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1. Introduction 

1.1. Introduction to Fluorescence 

The absorption of light (photons) by a group of molecules induces the promotion of electrons 

from their singlet ground electronic level (S0) to an excited state Sn (n > l).1 The molecule in 

the excited state then returns to the ground state (S0) in two steps: 

I. The molecule at Sn moves to the lowest excited state (S1) by releasing some of its energy to 

the surrounding environment, a process known as internal conversion.  

II. From the excited state S1, the molecule reaches the ground state S0 through various 

competing processes:  

• Emission of a photon as radiation, known as fluorescence. 

• Dissipation of absorbed energy as non-radiative heat. 

• Transfer of energy to nearby molecules through collisional quenching and/or Forster 

Resonance Energy Transfer (FRET). 

• Occasional transition of electrons from the excited singlet state (S1) to the excited triplet state 

(T1) through inter-system crossing. When the molecule returns to the ground state (S0) from a 

triplet excited state (T1) by emitting a photon as radiation, it is called phosphorescence.  

In molecular spectroscopy, these transitions between the electronic states of a molecule are 

effectively illustrated using a Jablonski diagram (see figure 1.1).2 
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Figure 1.1. Jablonski (electronic transitions) diagram. Adapted from Ref. [2]. 

1.2. Fluorescent Dyes 

Fluorescent dyes are organic molecules with a donor-pi-acceptor (D--A) electronic system. 

When irradiated with high-power light of a specific wavelength, they emit coloured light of a 

higher wavelength and lower energy. The wavelength of light at which a fluorescent dye is 

excited is called its absorption or excitation peak (abs), while, the wavelength at which it emits 

light is referred to as its emission peak (em). The difference between λabs and λem is called the 

Stokes shift named after scientist George Stokes, who identified and named the phenomenon 

of fluorescence.3 

1.2.1. A Brief History of Fluorescent Dyes 

The advent of fluorescent dyes started with the serendipitous creation of the synthetic dye 

mauvine by Perkin in 1856. Incessant research on the development of new synthetic dyes 

continued for the next 70 years until the discovery of fluorescein isothiocyanate (FITC) in 1942 
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which sparked the field of fluorescence microscopy. The development of fluorescent dyes saw 

a surge in the 1960s and 1970s with the formation of various rhodamine and boron 

dipyrromethene (BODIPY) dyes.  The 1990s marked the definitive arrival of commercial 

collections of fluorophores, including the CyDye, Alexa Fluor, and ATTO series, all featuring 

significantly improved properties. Since 2000, Biotium has introduced an extensive series of 

highly water-soluble fluorescent CF® dyes specifically designed for labeling proteins and 

nucleic acids (figure 1.2).4 

 

Figure 1.2. The timeline illustrating the emergence and steady advancement of fluorescent 

dyes over the years. Adapted from Ref. [4]. 

1.2.2. Role of Fluorescent Dyes in Fluorescence Imaging 

Fluorescent dyes are extensively utilized in the imaging of cell organelles, detection of 

biomolecules, and labelling or tagging of antibody conjugates or peptides. They can also be 

used to measure various biochemicals produced in response to pathological conditions and to 

track molecular processes inside living cells that were previously difficult to study. Because of 

these advantages, fluorescent dyes are widely used in a variety of research and therapeutic 
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applications.5 The following are key examples of classical fluorescent dyes used in cell imaging 

(refer to figure 1.3). Ethidium bromide serves as a nuclear stain in molecular biology, 

intercalating with double-stranded DNA to emit pink light. Another crucial nuclear stain is 

4’,6’-diamino-2-phenylindole (DAPI), extensively used in fluorescence microscopy, and 

provides a marker for membrane viability as it passes through the membrane less efficiently in 

live cells. Hoechst dyes are a group of nuclear stains that can easily permeate live membranes 

and are therefore employed to stain live cells. Cellular proteins are stained using hydrophilic 

fluorescein isothiocyanate (FITC) dyes.6 Coumarin-6 is a hydrophobic blue-green spectrum 

dye, primarily used for the labeling and visualization of polymeric nanoparticles in cell 

cytoplasm. ATTO-550 is an advanced yellow light-emitting dye used for tagging DNA. 

MitoTracker orange and tetramethylrhodamine (TMR) dyes are popularly used for the 

localization of mitochondria inside cells. Additionally, to measure changes in the mitochondrial 

membrane potential, JC1 dyes are mostly employed. Further, the Alexa Fluor class of dyes can 

be used for staining a variety of cellular parts; for example, Alexa Fluor 350 is used for imaging 

of the endoplasmic reticulum.  

1.2.3. Fluorophores and Auxochromes 

The chemical structure of such fluorescent dyes is comprised of two basic units: (a) 

fluorophores (also known as fluorochromes) and (b) auxochromes/auxofluores. Fluorophore 

(or fluorochrome) is that portion of the chemical scaffold that is responsible for the emission 

of light from dyes as it contains an extended conjugated system and combined aromatic groups. 

These fluorophores can be broadly classified into various chemical scaffolds (refer to figure 

1.4), such as coumarins, cyanines, xanthenes, fluorescein, rhodamine, benzothiazoles, 

dipyrromethenes, naphthalimides, nitrobenzoxadiazoles, carboxamidines, and benzamidines.6 

Fluorophores are functionalized with non-emissive functional groups known as auxochromes, 

which contain one or more lone pairs of electrons and play a great role in modulating the 
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photophysical as well as physicochemical properties of these fluorophores. Small changes in 

auxochromes can fine-tune the absorption and emission maxima of a fluorophore, its quantum 

yield (Φf), brightness, photostability, molar absorptivity (), aqueous solubility, and membrane 

permeability. 

 

Figure 1.3. Classical fluorescent dyes used for imaging of cells and various cell organelles. 
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Figure 1.4. Examples of various classes of fluorophores found in dyes used for bioimaging.  

1.2.4. Properties of an Ideal Fluorophore 

An ideal fluorophore must exhibit the following properties: (a) Φf equal to 1 to ensure excellent 

brightness, (b) modulated to any wavelength to ensure deep tissue penetration, (c) absolute 

biosafety with minimal photodamage to living cells, (d) indefinite photostability under any 

range of illumination, and (e) functional in all biological systems. Such types of ideal 

fluorophores are practically non-existent, so fluorophore developers aim to achieve the 

following: (a) increase ε and Φf to maximize molecular brightness, (b) decrease the chances of 



     Chapter 1 

 

Page | 8  

 

intersystem crossing to prevent the generation of singlet oxygen and other toxic reactive 

oxygen species (ROS), (c) chemical modification of the fluorophore to endow them with 

desirable properties, such as aqueous solubility, cell permeability, and resistance to 

photobleaching (degradation of fluorophore by any biochemical reaction).6 

1.2.5. Role of Auxochromes in Modulating Fluorogenic and Physicochemical Properties 

of Various Fluorophores. 

The properties of desirable fluorophores can be achieved by making precise alterations to the 

auxochrome units.6,7 Let us consider the example of coumarins to comprehend the impact of 

auxochromes on the fluorogenic properties of the fluorescent scaffold (figure 1.5). Upon 

replacing the 7th position hydroxyl (-OH) group of the naturally occurring fluorescent dye β-

methylumbelliferone (1a, abs= 320 nm, em= 450 nm, f = 0.356) with an amino (-NH2) group, 

the resulting molecule 1b (abs= 342 nm, em= 441 nm, f = 0.50) demonstrated a substantial 

increase in Φf due to enhanced electron donation by amines. It was expected that further 

enhancement of electron donation might lead to a higher quantum yield. Consequently, 

dimethylamino (1c) and diethylamino (1d) derivatives of 7-aminocoumarins were synthesized. 

Despite displaying a desirable red-shift in their absorption and emission maxima, these 

derivatives (1c, abs= 372 nm, em= 470 nm, f = 0.19 and 1d, abs= 381 nm, em= 468 nm, f 

= 0.06) experienced a significant decrease in Φf with an increase in the degree of alkyl 

substitution. After numerous experiments, it was conclusively determined that the sudden 

decrease in Φf is caused by a phenomenon called twisted intramolecular charge transfer 

(TICT). In this process, fluorophores, 1c and 1d absorb a photon to give their corresponding 

excited states (1c* and 1d*; figure 1.6). This is followed by an electron transfer from the 

nitrogen atom to the coumarin ring system, accompanied by twisting of the Caryl-N single bond. 

TICT is favoured energetically in 7-dialkylaminocoumarin dyes due to their lower ionization 



     Chapter 1 

 

Page | 9  

 

potential. The TICT forms relax, causing a rapid non-radiative energy decay of the excited state 

without emitting any light. These diradical intermediates (1cTICT and 1dTICT) may also undergo 

irreversible photobleaching, which leads them to have poor quantum efficiency, shorter 

fluorescence lifetime and reduced photostability. After several years of research, Grimm et al. 

discovered a solution to this issue, by replacing the N,N-dialkyl groups with sterically hindered 

azacyclic rings, spanning from azetidine to azepane). Among these, 7-azetidinocoumarin (1e, 

abs= 354 nm, em= 471 nm, f = 0.96) successfully restricted the occurrence of TICT and 

exhibited enhanced fluorogenic properties. Additionally, Liu et al. observed that 7-

aziridinocoumarin (1f, abs= 325 nm, em= 439 nm, f = 0.88) effectively suppresses TICT 

similar to its azetidinylated counterpart, 1e, due to higher ring strain while showcasing 

improved brightness, superior photostability, and enlarged Stokes shifts. Despite their excellent 

fluorogenic properties, the azacyclic ring-based coumarin dyes faced severe solubility issues. 

To address this, Zhou et al. postulated incorporating spirooxetane/spiroazetidine rings as the 

donor moiety instead of azetidine in coumarin scaffolds. The azetidine half of the spiroazetidine 

ring helps to suppress TICT and afford bright fluorescence, while, the second ring of the 

spirocycle helps adjust the balance between the solubility and permeability of the coumarin 

core. The steric congestion also contributes to maintaining photostability.8 The resulting 

derivatives 1g (abs= 352 nm, em= 463 nm, f = 0.96, LYSA= 38 g/mL) and 1h (abs= 355 

nm, em= 461 nm, f = 0.97, LYSA= 340 g/mL) demonstrated significantly improved 

solubility compared to compound 1e (LYSA< 1 g/mL). Despite possessing all the 

characteristic features of an ideal fluorophore, the higher cost of reaction substrates for 

constructing these molecules (1g and 1h) and lack of synthetic feasibility present substantial 

challenges to their development. A more economical alternative for highly soluble coumarin 

fluorophores was recently presented by Indurthi and the group,9 where they replaced 

spirooxetane with azaspiroketals. The resulting molecule (1i) exhibited excellent solubility 
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(LYSA = 695 g/mL), enhanced molar absorptivity and phenomenal brightness. However, 1i 

suffered from a severe loss of quantum efficiency (f = 0.51). Additionally, the synthesis of 

other azaspiroketal derivatives with increased ring size encountered critical synthetic 

challenges and afforded products poor yields. 

 

Figure 1.5. Chronological modification of auxochromes on coumarins. 

The fluorophoric effects observed in 1,8-naphthalimide (2a-2g) (figure 1.7) followed a similar 

trend when modified with the same set of auxochromes. Substitution of 6-amino and 6-

dimethyl amino donating groups of 2a (f <0.1) and 2b (f =0.009), respectively, with a TICT-

resistant azetidine ring led to drastic enhancement of quantum efficiency of the resulting 

compound 2c (f =0.631). A similar observation was made in the case of constrained aziridine 

ring-substituted derivative 2d (f =0.708). The lack of solubility of 2c was addressed by the 

incorporation of spiroazetidine rings, as seen in 2e and 2f derivatives showcasing enhanced 

solubility. Nevertheless, subpar quantum yields, expensive substrates and synthetic 

complications of 2e-2f led to the discovery of a cost-effective and soluble azaspiroketal-

substituted derivative, 2g.10 



     Chapter 1 

 

Page | 11  

 

 

Figure 1.6. Jabłonski diagram showing the process of twisted intramolecular charge transfer 

(TICT) in compounds 1c and 1d. 

 

Figure 1.7. Chronological modification of auxochromes on 1,8-naphthalimide. 

A consistent trend was also noted in the case of 4-nitrobenzoxadiazole (3a-3g) substituted with 

the identical set of auxochromes as done in previous cases (figure 1.8).  



     Chapter 1 

 

Page | 12  

 

 

Figure 1.8. Chronological modification of auxochromes on 4-nitrobenzoxadiazole. 

Thus, upon review of the paragraph, it becomes evident that even a minor alteration in the 

auxochrome units can exert a significant impact on the photophysical behaviour of fluorescent 

dyes. 

1.3. Fluorescent Probes and their Role in Bioimaging 

Biological systems are highly dynamic, and the processes that take place inside them are 

random and rapid. The molecular level of understanding of these fast and complicated cellular 

processes requires specially designed tools for gaining knowledge about them. These tools, 

known as fluorescent probes (or detectors), include fluorophore-borne small molecules that 

undergo alterations in their fluorescent emission as a consequence of even a minute 

modification in their immediate environment, indicating a binding event or a chemical 

reaction.11,12 Over the past few decades, fluorescent probes have become widely popular for 

tracking and monitoring various biological processes. These processes include cellular 

dynamics, protein expression and localization, enzyme activities, and regulation of signalling 

cascades. Therefore, it is crucial to identify suitable fluorophores with efficient auxochromes 

that can be used as probes. The main requirements for a fluorophore to function as a probe 

include high quantum efficiency, excellent brightness index, good photostability, balanced 

solubility, and the ability to permeate cells. These requirements have motivated researchers to 
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create complex fluorescent molecules with exceptional fluorogenic properties, which can be 

effectively used in the field of bioimaging. 

1.3.1. Recent Developments in Fluorescent Probes: Applications and Drawbacks 

While conducting a literature survey on various fluorophore-based fluorescent probes, such as 

coumarins,12,13 1,8-naphthalimides14 and 4-nitrobenzoxadiazoles,15 we discovered that these 

probes have numerous applications in detecting and imaging small molecule thiols such as 

cysteine (Cys), homocysteine (Hcy), and glutathione (GSH). Abnormal levels of these thiols 

can indicate various physiological disorders, including edema, lethargy, cognitive dysfunction, 

Alzheimer’s disease, hepatic complications, cardiovascular anomalies, and cancer.13,16,17 These 

probes can also detect reactive oxygen species (ROS), which play a crucial role in maintaining 

cellular homeostasis and various cell signaling pathways. 18–24 Hence, a slight disbalance in 

their levels may also lead to the occurrence of an array of diseases, such as cardiovascular 

disorders and cancer.  Furthermore, these have also been used in the detection of several 

reducing agents,25–28 metal toxicants,29–34 gaseous environmental pollutants 35,36 and also 

various metabolic enzymes.37–39 Some of these examples are illustrated in figures 1.9 and 1.10. 

The probes mentioned above commonly make use of hydroxyl (-OH) or amine (-NH2) groups 

as their electron-donating auxochromes, as these are the only groups that offer a site for further 

functionalization with a reactive unit that can interact with the corresponding analytes. 

Consequently, the resulting fluorescent probes exhibit subpar brightness and poor 

physicochemical properties and make the process of analyte detection difficult. While the 

modified amino auxochromes are highly efficient in enhancing photophysical attributes, they 

all lack the capacity for synthetic modulation and fail to facilitate the attachment of response 

units required to develop a fluorescent probe. Despite such advancements in auxochrome units, 

scientists continue to rely on conventional hydroxyl or amino auxochromes for the attachment 

of response/recognition units.  
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Figure 1.9. Examples of coumarin-based fluorescent probes used for the detection of various 

analytes. 

 

Figure 1.10. Examples of 1,8-naphthalimide and 4-nitrobenzoxadiazole-based fluorescent 

probes used for the detection of various analytes. 

1.4. Conclusion 

Fluorescent dyes play a critical role in cell and organelle imaging. All fluorescent dyes are 

comprised of fluorophores and auxochromes. The auxochrome units have a significant impact 

on the light-emitting behaviour of these fluorescent dyes. Traditionally, hydroxyl and amine 

auxochromes have been extensively utilized. However, the past decade has seen the discovery 
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of azacyclic amines, particularly azetidine, which have demonstrated improved light-emitting 

properties compared to amines and dialkylamines. It is crucial to highlight that these azacyclic 

amines lack a point of attachment for a recognition moiety, a vital element in the development 

of fluorescent probes for biomarker detection. As of now, the attachment of recognition units 

for various biomarkers still relies on the traditional -OH or -NH2 groups on the auxochrome 

unit. 
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