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Abstract 

Reactive oxygen species (ROS) play important roles for the regulation of normal 

functions such as proliferation, differentiation, migration and cell death. At low doses 

they participate in the redox balance, but an excess of these species leads to damage 

to proteins, lipids or DNA. ROS are involved in the onset and progression of several 

degenerative diseases (e.g., cancer, neurological disorder, etc). Cancer cells are 

highly susceptible to ROS-mediated damage and several chemotherapy agents 

achieve cytotoxicity by inducing oxidative stress.  

Sensing the variations of different intracellular ROS is crucial for real time assessments 

of anticancer treatment efficiency. Yet, no sensor currently allows simultaneous and 

independent monitoring of different ROS live cells. Indeed, existing sensors monitor 

either the total levels of ROS or the levels of single species (i.e., sensors such as 

diphenylanthracene, peroxy yellow, anthrafluorescein, etc.).  

The need to optimise and personalise treatment regimens and for unravelling the 

mechanisms underpinning ROS-induced cell death requires the introduction of a new 

set of tools able to provide a real-time report of intracellular ROS levels in response to 

a given intervention.  

In this project we developed new fluorescent nanosensors able to respond to different 

ROS. This was achieved through the synthesis of three conjugatable molecular probes 

able to respond to individual ROS, namely; an anthrafluorescein-based probe for 

superoxide anion, a dimethylanthracene-based probe for singlet oxygen and a 

fluorescein-based probe for hydrogen peroxide. The new probes were grafted onto 

poly(lactic-co-glycolic acid) (PLGA) and formulated as nanoparticles containing either 
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conjugated or encapsulated sensors. We characterised the fluorescent response of 

the probes, conjugates and nanospecies in the presence of the target ROS analytes. 

Lastly, we demonstrated the ability of the nanosensors to enter cells and their potential 

of to be used as intracellular ROS sensors.  
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Chapter 1. Introduction 

1.1. Reactive oxygen species (ROS) 

1.1.1. What are ROS? 

ROS are derivatives of molecular oxygen characterised by a high reactivity1ï3. Different 

species of ROS exist: some have an unpaired electron and display the typical reactivity 

of radicals (e.g., superoxide radical (O2
¶-), hydroperoxyl radical (HO2

¶), hydroxyl radical 

(HO¶), peroxyl radical (ROO¶) and alkoxyl radical (RO¶)), wheras other species react 

as electrophiles (hydrogen peroxide (H2O2) and hypochlorous acid (HOCl)) and/or as 

oxidative agents (singlet oxygen (1O2)) (Fig. 1.1).  

 

Figure 1.1: Different types of ROS4 
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1.1.2. Cell production of ROS 

Between the 80% and 90% of the ROS produced by cells are formed in mitochondria 

during the electron transport chain 5ï10 (Fig. 1.2 & 1.3). Superoxide anions are formed 

from molecular oxygen in the third compartment of the mitochondria. To prevent 

superoxide-mediated toxicity (see below), these anions are transformed into hydrogen 

peroxide by an antioxidant enzyme called superoxide dismutase (SOD). Due to its 

higher stability, hydrogen peroxide is a relatively long-lived ROS compared to 

superoxide anion and it can diffuse out of the mitochondria. In the cytosol, catalase 

(CAT) and other antioxidants such as glutathione peroxidase (GPx) or peroxiredins 

(PrxIII) can transform hydrogen peroxide into water. Ferrous ions can reduce hydrogen 

peroxide to form hydroxyl radicals. Hydroxyl radicals can in turn react with superoxide 

anions to form oxygen and water as a further detoxification step. NADPH oxidase 

(NOX)11, present in the cell membrane, can also form superoxide anions outside the 

cell, which can be transformed into hydrogen peroxide and enter the cell. Superoxide 

anions and hydrogen peroxide can also be transformed into reactive nitrogen species 

(RNS) (nitric oxide (¶NO), peroxynitrite (ONOO-)) or chlorinated ROS (hypochlorous 

acid (HOCl)). A further ROS source is the degradation of lipids and alcohol in the 

peroxisome. ROS can also be formed as a result of external stimuli, for example, under 

ionizing UV radiation or from the metabolism of a wide range of drugs8,10,12,13. 
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Figure 1.2: Overview of mitochondrial ROS production and impact of ROS on cell 

fate10,14,15 
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Figure 1.3: Transport of ROS in cells12 

1.1.3. Reactivity of ROS 

Electrons are more stable when they are paired, this gives radicals less stability 

compared to non-radical species and can explain their reactivity. Indeed, the two main 

features of ROS (i.e., short lifetime and limited diffusion range) are more prominent for 

ROS radicals16. The less reactive a molecule is, the longer its lifetime and the farther 

it can move in the surrounding environment, with its reactivity profile having an impact 
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in a wider spatial range from the generation site (Tab. 1.1). The most reactive ROS is 

the hydroxyl radical followed by the superoxide radical and singlet oxygen. Compared 

to those three, hydrogen peroxide is less reactive and can diffuse over a longer 

distance. 

Table 1.1: Reactivity and mobility of some ROS16 

ROS Half-life 
Mean free 

path 

Hydroxyl radical 1 ns 1 nm 

Superoxide anion 1 µs 30 nm 

Singlet oxygen 1 µs 30 nm 

Hydrogen peroxide 1 ms 1 µm 

 

ROS display different reactivity profiles, which in turn define the biomolecules they are 

able to modify7,16ï18: superoxide radical reacts with double bond-containing 

compounds (e.g., unsaturated fatty acids), while hydroxyl radicals will react with double 

bond-containing compounds as lipids19 and DNA20, but also with hetero-atoms (e.g., 

sulfur or nitrogen) on proteins21 leading to crosslinking, oxidation or hydrolysis. 

Hydrogen peroxide oxidizes proteins, whereas reactions of singlet oxygen with 

proteins, polyunsaturated acids or DNA often occur via Diels-Alder reaction. Some 

examples of reactions of ROS with biomolecules are reported in Table 1.2.  
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Table 1.2: Examples of the reactions of ROS with lipids, proteins and DNA 

Lipids10 

  

Proteins2,21ς23 
(Amino Acid) 

  

DNA20,24 

  

 

Reaction of ROS with biomolecules can lead to modification/damage of proteins, lipids 

and nucleic acids. In order to avoid these damages, the intracellular levels of ROS are 

carefully controlled by antioxidant species, such as SOD (Eq. 1.1)25, CAT (Eq. 1.2)26ï

29 GSH (Eq. 1.3) or NADPH (Eq. 1.4)30. 

Equation 1.1: SOD effect on superoxide31 
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Equation 1.2: CAT effect on hydrogen peroxide26 

     

Equation 1.3: Glutathione effect on hydrogen peroxide30 

 

Equation 1.4: NADPH effect on oxygen30 

     

1.1.4. ROS participation in cell homeostasis and oxidative stress 

At low or moderate levels, ROS participate in the physiological homeostasis of the 

cell9,32ï34. ROS are involved in regulating development, differentiation, stress signalling 

and cell death7,32,33,35ï38 (Fig. 1.4). For example, ROS are linked with the proliferation 

and survival of cells by mitogen-activated protein kinase cascades or phosphoinositide 

3-kinase pathway, with iron homeostasis or with homeostasis and antioxidant gene 

regulation by Nrf2 and Ref1-mediated redox cellular signaling39. One example of the 

implication of ROS in cell survival processes is the activation of the tumour suppressor 

protein p5334,40,41. p53 is extremely important in the control of cellular stress responses, 

inducing either cell cycle arrest in order to promote DNA repair and survival, or cell 

death by apoptosis42, depending on the context. 

An imbalance between ROS and antioxidants can have various consequences. If an 

excess of antioxidant exists, the cell proliferation pathway is affected and this can lead 

to malformation or dysfunction such as cardiomyopathies43 or neurodegenerative 

disorders44. An excess of ROS causes a phenomenon called oxidative stress, which 

was found to be linked to several diseases39,45 (e.g. cancer18,46ï48, obesity49, 
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neurodegenerative diseases17, diabetes50,51, aging52ï54, hypertension55,56) (Fig. 1.4 

and 1.5). 

 

Figure 1.4: Redox balance in cells35 
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Figure 1.5: Impact on cancer of different level of ROS and ROS-related gene 

regulation57 

Oxidative stress occurs when the balance between antioxidants species such as 

glutathione (GSH/GSSG)58 (Eq. 1.3) or (NADPH/NADP+) ratios (Eq. 1.4) and ROS shift 

in favour of ROS. This imbalance results in the damages to biomolecules discussed in 

Section 1.1.325.  

Cancer cells display a high susceptibility to oxidative stress, an effect known under the 

name of "the Warburg effect"8. This behaviour is exploited by several therapeutic 

approaches that aim at inhibiting tumour growth by increasing ROS concentration in 
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cancer cells. Externally induced production of ROS is the warhead of a therapeutic 

approach called photodynamic therapy (PDT) (Fig. 1.6)8,59ï62. This therapy relies on 

the generation of ROS through the irradiation of a photosensitizing chemical compound 

with non-toxic visible light to inactivate target cell (e.g., cancer cells or microorganisms) 

and eradicate infections or ablate cancer and precancerous tissue63. PDT leads to cell 

death either via apoptosis34,37,40,64, which is called programmed cell death or 

necrosis62, which is due to outside trauma or depletion of vital substances.  

 

Figure 1.6: PDT process65 

Apoptosis66 is morphologically characterized by chromatin condensation, cleavage of 

chromosomal DNA into internucleosomal fragments, cell shrinkage, membrane 

blebbing and formation of apoptotic bodies without plasma membrane breakdown. 

Typically, apoptotic cells release ñfind meò and ñeat meò signals required for the 

clearance of the remaining debries by phagocytic cells. At the biochemical level, 

apoptosis entails the activation of caspases, a highly conserved family of cysteine-

dependent aspartate-specific proteases. Necrosis66 is morphologically characterized 

by vacuolization of the cytoplasm, swelling and breakdown of the plasma membrane 

resulting in an inflammatory reaction due to release of cellular contents and pro-

inflammatory molecules. Necrosis is thought to be the result of pathological insults or 

be caused by a bio-energetic catastrophe, or ATP depletion to a level incompatible 
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with cell survival. The biochemistry of necrosis is characterized mostly in negative 

terms by the absence of caspase activation, cytochrome c release and DNA 

oligonucleosomal fragmentation. 

1.1.5. Approaches for the detection and quantification of ROS 

The importance of ROS in the redox homeostasis of the cell and their role in triggering 

toxicity and potentially cell death (see previous sections) compelled scientists to 

develop viable approaches for ROS detection and quantification in biological 

environment. Because of their short life and their short range of action, the detection 

and quantification or ROS had to rely on the development of bespoke analytical 

tools67,68. 

Electron spin resonance (ESR) is a technique that permits the direct identification of 

oxygen free radicals. Because of their short lifetime, specific reagents are used to 

stabilize these radicals, either by addition of a covalent bond (the molecule is called a 

spin trap)69 or by oxidation of the molecule (the molecule is called a spin sensor)68. 

Spin traps are more often used than spin sensors. The most popular spin trap is 5,5-

dimethyl-1-pyrroline-N-oxide70,71, which is useful in solution but has limited applicability 

in most biological systems due to competing reactivity with SOD and ascorbate that 

partially inhibits formation of product. Furthermore, its range of efficient concentration 

is limited, as it must be used with ROS concentrations between 20 and 100 mM72,73, 

which do not make it a sensitive technique. Another spin trap is 5-diethoxyphosphoryl-

5-methyl-1-pyrroline N-oxide74, which can be modified to have a triphenylphosphonium 

group to promote its selective uptake by mitochondria75. The main limitations of this 

species are its poor sensitivity (i.e., concentrations under 50 mM of ROS cannot be 



 

23 

 

detected), its toxicity to cells and non-specificity to superoxide 76ï79. Moreover, this this 

spin trap does not allow quantification of ROS and is also expensive68. 

Chemiluminescent sensors are high potential tools for ROS detection, in particular for 

superoxide anion, for their sensitivity and ease of use16. The principle is that the sensor 

reacts with the ROS and the reaction leads to the release of a photon that is detected 

by a photometer without excitation by a light source68,71. Lucigenin is one the sensors 

used for superoxide anion measurement in macrophages and neutrophils69,80. One 

drawback of lucigenin is the susceptibility of the chemiluminescent species to reduction 

in the presence of flavoprotein reductase81, which in turn increases the level of 

superoxide anions. In addition, the chemiluminescent species can react with other 

molecules such as hydrogen peroxide68, reducing the specificity of the detection. 

Luminol is also used but is less selective because it reacts with hydrogen peroxide, 

hydroxy radicals and peroxynitrite and increases the level of those ROS (Eq. 1.5)82ï84. 

This represents a serious drawback for the accurate quantification of ROS. 

Equation 1.5: Lucigenin intermediate reduction 

 

Superoxide is also detected by cytochrome c (Cc) reduction coupled with 

spectrophotometry 67,68. Cc can be reduced by superoxide anions from the ferri- to the 

ferro- form, causing an alteration of the absorbance at 550 nm, which can be detected 

spectrophotometrically. Its specificity is relatively low due to the cross-reactivity of 
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superoxide anion with enzymes or reductants as xanthine oxidase, ascorbate or 

glutathione, which in turns hampers its quantification with this method68. 

Last but not least, fluorescent sensors can be used to detect different types of ROS. 

Two types of fluorescent sensors exist: protein-based sensors and small organic 

molecules. Protein-based sensors are designed through the combination of fluorescent 

proteins and prokaryotic redox sensitive proteins67,68. These sensors can provide 

real-time and dynamic detection of redox state change. Sensors of different colours 

are available, for example green (redox-sensitive green fluorescent protein85 type 1 or 

2), yellow (redox-sensitive yellow fluorescent protein86 combined with glutaredoxin-187 

or charged with 3 residues88) or red (redox-sensitive red fluorescent protein89). These 

species are biocompatible but slow-reacting and not very sensitive, which does not 

allow accurate quantification of ROS68. Organic sensors are species whose fluorescent 

behaviour is modified following reaction with ROS. A large panel of fluorescent sensors 

exists with different properties, such as wavelengths of emission and excitation, 

selectivity, and ability to enter cells or selectively accumulate in intracellular organelles 

(e.g., mitochondria)3. These species are summarised in Table 1.3. 
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Table 1.3: Summarize of the different methods for ROS analysis 

 

1.1.6. Fluorescent sensors for ROS 

The possibility of correlating the fluorescence intensity with the concentration of the 

ROS makes fluorescent sensors particularly attractive for the quantification of reactive 

oxygen species concentration in cells67,68,90. The vast array of sensors developed to 

detect and quantify ROS are discussed in the following sections. 
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1.1.6.1. Superoxide anion sensors 

As previously described, the superoxide anion is the first ROS generated by the 

mitochondrial electron transport chain. Even if this ROS is unstable because of its 

radical nature, some sensors can successfully detect and quantify it (Tab. 1.4)3. Most 

selective sensors developed can only be used in a limited range of pH. 

1.1.6.2. Hydrogen peroxide sensors 

Hydrogen peroxide is the most stable ROS, therefore easier to detect and quantify. 

However, the sensors designed to detect hydrogen peroxide often react with other 

more reactive ROS, leading to lack of selectivity of the sensors themselves. (Tab. 1.5)3. 

Most of the selective sensors developed have a lack of selectivity. 

1.1.6.3. Singlet oxygen sensors 

Singlet oxygen is not directly created by cells. The formation of this ROS is induced by 

an endogenous or exogenous photosensitiser following irradiation during PDT59ï61,91ï

93. Given its importance for ROS-based therapeutic approaches such as PDT, some 

sensors have been developed to detect and quantify singlet oxygen (Tab. 1.6). 

Sensors for singlet oxygen tend to be quite selective and they respond to the analyte 

by either increasing (turn-on sensors) or decreasing (turn-off sensors) their 

fluorescence emission intensity; the main difference is the analysis, whether 

measuring an increasing or decrease in the fluorescence. 

1.1.6.4. Hydroxyl radical sensors 

The hydroxyl radical is the most reactive ROS, yet a number of sensors for its detection 

have been developed (Tab. 1.7). Most of these are selective to the hydroxyl radical, 

but they can be used only over a limited range of pH.
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Table 1.4: Fluorescent sensors for superoxide anion 

Name Molecule 
Reaction 
product 

e˂xcκe˂m 
(nm) 

Advantages Limitations 

Hydroethidine (HE)3,90,94ς105 

  

520 / 610 

ω/Ǌƻǎǎ ŎŜƭƭǳƭŀǊ 
membrane 
ω¦ǎŜŦǳƭ ŦƻǊ 
monitoring the 
oxidative burst in 
cells 

ω/ȅǘƻŎƘǊƻƳŜ c can oxidize it 
ωIƛƎƘ (1a) concentrations increase 
fluorescence because of connection 
with DNA 
ω(1a) increases superoxide 
dismutation to peroxide 
ω(1a) can be oxidized by peroxide via 
non-specific peroxidase catalysis and 
make some interference  
ωtƻǎǎƛbility to be oxidized by other 
reactivity species 

1,3-Diphenyliso 
benzofuran106 

 

 
 

 

410/455 or 
477 

ωDƻƻŘ indicator in 
phospholipid 
liposomes 

ωbƻƴ-selective (react with singlet 
oxygen) 
ωCƭǳƻǊŜǎŎŜƴŎŜ ōȅ decrement 

2-(2-Pyridil)-
benzothiazoline3 

  

377/528 

ωbƻ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ 
other ROS 
ω5ŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ 
SOD activity 

ω Emission is optimal at pH between 
8.9 and 10 

3'-oxo-3'H-
spiro[dibenzo[c,h]xanthene
-7,1'-isobenzofuran]-3,11-
diyl 
bis(diphenylphosphinate) 
(Phosphinated 
dianthrafluorescein)107 

  

602/662108 
 

490/ 530109 

ω {ŜƭŜŎǘƛǾŜ 
ω /ŀƴ ōŜ ǎŜƭŜŎǘƛǾŜ ǘƻ 
hydrogen peroxide 
by replacing 
phosphinated group 

into sulfonyl110 

ω 9Ƴƛǎǎƛƻƴ ƛǎ ƻǇǘƛƳŀƭ ŀǘ ǇI ōŜǘǿŜŜƴ 
7.4 and 8 

(1a) (1b) 

(2a) (2b) 

(3a) (3b) 

(4a) (4b) 
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Table 1.5: Fluorescent sensors for hydrogen peroxide 

Name Molecule 
Reaction 
product 

˂ŜȄŎκ˂ŜƳ 
(nm) 

Advantages Limitations 

2,7-
Dichlorodihydrofluorescein 
(DCFH) 3,67,99,100,102,111ς114 

 

 

498/522 

ω5ƛŀŎŜǘŀǘŜ (1b) form 
can be applied in cell 
studies (DCFDA) 
ω¦ǎŜŦǳƭ ƳŀǊƪŜǊ ƻŦ 
oxidative stress 

ωbƻƴ-selective 
ω/ŜƭƭǳƭŀǊ ǇŜǊƻȄƛŘŀǎŜ ƛƳǇƻǊǘŀƴǘ ŦƻǊ 
oxidation or catalase and SOD 
ω/ȅǘƻŎƘǊƻƳe c, peroxidases, hematin 
increase formation of DCF 
ωtƘƻǘƻ ǊŜŘǳŎǘƛƻƴ ƻŦ DCF by visible 
light or UVA radiation 

Scopoletin  
(7-hydroxy-6-methoxy-
coumarin)115ς117 

 

 
 
 
 
 

 

360/460 

ω²ƛŘŜƭȅ ǳǎŜŘ ŀǎ ŀ 
hydrogen peroxide  
monitoring sensor, 
either isolated in 
mitochondria 
 or in stimulated 
neutrophils and 
eosinophils 

ω5ŜŎǊŜŀǎŜ ƻŦ ŦƭǳƻǊŜǎŎŜƴŎŜ 
ω[ƻǿ ǎŜƭŜŎǘƛǾƛǘȅ 
ω[ƻǿ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ 
ωLƴǘŜǊŦŜǊŜƴŎŜ ŦǊƻƳ ŀǳǘƻŦƭǳƻǊŜǎŎŜƴŎŜ 
ωbŜŜŘ ŀƳǇƭification 
ω[ƻǿ ǎǘŀōƛƭƛǘȅ ƛƴ ōƛƻƭƻƎƛŎŀƭ ƳŜŘia (pH 
and temperature) 
ωLƴǘŜǊŦŜǊŜƴŎŜ ŦǊƻƳ ǊŜŘǳŎǘƛǾŜ 
compound (NADPH, NADH, ascorbic 
acid and Glutathione) 

Amplex Red 
(N-acetyl-3,7-
dihydroxyphenoxanine) 
115,118,119 

 

 

563/587 

ω/ŀƴ ƳŜŀǎǳǊŜ 
superoxide anion if use 
of SOD 
ω{Ƴŀƭƭ 
autofluorescence 
ω{ǘŀōƭŜ ŦǊƻƳ ǇI тΦр ǘƻ 
8.5 

ω [ƻǿ selectivity 
ω!ǘ ƘƛƎƘ IOCl concentration, 
fluorescence increases 

(5a) 

(5b) 

(5c) 

(6a) (6b) 

(7a) (7b) 
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Homovanillic Acid  
(4-hydroxy-3-methoxy-
phenylatic acid)116,120,121 

  

312/420 

ω¦ǎŜŦǳƭ to detect the 
production of 
hydrogen 
peroxide in isolated 
mitochondria of 
various tissues 

 
ω[ƻǿ ǎŜƭŜŎǘƛǾƛǘȅ 

Boronated fluorescein 
based 
sensors95,98,102,103,111,114,122,123 

 

 

 
 

 

 

 

510/528 

ω¦ǎŜŦǳƭ ǘƻ ŘŜǘŜŎǘ ǘƘŜ 
production of 
hydrogen 
peroxide in 
mitochondria 
depending on the R 
variety (as 
triphenylphosphonium 
group in MitoPY1) 
ω{ŜƭŜŎǘƛǾŜ 

ω/ŀƴ ǊŜŀŎǘ ǿƛǘƘ ǇŜǊƻȄȅƴƛǘǊƛǘŜ 

Dihydrorhodamine 123 
124,125 

  

505/529 

ω 9Ǿŀƭǳŀǘƛƻƴ ƻŦ 
scavenging activity. 
ω/ŀǘƛƻƴƛŎ ŀƴŘ ƭƛǇƻǇƘƛƭƛŎ 
sensors 

ωbƻƴ-selective 
ωbƻǘ ƻȄƛŘƛǎŜŘ ŘƛǊŜŎǘƭȅ  

 

 

(8a) (9b) 

(10a & 10b) (10b) 

(11a) (11b) 
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Table 1.6: Fluorescent sensors for singlet oxygen 

Name Molecule Reaction product 
˂ŜȄŎκ˂ŜƳ 

(nm) 
Advantages Limitations 

9,10-Dimethylanthracene 
(DMA)3,126ς128 

  

375/463 
ω±ŜǊȅ ǎǇŜŎƛŦƛŎ 
ωvǳƛŎƪ 

ω9ȄǘƛƴŎǘƛƻƴ ƻŦ ŦƭǳƻǊŜǎŎŜƴŎŜ 
ωIŀǊŘ ǘƻ Ǉŀǎǎ ǘƘǊƻǳƎƘ ǘƘŜ ƳŜƳōǊŀƴŜ 

9- [2-(3-Carboxy-9,10-
diphenyl)anthryl]-6- 
hydroxy-3H-xanthen-3-
ones 
(DPAXs)3,102,107,111,129,130 

  

X = H    
494/515 

X = Cl   
506/527 

X = F   
494/515 

ω±ŜǊȅ ǎǇŜŎƛŦƛŎ 
ωvǳƛŎƪ 
ωaŜƳōǊŀƴŜ-permeable 

ωLƴƛǘƛŀƭ ǊŜŀŎǘƛǾŜ ƛǎ ŦƭǳƻǊŜǎŎŜƴǘ ǘƻƻ ŀƴŘ 
with the same wavelength 
ω9ȄǘƛƴŎǘƛƻƴ ƻŦ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛƴ ŀŎƛŘ 
conditions (Cl or F are added to 
decrease the pKa) 

9- [2-(3-Carboxy-9,10-
methyl)anthryl]-6- 
hydroxy-3H-xanthen-3-
ones 
(DMAX)3,102,107,131 

  

492/515 

ω±ŜǊȅ ǎǇŜŎƛŦƛŎ 
ωvǳƛŎƪ 
ω[Ŝǎǎ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ 
than DPAX 

ω[Ŝǎǎ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ ǘƘŀƴ 5t!· 
ωLƴƛǘƛŀƭ ƳƻƭŜŎǳƭŜ Ƙŀǎ ŀ ƭƻǿ fluorescence 

Singlet oxygen sensor 
green (SOSG)60,63,90,107,130ς

134   
504/525 

ω±ŜǊȅ ǎǇŜŎƛŦƛŎ 
ωvǳƛŎƪ 

 

 

(12a) (12b) 

(13a, 13b & 13c) (13d) 

(14a) (14b) 

(15a) (15b) 
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Table 1.7: Fluorescent sensors for hydroxyl radical 

Name Molecule Reaction product 
˂ŜȄŎκ˂ŜƳ 

(nm) 
Advantages Limitations 

4-(-Anthroyloxy)-2,2,6,6-
tetramethyl 
piperidine-1-oxyl135ς137 

  

377/427 ω{ǇŜŎƛŦƛŎ 

ωLƴƛǘƛŀƭ ƳƻƭŜŎǳƭŜ Ƙŀǎ ŀ ƭƻǿ ŦƭǳƻǊŜǎŎŜƴŎŜ 
ωbŜŜŘ 5a{h ǘƻ ƎŜƴŜǊŀǘŜ /I3

ω  
ω/ƻǳǇƭƛƴƎ ǿƛǘƘ ƻǘƘŜǊ ŎŀǊōƻƴ-centre 
radicals 

1,3-Cyclohexanedione 138 

  

400/452 ω{ǇŜŎƛŦƛŎ 
ωbŜŜŘ 5a{h ǘƻ ƳŀƪŜ I/hI ŀƴŘ ƴƻǘ 
possible for cell 

Sodium terephtalate139 

  

310/430 ω{ǇŜŎƛŦƛŎ ωǇI ƻǇǘƛƳǳƳ сΦул-7.90 

Coumarin140,141 

  

350 & 
395/450 

ω{ǇŜŎƛŦƛŎ 
ωCƭǳƻǊŜǎŎŜƴŎŜ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǇI 
ω5ŜǇŜƴŘǎ ƻƴ ǿƘŜǊŜ ƘȅŘǊƻȄȅƭŀǘƛƻƴ is 
situated 

Coumarin-3-carboxilic acid 
142,143 

 

 

351 & 
395/450 

ω{ǇŜŎƛŦƛŎ 
ω/hhI ƛƴŎǊŜŀǎŜ ǘƘŜ 
fluorescence at 7 
position 
ω!ŎŎǳǊŀǘŜΣ 
reproducible, 
performed real-time 

ωCƭǳƻǊŜǎŎŜƴŎŜ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǇI 
ω5ŜǇŜƴŘǎ ƻƴ where hydroxylation is 
less 1 position  

(16a) (16b) 

(17a) (17b) 

(18a) 

(19b) 

(18b) 

(19a) 

(20a) (20b) 
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N-hydroxysuccinimidyl 
ester of coumarin-3- 
carboxylic acid144ς146 

 

 

352 & 
395/450 

ω{ǇŜŎƛŦƛŎ 
ω/hhI ƛƴŎǊease the 
fluorescence at 7 
position 
ω!ŎŎǳǊŀǘŜΣ 
reproducible, 
performed real-time 
ω[ƛƴŜŀǊ fluorescence 

ωCƭǳƻǊŜǎŎŜƴŎŜ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǇI 

2-[6-(4'-Hydroxy or 
Amino)phenoxy-3H- 
xanthen-3-on-9-yl] benzoic 
acid 
(HPF or APF)147 

  

500/520 ωItC is selective 

ωCƭǳƻǊŜǎŎŜƴŎŜ is suppressed in 
presence of DMSO 
ω!tC ǊŜŀŎǘƛǾŜ with HOCl 
ω[Ŝǎǎ ǎŜƴǎƛǘƛǾŜ than DCFH 

Fluorescein148 

 

 
  

 

495/515 
ωCƻǊƳ oxidized 
Fluorescence with HOω 

ω[ƻǎǎ ƻŦ ŦƭǳƻǊŜǎŎŜƴŎŜ 
ωbƻǘ ǎŜƭŜŎtive 

 

(21a) (21b) 

(22a & 22b) (22c) 

(23a) (23b) 






































































































































































































































































































































































































