orange phase also has an advantage of long-wavelength 
fluorescence in live cell application. Limit of detection (LOD) was estimated from linear relation 
between NaOCl concentration (0–5 µM) and fluorescence intensity (Figure 3.42) to be 0.26 µM.  
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Figure 3.41: Absorption spectra (a), emission spectra under excitation at 540 (b) and 480 (c) nm 
and sensitivity plot (d) of SB2 (5 µM) toward NaOCl (0–10 equivalents), inset: images of 
solutions under room light (a) and black light (d). All samples were measured after 30 minutes of 
mixing in 3/2 (v/v) of MeOH/PBS (10 mM) pH 7.4. 
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Figure 3.42: Emission spectra of SB2 (5 µM) toward NaOCl (0–5 µM), inset: linear relation of 
fluorescence intensity vs NaOCl concentration. All samples were measured after 30 minutes of 
mixing in 3/2 (v/v) of MeOH/PBS (10 mM) pH 7.4. 
 
3.7 Proposed reaction mechanism between SB2 and NaOCl 

To propose reaction mechanism between SB2 and NaOCl, MALDI-TOF mass 
spectrometer was used to detect the intermediates and products from mixture of SB2 (5 µM) and 
NaOCl (5 equivalents) in MeOH after 30 minutes of reaction. The mass spectrum was obtained as 
shown in Figure 3.43a and reaction mechanism is proposed in Figure 3.43b. A peak signal at m/z 
= 546.25 corresponded to parent ion [SB2]+. One double bond of SB2 could undergo epoxidation 
with NaOCl followed by ring-opening hydrolysis to generate diol compound SB2a which was 
responsible for the peak signal at m/z = 580.30. Oxidation of diol moiety on SB2a into β-hydroxy 
ketone SB2b provided the peak at m/z = 622.16. These intermediates SB2a and SB2b should be 
responsible for the orange emission of probe SB2 in the presence of low concentration NaOCl (< 
2.5 equivalents). In the presence of high concentration NaOCl (> 2.5 equivalents), another double 
bond could be epoxidized to afford green-emissive products SB2c and SB2d which attributed to 
m/z peak at 656.29 and 640.42, respectively. Moreover, this proposed mechanism can explain 
how SB2 was more reactive than SB1 (Figure 3.38). The oxidation of the double bond in the SB 
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probe can be promoted by the strong electron-donating group, which hydroxyl group of SB2 is 
stronger than methyl group of SB1.  

 
Figure 3.43: a) MALDI-TOF mass spectrum from mixture of SB2 (5 µM) and NaOCl (5 
equivalents) in MeOH and b) proposed reaction mechanism between SB2 and NaOCl. 
 
3.8 Cell-imaging application 

To apply SB2 for detection of hypochlorite in live cell imaging, we firstly determined the 
working concentration range without cellular cytotoxicity. We used MTT assay against 
RAW264.7 cells in the presence of SB2 (1 or 10 µM) with or without an oxidative stress inducer, 
lipopolysaccharide (LPS) (Figure 3.44). The result showed that cell viability didn’t significantly 
change from control sample, suggesting that SB2 at concentration range from 1 to 10 µM was not 
toxic to the tested cells in both normal state and stress state.  
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Figure 3.44: MTT assay against RAW264.7 cells in the absence and presence of LPS (1 µg/mL) 
before and after treatment with of SB2 (1 and 10 µM). 
 

To study the detection of ROS in live cells, the cells were induced into stress state by 
exogenously addition of NaOCl or endogenously generation of ROS via LPS. Fluorescence signal 
was recorded by confocal laser microscope (λEx= 559 nm, λEm= 570–612 nm). The result showed 
that there was no fluorescent signal observed in the cells both in the absence and presence of SB2 
(1 µM, Figure 3.45a and b) because biomolecules in the cells and the probe SB2 did not emit 
fluorescence in the monitoring range. When the SB2-stained cells were treated with 1 µM NaOCl, 
fluorescent signal was observed in the cytoplasm (Figure 3.45c). This result proved that 
exogenous NaOCl penetrated cell membrane and transformed SB2 in cytoplasm into orange-
emissive product which could be detected in the monitoring range. The orange fluorescent signal 
became weaker upon addition of high concentration NaOCl (> 2.5 µM, Figure 3.45d and e). This 
result agreed with the proposed mechanism discussed earlier (Figure 3.43b).  
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Figure 3.45: Confocal microscopic images of murine macrophages RAW264.7 before (a) and 
after (b) incubation with SB2 (1 µM) followed by treatment with NaOCl at 1 (c), 2.5 (d) or 10 
µM (e).  
 

In case of endogenous ROS, LPS was introduced in the culture medium at various 
concentration (0–10 µg/mL) to stimulate the cells before the incubation with SB2 (1 µM). Orange 
fluorescent intensity was enhanced along with the concentration of LPS (Figure 3.46). This result 
suggested that the probe SB2 could response to the endogenously generated HOCl/ClO-. However, 
mean grey value estimated by ImageJ program (Figure 3.47) clearly showed that the fluorescent 
intensity reached its maximum at 2.5 µg/mL LPS and remained steady up to 10 µg/mL LPS, 
which is different from exogenous NaOCl result. We hypothesized that living cell may have a 
metabolism to limit the generation of endogenous HOCl/ClO- stimulated by LPS. Another 
hypothesis is that the probes might be oxidized by other ROS which was also generated from LPS 
along with HOCl/ClO- through a different mechanism. Nevertheless, SB2 is still potentially 
useful for detection of endogenous ROS induced by a wide concentration range of LPS.                     
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Figure 3.46: Confocal microscopic images of murine macrophages RAW264.7 in the absence (a) 
and presence of LPS at 0.1 (b), 1 (c), 2.5 (d) and 10 µg/mL (e) after incubation with SB2 (1 µM). 
 
 

 
Figure 3.47: Mean grey values (subtracted by blank) of fluorescent signal from SB2 in 
RAW264.7 cells stimulated with LPS at 0–10 µg/mL. 
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CHAPTER IV CONCLUSIONS 
 

In summary, a new orange-emissive fluorescent probe based on BODIPY SB2 has been 
developed for detection of ROS. The attachment of 4-vinylphenol groups to BODIPY core 
provides red emission wavelength due to the π-conjugated extension together with reactive 
double bond as a receptor for oxidation reaction. The probe was selective to NaOCl over other 
ROS, resulted in colorimetric change from blue to purple and turn-on orange fluorescent intensity 
(up to 25-fold). Limit of detection toward NaOCl was estimated to be 0.26 µM. Moreover, SB2 
showed no cellular toxicity and could be applied for ROS detection in live cells for both 
exogenous hypochlorite and endogenous ROS induced by LPS. The outcome of this research 
renders the use of styryl-BODIPY as fluorescent probe for live cell imaging of HOCl/ClO- and  
offers a new alternative way for fluorescent probe design in the future.
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Figure A.48: 1H-NMR spectrum of SB0 in CDCl3 

 

  
Figure A.49: 13C-NMR spectrum of SB0 in CDCl3 

 

  
Figure A.50: ESI-HRMS spectrum of SB0 
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Figure A.51: 1H-NMR spectrum of SB1 in CDCl3 

 

  
Figure A.52: 13C-NMR spectrum of SB1 in CDCl3 

 

  
Figure A.53: ESI-HRMS spectrum of SB1 
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Figure A.54: 1H-NMR spectrum of SB2 in acetone-D6 

 

  
Figure A.55: 13C-NMR spectrum of SB2 in DMSO-D6 

 

  
Figure A.56: ESI-HRMS spectrum of SB2 
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Figure A.57: 1H-NMR spectrum of SB4 in DMSO-D6 

 

 
Figure A.58: 13C-NMR spectrum of SB4 in DMSO-D6 

 
 

 
Figure A.59: ESI-HRMS spectrum of SB4
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