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PREFACE 

The cellular microenvironment maintains a complex and delicate balance within living 

systems, regulating various physiological processes and sustaining healthy development. Since 

disruption in this cellular homeostasis can lead to various diseases, real-time monitoring of 

biological species and microenvironments during physiological and pathological processes is 

essential for effective disease diagnosis and management. Small molecular fluorescent probes 

are powerful tools for real-time imaging of biological samples due to their easy synthesis, low 

cost, high spatial and temporal resolution, and ability to track the process with least disruption 

to normal cellular function. In the past few decades, there have been considerable efforts in 

developing fluorescent dyes and introducing diverse functional group modifications for 

specific sensing and imaging applications. Among the major core architectures used in 

fluorescence-based bioimaging, pyrylium and pyridinium derivatives are highly promising yet 

remain largely unexplored. Their facile synthesis, large Stokes shift, excellent chemical and 

photostability, good aqueous solubility, and low cytotoxicity make them highly advantageous 

for sensing and bioimaging applications. In this thesis, we have chosen pyrylium and 

pyridinium as the central fluorescent cores and modified the scaffold for different bioimaging 

applications such as metal ion sensing, viscosity monitoring, and understanding heat stroke 

mechanisms. 

The thesis is organised into four chapters, of which Chapter 1 provides an overview and 

literature review of small molecular fluorescent probes, highlighting the design principles and 

underlying mechanisms for sensing various analytes. The use of pyrylium and pyridinium 

chromophores as fluorescent cores for bioimaging applications is discussed in detail. In 

Chapter 2A, we have developed a new, pentacyclic pyridinium-based probe, PYD-PA, having 

a pendant N,N-di(pyridin-2-ylmethyl)amine (DPA) for Zn2+ detection in the cellular 

environment. The pyridinium moiety, with its positive charge, also serves as an inherent 

mitochondria-targeting unit, while the DPA acts as the coordination site for Zn2+. PYD-PA 

displayed a three-fold enhancement in fluorescence intensity upon Zn2+ binding with a 1:1 

binding stoichiometry. Further, the probe showed selective response to Zn2+ over other 

biologically relevant metal ions with moderate binding affinity (Ka = 6.29 ×104 M-1), good 

photostability, aqueous solubility, pH insensitivity and low cytotoxicity. Since high affinity 

Zn2+ imaging probes tend to saturate at lower concentrations, probes with modest affinity can 

be a useful tool for tracking the elevated Zn2+ levels (in the micromolar range), especially 
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during cellular processes like autophagy. The demonstration of bioimaging in SK-BR-3 breast 

cancer cell lines confirmed intracellular zinc ion sensing ability of the probe. The probe was 

successfully applied for real time monitoring of the fluctuation of intracellular free zinc ions 

during autophagy conditions, demonstrating its potential for cellular imaging of Zn2+, at higher 

intracellular concentrations. 

In Chapter 2B, we explored the differential binding properties of Zn2+ bound complex 

of PYD-PA, PYD-PA-Zn2+ towards nucleotides and DNA. In presence of adenosine and AMP, 

the probe showed negligible change in absorption and emission spectra indicating its poor 

binding affinity. On the other hand, the probe displayed significant enhancement in 

fluorescence intensity in presence of ADP and ATP, while the absorption spectra remained 

intact, suggesting phosphate assisted interactions between the probe and nucleotides. In the 

presence of ctDNA, the probe exhibited a hypochromic effect with a red shift in absorption 

maxima, and fluorescence enhancement with a blue shift in emission maxima, indicating 

selective binding affinity towards DNA. Extensive photophysical studies, including circular 

dichroism (CD) spectroscopy, thermal denaturation, and fluorescence lifetime measurements, 

revealed a phosphate assisted intercalative binding interaction. Notably, the probe displayed a 

significant enhancement in fluorescence lifetime upon interaction with ctDNA and double 

stranded DNA (dsDNA), compared to single stranded DNA (ssDNA). Thus a combination of 

fluorescence and fluorescence lifetime measurements can be utilized for the differential 

analysis of dsDNA, ssDNA, ADP, and ATP. 

In Chapter 3, we synthesised three new active methylene appended rigid pentacyclic 

pyrylium derivatives, achieving a broad spectral range by varying the substitution at tetralone: 

AM-PYR (R= H, emitting blue), AM-MPYR (R= OCH3, emitting green) and AM-APYR (R= 

NH2, emitting red) and explored their photophysical properties. Since biocompatible molecules 

with a molecular rotor structure are effective for sensing viscosity, AM-MPYR was utilized to 

synthesize a series of new styryl-pyrylium derivatives, which can serve as fluorescence probes 

for monitoring the cellular microenvironment. Among these derivatives, styryl-pyrylium with 

hydroxyl functionality, OH-MPYR displayed a significant enhancement in fluorescence with 

increase in viscosity indicating the potential of this probe for monitoring intracellular viscosity. 

The probe exhibited highly selective response to viscosity changes, good water solubility, 

photostability, pH insensitivity, and low cytotoxicity. The demonstration of bioimaging in 

HeLa cell lines confirmed lysosome targeting ability of the probe. Furthermore, the 
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enhancement in fluorescence intensity of the probe in HeLa cells upon treatment with nystatin 

confirmed its ability to monitor the fluctuation of intracellular viscosity in real-time. 

In Chapter 4, we developed a spiropyran-pyridinium conjugate, SPI-PYD, for the dual 

sensing of heat shock signalling molecules, HOCl and SO2, in the cellular microenvironment. 

The pyridinium core with thiomethyl group act as recognition site for HOCl, while the UV 

activated open form of spiropyran acts as the recognition site for SO2. Initially, the probe 

exhibited very weak fluorescence in both the green and red channels. However, in the presence 

of HOCl, the fluorescence intensity in the green channel increased due to the oxidation of the 

thiomethyl group by the analyte. Upon UV irradiation, spiropyran part of the probe undergo 

ring opening to form merocyanine, which absorbs in the range of 550 nm, aligning with the 

emission of the pyridinium component. This results in Förster Resonance Energy Transfer 

(FRET), leading to an increase in fluorescence intensity in the red channel and a corresponding 

decrease in fluorescence intensity in the green channel. Further, the presence of SO2 resulted 

in decrease in fluorescence intensity in the red channel and a corresponding increase in 

fluorescence intensity in the green channel due to the disruption of double bond of merocyanin. 

The probe exhibited excellent mitochondria targeting ability, good aqueous solubility, and low 

cytotoxicity. The demonstration of bioimaging in SK-BR-3 breast cancer cell lines confirmed 

the intracellular ratiometric sensing ability of the probe towards HOCl and SO2 ions. Due to 

oxidative and anti-oxidative properties of HOCl and SO2 respectively, both are associated with 

the oxidative stress generated during heat stroke. Thus, we expect that the dynamic sensing of 

these two ions can provide deeper insights into the heat stroke process. 
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Chapter 1 

 Small Molecular Fluorescent Probes for Monitoring Cellular 

Microenvironments: An Overview 

 

 

1.1. Abstract 

The cellular microenvironment maintains a complex and delicate balance within living 

systems, regulating various physiological processes and sustaining healthy development. 

Disruptions to the cellular homeostasis are often associated with the onset and progression of 

various diseases. Therefore, real-time monitoring of biological species and microenvironments 

during physiological and pathological states is crucial for accurate disease diagnosis and 

effective management. Small molecular fluorescent probes have emerged as powerful tools for 

real-time monitoring of biological systems, owing to their facile synthesis, cost-effectiveness, 

high spatial and temporal resolution, and minimal interference with normal cellular functions. 

Over the past few decades, significant efforts have been directed towards the development of 
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fluorescent dyes having diverse functional groups to enhance specificity and sensitivity in 

sensing and imaging applications. Among the various core architectures used in fluorescence-

based bioimaging, pyrylium and pyridinium derivatives stand out as highly promising, yet 

remain relatively underexplored. These chromophores offer several advantages, including 

ease of synthesis, large Stokes shifts, good aqueous solubility, and excellent chemical and 

photostability, making them particularly attractive for sensing and imaging applications. This 

introductory chapter provides an overview of recent advancements in small molecular 

fluorescent probes, with a focus on design strategies, sensing mechanisms, and the emerging 

role of pyrylium- and pyridinium-based chromophores in bioimaging and biosensing 

applications. In this thesis, we further explore the potential of the rigid pentacyclic 

chromophores in diverse applications such as metal ion sensing, viscosity mapping, and 

probing the molecular mechanisms underlying heat stroke. 

1.2. Introduction 

Cells are the fundamental building blocks of life, playing crucial roles in processes such 

as metabolism, growth, reproduction, and response to various stimuli.1 Their complexity and 

functionality amaze the scientific community to inquire more into the secrets of life. Organelles 

require a well-regulated cellular microenvironment to maintain normal physiological functions. 

Abnormal microenvironments are often associated with organelle dysfunction and disease 

development. For example, cancer cells can be differentiated from normal cells by their low 

pH and increased viscosity.2 Therefore, visualizing the microenvironmental parameters such 

as pH, polarity, viscosity, and concentration of biologically relevant species is extremely useful 

in understanding the underlying mechanisms of related diseases. 

 Early progress in understanding cellular chemistry has been achieved through the 

utilization of techniques such as high-performance liquid chromatography (HPLC)3, mass 

spectrometry4, and radioactive labeling.5 Despite their efficacy, these methodologies are often 
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constrained by their time-consuming nature and inability to facilitate in situ monitoring of 

dynamic processes within living systems. Currently, fluorescence imaging has become a 

powerful tool for visualizing the cellular microenvironment, providing deeper insights into 

cellular and signalling events.6 As a result, fluorescent probes are widely recognized as 

effective tools in biological applications such as cell imaging, cancer diagnosis and therapy, 

biosensors, drug discovery etc. They offer rapid response, specificity, real-time capability, and 

high reactivity in both in vitro and in vivo applications.7 As research progresses, the 

development of new fluorescent probes continues to improve our ability to understand complex 

biological processes with greater precision and detail. 

The discovery of fluorescence and its historical developments are described in early 

literatures.8-10 Subsequently, fluorescence analysis underwent rapid advancements, leading to 

numerous breakthroughs in instrumentation with a broad spectrum of applications across 

various scientific domains. Owing to the advantages of non-invasive nature, exceptional 

sensitivity, precise spatial and temporal resolution, and suitability for in situ detection, 

fluorescence has become a state-of-the-art method in biological sciences.11 Recent 

advancements in fluorescence microscopy and photonic technologies have facilitated the 

emergence of super-resolution imaging modalities, enabling precise visualization of 

subcellular structures and dynamic biological processes. 

 

1.3. Fluorescence: An integral biosensing modality 

Fluorescence is widely recognized as a leading technique in biosensing and bioimaging, 

enabling direct in situ analysis of biological samples, providing detailed biomolecular 

information with high spatial and temporal resolution. Since biological objects exhibit weak 

intrinsic fluorescence, the current fluorescence techniques rely strongly on fluorescent dyes 

which improve signal detection and visualization. Small molecular fluorescent probes are 

widely used for staining cells, monitoring specific bioanalytes, and tracking biomolecules of 
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interest. These synthetic fluorophores are often modified as fluorescent tags that can be 

attached to target molecules through chemical methods such as click chemistry or biological 

approaches such as self-labelling protein tags. The target molecules vary in size, ranging from 

small inorganic bioanalytes like calcium, iron, zinc and copper to intermediate-sized 

metabolites and lipids, and even larger macromolecules such as proteins, DNA, and RNA. In 

addition to their use in biological imaging, fluorescent probes have diverse applications, such 

as high-throughput screening, genome sequencing, activity-based protein profiling, cancer 

therapies etc. 

1.4. Fluorescence imaging 

When molecules in their ground state (S0) absorb light energy, they become excited to 

a higher energy state (S1*). Part of this energy can be dissipated through non-radiative 

pathways, bringing the molecule to a lower electronic state (S1). The molecule then returns to 

its ground state (S0), releasing a photon with lower energy. If this energy is emitted through a 

radiative pathway, the process is known as fluorescence, typically occurring within a few 

nanoseconds (Figure 1.1A). 

 

Figure 1.1. (A) Simplified Jablonski diagram representing absorption and emission; (B) 

Schematic representation of fluorescence microscope. 

A fluorescence microscope is an essential tool for reliable bioimaging. The first step in 

visualizing a sample with a fluorescence microscope is to label it with fluorescent dyes. A 

A) B)
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white light source is then directed onto an excitation filter, which isolates light of a specific 

wavelength capable of exciting the fluorescent molecules within the sample. This excitation 

light is reflected by a dichroic mirror and directed through the objective lens, ultimately 

illuminating the specimen. The sample absorbs the excitation light and emits fluorescent light, 

which passes through the emission filter and is guided to the detector by the objective lens 

(Figure 1.1B). In an epifluorescence microscope, both the excitation of fluorophores and the 

detection of emitted fluorescence occur along the same optical pathway, passing through the 

objective lens. Traditional fluorescence microscopes illuminate the whole specimen, leading 

to a blurred background that reduces image resolution. This problem is effectively addressed 

by confocal laser scanning microscopy, which uses point-by-point illumination and a pinhole 

placed in an optically conjugate plane before the detector to remove out-of-focus light (Figure 

1.2). Additionally, it allows for the selection of specific excitation wavelengths and flexible 

collection wavelengths. 

 

Figure 1.2. (A) Photograph and (B) schematic representation of confocal laser scanning 

microscope (Figure adapted from https://5.imimg.com and https://microbenotes.com). 

1.5. Brief history of fluorescent probes 

 The first distinct small molecule fluorescent compound was quinine sulphate, an 

antimalarial drug discovered by Fredrick Herschel in 1845.12 Later, in 1852, British scientist 

Sir George Stokes attributed this emission phenomenon as the absorption and subsequent re-

A) B)

https://5.imimg.com/
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emission of light by quinine and coined the term 'fluorescence'.13 However, fluorescent 

compounds gained significant attention only after the development of fluorimeter and 

fluorescence microscopy in the 1950’s. Since that time, fluorophores have been widely used in 

bioanalytical methods for staining tissues and bacteria, leading to numerous discoveries of 

other organic dyes. During the early 1990’s, Roger Tsien and his colleagues developed a range 

of fluorescent probes by modifying green fluorescent protein (GFP), resulting in a spectrum of 

colours and improved photophysical characteristics when compared to the original GFP.14 In 

2008, Tsien along with Osamu Shimomura and Martin Chalfie, were honored with the Nobel 

Prize in Chemistry for their groundbreaking work on GFP.15 In 2014, the Nobel Prize in 

Chemistry was bestowed upon William E. Moerner, Eric Betzig, and Stefan Hell for their 

pioneering work in super-resolution fluorescence microscopy, a technique that allows imaging 

beyond the diffraction limits of traditional light microscopy.16-19 Currently, synthetic 

fluorogenic probes are prevalent in most cellular biological experiments, highlighting their 

significance as diagnostic tools in clinical applications.  

1.6. Sensing mechanisms of fluorescent probes 

An optimal fluorescence sensing system delivers a consistent output response under 

experimental conditions in direct correlation with the analyte concentration. Interaction 

between the analyte and the receptor results in detectable changes in the fluorescence signal, 

either as enhancement, quenching, or a shift in fluorescence peaks. When coupled with imaging 

methods like confocal laser scanning microscopy (CLSM) and in vivo imaging systems, its 

capabilities extend to visualizing analytes in live cells, tissues, and entire organisms. 

Fluorescent molecular probes display changes in fluorescence intensity or emission wavelength 

through various sensing mechanisms which include intramolecular charge transfer (ICT), 

photoinduced electron transfer (PET), Forster resonance energy transfer (FRET), aggregation-

induced emission (AIE), through-bond energy transfer (TBET), or combinations of dual/triple 

sensing mechanisms (DSM or TSM). 20 
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Typically, ICT-based fluorescent probes are advantageous for their biocompatibility, 

stability, tunable spectra, and ease of processing.21 TICT fluorescent probes typically display 

low fluorescence efficiency in solution, however exhibit significantly enhanced emission in 

certain environments. This sensitivity makes them highly effective for monitoring micro-

environmental changes and molecular conformational dynamics.22 PET fluorescent probes can 

exhibit fluorescence on or off states through interactions between a fluorophore and an electron 

acceptor, making them effective in quantitative and positional analysis of biomolecules.23 AIE 

fluorescent probes show strong fluorescence in high concentrations or aggregated states, 

beneficial for biological imaging and biosensing due to their high sensitivity and low 

background signal.24 Lastly, TBET fluorescent probes regulate fluorescence via through-bond 

energy transfer, useful for detecting molecular interactions and environmental changes within 

cells.25 Since conventional sensing mechanisms, including intramolecular charge transfer 

(ICT), photoinduced electron transfer (PET), and fluorescence resonance energy transfer 

(FRET), are extensively used in the strategic design of fluorescent probes, we will discuss these 

mechanisms in detail. 

1.6.1. Intramolecular charge transfer (ICT) 

 ICT-based fluorescent probes consist of three components, an electron donor (D), an 

electron acceptor (A) and -conjugated linker. Upon interaction with the targeted analyte, the 

electron density within the recognition group undergoes modifications due to processes such 

as bond cleavage, substitution, or substrate coordination. These processes result in alterations 

in the energy gap between the HOMO and LUMO orbitals of the fluorophore leading to shift 

in fluorescence wavelength. A red shift occurs when the fluorophore’s electron-withdrawing 

capability increases upon analyte binding, leading to higher electron cloud density and a 

reduced energy gap between the HOMO and LUMO orbitals, resulting in emission at a longer 

wavelength. Conversely, a blue shift occurs when the fluorophore’s electron-donating 

capability increases upon analyte binding, leading to a shorter wavelength (Figure 1.3). 
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Generally, presence of an analyte causes a reduction in the original fluorescence intensity and 

subsequent enhancement in a new fluorescence intensity. Thus, the ICT mechanism can be 

exploited to design ratiometric fluorescent probes for the selective detection of various analytes 

of interests. 

 

Figure 1.3. Principle of recognition for ICT-based fluorescent probes. 

 The use of ICT probes is prevalent in the detection of enzyme activity, particularly 

when conjugated with the benefits of near-infrared (NIR) fluorescence. Zhu and co-workers 

have developed an in vivo near-infrared probe to specifically target the enzyme β-galactosidase 

(DCM-β-gal), which serves as a biomarker for cell senescence and primary ovarian cancers 

(Figure 1.4).26 The probe, DCM-βgal displayed a broad absorption band at 440 nm from its 

intrinsic intramolecular charge transfer (ICT). In the presence of β-galactosidase (β-gal), the 

absorption peak of DCM-βgal at 440 nm decreases, accompanied by the emergence of a new 

peak around 535 nm, with a well-defined isosbestic point at 450 nm. This shift is attributed to 

the hydrolysis of DCM-βgal via C–O bond cleavage, releasing the electron-rich aglycone 

DCM-Oˉ, which emits in the NIR region and displays a distinct ratiometric fluorescent signal 

with a significant spectral shift. The emission spectrum intensity at 685 nm demonstrated a 

linear increase corresponding to the concentration of β-gal with a limit of detection (LOD) of 

1.7 × 10−4 U mL−1. Notably, the probe was effectively used for in situ and in vivo imaging of 
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β-gal activity in a mouse model of human colorectal tumors. It also enabled real-time 

visualization of intracellular endogenous β-gal distribution in living 293T cells with 

overexpression achieved through lacZ gene transfection. This research successfully captured 

β-gal activity in real-time within tumor sites for the first time, utilizing high-resolution 3D 

imaging. The NIR fluorescent probe offers a simple, sensitive, and biocompatible tool for 

detecting β-gal activity, advancing colorectal cancer diagnosis. 

 

Figure 1.4. (A) Detection mechanism of β-galactosidase enzyme by DCM-βGal.; (B) In vivo 

visualization of β-galactosidase activity in nude mice with tumors (Figure adapted from 

reference 26). 

 

 The ratiometric fluorescent pH probe, 4-((1E,3E)-4-(benzo[d]thiazol-2-yl)buta-1,3-

dienyl)-N,N-dimethylbenzenamine (BTDB), is reported to exhibit a large Stokes shift based on 

the ICT mechanism (Figure 1.5).27 BTDB consist of a cinnamaldehyde unit as electron donor 

and benzothiazole moiety as electron acceptor, connected through an ethylene bridge. The 

probe displayed a ratiometric response (F425nm/F595nm) to pH, effectively detecting pH changes 

in the range of 2.3 - 4.0, with a pKa of 2.34. This observation can be attributed to protonation, 

which notably reduced the electron acceptor capacity of the benzothiazole group, subsequently 

A)

B)
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affecting its interaction with the electron-donating cinnamaldehyde group in the D-A system. 

Furthermore, BTDB has been successfully applied in Hela cells and E. coli cells, demonstrating 

its use as a ratiometric fluorescent pH probe for visualizing pH variations within the 

physiological range with exceptional lysosomal localization capability. 

 

Figure 1.5. (A) Structure of the probe, BTDB; (B) Emission spectra of BTDB at varying pH 

(1.2-7); Fluorescence images of (C) HeLa and (D) E. coli cells incubated with BTDB (10 M) 

at different pH (Figure adapted from reference 27). 

 In 2019, Tang et al. have developed a novel two-photon fluorescent probe, TCE, for 

the imaging of hydroxyl radical (•OH) with high specificity and sensitivity (Figure 1.6).28 The 

probe contains a coumarin 151 fluorophore, chosen for its favourable two-photon absorption, 

large Stokes shift, and ICT characteristics. A pyrazolone group was used to recognize hydroxyl 

radicals (•OH), where the electron-donating effect of the anilinic nitrogen is reduced, masking 

the ICT system. In presence of •OH, the probe undergoes one electron oxidation to yield TCE-

OH, in which the carbonyl group is positioned away from the coumarin ring, restoring the 

push-pull electron effect of the coumarin ring, leading to enhanced fluorescence. Further, the 

probe was successfully used for in situ visualization of •OH in the mouse brain, revealing a 

direct correlation between increased •OH levels and the severity of depression phenotypes. 

A)

C)

B)

D)
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Figure 1.6. Sensing mechanism of TCE for •OH (Figure adapted from reference 28). 

 Qu and co-workers have synthesised a new “turn-on” fluorescent probe for detecting 

ClO- by modifying 4′-hydroxybiphenyl-4-carbonitrile with N, N-dimethylthiocarbamate as a 

recognition site (Figure 1.7).29 Initially, the probe exhibited negligible fluorescence. However, 

upon the addition of ClO-, the ICT process between the electron-donating hydroxyl group and 

the electron-withdrawing cyano group was restored, resulting in a significant increase in cyan 

fluorescence. The probe displayed 291-fold fluorescence enhancement with a significant 

Stokes shift (7519 cm-1), fast response time (30 s), low limit of detection (72 nM), and wide 

pH operating range (6-8). Further, the probe has been effectively utilized to image exogenous 

ClO- in living MCF-7 cells and endogenous ClO- in living HeLa cells, demonstrating its 

specificity and efficiency for imaging applications. Additionally, the probe was successfully 

used to monitor fluctuations in ClO- level in fluoxetine-induced liver injury using a mouse 

model. 

 

Figure 1.7. ICT-based sensing mechanism for the HClO sensor (Figure adapted from reference 

29). 

 The limitations of ICT probes include reduced fluorescence due to aggregate-caused 

quenching (ACQ) and the dependence of their fluorescence properties on the solvent. However, 

Weak 

ICT
Strong

ICT
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ICT probes are typically simple in design, enabling easy synthesis and well-defined sensing 

mechanisms through the formation of a donor-π-acceptor (D-π-A) system. Once a detection 

mechanism, such as “turn-on” fluorescence or ratiometric response, is established, the response 

units of ICT probes can be simply modified to detect other analytes. This flexibility makes ICT 

systems an effective platform for developing series of probes targeting wide range of analytes. 

1.6.2. Photoinduced electron transfer (PET) 

 A typical PET system consists of multiple components, where a fluorophore (electron 

acceptor) is connected to a recognition group (electron donor) through a short spacer.30 Here, 

the intramolecular electron transfer between the receptor and the fluorophore within the system 

are responsible for fluorescence quenching. Depending on the electron transfer direction, PET 

can be classified into two, a-PET and d-PET (Figure 1.8).31 In the a-PET process, electron 

transfer occurs from the receptor to the fluorophore because the receptor's highest occupied 

molecular orbital (HOMO) has a higher energy level than that of the fluorophore. Conversely, 

during the d-PET process, the excited fluorophore transfers electrons to the receptor’s lowest 

unoccupied molecular orbital (LUMO), leading to fluorescence quenching. However, upon 

receptor-target interaction, this PET process is inhibited, allowing the probe to regain its 

fluorescence. 

 

Figure 1.8. Frontier orbital energy diagrams of (A) a-PET and (B) d-PET mechanisms (Figure 

adapted from reference 31). 

 

A) B)
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 PET is a key design strategy for developing "off-on" or "on-off" fluorescent probes.32-

34 In this process, the recognition group interacts with the target analyte, resulting in either the 

inhibition of PET, which turns on the fluorescence ("off-on") or the initiation of PET, which 

turns off the fluorescence ("on-off"). The PET process is highly dependent on the chemical 

characteristics of the analyte of interest, as it influences the HOMO-LUMO energy levels of 

the recognition group. PET occurs due to electron transfer between the fluorophore and the 

recognition group, and the ability to gain or lose electrons is indicated by the 

oxidation/reduction potential. Therefore, PET-based fluorescent probes can be classified into 

four types based on the variations in the oxidation/reduction potential of the recognition unit 

during the detection process (Figure 1.9).23 

 Type 1: Upon binding to the target, the recognition group's oxidation potential 

increases, preventing the a-PET process. 35 
 

 Type 2: Upon binding to the target, the recognition group's oxidation potential 

decreases, preventing the d-PET process.36 
 

 Type 3: The recognition group can be cleaved and a-PET is prohibited37 

 Type 4: The recognition group can be cleaved and d-PET is prohibited38 

 

Figure 1.9. The four design types of PET based fluorescent probes; R: Recognition group, A: 

Analyte (Figure adapted from reference 23). 

Typical PET probes are extensively used to detect metal ions, pH levels, and reactive 

small molecules, utilizing single atoms (O, S, N, Se, Te, etc.) as electron donors.39-41 In 2005, 

Gao and co-workers developed a PET-based fluorescence sensor (BDA) for Zn2+ that utilizes 
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1,3,5,7-tetramethyl-boron dipyrromethene as the fluorophore and di(2-picolyl)amine as the 

coordination site for Zn2+(Figure 1.10A).40 Initially, the probe showed negligible fluorescence 

due to the quenching effect by photoinduced electron transfer (PET). However, upon the 

addition of Zn2+, the quenching is interrupted by the binding of Zn2+ with the DPA moiety, 

leading to an increase in fluorescence intensity. This sensor functions effectively in aqueous 

solutions with lower pKa values, addressing the common issue of proton interference seen in 

PET-based probes (Figure 1.10B). The excellent selectivity, nanomolar sensitivity, pH 

insensitivity, low toxicity, and cell permeability make the probe a promising candidate as a 

Zn2+ sensor for biological applications. Further, fluorescence microscopy imaging in TCA cells 

has demonstrated that the sensor can effectively monitor the changes in intracellular Zn2+ 

levels. 

 

Figure 1.10. (A) Chemical structures and sensing mechanisms of BDA to Zn2+; (B) The effect 

of pH on the fluorescence intensity of BDA (Figure adapted from reference 40). 

 The NIR fluorescent pH probe, Tpy-Cy, reported by Wang et al. exhibits high 

sensitivity within the pH range of 6.70-7.90 (Figure 1.11).42 The probe contains 

tricarbocyanine (Cy), a near-infrared (NIR) fluorescent dye with large molar extinction 

coefficient, as the fluorophore, and 4'-(aminomethylphenyl)-2,2':6',2''-terpyridine (Tpy) as the 

recognition site. pH titration studies have shown that Tpy-Cy can accurately track small 

variations in physiological pH, with a pKa of approximately 7.10. The probe exhibits a rapid 

and linear response to slight pH changes within the range of 6.70 - 7.90, displaying a strong 

dependence on pH variations with good sensitivity, high photostability, and excellent cell 

A) B)
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membrane permeability. Further, the probe was successfully used for in situ visualization of 

cellular pH in living HepG2 and HL-7702 cells with negligible background fluorescence.  

 

Figure 1.11. Chemical structures and sensing mechanisms of Tpy-Cy (Figure adapted from 

reference 42). 

 Kumar and co-workers have developed a lysosome targetable naphthalimide based 

fluorescent probe, LyNC which detects hydrogen peroxide (H2O2) utilizing PET mechanism 

(Figure 1.12).43 The probe contains 1,8-naphthalimide as the central fluorophore, catechol as 

the reactive site for H2O2, and a morpholine unit to target lysosomes. When excited at 450 nm 

in water at pH 7.4, the probe exhibited a very weak fluorescence emission attributed to the a-

PET process from the catechol to the naphthalimide. However, upon exposure to H2O2, the 

catechol is oxidized to o-quinone, which inhibits the a-PET process and enhances fluorescence 

emission. Further, cell imaging experiments demonstrate that LyNC can function as a 

fluorescent probe for tracking dynamic changes in H2O2 levels in lysosomes, brain tissues, and 

living nematodes. 

 

Figure 1.12. (A) Chemical structures and sensing mechanisms of Ly-NC and (B) Fluorescence 

spectra of Ly-NC (5.0 M) upon increasing concentration of H2O2 (0-20 M) in PBS buffer. 

(Figure adapted from reference 43). 

A) B)

C) D)
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A typical limitation of PET-based fluorescent probes is proton interference, where 

protonation of the recognition site of the analyte, suppresses the PET effect and increases the 

fluorescence intensity. To overcome this problem, designing PET probes with lower pKa 

values could be an effective approach that minimize the proton interference. Compared to 

sensors without fluorescence switches, PET-based probes provide superior signal-to-noise 

ratios, which are essential for effective fluorescence imaging in both in vitro and in vivo. 

Additionally, PET-based probes effectively reveal the localization, distribution, and 

conformational changes of target molecules, making them advantageous for cancer diagnosis 

and therapy. 

1.6.3. Forster resonance energy transfer (FRET) 

 FRET is a non-radiative energy transfer process that occurs through long-range dipole-

dipole interactions between a donor-acceptor pair.44 Upon photoexcitation, the excited state 

energy of the donor is transferred to a dye acceptor in the ground state (Figure 1.13).45 When 

both the donor and acceptor are fluorophores, FRET is commonly known as "fluorescence 

resonance energy transfer."46  

 

Figure 1.13.  FRET mechanism, where R is the distance between donor-acceptor pair, and J(λ) 

is the spectral overlap between donor emission and acceptor absorption (Figure adapted from 

reference 45). 

 

Designing small-molecule-based FRET ratiometric fluorescent probes requires an 

efficient FRET energy transfer platform, which includes an energy donor, a linker, and an 

energy acceptor with following prerequisites: 
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 The donor and acceptor should be placed in close proximity to each other (typically 

within 10-100 Å) 
 

 The donor's emission spectrum must overlap with the acceptor's absorption spectrum 
 

  The emission dipole moment of the donor, the absorption dipole moment of the 

acceptor, and the vector separating them must be favourably aligned with each other 
 

 Small molecular probes based on FRET are used as chemosensors and imaging agents 

in biological applications because of their fast cellular uptake, suitability for non-destructive 

imaging methods, capability for real time monitoring with minimal interference to the structure 

and function of key biomacromolecules, and adaptable structural properties. In 2008, Qian et 

al. have developed a FRET-based fluorescent probe for tracking Hg2+ (Figure 1.14).47 The 

probe was designed by covalently linking BODIPY and rhodamine as a FRET donor-acceptor 

pair. In the presence of Hg²⁺, the thiosemicarbazide group in the probe undergoes cyclization 

to form a 1,3,4-oxadiazole, activating FRET. Initially, upon excitation at 488 nm, the probe 

exhibited an emission maximum at 514 nm, corresponding to the BODIPY chromophore. Upon 

addition of Hg²⁺, a new absorption peak emerged at 560 nm, accompanied by a decrease in 

BODIPY fluorescence at 514 nm and a simultaneous increase in emission at 589 nm, indicating 

efficient FRET activation. The probe achieved a FRET efficiency of 99% and was successfully 

applied for the detection of Hg²⁺ in MCF-7 cancer cells via ratiometric fluorescence imaging. 

 

Figure 1.14. Hg2+ sensing mechanism of BODIPY-Rhodamine based fluorescent probe (Figure 

adapted from reference 47). 
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 The FRET-based fluorescent probe, FP-H2O2-NO, reported by Lin and co-workers was 

effective for the simultaneous sensing of endogenous nitric oxide (NO) and hydrogen peroxide 

(H2O2) in live macrophage cells (Figure 1.15).48 The probe consists of a coumarin-rhodamine 

dyad functionalized with an H2O2 sensitive boronate moiety and an NO sensitive 

phenylenediamine group. In its initial state, the probe exhibits no detectable fluorescence upon 

excitation at either 400 nm or 550 nm. Upon exposure to NO and excitation at 550 nm, the 

probe exhibits strong fluorescence emission at 580 nm, while showing minimal emission under 

400 nm excitation. However, sequential addition of H₂O₂ leads to a significant fluorescence 

signal at 580 nm upon 400 nm excitation, indicating the activation of FRET between the 

coumarin (donor) and rhodamine (acceptor) moieties. In contrast, exposure to H₂O₂ alone 

results in fluorescence at 460 nm under 400 nm excitation, with no detectable emission at 580 

nm. Subsequent addition of NO under these conditions restores strong fluorescence at 580 nm 

upon 400 nm excitation, further confirming the FRET activation mechanism. This dual analyte 

sensing system functions in a logic gate like manner, responding to H2O2, NO, and H2O2/NO 

with distinct fluorescence signal patterns of blue-black-black, black-black-red, and black-red-

red, respectively. Moreover, FP-H2O2-NO was demonstrated as a dual-responsive fluorescent 

probe capable of concurrently monitoring endogenous NO and H2O2 within live macrophage 

cells, enabling multicolor imaging for the first time. 

 

Figure 1.15. Chemical structure of the dual-responsive probe FP-H2O2-NO and its sensing 

mechanism for H2O2 and NO (Figure adapted from reference 48). 
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 Ahn et al. have reported a FRET-based fluorescent probe for ratiometric detection of 

ATP within lysosomes of live cells (Figure 1.16).49 The probe consist of a rhodamine 6G 

derivative and BODIPY as the FRET donor-acceptor pair. Upon ATP binding, hydrogen 

bonding between the tetramine linker and ATP’s phosphate groups induces the opening of the 

rhodamine lactam ring, resulting in FRET activation. Initially, the probe shows a fluorescence 

emission peak at 454 nm. After ATP interaction, a new emission peak appears at 557 nm. This 

response is pH-dependent, occurring specifically under acidic conditions, which makes the 

probe ideal for selective detection of lysosomal ATP in live cells. Additionally, the probe was 

successfully used for ratiometric fluorescence imaging of ATP levels in both live cells and the 

corpus callosum of a mouse brain. 

Figure 1.16. Rhodamine 6G-BODIPY based fluorescent probe for the detection of ATP 

(Figure adapted from reference 49). 

 

 Even though FRET imaging has the limitation of low signal-to-noise ratio, FRET-based 

fluorescent probes are widely utilized for real-time monitoring of cellular dynamics in living 

cells. These probes offer several advantages, including large Stokes shifts, ratiometric sensing, 

and dual/multi-analyte responsiveness. However, the effectiveness of FRET is highly 

influenced by the efficiency of energy transfer, which depends on the distance between donor 

and acceptor moieties. Therefore, adjusting the donor-acceptor distance and the spectral 

overlap integral are the two primary approaches for modulating energy transfer efficiency in 

an analyte-dependent manner. Moreover, integrating FRET with advanced fluorescence 

microscopy methods, like fluorescence lifetime imaging microscopy (FRET-FLIM), enables 

more sensitive and quantitative analysis. 
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1.6.4. Twisted intramolecular charge transfer (TICT) 

 Twisted Intramolecular Charge Transfer (TICT) probes have emerged as versatile tools 

in fluorescence based sensing and imaging due to their unique photophysical properties. The 

TICT mechanism involves the redistribution of electron density within a fluorophore upon 

excitation, leading to a twisted conformation that is often non-emissive. This dynamic 

behaviour allows TICT based probes to exhibit significant changes in fluorescence intensity, 

wavelength, or lifetime in response to environmental or chemical stimuli. By modulating the 

formation or inhibition of the TICT state through chemical reactions or physical constraints, 

these probes enable highly sensitive and selective detection of various analytes. Their tunable 

emission properties make them valuable in applications ranging from cellular imaging to real-

time monitoring of biochemical processes.  

 In 2012, Li et al. have developed a new near-IR “turn-on” fluorescent sensor, NDI-1 

with high selectivity for Hg2+ ions based on twisted intramolecular charge transfer (TICT) 

mechanism (Figure 1.17).50 The probe consists of naphthalenedimide (NDI) as fluorophore, 

di-2-picolylamine (DPA) as the recognition site for Hg2+, and an additional hexylamine unit as 

a strong electron donor for modulating the emission to the targeted NIR region. The probe 

exhibited negligible fluorescence in solution (the "off" state) due to the formation of a TICT 

state. However, upon binding of Hg²⁺ to the DPA moiety, the TICT process was suppressed, 

leading to a pronounced red fluorescence emission. Further demonstration of bioimaging in 

HeLa cells confirmed the intracellular Hg²⁺ sensing ability of the probe. 

 

Figure 1.17.  Structure of NDI-1 and sensing mechanism for the detection of Hg²⁺ (Figure 

adapted from reference 50). 
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 Meng and co-workers have developed a two-photon fluorescent probe, DMPCA,  for 

monitoring bisulfite anion based on TICT mechanism.51 Coumarin was chosen as the 

fluorophore with an N,N-dimethyl group [-N(CH₃)₂] serving as the TICT donor, formaldehyde 

EWG as the reaction site and  a phenyl alkynyl group to enhance two-photon fluorescence 

performance. The aldehyde group in the probe can selectively react with bisulfite to form an 

aldehyde-hydrogen sulfite adduct, suppressing TICT formation and recovering the 

fluorescence (Figure 1.18). Notably, DMPCA is the first TICT-based two-photon fluorescent 

probe for bisulfite detection. Additionally, the probe was effectively utilized for detecting 

bisulfite anions in living cells using two-photon excitation. 

 

Figure 1.18. Structure of DMPCA and TICT mechanism for the determination of HSO3
− 

(Figure adapted from reference 51). 

 TICT probes provide high sensitivity, selectivity, and low background fluorescence, 

making them ideal for detecting ions, pH changes, and viscosity monitoring. They are 

particularly useful in two-photon imaging for deep-tissue applications. However, their 

performance can be affected by environmental polarity, limited photo-stability, and low 

brightness. Despite these challenges, TICT probes are valuable tools for fluorescence-based 

sensing and imaging. 

1.7. Rational design of fluorophores 

 Since the discovery of quinine, the first organic fluorophore, in 1845, extensive 

experimental and theoretical efforts have been focused on the fluorescence modulation of 

organic compounds.  To accelerate rational and efficient probe development, each step in the 

fluorescence process can be modulated by organic synthetic procedures.52 Firstly, the 
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absorption and emission spectra of a fluorophore can be tuned by introducing electronically 

diverse substituents to its fluorescent core. Secondly, the fluorophore's brightness can be 

regulated by managing photoinduced electron transfer (PET) and limiting the bond rotation. 

Finally, fluorescence output can be modified through inter chromophore FRET or PET 

mechanisms.  

 In general, a donor-π-acceptor moiety serves as the fundamental structural framework 

for fluorescent small organic compounds. Variations in the electronic structure of a donor-π-

acceptor dye within the core fluorophore can lead to alterations in fluorescence. Also, enhanced 

"push-pull" effects in dyes, where excitation involves intramolecular charge transfer (ICT), 

result in a bathochromic shift in their UV-vis absorption and emission spectra. Moreover, 

expanding the π-conjugated network through the addition of appended methylene moieties or 

aromatic substituents results in a bathochromic shift and usually an improved extinction 

coefficient. Alteration of substituents can also contribute to improving quantum yield or water 

solubility of synthetic dyes. Furthermore, the challenges associated with the lipophilicity and 

poor water solubility of synthetic dyes caused by the planar structure of fused rings can be 

addressed by incorporating sulfonate or carboxyl groups.  

Typical fluorescent probes used in biological research consist of three components: a 

sensing unit, a fluorophore, and an organelle targeting unit (Figure 1.19).53 The sensing unit 

can either be a reactive site, undergoing a chemical reaction with the analyte, or a receptor 

capable of selectively binding to the analyte. Ideally, the sensing unit is specific to the analyte 

of interest, and interaction with the analyte results in an alteration in the photophysical 

properties of the fluorophore. This can be fluorescence enhancement, quenching, or shift in 

fluorescence maximum. In addition, targeting units are incorporated to the probe to target 

specific organelle that host the analytes. For example, lysosome-targeting probes typically 

contain weakly basic, lipophilic amine groups such as morpholine or dimethylamino moieties; 
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positively charged lipophilic dyes are efficiently targeted to mitochondria; and planar aromatic 

cations with short hydrophobic chains are well-suited for nuclear localization. 

 

Figure 1.19. Typical design of small molecular probes for bioimaging. (Figure adapted from 

reference 53). 

1.8. Development of novel fluorescent cores 

Due to the low inherent fluorescence of biological entities, the current fluorescence 

techniques rely strongly on fluorescent dyes, especially, small molecule based probes due to 

their small size, ease of chemical modification, reliable reproducibility, and compatibility with 

biological systems.54 Rhodamine55, coumarin56, fluorescein57, anthocyanins58, naphthalene 

amide59, BODIPY60 and quinoline61  are some examples of extensively explored organic small 

molecule-based fluorescent dyes which find widespread application in various scientific 

domains such as sensing, enzyme analysis, and cellular imaging (Figure 1.20). Each of these 

dyes exhibits distinct photophysical and physicochemical characteristics with its own merits 

and demerits. For example, coumarin's limited excitation and emission range may hinder its 

practical use in imaging applications, yet its exceptional photostability and large Stokes shift 

offer notable advantages.62 Conversely, fluorescein's narrow Stokes shift and susceptibility to 

photobleaching may restrict its effectiveness as a contrast agent, but its high molar extinction 

coefficient and quantum yield values in aqueous environments make it a widely utilized 

fluorescent dye for imaging purposes.63 Similarly, rhodamine’s narrow stokes shift may result 

in autofluorescence, yet its derivatives are photostable and easily synthesized.64 Also in the 

case of cyanine dyes, the near-infrared (NIR) emission properties make them attractive for in 

vivo imaging, despite their stability and quantum yield limitations.65 Therefore, the design and 

development of fluorescent probes that exhibit desirable characteristics, including high 
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absorption coefficient, large stokes shift, high fluorescence quantum efficiency, extended 

absorption and emission wavelength, photostability, aqueous solubility, biocompatibility, 

targeting ability, and nontoxic nature are still challenging. 

Figure 1.20. Common fluorescent dyes arranged in the increasing order of absorption values. 

R groups represent positions for suitable functional modifications. 

For advancing the domain of fluorescence imaging techniques, there remains a 

significant demand for new fluorescent probes that integrate the strengths of the existing ones 

while allowing extensive functional group modifications to enable specific organelle targeting 

property and bioanalyte recognition. Such innovative core architectures could serve as the 

foundation for novel fluorescent probes with enhanced performance. Early progress in this field 

relied on the utilization of small molecule fluorophores like coumarin and fluorescein 

derivatives as pH sensors, operating on a simple protonation and deprotonation mechanism. 

However, as research progressed, more sophisticated design strategies based on photophysical 

mechanisms emerged, enhancing the accuracy and sensitivity in monitoring 

microenvironments within living systems. For instance, the development of viscosity-

responsive probes based on twisted intramolecular charge transfer (TICT), polarity-responsive 

probes utilizing intramolecular charge transfer (ICT) between electron donor and acceptor pair, 
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metal ion sensing probes based on photoinduced electron transfer (PET) exemplify such 

advancements. 

1.9. Small molecular fluorescent probes for cellular microenvironment 

 Organelle require a proper cellular microenvironment for their distinct biological 

functions. Alterations in this microenvironmental balance result in organelle damage, 

potentially leading to cellular dysfunction and the progression of various diseases. Essential 

physicochemical factors that are crucial in maintaining and regulating these biological 

processes include pH, viscosity, polarity, temperature, and the presence of biologically relevant 

ions. Viscosity is a key factor in diffusion-driven processes and plays a vital role in various 

biological functions. It affects the transport of nutrients and waste products, supports signal 

transduction, and governs biomacromolecular interactions at both the cellular and systemic 

levels.66,67 Polarity, hydrophilicity and hydrophobicity, are crucial factors that influences 

numerous cellular processes, such as enzyme-catalyzed reactions, protein folding and 

maturation, protein activation, and the regulation of lipid composition.68,69 pH is an essential 

factor for cell proliferation, apoptosis and endocytosis.70 Temperature plays a critical role in 

regulating biological processes, with most cellular activities occurring efficiently within an 

optimal temperature range.71 Also, metal ions and other biologically important species are 

essential for the proper functioning of cells by maintaining enzyme activity, energy production, 

cell signalling, nerve function, protein and DNA structure, defence mechanisms etc.72 

Therefore, monitoring these parameters in living cells is highly important for understanding 

both cellular physiology and pathology. 
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1.9.1. Viscosity sensitive fluorescent probes 

 Intracellular microenvironments exhibit considerable heterogeneity across different 

regions, with viscosity ranging from 1 - 2 cP in the aqueous cytoplasmic phase to over 100 cP 

within mitochondria.73,74 Abnormal viscosity levels are associated with dysfunctions and the 

development of diseases. For example, abnormal accumulation of biological waste in 

lysosomes is pathogenic, leading to lysosomal storage diseases (LSDs), resulting “crowded 

storages” and elevated viscosity levels in lysosomes.75 Similarly, elevated mitochondrial 

viscosity impairs electron transport chain activity, promotes cytochrome C release, and 

ultimately increases the risk of atherosclerosis (ALS) and malignant tumors. Additionally, the 

formation of dense pathological aggregates is strongly linked to neurodegenerative diseases, 

including Alzheimer’s disease (AD) and Parkinson’s disease (PD).76 Therefore, accurately 

profiling biological viscosity is essential for understanding the pathophysiological roles of 

viscosity in these associated diseases. 

 In 2018, Lin et al. synthesized a new mitochondria-targeted two-photon fluorescent 

viscosity probe, TM-V (Figure 1.21).77 The probe is composed of two fluorophores integrated 

within a single molecule: a blue-emitting fluorophore that is insensitive to viscosity and a red-

emitting fluorophore that exhibits strong responsiveness to viscosity changes. As the solution's 

viscosity increases, the red emission significantly intensifies, whereas the blue emission 

remains unaffected, enabling a ratiometric response with viscosity changes. Additionally, they 

demonstrated that excessive ROS production increases mitochondrial viscosity, through one-

photon and two-photon fluorescence imaging. Furthermore, the TM-V probe effectively 

monitors mitochondrial viscosity and enables deep-tissue fluorescence imaging using two-

photon microscopy.  
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Figure 1.21. (A) The viscosity sensing mechanism of TM-V and (B) Two-photon fluorescence 

ratio images of viscosity in HeLa cells using the probe TM-V (10 µM) (Figure adapted from 

reference 77). 

In 2020, Qian et al. have developed a red emissive lysosome-targeted viscosity probe 

based on BODIPY, Lys-VBOD (Figure 1.22).78 The probe consists of 8-hydroxyquinoline 

BODIPY as the fluorescent core and a morpholine group to target lysosome. The fluorescence 

intensity of the probe increases linearly as viscosity rises. In highly viscous solutions, the 

twisting of the double bond between the indole and BODIPY fluorophore is restricted, along 

with the rotation of the single bond connecting quinoline and BODIPY. This restriction reduces 

non-radiative decay pathways, leading to enhanced fluorescence intensity. Further, bioimaging 

in Bel-7402 cells confirmed the probe's ability for real-time monitoring of lysosomal viscosity 

changes in human hepatocellular cancer cell line. 

Figure 1.22. (A) The viscosity sensing mechanism and visible photograph of Lys-VBOD in 

high viscosity environment and (B) Live-cell imaging of Bel-7402 cells stained with Lys-

VBOD (10 µM) and dexamethasone (20 µM) (Figure adapted from reference 78). 
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The meso-CF3 BODIPY based fluorescent rotor reported by Yan et al. was utilized for 

cellular viscosity detection (Figure 1.23).79 The probe displayed weak fluorescence in low 

viscous solutions due to the free rotation of the meso-CF3 group. However, increasing the 

viscosity, resulted in significant enhancement in fluorescence intensity due to the restricted 

rotation of the meso-CF3 group. Furthermore, the probe effectively detects viscosity changes 

in living cells induced by lipopolysaccharide (LPS), specifically targeting the mitochondria, 

highlighting its potential as an AIE fluorescent "off-on" probe.  

 

Figure 1.23. (A) The viscosity sensing mechanism of meso-CF3 BODIPY based fluorescent 

probe and (B) Live cell images in SH-SY5Y cells the incubated with probe and LPS along with 

merged images showing co-localization with Mito-tracker (Figure adapted from reference 79). 
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Table 1.1. Selected examples of viscosity sensitive fluorescent probes. 

 

NO2

Strucure of probe Targeting component Reference

To track the variation of viscosity in

diabetes-induced liver injury in vivo.
Anal. Chem. 2020, 92, 4177-4181

Monitoring lysosomal viscosity and

sensing intracellular viscosity

changes during oxidative stress.

Dyes Pigm. 2021, 186, 108974

Lysosome-targeted probe for

monitoring viscosity changes in

living cells.

J. Mater. Chem. B, 2020, 8,

8838-8844.

A fluorescent probe for monitoring

viscosity changes in human blood

and microplastic-induced variations

in zebrafish.

J. Mater. Chem. B, 2020, 8, 

1310-1315

ER-targetable viscosity-sensitive

fluorophore for tracking ER-phagy.

Chem. Commun., 2023,59, 1769-

1772

For monitoring intracellular viscosity

and differentiating between malignant,

differentiated, and apoptotic cancer

cells.

ACS Appl.BioMater., 2021,4, 7532-

7541

Monitoring viscosity of cell membranes. Chem. Commun., 2022, 58, 12815

For detecting mitochondrial viscosity

and acting as an effective

photosensitizer for cancer therapy.

Sensors and Actuators: B.

Chemical., 2024, 414 135911

Mitochondria-targeted NIR probe

for imaging viscosity in drug-treated

cells and fatty liver mouse models.
Anal.Chem.,2022,94,5069−5074

For monitoring lysosomal viscosity

variations in living cells and

differentiating cancer cells and

normal cells.

Chem. Commun., 2023, 59, 3570
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1.9.2. Polarity sensitive fluorescent probes 

 Cell polarity is a crucial determinant of cellular state which greatly influences cellular 

events. Abnormal changes in polarity have been linked to cellular dysfunction and may act as 

a key marker for the onset of severe diseases. Currently, probes having donor-π-acceptor (D-

π-A) design with push-pull electron systems are the most commonly utilized for biological 

polarity detection. In 2015, Xiong et al. reported the first mitochondrial polarity probe, BOB 

(Figure 1.24).80 The probe consists of coumarin as the donor, chosen for its high quantum yield 

and large extinction coefficient, with the benzothiazole group serving as the acceptor. The 

probe exhibits two absorption maxima at 426 nm and 561 nm, with corresponding emission 

peaks at 467 nm and 642 nm in methanol when excited at 405 nm. As the solution polarity 

decreased from 0.32 (water) to 0.013 (toluene), the fluorescence intensity of BOB at 467 nm 

showed a 24-fold enhancement, while the red emission at 645 nm exhibited only a minor 

fluorescence change, enabling a ratiometric response. Additionally, BOB exhibited high 

specificity for mitochondria, with a Pearson coefficient of 0.96, independent of the 

mitochondrial membrane potential. Moreover, ratiometric fluorescence imaging with BOB 

revealed that mitochondrial polarity in cancer cells is lower than in normal cells. 

 

Figure 1.24. (A) Molecular structures of BOB and (B) Fluorescence spectra of BOB in 

water/1,4-dioxane solvent mixtures, with percentages indicating the water content (Figure 

adapted from reference 80). 

 Feng et al. have developed a polarity-sensitive cell membrane probe, COP, for 

detecting cancer cells (Figure 1.25).81 The probe comprises a coumarin unit as a polarity 

A) B)
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sensitive dye, a pyridine salt unit for extended conjugation, and a quaternary ammonium salt 

unit to enhance water solubility and retention in the cell membrane. With decreasing polarity, 

the probe exhibited a gradual fluorescence enhancement, along with a blue shift from 679 - 610 

nm. Notably, the probe exhibited strong cell membrane-targeting capability, with high 

selectivity for tumor cell membranes over normal ones, indicating that cancer cell membranes 

have lower polarity. 

 

Figure 1.25. (A) Diagram showing the action of polarity-sensitive probe COP and (B) 

Fluorescence images of tumor and normal cells incubated with 10 μM COP (Figure adapted 

from reference 81). 

 In 2023, Yu et al. developed a dual-emissive polarity sensitive probe, 1P2N based on 

pyrene-pyridinium cationic dyes (Figure 1.26).82 The pyrene unit functions as a blue-light-

emitting fluorophore, enhancing the probe's overall lipophilicity. The pyridinium group serves 

as a strong electron acceptor, facilitating the formation of a push-pull electronic system and 

enhancing intramolecular charge transfer (ICT). The probe exhibits dual-emission properties 

under single-wavelength excitation and its fluorescence intensity ratio changes significantly 

with solvent polarity, enabling the detection of polarity variations in cells. Further, cell imaging 

experiments confirmed that the probe can effectively visualize polarity changes in the whole 

cytoplasm using ratiometric fluorescence imaging under various physiological conditions. 

A)

B)
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Figure 1.26. (A) Molecular structures of 1P2N and (B) Emission spectra of 1P2N in 1,4-

dioxane/water mixtures with varying water percentage (Figure adapted from reference 82). 

 

1.9.3. pH sensitive fluorescent probes 

 Maintaining hydrogen ion balance is crucial for cellular function, as it regulates pH 

levels in different cellular regions. Different organelles maintain distinct pH levels, with 

lysosomes having an acidic pH of 4.5-5.5, mitochondria exhibiting a more alkaline pH around 

8.0, and the cytosol maintaining a pH of 6.8-7.4.83 Since each organelle requires an optimal pH 

range for normal cellular activities, disruptions in pH balance are often linked to cellular 

dysfunction. For example, in healthy cells, the intracellular pH is typically around 7.2, while 

the extracellular environment has a slightly higher pH of approximately 7.4. However, in 

cancerous cells, the extracellular pH exceeds 7.4, whereas the intracellular pH ranges between 

6.7 and 7.1. Therefore, it is essential to visualize pH levels within organelles. 

In 2016, O’Shea and co-workers developed a novel lysosome targeted pH responsive 

probe (Figure 1.27).84 This probe features an Aza-BODIPY core with an ortho-nitrophenol 

group as the pH-sensitive unit. The electron-withdrawing effect of the o-nitro group facilitates 

phenolate ionization at pH 7.2, leading to fluorescence quenching due to a non-emissive 

intramolecular charge transfer (ICT) excited state. Under acidic conditions, protonation of the 

probe occurs, forming a neutral phenol species, which leads to a significant increase in NIR 

emission. The probe exhibits high selectivity for lysosomes and enables real-time imaging of 

key cellular processes, including endocytosis, lysosomal trafficking, and efflux, in both 3D and 

A) B)
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4D. Furthermore, the PEG-conjugated probe was employed in a mouse model for NIR 

fluorescence imaging, demonstrating efficient accumulation in cancerous cells due to their 

acidic microenvironment. 

 

Figure 1.27. (A) Mechanism of pH detection by the aza-BODIPY-based probe and (B) NIR 

fluorescence imaging of MDA-MB-231-luc-D3H1 tumors in mice (Figure adapted from 

reference 84). 

 In 2022, Collot and co-workers developed a ratiometric pH probe, Mem-pH, based on 

chromenoquinoline core (Figure 1.28).85 The probe exhibited selective accumulation in the 

plasma membrane with a 10-fold increase in fluorescence intensity, enabling efficient pH 

sensing. Mem-pH, owing to its amphiphilic nature, forms non-emissive soluble aggregates 

through aggregation-caused quenching (ACQ). However, upon interacting with the lipophilic 

membrane, it de-aggregates and regains fluorescence. Moreover, Mem-pH effectively 

monitors vesicular acidification through ratiometric response and enables the assessment of 

vesicular pH, ranging from early endosomes (pH 5-6) to lysosomes (pH ≤4.6). 

 

Figure 1.28. (A) pH-responsive mechanism of Mem-pH and (B) Ratiometric imaging of KB 

cells treated with Mem-pH at different pH (Figure adapted from reference 85). 
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 Stacko et al. have synthesized a series of aminobenzocoumarin derivatives with various 

substituents (Figure 1.29).86 The detailed photophysical investigation of these derivatives 

revealed a pronounced pH-responsive fluorescence "turn-on" effect (up to 300-fold) in highly 

acidic environments. The probes remained non-fluorescent at pH 4-5, however exhibited a 

sharp fluorescence increase as the pH dropped to 1.5, with a pKa ranging from 1.7 - 2.6. This 

observation can be attributed to the inhibition of the photoinduced electron transfer effect by 

protonation of the electron donating amine group. Furthermore, they carried out cytotoxicity 

and co-localization experiments with best performed pH probe demonstrating their application 

in bioimaging of acidic lysosomes in live human cells. 

 

Figure 1.29. pH sensing mechanism of an aminobenzocoumarin derivative (Figure adapted 

from reference 86). 

1.9.4. Temperature sensitive fluorescent probes 

Temperature serves as a key indicator in various pathological conditions and 

physiological processes. Cellular metabolism responds to temperature fluctuations by 

modulating enzymatic activity, ensuring optimal function and efficient energy production. 

Therefore, visualizing temperature in living cells and tissues is essential for understanding the 

heat shock response. In recent decades, there has been increasing interest in developing 

analytical methods for measuring in vivo temperature, particularly using fluorescent probes 

known as “fluorescent thermometers.” These fluorescent thermometers enable real-time, 

targeted temperature monitoring of cellular microenvironment, offering valuable insights into 

biomolecular activities and cellular processes. 

A)
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In 2014, Chang et al. have reported the first small molecular fluorescent thermometer, 

ER-Thermo Yellow, for selective targeting of the endoplasmic reticulum (Figure 1.30).87 

Upon heating, the fluorescence intensity of ER-Thermo Yellow decreased, likely due to the 

increased rotational motion of the C8-phenyl group on the BODIPY scaffold at higher 

temperatures. This enhanced rotation promotes non-radiative decay and increases PET 

efficiency from the C8-phenyl group to the BODIPY core, resulting in reduced fluorescence. 

They further demonstrated that ER-Thermo Yellow can track heat production by regulating 

intracellular Ca²⁺ levels in HeLa cells. 

 

Figure 1.30. (A) Structure of ER thermo yellow and (B) Co-localization images of the probe 

with endoplasmic reticulum tracker green (Figure adapted from reference 87). 

Bai et al. have developed a thermosensitive fluorogenic probe based on rhodamine B, 

RhBIV (Figure 1.31).88 Within the temperature range of 20-42 °C, the fluorescence of RhBIV 

decreases as temperature increases. At lower temperatures, RhBIV forms unstable ion pairs 

due to kinetic factors, resulting in strong fluorescence. As the temperature rises, these ion pairs 

break down, leading to the formation of RhBV, a thermodynamically controlled conjugated 

form, causing fluorescence quenching. Furthermore, the probe showed excellent accumulation 

in mitochondria, enabling temperature dependent response within the organelle. Additionally, 

in vivo experiments using a mouse model showed that the probe primarily accumulated in the 

liver, with minimal distribution in the kidneys and lymph nodes.  

A) B)
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Figure 1.31. (A) Temperature sensing mechanism of RhBIV and (B) Fluorescence spectra of 

RhBIV at different temperatures (Figure adapted from reference 88). 

 In the same year, Xiao et al. developed Mito-TEM, a temperature-sensitive probe, by 

integrating a BODIPY-rhodamine fluorophore as a FRET pair and a formaldehyde group as a 

mitochondrial targeting unit (Figure 1.32).89 With increase in temperature, the fluorescence 

intensity of the BODIPY component remained unchanged, while the temperature sensitive 

FRET acceptor, rhodamine B, exhibited reduced fluorescence, resulting in a decreased 

intensity ratio Ired/Igreen. Moreover, Mito-TEM was effectively utilized for visualizing 

mitochondrial temperature changes in live cells and zebrafish during various inflammatory 

processes. 

 

Figure 1.32. (A) Temperature sensing mechanism of Mito-TEM and (B) Fluorescence spectra 

of Mito-TEM with increasing temperature (Figure adapted from reference 89). 

1.9.5. Fluorescent probes for metal ion sensing 

 Metal ions are essential components of biological systems, playing a crucial role in 

various biochemical processes, including material transport, energy conversion, signal 

RhBIV RhBV

low temperature high temperature

A) B)

A) B)
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transmission, and metabolic regulation.90,91 However, the imbalances of metal ions, whether 

deficiency or excess can lead to health complications.92 Metal ions in biological systems are 

generally categorized into essential and non-essential. The essential metal ions include 

potassium (K), sodium (Na), calcium (Ca), magnesium (Mg), cobalt (Co), molybdenum (Mo), 

iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn). Among these, K, Na, Ca, and Mg 

account for over 99% of the total metal content in the human body, while the other six are 

present in trace amounts. Both deficiency and excessive levels of these essential metal ions can 

result in serious health issues and toxicity. Therefore, monitoring metal ion levels in cells helps 

in understanding metabolic processes and facilitates disease diagnosis. 

Zinc is an essential trace element that plays a crucial role in neurobiology. In 2007, 

Nagano et al. developed a ratiometric Zn2+ sensor, ZnIC, by incorporating iminocoumarin as 

the fluorophore and (ethylamino)dipicolylamine as the Zn2+ chelating unit (Figure 1.33).93 The 

probe exhibited an absorption maximum at 513 nm and an emission maximum at 543 nm. Upon 

addition of Zn2+, the absorption peak of ZnIC shifts to 524 nm, while the fluorescence emission 

shifts to 558 nm, enabling ratiometric sensing of Zn2+ (F558/F543). This red shift in emission 

upon Zn2+ binding is attributed to the intramolecular charge transfer (ICT) mechanism. 

Additionally, the probe showed a highly selective response towards Zn2+ over other 

biologically relevant metal ions with minimal toxicity. The bioimaging of ZnIC in cultured 

cells and rat hippocampal slices further confirmed its ability for tracking neuronal zinc. 

 

A) B)
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Figure 1.33. (A) Structure of ZnIC and (B) Changes in emission spectra ZnIC (5 µM) with 

increasing concentrations of Zn2+ (Figure adapted from reference 93). 

 Recently, Jiang et al. developed a salicylaldehyde-based Schiff base probe SSD for Zn 

ion detection (Figure 1.34).94 The probe exhibited high sensitivity toward Zn²⁺, displaying a 

linear response over the concentration range of 0 - 5 μM with a detection limit of 9.1 nM. 

Additionally, the probe demonstrated excellent selectivity over other biologically relevant 

interfering ions with its good stability and pH insensitivity. Also, the probe is capable of 

detecting Zn²⁺ in various environments, including soil, food, and drinking water, and is 

compatible with smartphone detection platforms. Moreover, the probe exhibited low 

cytotoxicity and effectively detected both endogenous and exogenous Zn²⁺ in living cells, 

which was further utilized to study intracellular redox status.  

 

Figure 1.34. (A) Structure and sensing mechanism of SSD; (B) Changes in emission spectra 

of SSD (5 µM) with increasing concentrations of Zn2+;(C) Visualization of increased Zn²⁺ 

concentration during redox balance disruption in T24 cells (Figure adapted from reference 94). 

 Very recently, Qi et al. have developed two “turn-on” fluorescent probes, Py-Ph and 

Py-Nap,  based on pyrene chromophore for Zn2+ sensing (Figure 1.35).95 In the presence of 

Zn²⁺, the absorption maxima of Py-Ph and Py-Nap exhibited a blue-shift, accompanied by the 

appearance of a new absorption band and an isosbestic point, indicating the formation of a new 

species. Additionally, both probes displayed strong green fluorescence upon binding with Zn²⁺, 
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characterized by rapid response, high sensitivity and selectivity, low detection limits, good 

reversibility, and large Stokes shifts. Moreover, both probes were successfully applied for 

efficient fluorescence imaging of Zn²⁺ in HeLa cells and rat testis tissues. 

 

Figure 1.35. (A) Zn2+ sensing mechanism of Py-Ph and Py-Nap; (B) Changes in absorption 

and emission properties of Py-Ph (10 µM) with increasing concentrations of Zn2+ (Figure 

adapted from reference 95). 
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Table 1.2. Selected examples of Zn2+ sensitive fluorescent probes. 

 

Strucure of probe Targeting component Reference

An ER-targeted ratiometric fluorescent

probe for monitoring cisplatin induced

Zn2+ fluctuations.

LOD = 14 pM

Chem. Sci., 2020, 11, 11037–11041

For ratiometric sensing of Zn2+ ions

and live cell imaging.

LOD = 37.7 nM

Analyst, 2021, 146,4348-4356

ACS Sens., 2022, 7, 748-757

A “turn-on” fluorescent probe based

on a biological purine derivative for

detecting Zn2+.

LOD = 61.6 nM

New J. Chem., 2020,44, 15195-

15201

Quantitative imaging of labile Zn2+ in

the golgi apparatus.

LOD = 0.54  0.05 μM

Cell Chem. Biol., 2020,  27, 1521-

1531

Two-photon fluorescent Zn2+ probe for

ratiometric imaging and biosensing of

Zn2+ in living cells and larval zebrafish.

LOD = 2.94  0.50 μM

Biosensors and Bioelectronics,

2020, 148, 111666

A “turn-on” fluorescence sensor for 

Zn2+ detection.

LOD = 23.6 nM
RSC Adv., 2022, 12, 27839-27845

A ratiometric fluorescent probe with

remarkable increase in two-photon

absorption upon Zn²⁺ binding.

LOD in micromolar range.

Chem. Sci., 2014, 5, 3469-3474

For the imaging of lysosomal Zn2+

and identification of prostate cancer

in human tissue.

LOD = 1.91 nM

Chem. Sci., 2019,10, 5699-5704

For monitoring lysosomal zinc ions in

cancer cells.

LOD = 369 nM (at pH 6)

Chemistry Select, 2018, 3, 

2416-2422

Me A “turn-on” fluorescent probe for

detecting labile Zn2+ in various cellular

compartments, such as the cytosol,

nucleus, ER, and mitochondria.

LOD = 0.16 nM
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1.10. Evolution of pyrylium and pyridinium chromophore  

Among the major core architectures used in fluorescence based bioimaging, pyrylium 

and pyridinium derivatives are extremely promising yet largely unexplored. Pyrylium salts are 

six-membered heteroaromatic compounds with a positive charge located on the oxygen. The 

oxygen atom in the pyrylium represents the most electronegative heteroatom found in an 

aromatic ring. Due to this remarkable electronic perturbation, pyryliums react quite differently 

than analogous benzene or pyridine compounds. Pyrylium salts usually do not undergo 

electrophilic aromatic substitution, however, they are capable of reacting readily with 

nucleophiles or undergoing one-electron reduction. In 1911, Baeyer reported the first pyrylium 

salt with perchlorate as the counter ion, however it remained underappreciated for 

approximately fifty years.96 

Figure 1.36. Structures of the pyrylium and pyridinium based compounds having different 

aromatic ring counts and functional groups. 

Pyrylium and pyridinium cores were introduced by Katritzky and colleagues by 

synthesizing a series of sterically hindered salts with varying numbers of aromatic rings 

(Figure 1.36).97 They have utilized substituted -tetralones and chalcones for condensation 

reaction with aromatic aldehydes in presence of an acid to yield heteroatomic polycyclic 

pyrylium derivatives. These pyrylium derivatives, upon reaction with primary and aromatic 

Z = N, N+Me Z = O+, N, N+Me Z = O+, N, N+Me R = COOH, COOEt
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amines, resulted in corresponding pyridinium derivatives. This strategy enabled the gram-scale 

synthesis of both pyrylium and pyridinium derivatives with high potential for scalability. In 

2015, Aliaga et al. have reported a collection of pyrylium and pyridinium compounds and 

provided a comprehensive report on their photophysical properties (Figure 1.37).98 They 

observed that the emission intensity of these derivatives increased as the rigidity of the core 

structure was enhanced. Conjugating a radical species, TEMPO, with pyridinium fluorophores 

led to emission quenching, which was attributed to a spin-exchange process involving the 

nitroxyl radical. The molecule's original emission was restored when it reacted with TROLOX 

in acetonitrile, converting the nitroxyl radical into diamagnetic hydroxylamine, thereby 

eliminating any spin-exchange interactions. This fluorescence quenching process was observed 

using both fluorescence and EPR techniques. 

 

Figure 1.37.  (A) Structures of flexible and rigid pyridinium molecules functionalized with 

TEMPO and (B) Time-dependent secondary plot of the probe’s EPR and fluorescence signal 

intensities during radical quenching (Figure adapted from reference 98). 

 The “turn-on” sensor reported by Ge and co-workers is a nitric oxide sensor which 

utilizes pyrylium chromophore as the fluorophore (Figure 1.38A).99 The condensation reaction 

of 6-aminonaphthalen-1-ol derivatives with N-(2-amino-4-formylphenyl)acetamide is utilized 

for the synthesis of the probe. Upon addition of 1-hydroxy-2-oxo-3-(3-aminopropyl)-3-methyl-

1-triazene (NOC13), a nitric oxide donor, the weak emission peak of the probe centered at 750 

nm displayed a 35-fold enhancement in fluorescence intensity, with a corresponding 

A) B)
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enhancement in fluorescence quantum yield from 0.015 - 0.13 (Figure 1.38B). This increase 

in NIR emission intensity in presence of NO donor was attributed to inhibition of photoinduced 

electron transfer effect from donor to acceptor. Further, the probe exhibited long excitation and 

emission wavelength, good sensitivity and selectivity, and was effectively utilized for cellular 

imaging of nitric oxide in HeLa cells (Figure 1.38C). 

 

Figure 1.38. (A) Chemical structure and mechanism of action of the pyrylium based probe 

with NO; (B) Fluorescence spectra of the probe with increasing concentration of NOC13 and 

(C) Cell imaging studies with the probe in HeLa cells in the absence and presence of nitric 

oxide (Figure adapted from reference 99). 

 Yuan and co-workers have developed a single step acid-catalysed condensation method 

for synthesising a series of pyrylium derivatives and studied their photophysical properties 

(Figure 1.39).100 Detailed investigation of the photophysical properties demonstrated that 

enhancing structural rigidity increases chemical stability and improves emission properties. 

Also, modifying functional groups on both sides of the pyrylium ring resulted in changes in 

quantum yield values. Later, the same research group proposed a pyrylium based ratiometric 

fluorescent probe for detecting nitroreductase (NTR) in cancer cells. Upon exposure to 

nitroreductase, the initial yellow-red emission (λem = 575 nm) is shifted to the far-red region 

(λem = 650 nm). 

A) B)
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Figure 1.39. (A)  Structure of different substituted rigid pyrylium derivatives and (B) 

Mechanism of action of the probe as an NTR sensor (Figure adapted from reference 100). 

 In 2020, Cornella et al. have synthesized a set of pyrylium and pyridinium derivatives 

with different functional groups, and utilised them for the radical C-N borylation of aromatic 

amines (Figure 1.40).101 They synthesized all the pyrylium derivatives in relatively large scale, 

which precipitated in pure form without requiring lengthy work-up or purification. 

Synthesising any fluorophore in its pure form at such large quantities is quite uncommon, 

which makes pyrylium and pyridinium derivatives particularly appealing for a broader range 

of applications. 

 

Figure 1.40. Scheme for the synthesis of the rigid pyrylium derivative, its daylight photograph 

(Figure adapted from reference 101). 

A)

B)
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 Recently, Somappa and co-workers have developed pyrylium salts that can detect 

various amines through a rapid change in fluorescence color or intensity.102 Pyrylium salts were 

synthesized through the reaction of naphthalenyl chalcone with phenyl acetylenes. When 

exposed to various classes of amines (primary, secondary, tertiary) in both solution and vapour 

forms, pyrylium salts undergo fluorescence quenching due to the formation of pyridinium 

analogue, which displays a distinct fluorescence behaviour with significantly reduced intensity 

(Figure 1.41A). Further, they have utilized these probes as sensors to indicate spoilage in fish, 

meat, or cheese by detecting biogenic amines released from spoiled food (Figure 1.41B). 

 

Figure 1.41. (A) Structures of pyrylium compounds exhibiting multiphase responsiveness 

toward amine and (B) Detection of biogenic amines using pyrylium compounds and their 

application as indicators of food spoilage (Figure adapted from reference 102). 

Ajayaghosh and coworkers have reported the synthesis of a rigid pentacyclic pyrylium 

probe, PS-OMe, in one step utilizing modified Vilsmeier-Haack reaction (Figure 1.42A).103 It 

consists of a donor-acceptor-donor (D-A-D) system with the highly electron-deficient pyrylium 

ring serving as an effective acceptor, while the two anisole rings attached at the 2 and 6 

positions of the pyrylium ring function as strong electron donors. Additionally, the six-

A)
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membered bridges significantly contribute to increasing the structural rigidity, thereby 

enhancing fluorescence quantum efficiency. The novel fluorophore exhibited outstanding 

photophysical characteristics, such as photostability, high molar absorptivity, and substantial 

Stokes shifts.  Further, PS-OMe is demethylated to form a “turn-on” pH sensor PS-OH and 

utilized for tracking pH imbalances during apoptosis (Figure 1.42B).  

 

Figure 1.42. (A) Synthesis of PS-OH via modified Vilsmeier-Haack reaction followed by 

BBr₃-mediated demethylation and (B) Fluorescence imaging of A549 cells treated with PS-

OH (20 M) and nigericin at different pH (Figure adapted from reference 103). 

 Recently, our group reported a pyridinium based fluorescent molecule, PM-ER-OH, 

as a multichannel imaging probe for monitoring pH changes in the endoplasmic reticulum 

during heat shock (Figure 1.43A).104 The probe exhibited absorption maxima at 420 nm and 

490 nm, with a near-isosbestic point at 450 nm, indicating an operational equilibrium between 

the protonated and deprotonated species (Figure 1.43B). When excited at the first absorption 

A)
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maximum (λex = 420 nm), the emission at 566 nm gradually decreased as the pH increased, 

with no detectable signal at 660 nm, indicating a “turn-off” response at 566 nm (Figure 1.43D). 

Similarly, excitation at the second absorption maximum (λex = 490 nm) resulted in a steady 

increase in emission at 660 nm, with minimal emission at 566 nm, confirming a “turn-on” 

response at 660 nm over the same pH range (Figure 1.43E). Further, excitation at the isosbestic 

wavelength (λex = 450 nm) resulted in a decrease in emission maximum at 566 nm and an 

increase in emission maximum at 660 nm as the pH increased from 4 to 10, indicating a 

ratiometric fluorescence response (Figure 1.43C). Thus, by changing the excitation 

wavelength, we could modulate the fluorescence signal in “turn-on”, “turn-off”, and single 

excitation ratiometric modes, making the fluorophore a multichannel probe for in vitro pH 

monitoring in the endoplasmic reticulum during heat shock. 

Figure 1.43. (A) Structure of PM-ER-OH; (B) Absorption spectrum; (C)-(E) Fluorescence 

spectra of PM-ER-OH (10 μM) in PBS from pH 4 to 10 (Figure adapted from reference 104). 

The discussions above highlight the importance of small molecule based fluorescent 

probes in sensing and imaging applications. Advancements in the construction of small 

molecular probes, optimization of their optical properties, sensitivity, operational range, and 

in-depth understanding of response mechanisms have allowed chemists to design probes with 

A) B)
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enhanced utility and promising applications. The application of these probes in subcellular 

imaging has facilitated the development of effective protocols for diagnosis and therapy, 

contributing to progress in the healthcare field. Additionally, the well-established synthetic 

approaches for creating rigid pyrylium and pyridinium salts, combined with their favourable 

photophysical properties, biocompatibility, and remarkable physicochemical stability, suggest 

a promising new fluorescent core architecture with significant potential for functional group 

modification and bioimaging applications.  

1.11. Objectives and methodologies for the present investigation 

 The design and development of new fluorescent probes with improved efficacy and 

selectivity is a viable alternative for achieving a better understanding of cellular homeostasis. 

In this thesis, we have chosen pyrylium and pyridinium as the central fluorescent cores and 

modified the scaffold for different bioimaging applications. Major objectives of the present 

thesis include:  

 Design and development of a new, pentacyclic pyridinium based probe, PYD-PA, 

having a pendant N,N-di(pyridin-2-ylmethyl)amine (DPA) for zinc ion detection in 

cellular environment. (Chapter 2A)  

 Investigation of differential interactions of the Zn²⁺-bound pyridinium-based probe, 

PYD-PA-Zn²⁺, with nucleotides, single-stranded DNA, and double-stranded DNA 

through fluorescence and lifetime analysis. (Chapter 2B)  

 Synthesis of a series of styryl-pyrylium derivatives, exploration of their photophysical 

characteristics, and investigation of the viscosity sensitivity and imaging potential of 

the hydroxyl-appended derivative, OH-MPYR. (Chapter 3)  

 Development of a pyridinium spiropyran complex for dual sensing of heat shock 

signalling molecules HOCl and SO2. (Chapter 4) 
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The Pyrylium compounds used in the thesis were synthesized through cyclisation 

reaction of 6-R-tetralone (R= H, OMe, NH2) with corresponding aromatic and aliphatic 

aldehydes. The pyrylium chromophore can easily convert into pyridinium by simple reaction 

with aliphatic amines. Ancillary ligands were selected to design the newly synthesized probes 

for a specific purpose. All the intermediates and final products were purified through column 

chromatography and characterized using 1H NMR, 13C NMR, and HRMS Analysis. Detailed 

photophysical properties of the probes were investigated using UV-Vis absorption, 

fluorescence spectroscopy, and excited-state dynamics by using TCSPC. Sensitivity and 

selectivity toward the target analyte, detection limit, pH responsiveness, photostability, 

cytotoxicity, and co-localization ability were evaluated, followed by their respective 

bioimaging applications. The bioimaging experiments were carried out using established 

protocols in cancer cells (SK-BR-3 and HeLa) to ensure reliable and reproducible results. 

We successfully synthesized and characterized several pyrylium and pyridinium 

derivatives, explored their optical properties, and utilized for sensing and imaging applications. 

Large Stokes shift exhibited by these fluorescent sensors simplifies the use of filter sets and 

helps to minimize autofluorescence and background noise, which are key requirements for 

effective imaging applications. Through their unique design, these fluorescent probes 

demonstrate high selectivity towards specific analytes, excellent co-localization, good aqueous 

solubility, and reduced toxicity, making them well-suited for monitoring the cellular 

microenvironment. Overall, we have explored the photophysics and biosensing properties of a 

series of new pyrylium and pyridinium derivatives and utilized these probes to investigate key 

cellular events, including autophagy, viscosity changes, and heat shock, demonstrating how 

dynamic changes in specific analytes can be monitored to track these processes. 
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Chapter 2A 

A Pyridinium Fluorophore for the Detection of 

Zinc Ions under Autophagy Conditions 

 

 

 

2A.1. Abstract 

Small molecular fluorescent probes for sensing and imaging various analytes and 

biological specimens are of great importance in clinical diagnostics, therapy, and disease 

management. Zinc is an essential trace element crucial for numerous physiological functions. 

Altered zinc ion levels are associated with conditions such as neurodegenerative diseases, ADHD, 

diabetes, hypertension, etc. Since the cellular concentration of free Zn2+ varies from nanomolar 

to micromolar range during cellular processes and the high affinity Zn2+ imaging probes tend to 

saturate at lower concentrations of free Zn2+, fluorescence based probes with moderate binding 

affinity are desirable for tracking higher zinc ion concentrations in the cells. Herein, we report a 

new, pentacyclic pyridinium based probe, PYD-PA, having a pendant N,N-di(pyridin-2-
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ylmethyl)amine (DPA) for Zn2+ detection in the cellular environment. The probe has a donor-

acceptor design with DPA as the donor and pyridinium as the acceptor. The pyridinium core, with 

its positive charge, also serves as a mitochondria targeting unit and enhances aqueous solubility, 

whereas the pendent DPA acts as the coordination site for Zn2+. PYD-PA initially exhibited a 

quenched green fluorescence due to photoinduced electron transfer (PET.)  Zn2+ binding  resulted 

in the inhibition of PET process leading to threefold enhancement in fluorescence intensity. 

Further, the probe showed a selective response to Zn2+ over other biologically relevant metal ions 

with a moderate binding affinity (Ka = 6.29 ×104 M-1), 1:1 binding stoichiometry, good 

photostability, pH insensitivity, and low cytotoxicity. The demonstration of bioimaging in SK-BR-

3 breast cancer cell lines confirmed the intracellular Zn ion sensing ability of the probe. 

Additionally, the probe was successfully applied for real-time monitoring of the fluctuation of 

intracellular free zinc ions during autophagy conditions, demonstrating its potential for cellular 

imaging of Zn2+ at higher intracellular concentrations. 

2A.2. Introduction 

Mitochondria is the powerhouse of a cell, which plays a crucial role in maintaining cellular 

health.1, 2 Mitochondrial dysfunction is closely associated with various disease conditions such as 

cancer, cardiovascular diseases, and neurological disorders.3 As a protective mechanism, cells 

undergo a process called mitophagy, which prevents the accumulation of dysfunctional 

mitochondria.4 Several techniques have been used to understand this process which include 

western blot, fluorescence microscopy, transmission electron microscopy, and flow cytometry. 

Most of these techniques rely on the measurement of LC3-II proteins expressed on the 

autophagosomes.5 Although these methods have achieved some success in monitoring the 

autophagy process, they are tedious and time consuming, expensive, and have difficulty in 

visualizing autophagosomes. In this context, small molecular fluorescent probes can be promising 
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alternatives due to their easy synthesis, low cost, high spatial and temporal resolution, and ability 

to track the process with least disruption to normal cellular function.6  

Several small molecular fluorescent probes have already been developed to track 

autophagy process by monitoring the changes in pH, polarity, viscosity, Reactive Oxygen Species 

(ROS), and Reactive Nitrogen Species (RNS) levels in cells.7-11 Even though there are several 

reports on the close correlation between intracellular Zn2+ concentration and autophagy process, 

there have been very few attempts to develop a Zn2+ sensor to monitor the autophagy process.12, 13 

Zn2+ is a biologically relevant transition metal ion that plays a crucial role in cell homeostasis, 

neurological functions, insulin secretion, immune function, signal transduction, and apoptosis.14-

16 Therefore, zinc probes have been used for different applications such as prostate cancer 

identification, apoptosis monitoring, controlled photodynamic therapy, etc.17-20  

Hwang et al. have reported the activation of autophagy by tamoxifen-induced accumulation 

of labile zinc ions in autophagosomes and lysosomes in MCF-7 cells.21 Further, Lee et al. have 

found an increase of zinc ions in autophagic vacuoles, including autolysosomes, as a pre-requisite 

for lysosomal membrane permeabilization and cell death in cultured brain cells.12 This increase in 

Zn2+ level can be attributed to its release under oxidative conditions from  zinc-binding proteins 

such as metallothioneins. Investigating the role of Zn2+ in autophagy in human hepatoma cells VL-

17A, Yoo et al. have demonstrated that Zn2+ depletion significantly suppressed autophagy, whereas 

Zn2+ addition to the medium stimulated autophagy.22 There is a report on the role of Zn2+ as a 

positive regulator of autophagy by Kim and co-workers, showing that the zinc ionophore PCI-

5002 radiosensitizes lung cancer cells by inducing autophagic cell death.23  

In 2021, Diao and coworkers developed a “turn on” Zn2+ fluorescent probe and utilized it 

to monitor mitophagy (Figure 2A.1A and B).24 The probe showed a 2.0-fold increase in green 
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fluorescence intensity of the mitophagic cells when compared to that of non-autophagic cells, 

confirming the rise in the average labile Zn2+ levels. Additionally, using Structured Illumination 

Microscopy (SIM) imaging, they observed an increase in labile Zn2+ within both the mitochondria 

and ER during carbonyl cyanide 3-chlorophenylhydrazone (CCCP)-induced mitophagy in HeLa 

cells (Figure 2A.1C and D). Notably, the levels of labile Zn2+ varied between the mitochondria 

and ER, with autophagosomes and autolysosomes displaying the most significant release of labile 

Zn2+. This elevated labile Zn2+ in autophagosomes and autolysosomes may result from the 

degradation of Zn2+-containing proteins, similar to the release observed during tamoxifen-induced 

autophagy in MCF-7 cells. These findings suggest a strong link between autophagy and 

intracellular Zn2+ levels, emphasizing the need for further real-time studies. 

 

Figure 2A.1. (A) Structure of the Zn2+ probe; (B) Changes in emission spectra of the probe upon 

Zn2+ binding; (C)Time-lapse SIM images of HeLa cells stained by NapBu-BPEA recorded upon 

incubation with 20 μM CCCP; and zoom-in images of regions of interest marked with squares (b, 

mitochondria), circles (c, ERs), and rounded squares (d, autophagosomes/autolysosomes); (D) 

SIM imaging of organoids treated with CCCP for 24 h, a: Schematic diagram of Z-stack SIM 

A) B)

C) D) a
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imaging for organoid,  b-d: SIM images of organoids recorded at different imaging depths, e-g: 

enlarged images for the regions of interest showed in the frames in b-d (Figure adapted from 

reference 24). 

Zinc is the second most abundant transition metal ion in the human body, with intracellular 

zinc ion concentrations maintained in the range from 100 µM to 500 μM.25-27 However, 99% of 

intracellular zinc is in the protein bound form and the concentration of labile zinc is minimal, 

estimated between 10-9 M to 10-12 M.28 Numerous fluorescent probes, with detection limits in the 

picomolar to nanomolar range, have been developed for intracellular zinc sensing.29-34 The affinity 

of a probe towards the analyte is a crucial parameter in sensing applications. For example, a low 

affinity probe may not respond to a low zinc ion concentration,  while a high affinity probe could 

easily become saturated at a high zinc ion concentration.35 During processes such as autophagy, 

intracellular zinc ion concentrations can rise to the micromolar range due to the release of zinc 

ions from zinc-bound proteins like metallothioneins under oxidative stress. In this context, using 

a high-affinity probe with a detection limit in the nanomolar or lower range may result in saturation 

of fluorescent signals even with a small increase in Zn2+ levels. Therefore, an imaging probe with 

modest affinity would be more suitable for tracking elevated Zn2+ levels (in the micromolar range), 

especially during cellular processes like autophagy. 

Although numerous reported studies have a close correlation between Zn2+ and autophagy, 

only a few attempts have been made to develop Zn2+ sensors for monitoring autophagy. To address 

this issue,  we designed a mitochondria targeting, pyridinium-based fluorescence imaging probe 

with a pendant N,N-di(pyridin-2-ylmethyl)amine (DPA) group to track elevated Zn2+ levels in the 

cellular environment during autophagy (PYD-PA). The probe, PYD-PA has a donor-acceptor (D-

A) design with a rigid pentacyclic pyridinium based acceptor core and a pendant N,N-di(pyridin-

2-ylmethyl)amine (DPA) donor. The pyridinium moiety, with its positive charge, serves also as an 
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inherent mitochondria-targeting unit,36 while the DPA acts as the coordination site for Zn2+.37 

PYD-PA in buffered aqueous solutions shows a quenched, green fluorescence due to the efficient, 

photoinduced electron transfer from the DPA to the pyridinium chromophore. As per the design, 

Zn2+ binding to the DPA receptor will perturb the PET process, resulting in an enhancement of the 

fluorescence emission from the probe (Figure 2A.2). We have chosen DPA as the receptor to 

achieve moderate binding affinity, ensuring that the probe remains non-fluorescent under normal 

sub-nanomolar cellular Zn²⁺ levels. However, it acts as a fluorescence "Turn-on" sensor, 

specifically tracking elevated Zn²⁺ levels in cells through fluorescence enhancement upon binding. 

The following sections will outline the general synthetic strategy and the application of this new 

imaging agent for monitoring Zn2+ levels in the cellular environment.   

 

Figure 2A.2.  Design strategy of the probe, PYD-PA. 

2A.3. Results and Discussion 

2A.3.1 Synthesis and characterisation of PYD-PA 

The synthesis of the probe, PYD-PA has been achieved by cyclization reaction of 4-

(bis(pyridin-2-ylmethyl)amino)benzaldehyde with 6-methoxytetralone followed by methylamine 

reaction for converting pyrylium to pyridinium fluorophore (Scheme 2A.1).38 All   the 

intermediates and final products were characterized by 1H NMR, 13C NMR, and HRMS, details of 

which are provided in the experimental section. 

Zn2+

PET ON
PET OFF
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Scheme 2A.1. Scheme for the synthesis of PYD-PA. 

2A.3.2. Photophysical studies of PYD-PA 

 PYD-PA in HEPES buffer displayed an absorption maximum at 402 nm and a 

fluorescence maximum at 542 nm, with a significant Stokes shift of 6425 cm-1 (Figure 2A.3A). A 

Contour map of the three-dimensional fluorescence spectra at different excitation wavelengths is 

depicted in Figure 2A.3B, which confirms that fluorescence intensity approaches its maximum 

when the irradiation wavelength is at 400 nm. Further, absorption and emission spectra of the 

probe was recorded in different solvents, including water, ACN, chloroform, DMSO, methanol, 

THF and toluene. All the stock solutions (10 mM) were prepared in DMSO and diluted using 

different solvents, as required. The probe, PYD-PA, exhibited absorption (abs) and emission (em) 

maxima at 401 nm and at 542 nm, respectively, with a significant Stokes shift of  6487 cm-1 in 

water. In other solvents, such as acetonitrile, chloroform, DMSO, methanol, THF and toluene, 

PYD-PA displayed a slight bathochromic shift in the absorption maximum while the emission 

PA PA-CHO

PYR-PA PYD-PA
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maximum did not shift significantly, indicating its non-solvatochromic behavior (Figure 2A.4 & 

Table 2A.1). 

 

Figure 2A.3. (A) Absorption and emission spectra of PYD-PA (10 μM) in HEPES buffer (0.1 M, 

pH = 7.4) and (B) Contour map of the three-dimensional fluorescence excitation-emission spectra.  
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Figure 2A.4. Solvent dependent (A) absorption and (B) emission of PYD-PA (10 M) 

 

Table 2A.1. The solvent dependent absorption and emission details of PYD-PA. 

 

 

2A.3.3. Aqueous solubility of PYD-PA 

Many organic fluorophores have limited water solubility, which limits their use in 

biological applications. Aggregation of fluorophores may result in fluorescence quenching and 

uneven intracellular distribution, leading to inconsistent signal and data errors in cellular imaging. 

The positively charged pyridinium core enables PYD-PA to dissolve effectively in polar organic 
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solvents and buffers. The concentration-dependent absorption spectra of PYD-PA were recorded 

in 0.1M aqueous HEPES buffer at pH 7.4 (Figure 2A.5A). The absorption intensity at 402 nm 

increased linearly with concentration, with a molar extinction coefficient of 22,840 M-1cm-1 

(Figure 2A.5B), confirming good aqueous solubility and the absence of any aggregated state in 

the aqueous medium. 

Figure 2A.5. (A) Absorption spectra of PYD-PA at different concentrations (10-50 μM) in 

HEPES buffer (0.1 M, pH = 7.4) and (B) The secondary plot of absorbance maximum (max = 402 

nm) vs. concentration of PYD-PA. 

  

2A.3.4. pH Response of PYD-PA 

To investigate the pH sensitivity of the probe, fluorescence spectra of PYD-PA were 

recorded in different pH (4 - 9) HEPES buffer solutions. The probe, PYD-PA displayed negligible 

changes in emission intensity at the physiological pH range of 5 - 8, indicating minimal impact of 

acidity on its photophysical properties. On the other hand, at pH 4, the probe displayed a significant 

enhancement in fluorescence emission intensity due to protonation of the DPA amine which 

further attests to the possible PET fluorescence quenching of the probe (Figure 2A.6). However, 

at the physiological pH range, PYD-PA remains unprotonated and hence, the pH response at lower 

pH conditions will not interfere with the cellular metal-probe interactions. 
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Figure 2A.6. (A) Emission spectra of PYD-PA (10 µM) in HEPES buffer (0.1 M) of different pH 

ranging from pH 4 to 9 (ex = 400 nm); (B) The secondary plot of fluorescence intensity at emission 

maximum of PYD-PA at different pH. 

 

2A.3.5. Photostability of PYD-PA 

To investigate the photobleaching effect of the probe, photostability studies of PYD-PA 

were conducted in HEPES buffer (0.1 M, pH 7.4) under a 200 W mercury lamp on an Oriel optical 

bench. The sample was positioned 50 cm from the light source and exposed for 60 minutes using 

a 400 nm long-pass filter, and the stability was compared with Coumarin 153 and Rhodamine B. 

Upon irradiation,  the probe exhibited stable emission profiles with time, indicating the excellent 

photostability of the probe. The secondary plot of fluorescence intensity versus time for PYD-PA 

confirmed minimal photobleaching of the probe when compared to Coumarin 153 and Rhodamine 

B (Figure 2A.7).  
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Figure 2A.7. Emission of (A) Coumarin 153; (B) Rhodamine B; (C) PYD-PA and (D) The 

secondary plot of fluorescence intensity for (A)-(C) at the emission maximum with time. 

 

2A.3.6. Zn2+ sensing studies of PYD-PA 

The changes in the absorption and emission properties of PYD-PA in presence of Zn2+ 

were evaluated by titrating a buffered solution of PYD-PA against 0-100 µM Zinc chloride. 

Absorption spectra in the presence of Zn2+ did not show significant changes, indicating that the 

Zn2+ binding to the DPA unit has negligible effect on the chromophore ground state properties 

(Figure 2A.8A). On the other hand, the fluorescence emission of PYD-PA with a maximum at 

542 nm showed a gradual enhancement with added Zn2+ (Figure 2A.8B and C), without any shift 

in the emission maximum. This enhancement in emission could be attributed to the disruption of 

PET from the di-2-picolylamine moiety to pyridinium fluorophore due to the binding of Zn2+. 
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Figure 2A.8. Changes in the (A) absorption and (B) fluorescence spectrum of PYD-PA (10 μ M) 

against varying concentrations of Zn2+ (0-100 μM) in HEPES buffer (0.1 M, pH = 7.4); (C) 

corresponding changes in the ratio of integrated, fluorescence area.   
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2A.3.7. Quantum yield measurements 

Quantum yield (QY) measurements of the probe PYD-PA before and after addition of Zn2+ 

were carried out in standard absorption and emission spectrometers using the following equation, 

                                                                                             Equation (2A.1) 

where Φi
f and Φs

f are the photoluminescence QY of the sample and that of the standard, Fi and Fs 

are the integrated intensities (areas) of sample and standard emission spectra, fx is the optical 

density at the excitation wavelength, ni and ns are the refractive indices of the sample and reference 

solution, respectively.39 Coumarin 153 in ethanol with quantum yield 0.38 was used as standard.40  

The relative quantum yield values in HEPES buffer are found to be 0.44% for the probe alone and 

1.1% after addition of Zn2+, indicating a moderate (2.5 times) enhancement of the fluorescence 

emission in presence of Zn2+.  

2A.3.8. Job’s plot and binding constant 

The binding mode of probe PYD-PA and Zn2+ was investigated using Job’s method of 

continuous variation by controlling the total concentration of the probe and Zn2+ at 50 μM in 

HEPES buffer (Figure 2A.9A). The maximum emission intensity reached at a mole fraction of 

0.5, indicating that the binding stoichiometry between the probe PYD-PA and Zn2+ was 1:1. The 

apparent association constant (Ka) of PYD-PA-Zn2+ complex was determined by the Benesi-

Hildebrand Equation, 

                          Equation (2A.2) 

1 1 1

= +
(I − I0) {Ka  (Imax − I0)  [Zn2+]}         (Imax − I0)
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where, I is the fluorescence intensity at 542 nm at any given Zn2+ concentration, I0 is the 

fluorescence intensity at 540 nm in the absence of Zn2+, and Imax is the maximum fluorescence 

intensity at 542 nm in the presence of Zn2+ in solution. The association constant Ka was evaluated 

graphically by plotting 1/(I − I0) against 1/[Zn2+]. Data were linearly fitted and the Ka value was 

calculated to be 6.3 ×104 M-1 from the slope and intercept of the line (Figure 2A.9B). 

Figure 2A.9. (A) Job’s plot for the determination of the stoichiometry of PYD-PA and Zn2+ in 

HEPES buffer (0.1 M, pH=7.4), the total concentration was 50 µM and (B) The Benesi–Hildebrand 

plot of 1/(I−I0) vs. 1/[Zn2+]. 

2A.3.9. Detection limit   

The detection limit for the binding of Zn2+ was calculated based on the fluorescence 

titration curve of PYD-PA (1 μM) in the presence of Zn2+ (0-10 μM). The fluorescence intensity 

of PYD-PA and the standard deviation of the blank measurement were carried out for three times. 

The detection limit was calculated with the following equation: 

   Detection limit = 3σ/k                                       Equation (2A.3) 

where, σ is the standard deviation of the blank measurement, and k is the slope between the 

fluorescence intensity and Zn2+ concentrations. The limit of detection (LOD) was calculated to be 

0.60 μM (Figure 2A.10), indicating the probe's moderate affinity for Zn2+. Since high affinity 
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probes easily get saturated even with a small change in zinc ion concentrations, probes with 

moderate binding affinity are extremely useful for monitoring elevated Zn2+ concentrations during 

processes like autophagy.   

 

Figure 2A.10. (A) Fluorescence spectra of PYD-PA (1 μM) upon the titration of Zn2+ (0-15μM) 

in HEPES buffer (0.1 M, pH = 7.4). (B) Fluorescence ratio (I/I0) changes as a function of Zn2+ 

concentration (0-6 μM). Excitation wavelength was 400 nm.    

 

2A.3.10. Selectivity studies 

The selective binding of the probe, PYD-PA towards Zn2+ was investigated by monitoring 

the changes in the fluorescence response of the probe in the presence of various biologically 

relevant metal ions; [PYD-PA]: [metal ion] = 1:10 (Figure 2A.11). The probe displayed negligible 

fluorescence changes in presence of biologically relevant and competing cations such as Na+, K+, 

Ag+, Mg2+, Fe2+, Fe3+, Mg2+, Mn2+, Pb2+ and Co2+. Among other toxic metal cations in the same 

group, the presence of Cd2+ and Hg2+ caused a slight fluorescence enhancement of the probe. 

However, this will not interfere with cellular imaging of Zn2+ due to the negligible concentrations 

of these cations in cells.41, 42 To study the influence of other metal ions on Zn2+ binding with the 

probe PYD-PA, competitive experiments were performed with different metal ions (100 M) in 

the presence of Zn2+ (100 M) (Figure 2A.12 to 14). Addition of Zn2+ in presence of these metal 
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ions resulted in an enhancement of fluorescence, confirming the competitive binding of Zn2+ even 

in the presence of these metal ions. On the other hand, addition of Cu2+ resulted in a significant 

quenching of the fluorescence. Further addition of Zn2+ to this solution showed negligible 

fluorescence changes, revealing comparatively stronger interactions of Cu2+ with the DPA receptor 

moiety.43 

 

Figure 2A.11. Fluorescence response of PYD-PA (10 M) at 542 nm (the red bar portion), with 

100 M of other metal ions (the black bar portion) and to the mixture of other metal ions (100 M) 

with 100 M of Zn2+ (the green bar portion).  
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Figure 2A.12. Fluorescence response of the probe PYD-PA (10 M) to other metal ions (100 M)  

in HEPES buffer (0.1 M, pH = 7.4) A) Zn2+; B) Ag+; C) Ca2+; D) Cd2+; E) Co2+; F) Cu2+. 
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Figure 2A.13. Fluorescence response of the probe PYD-PA (10 M) to other metal ions (100 M)  

in HEPES buffer (0.1 M, pH = 7.4) A) Fe2+; B) Fe3+; C) Hg2+; D) K+; E) Na+; F) Mg2+. 
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Figure 2A.14. Fluorescence response of the probe PYD-PA (10 M) to other metal ions (100 M)  

in HEPES buffer (0.1 M, pH = 7.4) A) Mn2+ and B) Pb2+. 
 

2A.3.11. 1H-NMR titration experiment 

 In order to confirm the site of Zn2+ coordination, 1H-NMR measurements of PYD-PA and 

its corresponding 1:1 Zn2+ complex were performed in acetonitrile (Figure 2A.15). After the 

addition of Zn2+, the 1H NMR signals of the protons on carbon adjacent to the N atom (marked n), 

exhibited a downfield shift from 8.57 to 9.12 ppm, indicating significant deshielding upon Zn2+ 

coordination. Similarly, all the aromatic protons of the DPA units (marked l, k, j) and the two 

protons in the benzene ring near to the imino N atom (marked f) showed downfield shifts from 

7.74 to 8.11, 7.35 to 7.65, 7.25 to 7.63 and 6.88 to 7.13, respectively. However, the protons of 

pyridinium core and the aliphatic protons remain unaffected in the presence of Zn2+. These results 

indicate that the imino N atom and the two pyridine N atoms are involved in Zn2+ coordination in 

the Zn-complex.44 
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Figure 2A.15. 1H-NMR (in 500 MHz) spectra of (A) PYD-PA in the presence of 1 equivalent of 

Zn2+ and (B) PYD-PA before the addition of Zn2+. 

 

2A.3.12. Cytotoxicity of PYD-PA  

Cytotoxicity of the probe is a major concern in the development of cellular imaging probes, 

which detrimentally affect various bioassays.45 The cytotoxicity of PYD-PA was evaluated on SK-

BR-3, breast cancer cell lines using MTT assay, at different concentrations of the probe (500 nM 

- 50 M). The probe exhibited a proliferation of cells above 90% and minimal toxicity up to 50 

M concentration, confirming its non-toxic nature under the experimental conditions (Figure 
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Figure 2A.16. Cytotoxicity study of PYD-PA (500 nM - 50 M) in SK-BR-3 cell line using 

standard MTT assays. 

2A.3.13. Co-localization studies of PYD-PA 

Positively charged pyridinium dyes are known to exhibit selective accumulation in the 

mitochondria.36, 46 Our Zn2+ probe design facilitates the mitochondria targeted cellular 

accumulation of the pyridinium derivatives in monitoring elevated Zn2+ concentration during 

autophagy. To confirm the selective accumulation of the PYD-PA in mitochondria, the co-

localization ability of the probe was evaluated  in SK-BR-3 cells through confocal microscopy 

imaging, utilizing co-staining assays (Figure 2A.17). Cells pretreated with ZnCl2 were 

subsequently co-stained with PYD-PA (1 M) along with Mito-tracker red (100 nM), Lyso-tracker 

red (100 nM), and Hoechst 33342 (1 M), a nucleus staining dye. The fluorescence of PYD-PA 

from the green channel overlays well with that of the Mito-tracker red, which was obtained from 

the red channel with a Pearson's Correlation Coefficient47 of ~0.95, indicating an excellent co-

localization within the mitochondria. Further, PYD-PA displayed relatively small co-localization 

with Lyso-tracker and negligible co-localization with Hoechst 33342. 
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Figure 2A.17. Confocal laser scanning microscopy images and scatter plots for intracellular 

localization of PYD-PA (1 M) in SK-BR-3 cells imaged after counter-staining with (A) Mito-

tracker (100 nM), (B) Lyso-tracker (100 nM) and (C) Hoechst 33342 (1 M). The co-localization 

was estimated using Pearson’s Correlation Coefficient (r). Scale bar 10 µm. 

2A.3.14. Zn2+ sensing in cells under oxidative stress 

To confirm the intracellular zinc sensing ability of the probe, SK-BR-3 cells were 

pretreated with ZnCl2 and incubated with PYD-PA. Confocal microscopy images of cells 

incubated with the probe in  ZnCl2-pretreated cells displayed a considerable enhancement in 

emission intensity in the green channel compared to non-treated cells, confirming the ability of the 

probe to monitor exogenous Zn2+ (Figure 2A.18A to C). Further, the probe, PYD-PA was used to 

monitor the release of Zn2+ during oxidative stress induced by H2O2. During oxidative stress within 

cells, a rapid influx of hydrogen peroxide takes place, which causes the oxidation of cysteine 
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residues in the Zn-bound metallothioneins and the subsequent release of Zn2+.48 SK-BR-3 cells 

incubated with PYD-PA showed negligible, initial fluorescence (Figure 2A.18D). Subsequent 

treatment of these cells with H2O2 to induce oxidative stress resulted in a significant increase in 

fluorescence intensity, signaling the release of free Zn2+ (Figure 2A.18F). Pre-treatment of the 

cells with a competitive Zn2+ chelator, N,N,N’,N’-tetrakis(2-pyridylmethyl)-ethylenediamine 

(TPEN), showed reduced cellular fluorescence (Figure 2A.18E), which confirms the role of free 

Zn2+ in the enhancement of fluorescence. Thus, these experiments demonstrate that the probe 

PYD-PA can efficiently monitor the elevated, intracellular Zn2+ levels during cellular events such 

as oxidative stress. 

 

Figure 2A.18. Confocal microscopy images of PYD-PA in SK-BR-3 cells, with exogenous Zn2+; 

(A) Control; (B) treated with PYD-PA (1 M); (C) pretreated with ZnCl2 (10 M) followed by 

PYD-PA (1 M) and with endogenous Zn2+ generators and chelators; (D) treated with PYD-PA 

(1 M); (E) pretreated with TPEN (20 M) followed by PYD-PA (1 M); (F) pretreated with 

H2O2 (50 M) followed by PYD-PA (1 M) and (G) pretreated with TPEN (20 M) and H2O2 (50 

M) followed by PYD-PA (1 M). Scale bar 10 µm. 
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2A.3.15. Zn2+ sensing in cells under autophagy conditions 

Autophagy is a cellular degradative process in which cells remove dysfunctional 

components and recycle their constituents. During autophagy, the cellular microenvironments, 

including pH, viscosity, and polarity will change and these changes can be used to monitor the 

autophagy process.49 Along with these microenvironmental fluctuations, elevated Zn2+ levels in 

the cells can also be an indication of autophagy. Since Rapamycin is a generally used chemical for 

inducing autophagy in cells during biological experiments,50, 51 SK-BR-3 cells were incubated with 

Rapamycin as an autophagy model. Confocal fluorescence microscopy imaging of SK-BR-3 cells 

treated with the probe, PYD-PA, without Rapamycin incubation did not show green fluorescence, 

while the fluorescence in the cells with Rapamycin exposure (10 μM) confirmed the autophagy 

induction. With time, the probe displayed considerable fluorescence increment in the green 

channel, indicating an upregulation of mitochondrial Zn2+ concentration during autophagy (Figure 

2A.19). For a longer time period of 24 h, the fluorescence increment was even higher. This is a 

clear indication that Zn2+ is a positive regulator of autophagy, and there is an increase in Zn2+ 

concentration associated with the process. 

 

Figure 2A.19. Confocal microscopy images of PYD-PA in SK-BR-3 cells pretreated with 

Rapamycin (10 M) for (A) & (E) 0 h; (B) & (F) 6 h; (C) & (G) 12 h; (D) & (H) 24 h at two 
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different maginifications; (I) A plot of the fluorescence intensity with time during autophagy. Scale 

bar is 10 µm for A-D and 20 µm for E-H. 

 

2A.4. Conclusion 

In conclusion, the pentacyclic pyridinium-based fluorophore, PYD-PA, presented here is 

a novel “turn-on” fluorescent probe for the selective detection of Zn2+. Upon Zn2+ binding, the 

probe displayed a three-fold increase in fluorescence intensity, demonstrating remarkable 

selectivity in the presence of other biologically relevant metal ions. Moreover, the probe showed 

excellent water solubility, photostability, pH insensitivity, and low cytotoxicity, making it highly 

suitable for cellular imaging applications. With a moderate binding affinity for Zn2+ (Ka = 6.29 × 

104 M-1) and its ability to target mitochondria, the probe is effective in detecting elevated Zn2+ 

levels, particularly within mitochondria. Bioimaging experiments conducted in SK-BR-3 breast 

cancer cells confirmed the ability of the probe to efficiently monitor dynamic changes in 

intracellular Zn2+ levels. Furthermore, the probe was successfully utilized for real-time monitoring 

of intracellular free zinc ion fluctuations during autophagy.  
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2A.5. Experimental Section 

2A.5.1. Materials and methods  

 The starting materials and reagents utilized in this study were procured from commercial 

suppliers (Sigma Aldrich and TCI chemicals) and used without further purification. Moisture-

sensitive reactions were carried out under an argon atmosphere using dried solvents obtained from 

Sigma-Aldrich and Merck chemical suppliers. Thin layer chromatography (TLC) was conducted 

on aluminum plates coated with silica gel obtained from Merck. Silica gel of mesh size 100-200 

was used for column chromatography. 1H NMR (500 MHz) and 13C NMR (125 MHz) analyses 

were conducted using a Bruker Avance DPX Spectrometer, with TMS as the internal standard. 

High-resolution mass spectra (HRMS) were acquired using the Thermo Scientific Q Exactive 

Hybrid Quadrupole-Orbitrap Electrospray Ionization Mass Spectrometer (ESI-MS). UV-Vis 

absorption spectra were obtained utilizing a Shimadzu UV−Vis Spectrophotometer (UV-2600), 

while emission spectra were recorded using a SPEX Fluorolog Spectrofluorimeter. The 

photostability of PYD-PA was investigated by recording emission spectra of a freshly prepared 

10 μM solution in HEPES buffer with and without light irradiation using an Oriel optical bench 

model 11200 equipped with a 200 W mercury lamp and a 400 nm long-pass filter at regular time 

intervals. The pH-dependent behavior of PYD-PA was examined by recording emission spectra 

of its 10 μM solution in HEPES buffer across a pH range from 4 - 9. In vitro studies were conducted 

using the SK-BR-3 breast cancer cell line (obtained from ATCC), and images were captured using 

a Zeiss LSM 980 confocal inverted microscope, equipped with Airyscan 2 detector, using 63x, 1.4 

N.A. oil immersion objective under ambient conditions. A 488 nm laser at 5% power was used for 

imaging in the green channel. 
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2A.5.1.1. Cell culture 

SK-BR-3 breast cancer cell lines were maintained in DMEM supplemented with 10% Fetal 

Bovine Serum (FBS), 1% antibiotic antimycotic mix in a humidified 5% CO2 atmosphere at 37°C. 

When confluent, the cells grown in 25 cm2 culture flasks were trypsinized with Trypsin-EDTA 

mix. The cells were seeded in 8-well chamber slide for confocal fluorescent microscope analysis. 

2A.5.1.2. Cytotoxicity 

The growth inhibition capacity of the probe PYD-PA was evaluated on SK-BR-3 cell lines 

by 3-(4, 5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay as previously 

reported.  Cell suspensions of 5 × 103 cells/well (100 µL) were seeded in a 96-well plate, and 100 

μL of PYD-PA at various concentrations (10-50 μM) was added in triplicate. The plates were then 

incubated for 24 h in a CO2 incubator. After incubation, MTT dissolved in DMEM (0.5 g/L) was 

added to each well and kept at 37 oC in a CO2 incubator for 2-4 h, 100 μL of DMSO was added to 

each well and the ability of the cells to reduce this substrate to the blue formazan product was 

determined colorimetrically (570 nm) after 20 min using a microplate reader (TecanInfinite 

200PRO, Mannedorf, Switzerland). 

Proliferation [%] = Asample / Acontrol x 100 

Inhibition [%] = 100 - % Proliferation 

2A.5.1.3. Subcellular co-localization imaging 

 For confocal microscopy imaging, the culture medium was removed and the cells were 

washed with phosphate buffered saline (PBS, pH 7.4) twice. For labeling of lysosomes and 

mitochondria, SK-BR-3 cells were pretreated with ZnCl2 followed by Lyso-tracker red (100 nM) 

and Mito-tracker red (100 nM) in PBS (pH 7.4), 30 min prior to imaging and for nuclear staining, 

cells were treated with Hoechst 33342 (1 μM) in PBS, 20 min prior to imaging. The cells were 
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then co-stained with 1 μΜ PYD-PA for 10 min, and imaging experiments were performed in a 

Zeiss confocal laser scanning microscope, and images were processed in Zen blue software. 

2A.5.1.4. Zn2+ generation and chelation studies 

The efficiency and sensitivity of the probe PYD-PA towards varying concentration of 

intracellular Zn2+ were evaluated using intracellular zinc generators and chelators. SK-BR-3 cells 

were seeded in 8-well plate and upon attaining 60% confluency, treated with ZnCl2 (10 μM) as 

exogenous Zn2+, N,N,N′,N′-Tetrakis(2-pyridylmethyl) ethylenediamine (TPEN, 20 μM), a 

membrane permeable metal ion chelator, for 20 min in different wells. Similarly, cells were 

incubated with hydrogen peroxide (H2O2, 50 μM) for 30 min, which is a strong oxidant and an 

endogenous zinc generator. Further, cells after treatment with H2O2 (50 μM) for 30 min, were 

subjected to TPEN exposure (20 μM) for 20 min. After the respective treatments, cells were 

incubated with the probe, PYD-PA (1 M) for 10 min and washed two times. The images were 

acquired in Zeiss confocal laser scanning microscope and the images were processed in Zen blue 

software. 

2A.5.1.5. Zn2+ sensing in autophagy conditions 

 To evaluate the effect of Zn2+ in autophagy condition, SK-BR-3 cells were pretreated with 

Rapamycin, an autophagy inducer. Cells were seeded in 8-well plate and upon attaining 70% 

confluency, it was treated with 10 µM Rapamycin and incubated for different time periods (6 h, 

12 h, 24 h) following which, cells were incubated with PYD-PA (1 M) for 10 minutes. Images 

were acquired in Zeiss confocal laser scanning microscope and processed in Zen blue software. 
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2A.5.2. Synthesis and characterization   

2A.5.2.1. Synthesis of PA 

 

To a solution of 2-chloromethylpyridine (1.524 g, 12 mmol) in H2O (0.5 mL), aniline (0.558 g, 6 

mmol), 5 N NaOH (3 mL) and hexadecyltrimethylammoniumchloride (20 mg) were added under 

argon atmosphere. The mixture was stirred vigorously for 24 h at room temperature. The mixture 

was extracted with dichloromethane, washed with H2O and dried over Na2SO4. After evaporation 

of solvent, the desired product was obtained as beige solid after purification by column 

chromatography over silica using 60% ethyl acetate/dichloromethane (Yield 40%). 

1HNMR (CDCl3, 500 MHz) δ (ppm): 4.83 (s, 4H), 6.73 (m, 3H), 7.16 (m, 4H), 7.27 (d, J = 5Hz, 

2H), 7.64 (t, J =10 Hz, 2H), 8.60 (d, J = 5Hz, 2H). 

13CNMR (CDCl3, 125 MHz): 57.2, 112.5, 117.2, 120.8, 122.0, 129.3, 136.8, 148.1, 149.7, 158.8. 

HRMS: calculated = 275.1422, found = 276.1502 

2A.5.2.2. Synthesis of PA-CHO 

 

POCl3 (1.56 mL, 17 mmol) was added into ice bath cooled DMF solution (2 mL, 26 mmol) in 

portions and the solution was then stirred for 30 minutes in chilled condition. PA (0.6 g, 2.18 

mmol) in 1mL DMF was added in portions to the above solution. The mixture was heated for 4 h 
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at 80 oC, cooled to room temperature and then poured into H2O. It was neutralized to pH 7-8 with 

K2CO3 solution with stirring. Mixture was extracted with CH2Cl2 and dried over anhydrous 

Na2SO4 (Yield: 92%). 

1H NMR (500 MHz, CDCl3), δ (ppm): 4.91 (s, 4H), 6.79 (d, J = 10 Hz, 2H), 7.21–7.22 (m, 4H), 

7.66–7.70 (m, 4H), 8.61 (d, J = 5Hz, 2H), 9.73 (s, 1H). 

 13CNMR (CDCl3, 125 MHz): 57.1, 112.0, 120.7, 122.5, 126.5, 132.1, 137.0, 149.9, 153.1, 157.2, 

190.3.  

HRMS calculated = 303.1472, found = 304.1454. 

2A.5.2.3. Synthesis of PYR-PA 

 

To a solution of PA-CHO (0.2 g, 0.6 mmol) in toluene 6-methoxy tetralone (0.23 g, 1.3 mmol) 

and acetic anhydride (0.12 mL) were added and the mixture was refluxed at 130 oC for 2 h. Then 

perchloric acid (0.1 mL) was added drop wise and the reaction was kept for 4 h under the same 

conditions. After completion of reaction, toluene was decanted and the precipitate formed was 

washed with diethyl ether. The product was purified using silica column using 5% 

methanol/chloroform (Yield 65%). 
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1H NMR (500 MHz, CDCl3) δ (ppm): 2.8 (m, 4H), 2.9(m, 4H), 3.86 (s, 6H), 4.96 (s, 4H),6.83 (d, 

J = 10Hz, 2H), 6.92 (s, 2H), 7.04 (d, J = 10Hz, 2H), 7.15 (d, J = 10Hz, 2H), 7.32(m, 2H), 7.41 (d, 

J = 10Hz, 2H), 7.81 (m, 2H), 8.15 (d, J = 10Hz, 2H), 8.53 (d, J = 10Hz,2H).  

13CNMR (Acetone- d6, 125MHz): 25.1, 27.2, 29.9, 56.4, 114.4, 114.9, 119.5, 121.9, 127.3, 127.4, 

128.7, 130.4, 130.5, 144.7, 163.8, 165.6.  

HRMS: calculated = 618.2751, found = 618.2774. 

2A.5.2.4. Synthesis of PYD-PA 

 

To a solution of PYR-PA (0.1 g, 0.16 mmol) in ethanol (3 mL) methyl amine (0.2 mL) was added 

and the reaction was kept at 80 oC for 5 h in a pressure tube. After completion of the reaction, the 

product formed was purified through silica column using 5% methanol/chloroform (Yield 19%). 

1H NMR (500 MHz, CDCl3) δ(ppm): 2.53 (m, 4H), 2.71 (m, 4H), 3.83 (s, 6H), 4.43 (s,3H), 4.83 

(s, 4H), 6.78 (m, 4H), 6.94 (d, J = 5Hz, 2H), 7.05 (d, J = 5Hz, 2H), 7.16 (m, 2H), 7.25 (d, J = 10Hz, 

2H), 7.63 (d, J = 10Hz, 2H), 8.31 (d, J = 5Hz, 2H), 8.56 (d, J = 5Hz, 2H). 

13CNMR (CDCl3, 125MHz): 21.7, 25.7, 27.6, 28.3, 28.7, 30.9, 52.5, 54.7, 56.2, 111.7, 113.2, 

119.5, 119.9, 121.4, 128.1, 131.4, 134.3, 136.0, 143.1, 148.8, 151.2, 157.1, 161.6.  

HRMS: calculated = 631.3068, found = 631.3102. 
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2A.5.3. Spectral Data 

 

Figure 2A.20. HRMS spectrum of PYD-PA. 

 

Figure 2A.21. 1H NMR spectrum of PYD-PA. 
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Figure 2A.22. 13C NMR spectrum of PYD-PA. 
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Chapter 2B 

Differential Binding Interactions of a Pyridinium Dye Integrated 

Dipicolylamine-Zn2+ Complex with Nucleotides and Nucleic Acids 

 

 

 

2B.1. Abstract 

Developing small molecular fluorescent probes for targeting helical DNA plays a vital 

role in diagnostics, oncology, drug delivery, and forensic science. Among the various DNA-

binding mechanisms, intercalation, where planar aromatic moieties insert between DNA bases, 

is particularly significant in differentiating and stabilizing various DNA secondary structures. 

While traditional intercalators such as ethidium bromide are effective, their associated toxicity 

necessitates the development of safer alternatives. Zn²⁺- dipicolylamine complexes known for 

their strong affinity for phosphate groups, have proven to be valuable probes for targeting 

phosphate-containing biomolecules. In this Chapter, we explore the binding interactions of a 

pyridinium dye attached dipicolylamine zinc ion complex, PYD-PA-Zn2+ (described in Chapter 

2A) with various nucleotides and DNA. The probe, PYD-PA-Zn2+ exhibited differential binding 

ADP/ATP/ssDNA
Zn2+ P P
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Zn2+

Zn2+

No binding

Fluorescence Intensity Enhancement
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interactions with adenosine, ATP, ADP, AMP and DNA. Notably, it showed minimal changes 

in both absorption and emission spectra in the presence of adenosine and AMP, indicating a 

poor binding affinity. In contrast, significant fluorescence enhancement was observed in the 

presence of ADP and ATP, while the absorption spectra remained unchanged, suggesting 

phosphate-assisted interactions between the probe and nucleotides. In contrast, with ctDNA, 

the absorption spectra of the probe exhibited a gradual decrease in absorbance (~37% 

hypochromicity) along with a red shift in the absorption maximum from 402 - 419 nm. The 

emission spectra, however, revealed a significant enhancement in fluorescence intensity with 

a blue shift in the emission maximum, resembling the behaviour of ethidium bromide when 

binding to DNA. To gain further insights into the binding interactions, we conducted extensive 

photophysical studies, including circular dichroism (CD) spectroscopy, thermal denaturation, 

and fluorescence lifetime measurements. Changes in the CD signal of DNA, along with an 

induced CD signal in the 355 - 485 nm range upon increasing PYD-PA-Zn²⁺ concentration, 

suggest an intercalative binding interaction. Additionally, thermal denaturation studies 

revealed a 10 °C increase in the melting temperature of dsDNA in the presence of PYD-PA-

Zn²⁺, indicating stabilization via intercalation. Notably, the probe exhibited a significant 

enhancement of the fluorescence lifetime when bound to ctDNA and double-stranded DNA 

(dsDNA) when compared to single-stranded DNA (ssDNA), ATP, and ADP. Thus, the probe 

turned out to be a powerful tool for differentiating different nucleotides and nucleic acids. 

2B.2. Introduction  

Development of small molecular fluorescent probes, targeting various DNA secondary 

structures is an important area of research due to their broad applications in infectious disease 

diagnosis, oncology, targeted drug delivery, and forensic DNA fingerprinting.1-4 Non-covalent 

mechanisms through which the probes bind to DNA include intercalation, insertion, groove 

binding, and discrete phosphate coordination.5 Among these interactions, intercalation, where 

intercalating agents insert between the planar bases of DNA, plays an important role.6 
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Intercalating agents are essential tools in molecular biology, with many having clinical utility 

in cancer therapy, antimicrobial treatment, and molecular diagnostics.7 Therefore, the 

development of new small molecules to explore DNA interactions remains a high priority in 

modern medicinal chemistry.8 

In general, planar, polycyclic aromatic molecules efficiently intercalate between DNA 

base pairs through π-stacking interactions. Additionally, because DNA is a polyanion, the 

presence of cationic groups alongside aromatic groups enhances small molecule-DNA 

interactions.9 Groove binding, where small molecules bind to the minor or major grooves of 

DNA through non-covalent interactions with the edges of base pairs also can augment the 

intercalative interactions.10 Based on these principles, numerous dyes have been developed and 

successfully applied in DNA detection, fluorescence imaging techniques, and real-time 

polymerase chain reaction (PCR).11-13 The commonly used positively charged small 

heterocyclic compounds in this category include phenanthridine derivatives and cyanine 

fluorescent dyes.14, 15 One of the most extensively studied and widely used phenanthridine 

derivatives is 3,8-diamino-5-ethyl-6-phenylphenanthridinium, commonly known as ethidium 

bromide (EB), which has long been considered as the gold standard fluorescent marker for 

DNA and RNA. However, due to their toxicity and mutagenic effects, there is a growing 

demand for alternative fluorescent light-up probes that can selectively bind to DNA.16  

Another class of effective intercalators comprises metal complexes, in which a planar 

aromatic ligand facilitates intercalation, while the metal center enhances binding through 

electrostatic interactions or secondary coordination. Typical metallo-intercalators include 

ruthenium bipyridine [Ru(bpy)₂(dppz)]²⁺, ruthenium phenanthroline [Ru(phen)₂(dppz)]²⁺, 

rhodium phenanthrenequinone diimine [Rh(phi)2(bpy′)]3+, and platinum phenanthroline 

[Pt(phen)Py₂]²⁺ complexes, and are well studied (Figure 2B.1).17-20 The fluorescence of these 

DNA intercalators can be either quenched or enhanced, depending on their chromophore 
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structure and electrostatic interactions with DNA. Fluorescence enhancement may result from 

increased rigidity, inhibition of solvent-induced quenching, or disruption of photoinduced 

electron transfer (PET). In contrast, fluorescence quenching can occur due to excited-state 

electron transfer (ET), photoinduced charge transfer (PCT), or Förster resonance energy 

transfer (FRET).21 For example, the classic DNA intercalating ruthenium complex 

[Ru(bpy)₂(dppz)]2⁺ exhibits a "light-switch" effect, remaining non-emissive in water, however 

becoming highly fluorescent upon DNA binding, due to the restricted motion of the dppz ligand 

within the DNA-binding environment.22  

 

Figure 2B.1.  Representative examples of metallo-intercalators. 

Zn(II)-dipicolylamine [Zn(II)-DPA] receptors are known for their selective binding 

towards phosphate derivatives. In 2016, Tian et al. have synthesised two mononuclear Zn(II) 

complexes based on DPA ligand ([ZnLX2]2CH3OH; X = Br for 1, Cl for 2) and investigated 

their interactions with ctDNA, pBR322 plasmid DNA, and Bovine serum albumin (BSA), 

utilizing different physicochemical techniques (Figure 2B.2).23 Upon addition of ctDNA to the 

Zn(II) complexes, a decrease in absorption intensity (hypochromism of 36.1% for 1 and 41.7% 

for 2) accompanied by notable red shifts (10 nm for 1 and 9 nm for 2), was observed. 

Additionally, fluorescence quenching of EB bound to ctDNA by the complexes, along with 

changes in the CD spectrum of DNA, confirmed that the observed interactions resulted from 

partial intercalation between the complexes and ctDNA. Furthermore, the anticancer and 

apoptosis-inducing activities of the complexes were also investigated.  

[Ru(bpy)₂(dppz)]²⁺ [Ru(phen)₂(dppz)]²⁺ [Rh(phi)2(bpy′)]3+
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Figure 2B.2. (A) Ball-and-stick representation of the crystal structures of 1 and 2. Hydrogen 

atoms and dissociative small molecules are omitted for clarity; (B) Absorption spectra of 

complexes 1 and 2 (1.96 M) in the absence (dashed line) and presence (solid line) of 

increasing amounts of ctDNA (44, 87, 129, 172, 214, 255, 296, 337, 377 and 417 M) in 5 mM 

Tris HCl/50 mM NaCl buffer (pH = 7.2) (Figure adapted from reference 23). 

In the year 2021, Wang et al. have developed a dipicolylamino-functionalized styryl-

carbazole derivative (YCJ) and its Zn(II) complex (YCJ-Zn(II)), and compared their binding 

interactions with G-quadruplex (G4) DNA (Figure 2B.3).24 Comprehensive analysis revealed 

that the YCJ-Zn(II) complex possesses markedly stronger binding affinity and enhanced 

spectral response towards G4 DNA, primarily due to the presence of a Zn(II)-DPA unit. This 

unit lowers the electron density of the carbazole core, which in turn promotes more effective 

π–π stacking interactions with G4 DNA. Moreover, the incorporation of the Zn-DPA moiety 

imparts excellent cell permeability and enables effective labelling of endogenous DNA, 

making it well-suited for tracking nuclear activities. 

A)

B) C)

[ZnLBr2]2 CH3OH [ZnLCl2]2  CH3OH
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Figure 2B.3. (A) Molecular structures of YCJ and its Zn(II) complex; (B) UV-Vis spectra for 

titrations of G4 DNA stepwise to YCJ-Zn(II) complex (5 μM) in 10 mM Tris-HCl buffer, 60 

mM KCl, pH 7.4 (Figure adapted from reference 24). 

 An azulene-based fluorescent chemosensor for nucleotides namely AzuFluor, is 

reported to be selective for ADP over other phosphorylated states of adenosine (Figure 2B.4).25 

The probe contains two Zn-DPA receptor motifs connected to a central azulene core through a 

π-conjugated linker at para (1.2Zn) or meso (2.2Zn) position. The receptor motifs can exhibit 

different selectivity profiles for various phosphate analytes, with 1.2Zn displaying a distinct 

selectivity for ADP over ATP. The selectivity for ADP arises from the precise positioning of 

the Zn(II)-DPA receptor motifs. The nucleobase-fluorophore-nucleobase π-stacked 

arrangement explains the relatively weak response to PPi and ATP. 

 

Figure 2B.4. (A) The proposed sensing mechanism of 1.2Zn towards ADP; (B) Fluorescence 

emission spectra for 1.2Zn (100 M), in the presence of Na2HPO4, Na4P2O7, AMP sodium salt, 

ADP sodium salt, ATP sodium salt and adenosine (all 1 mM). Spectra were recorded after 30 

min and the fluorescence intensities were measured with exc = 380 nm. (Figure adapted from 

reference 25). 

A) B)

A) B)
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Moro and colleagues have reported a Zn2+- chemosensor based on styrylflavylium dye 

having a di-(2-picolyl)amine (DPA) moiety. They observed a fluorescence enhancement of this 

Zn2+ coordinated complex upon binding with ATP and ADP (Figure 2B.5).26 The probe 

exhibited strong selectivity for adenosine 5′-triphosphate (ATP) and adenosine 5′-diphosphate 

(ADP), showing fluorescence enhancements of 2.1-fold and 3.0-fold, respectively. 

Fluorescence titration experiments indicated a 1:1 binding stoichiometry with both ATP and 

ADP, revealing a stronger affinity for ADP. The calculated association constants were 6.3 × 

10⁷ M⁻¹ for ADP and 1.5 × 10⁶ M⁻¹ for ATP. 

 

Figure 2B.5. (A) Structure of the styrylflavylium dye with DPA moiety; (B) and (C) Emission 

spectra of the probe with increasing concentration of ATP and ADP (λexc = 680 nm) (Figure 

adapted from reference 26). 

As demonstrated in these examples, the selectivity of small molecular sensors with 

Zn(II)-DPA receptor motifs towards different phosphate derivatives can vary significantly 

depending on the fluorophore, scaffold, and the spatial arrangement of the Zn-DPA recognition 

units. In Chapter 2A, we discussed the Zn2+ binding of PYD-PA derivative, which showed 

enhanced fluorescence upon Zn2+ binding, and its application in imaging of elevated 

intracellular zinc levels during autophagy. We hypothesised that the PYD-PA-Zn²⁺, with its 

Zn-DPA moiety and polycyclic aromatic pyridinium chromophore, could effectively bind to 

nucleotides and DNA strands through various interactions. In this Chapter, we studied the 

differential binding properties of PYD-PA-Zn²⁺ towards nucleotides and DNA. 

 

A) B) C)
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2B.3. Results and Discussion 

2B.3.1. Design, synthesis and characterisation of PYD-PA-Zn2+ 

 Ligands capable of interacting with DNA through multiple binding modes are 

particularly useful for the development of high-affinity probes targeting nucleic acids. Initial 

electrostatic interactions of cationic small molecules with DNA backbone can facilitate further 

binding through intercalation and/or covalent/non-covalent interactions with the phosphate 

backbone and DNA grooves.27 Our probe design consists of a pentacyclic pyridinium 

chromophore appended with a Zn(II)-DPA complex (Figure 2B.6). The positively charged 

Zn(II) complex can interact with the negatively charged phosphate backbone, facilitating its 

intercalation into the DNA. The Zn(II)-DPA moiety can bind to the phosphate groups of 

nucleotides and nucleic acids, while the planar aromatic pyridinium chromophore interacts 

with DNA base pairs through π-stacking interactions. These combined interactions may result 

in changes to the optoelectronic properties, which can be utilized for the differential analysis 

of nucleotides and nucleic acid structures.  

 

Figure 2B.6. Design of the PYD-PA-Zn2+ probe. 

Zn2+

Phosphate 

binding moiety

Intercalating moiety
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Synthesis of the PYD-PA is reported in chapter 2A. Further, its Zn2+ bound complex, 

PYD-PA-Zn2+ was prepared by chelating PYD-PA with Zinc chloride (Scheme 2B.1) in 

buffered aqueous solutions (100 mM HEPES buffer at pH 7.4). The PYD-PA-Zn2+ complex 

formation was characterized by 1H NMR, details of which are provided in the experimental 

section. 

 

Scheme 2B.1. Scheme for the synthesis of PYD-PA-Zn2+. 

2B.3.2. Photophysical studies of PYD-PA-Zn2+ with different phosphate derivatives 

To investigate the binding properties of the PYD-PA-Zn²⁺ as a molecular probe, UV-

Vis absorption and fluorescence spectra were recorded in the presence of adenosine, AMP, 

ADP, ATP, and ctDNA. In presence of adenosine and AMP, the probe showed negligible 

change in absorption and emission spectra indicating its poor binding affinity (Figure 2B.7 

and Figure 2B.8). In contrast, the probe exhibited a significant enhancement in fluorescence 

intensity in the presence of ADP and ATP, while the absorption spectra remained unchanged, 

indicating phosphate-assisted interactions between the probe and these nucleotides (Figure 

2B.9 and Figure 2B.10). Compared to ADP and ATP, the probe showed an even greater 

increase in fluorescence intensity, along with shifts in both absorption and emission maxima, 

specifically with ctDNA (Figure 2B.11). For instance, the absorption spectra in the presence 

of ctDNA showed a 12 nm red shift along with significant hypochromicity. Similarly, the 

Zn2+

PYD-PA PYD-PA-Zn2+
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fluorescence intensity showed a 1.7-fold enhancement in the presence of ctDNA. These 

spectral changes in absorption and emission wavelengths indicate intercalative binding 

interactions in addition to phosphate-assisted interactions. To gain further insight into these 

binding interactions, we investigated the binding of the PYD-PA-Zn²⁺ probe with various 

nucleic acid structures. 

 

Figure 2B.7. (A) Absorption and (B) emission spectra of PYD-PA-Zn2+ (10 M) in presence 

of adenosine (100 M) in 0.1 M HEPES buffer (pH = 7.4). 

 

Figure 2B.8. (A) Absorption and (B) emission spectra of PYD-PA-Zn2+ (10 M) in presence 

of AMP (100 M) in 0.1 M HEPES buffer (pH = 7.4). 
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Figure 2B.9. (A) Absorption and (B) emission spectra of PYD-PA-Zn2+ (10 M) in presence 

of ADP (100 M) in 0.1 M HEPES buffer (pH = 7.4). 

 

Figure 2B.10. (A) (A) Absorption and (B) emission spectra of PYD-PA-Zn2+ (10 M) in 

presence of ATP (100 M) in 0.1 M HEPES buffer (pH = 7.4). 

 

Figure 2B.11. (A) Absorption and (B) emission spectra of PYD-PA-Zn2+ (10 M) in presence 

of ctDNA (100 M) in 0.1 M HEPES buffer (pH = 7.4). 
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2B.3.3. UV-Visible absorption and fluorescence emission studies with DNA 

To gain a better understanding of the binding interactions, the changes in the absorption 

and emission properties of PYD-PA-Zn2+ in the presence of ctDNA were further evaluated by 

titrating a buffered solution of PYD-PA-Zn2+ against 0 - 100 µM ctDNA. In 100 mM HEPES 

buffer (pH 7.4), PYD-PA-Zn2+ displayed an absorption maximum at 402 nm and a 

fluorescence maximum at 542 nm. Upon the addition of ctDNA, the absorbance of PYD-PA-

Zn2+ showed a gradual decrease with red shift in the absorption maximum from 402 - 419 nm 

(Figure 2B.12.A). This hypochromic effect along with a red-shift in the absorption maximum, 

is commonly observed when ligands bind to DNA through intercalation.28 A significant 

hypochromic effect and red shift of 17 nm displayed by the probe suggests that intercalation is 

the preferred binding mode. However, it is also possible that electrostatic interactions occur 

simultaneously between the negatively charged DNA phosphate backbone and the cationic 

regions of the probe. 

 Further, the fluorescence emission of PYD-PA-Zn2+ is evaluated in the absence and 

presence of varying amounts of ctDNA (Figure 2B.12.B and Figure 2B.13.A). The results 

showed a gradual enhancement in emission intensities of the probe with increasing 

concentrations of ctDNA, accompanied by a distinct blue shift in wavelength, resembling the 

classical model of ethidium bromide (EB) intercalating into DNA.29 An increase in emission 

intensity upon binding to DNA is often considered as a strong indication of intercalation 

between DNA base pairs,30 and therefore, these measurements further support a possible 

intercalative binding mode. Additionally, the intrinsic binding affinity of the probe for ctDNA 

was evaluated utilizing double reciprocal equation,31 and the binding constant (Kb) was 

determined to be 1.4 × 104 M⁻1, indicating a strong interaction with nucleic acids (Figure 

2B.13.B). 
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Figure 2B.12. Changes in (A) absorption and (B) emission spectra of PYD-PA-Zn2+ (10 μM) 

against varying concentrations of ctDNA (0-100 μM) in 0.1 M HEPES buffer (pH = 7.4); ex 

= 400 nm.  
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Figure 2B.13. (A) Changes in the ratio of fluorescence intensity of PYD-PA-Zn2+ with 

increasing concentration of ctDNA and (B) Plot of 1/[ctDNA] v/s A0/[A-A0] for binding 

constant calculation.  

 Encouraged by the specific absorption and fluorescence changes observed with ctDNA, 

we explored the interaction of PYD-PA-Zn2+ with ssDNA and dsDNA (Figure 2B.14 and 

Figure 2B.15). The absorption spectra of the probe exhibited a similar trend in both cases, 

showing a gradual decrease in absorbance accompanied by a red shift from 402 - 414 nm. The 

hypochromic shift observed in both cases are indicative of possible π-stacking interactions of 

the pyridinium chromophore with nucleic acid bases. In contrast, the emission spectra of PYD-

PA-Zn2+ exhibited distinct behaviour in the presence of single- and double-stranded DNA. A 

slight fluorescence quenching (<15%) was observed with ssDNA, while the presence of 

dsDNA resulted in a gradual and significant enhancement in fluorescence intensity (~2 fold) 

accompanied by a blue shift in the emission maximum from 542 - 522 nm. Notably, the 

interaction with ssDNA did not produce any shift in the fluorescence maximum of the 

pyridinium probe. This difference can be attributed to the intercalative binding of the probe 

with dsDNA, which induces greater rigidity in the chromophore when compared to the less-

rigid π-stacking interactions with the nucleobases of ssDNA. Intercalation involves the 

insertion of planar aromatic molecules, such as the pyridinium chromophore, between the 

stacked base pairs of dsDNA. This process stabilizes the DNA-probe complex by restricting 

the molecular flexibility of the chromophore, which is reflected in the enhanced fluorescence 
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and blue-shifted emission. In contrast, ssDNA lacks the well-defined, stacked helical structure 

of dsDNA, making intercalation physically unfeasible. As a result, the interactions between the 

probe and ssDNA are likely limited to surface-level π-stacking, which does not significantly 

alter the rigidity or optoelectronic properties of the chromophore. This observation explains the 

lack of a fluorescence shift and the relatively minor fluorescence quenching observed with 

ssDNA. 

 

Figure 2B.14. Changes in (A) absorption and (B) emission spectra of PYD-PA-Zn2+ (10 μM) 

against varying concentrations of ssDNA (0-2.5 μM) in 0.1 M HEPES buffer (pH = 7.4); ex = 

400 nm.  
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Figure 2B.15. Changes in (A) absorption and (B) emission spectra of PYD-PA-Zn2+ (10 μM) 

against varying concentrations of dsDNA (0-2.5 μM) in 0.1 M HEPES buffer (pH = 7.4); ex 

= 400 nm.  
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ctDNA was recorded with varying concentrations of the PYD-PA-Zn2+ probe (Figure 2B.16). 

The CD spectrum of ctDNA showed a positive band around 277 nm, corresponding to the base 

stacking and a negative band near 245 nm, due to the helicity, indicating a typical B-form DNA 

structure. Generally, base-stacking and helicity bands remain unaffected by simple groove 

binding or electrostatic interactions. However, intercalation alters the intensities of these bands, 

either decreasing or increasing them due to the local disruption of the base stacking and partial 

unwinding of the helix at the sites of intercalation.33 Upon addition of PYD-PA-Zn2+, the CD 

spectrum of the ctDNA showed significant changes in both the positive and negative bands, 

suggesting an intercalative binding mode. Additionally, the ICD spectral bands in the range of 

355 - 485 nm, corresponding to the pyridinium chromophore, further confirmed the ordered 

binding of the probe to dsDNA through intercalation.  

 

Figure 2B.16. (A) Changes in the CD spectra of ctDNA (100 μM) upon gradual addition of 

PYD-PA-Zn2+(0-50 μM) in 0.1 M HEPES buffer (pH = 7.4).  
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dsDNA, changes in their CD spectra were examined with increasing the concentration of PYD-
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the probe, suggesting the absence of an intercalative binding mode (Figure 2B.17.A). 
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Furthermore, the interaction of the probe with ssDNA did not produce any ICD signal, 

indicating the absence of an ordered arrangement of the probe with ssDNA. In contrast, the CD 

spectrum of dsDNA exhibited changes in both the positive and negative bands upon probe 

addition, indicating an intercalative binding interaction (Figure 2B.17.B). Further, the induced 

CD signal in the 355 - 485 nm range, corresponding to the pyridinium chromophore, confirms 

the intercalative binding of the probe with dsDNA. 

 

Figure 2B.17. Changes in the CD spectra of (A) ssDNA (5 μM) and (B) dsDNA(5 μM)  upon 

gradual addition of PYD-PA-Zn2+(0-50 μM) in 0.1 M HEPES buffer (pH =  7.4).  
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2B.3.5. Thermal denaturation studies 

Thermal denaturation studies were conducted to assess the probe's ability to stabilize 

double-stranded DNA. The melting temperature (Tm) of DNA, which reflects the transition 

from double-stranded to single-stranded form, increases when small molecules intercalate into 

the double helix due to additional π-stacking interactions with the base pairs, stabilizing the 

duplex. Given that ctDNA has a melting temperature above 70 °C,34 we synthesized a 20-mer 

dsDNA strand with a lower Tm for use in thermal denaturation experiments. Initially, the Tm 

of the dsDNA was 46 °C, however after the addition of PYD-PA-Zn2+, it increased to 56 °C 

(Figure 2B.18.A and B). This 10 °C increase in Tm indicates the stabilizing effect of 

chromophore intercalation and supports the proposed binding mode. 

 

Figure 2B.18. (A) Melting curves of dsDNA (2 μM) in the absence and presence of PYD-PA-

Zn2+ (50 μM) in 0.1 M HEPES buffer (pH = 7.4) and (B) the corresponding first derivative 

plots. 
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2B.3.6. Fluorescence lifetime studies 

To gain deeper insights into the excited state dynamics, the fluorescence intensity decay 

profiles of the probe, PYD-PA-Zn2+ were investigated in the presence of ADP, ATP, ctDNA, 

ssDNA and dsDNA in 0.1 M HEPES buffer (pH = 7.4) using picosecond time-correlated single 

photon counting techniques (Figure 2B.19A and Table 2B.1). PYD-PA-Zn²⁺ showed a 

biexponential, singlet excited state decay with lifetimes of 0.99 ns (56%) and 4.16 ns (44%), 

with an average lifetime of 1.48 ns. In the presence of ADP, the fluorescence lifetimes were 

1.17 ns (64%) and 3.62 ns (36%), resulting in an average lifetime of 1.55 ns. Similarly, with 

ATP, the biexponential lifetimes were 1.18 ns (58%) and 3.99 ns (42%), with an average 

lifetime of 1.68 ns. Based on UV-Vis absorption and fluorescence data, we deduce that the 

probe PYD-PA-Zn²⁺ bind to ATP and ADP via interactions with the phosphate group, which 

cause only minor changes in fluorescence lifetimes. 

However, in the presence of ctDNA, the fluorescence lifetimes were 1.37 ns (21%) and 

5.08 ns (79%), with an average lifetime of 3.26 ns, indicating a significant enhancement in 

fluorescence lifetime. Additionally, we examined the fluorescence decay profiles of PYD-PA-

Zn²⁺ in the presence of saturating concentrations of ssDNA and dsDNA (Figure 2B.19B and 

Table 2B.1). With ssDNA, the lifetimes were 1.24 ns (15%) and 4.42 ns (85%), giving an 

average lifetime of 3.18 ns. In contrast, a much greater enhancement in fluorescence lifetime 

was observed with dsDNA, showing lifetimes of 1.74 ns (12%) and 5.87 ns (88%), with an 

average lifetime of 4.55 ns. The apparent enhancement in the fluorescence lifetimes observed 

for ctDNA and dsDNA, compared to ADP, ATP and ssDNA confirms the intercalative binding 

of the probe with ctDNA and dsDNA, where intercalation immobilizes the dye, reducing its 

dynamic fluctuations and possible quenching interactions. The observed longer lifetime of the 

intercalated probe can be utilized for distinguishing ssDNA and dsDNA through fluorescence 

lifetime imaging.  
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Figure 2B.19. Fluorescence decay profile of PYD-PA-Zn2+ (5 μM) in the presence of 

saturating concentrations of (A) ADP, ATP and ctDNA (50 μM); (B) ssDNA and dsDNA (2.5 

μM). 
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Table 2B.1. Fluorescence lifetime data of PYD-PA-Zn2+ in the presence of saturating 

concentrations of ADP, ATP, ctDNA, ssDNA and dsDNA. 

 

 DNA light-up probes often interact with nucleotides, making it challenging to 

differentiate between nucleotides and DNA. However, the probe PYD-PA-Zn²⁺ effectively 

distinguishes between nucleotides and nucleic acids by combining fluorescence intensity and 

lifetime measurements. The probe showed increased fluorescence intensity with ATP and 

ADP, while the fluorescence lifetime remained largely unchanged. In contrast, the presence of 

DNA led to significant increases in both fluorescence intensity and lifetime, attributed to 

phosphate-assisted intercalation. These interactions involve both the pyridinium chromophore 

and the Zn²⁺-DPA moiety, whereas interactions with ATP and ADP are primarily driven by the 

Zn²⁺-DPA moiety alone. Thus, PYD-PA-Zn²⁺ serves as an effective tool for the differential 

analysis of nucleotides and DNA. 

2B.4. Conclusions 

 In summary, we have developed a zinc(II)-dipicolylamine based pyridinium probe, 

PYD-PA-Zn2+, and studied their binding interactions with nucleotides and DNA. The probe 

exhibited negligible changes in both absorption and emission spectra in the presence of 

adenosine and AMP, indicating weak binding affinity. However, notable fluorescence 

Compound

t1 (%) t2 (%) tav

PYDPA-Zn2+ 0.99 (56) 4.16 (44) 1.48

PYDPA-Zn2++ ctDNA 1.37 (21) 5.08 (79) 3.26

PYDPA-Zn2++ ATP 1.18 (58) 3.99 (42) 1.68

PYDPA-Zn2++ ADP 1.17 (64) 3.62 (36) 1.55

PYDPA-Zn2++ ssDNA 1.24 (15) 4.42 (85) 3.18

PYDPA-Zn2++ dsDNA 1.74 (12) 5.87 (88) 4.55

Lifetime (ns)
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enhancement was observed with ADP and ATP, while the absorption spectra remained 

unaffected. On the other hand, in the presence of ctDNA and dsDNA, the probe showed a 

decrease in absorbance with a red shift in the absorption maximum from 402 - 419 nm. 

Additionally, the emission spectra displayed a significant enhancement in fluorescence 

intensity accompanied by a blue shift in emission maxima, resembling the ethidium bromide 

interaction with DNA. Further photophysical studies, including CD spectroscopy and thermal 

denaturation analysis, confirmed that the probe binds to ctDNA and dsDNA via an intercalative 

mode, while its interactions with ADP, ATP, and ssDNA are primarily phosphate-assisted. 

Additionally, we observed a significant enhancement in the fluorescent lifetime of the probe in 

the presence of ctDNA and dsDNA when compared to ssDNA, ADP, and ATP, enabling 

differential analysis of these nucleic acids and nucleotides by combining fluorescence intensity 

and lifetime measurements. These promising findings could pave way for further molecular 

and mechanistic studies aimed at developing novel metal-based drugs with specific DNA-

binding capabilities. 

 

 

 

 

 

 

 

 

 



Differential Binding Interactions with Nucleotides and Nucleic Acids 

120 
 

 

2B.5. Experimental Section 

2B.5.1. Materials and Methods  

All chemical reagents and solvents used in this study were procured from commercial 

suppliers (Sigma Aldrich and TCI chemicals) and used without further purification. ctDNA 

and 20-mer ssDNA were purchased from Sigma Aldrich. Stock solutions of calf thymus DNA 

(ctDNA) was prepared by dissolving commercially available white fibrous ctDNA in de-

ionised Milli Q water. The concentration of ctDNA was determined by measuring its 

absorption intensity at 260 nm with a known molar absorption coefficient value of 6600 M-1 

cm-1. The dsDNA used in this study was prepared by hybridizing complementary 20-mer 

ssDNA strands (Strand 1: CGTCACGTAAATCGGTTAAC, Strand 2: GTTAACCGATTTAC 

GTGACG) through annealing in Milli Q water containing 10 mM PBS and 2 mM NaCl. 1H 

NMR (500 MHz) analyses were conducted using a Bruker Avance DPX spectrometer, with 

TMS as the internal standard.  

2B.5.1.1. UV-Vis absorption and fluorescence spectra  

UV-Vis absorption spectra were recorded using a Shimadzu UV-Vis spectrophotometer 

(UV-2600) and fluoresce spectra were recorded using a SPEX Fluorolog spectrofluorimeter. 

The titration studies were performed by keeping the probe concentration constant (10 µM) 

while varying the analyte concentrations (adenosine, AMP, ADP, ATP, ctDNA, ssDNA, 

dsDNA) at room temperature. Absorption spectra were recorded from 300 to 600 nm, and 

changes in absorbance were monitored. Fluorescence spectra were recorded over 420 to 750 

nm range with an excitation wavelength of 400 nm. The titration processes were repeated until 

binding saturation was achieved. 
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2B.5.1.2. Circular dichroism spectra 

Circular dichroism studies were performed using JASCO J-810 spectropolarimeter 

equipped with Peltier controlled thermostatic cell holder. CD spectra were recorded by keeping 

the DNA concentration constant (ctDNA-100 µM, ssDNA-5 µM and dsDNA-5 µM) while 

varying the compound concentrations (10 - 50 µM). The spectra were recorded over a range of 

200 - 600 nm. Titrations were repeated until no spectral changes were detected in the 200 - 500 

nm region for at least three consecutive measurements.  

2B.5.1.3. DNA thermal denaturation 

Thermal denaturation experiments were carried out on a Shimadzu UV-Vis 

spectrophotometer (UV-2600) equipped with a high performance temperature controller. The 

dsDNA (2 µM) was denatured by increasing the temperature from 20 - 90 oC at a speed of 1 

oC/min in the presence and absence of the probe (50 µM), while the corresponding absorbance 

was monitored at 260 nm. The melting temperature (Tm) was determined from the first 

derivative plot of the melting curves. 

2B.5.1.4. Fluorescence lifetime studies 

The fluorescence lifetime measurements were done using picosecond single photon 

counting system (Horiba, DeltaFlex) employing 378 nm laser as excitation source and 

picosecond photon detection module (PPD-850) as the detector. The absorbance of the probe 

was adjusted to 0.1 for lifetime measurements, and saturated concentrations of analytes were 

added. The fluorescence decay profile was deconvoluted using EzTime software and fitted with 

multi-exponential decay of chi-square value 1 ± 0.1.  
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2B.5.2. Synthesis and characterization   

Synthesis of PYD-PA-Zn2+: PYD-PA in HEPES buffer was treated with ZnCl2 solution 

(10 equivalent) to yield PYD-PA-Zn2+. The complex formation is confirmed from the chemical 

shift of the aromatic protons in the NMR spectrum. 

1H NMR (500 MHz, CD3CN) δ(ppm): 2.41 (m, 4H), 2.73 (m, 4H), 3.90 (s, 6H), 4.27 (s,3H), 

4.86 (s, 4H), 6.98 (s, 2H), 7.04 (d, J = 5 Hz, 4H), 7.13 (d, J = 10 Hz, 2H), 7.64 (d, J = 10 Hz, 

4H), 8.09 (m, 4H), 9.12 (d, J =5Hz, 2H). 

 

Figure 2B.20. 1H NMR spectrum of PYD-PA-Zn2+ 
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Chapter 3 

Design and Development of Viscosity-Sensitive, Pyrylium 

Fluorophores for Cellular Microenvironment Imaging 

 

 

 

3.1. Abstract  

Viscosity is a fundamental physical parameter that influences the intracellular 

microenvironment when cells undergo pathogenic changes. Intracellular viscosity is regarded 

as a key biomarker for diseases such as diabetes, atherosclerosis, and cancer, as these 

conditions can alter the protein interactions within cell membranes. It varies across cell types 

and organelles, typically ranging from 1 cP to 100’s of cP (60-110 cP in HeLa cell 

mitochondria and 50-90 cP in MCF-7 cell lysosomes). In recent years, molecular rotors have 

emerged as effective probes for imaging viscosity in living cells through fluorescence intensity 

and/or lifetime-based responses. Herein, we report the synthesis of three rigid pyrylium 

derivatives functionalized with a reactive methyl group, achieving a broad spectral range by 

varying the substituents on both sides of a tetralone moiety, AM-PYR (R= H) having blue 
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emission, AM-MPYR (R= OCH3) having green emission, and AM-APYR (R= NH2) with red 

emission. Further, AM-MPYR was used to synthesize a series of styryl-pyrylium derivatives 

incorporating different donor and acceptor groups. Among these derivatives, styryl-pyrylium 

with hydroxyl functionality (OH-MPYR) displayed a significant enhancement in fluorescence 

with increase in viscosity, indicating the potential of this probe for monitoring intracellular 

environment. The OH-MPYR probe exhibited a highly selective "turn-on" response to changes 

in viscosity, with an 18-fold enhancement in fluorescence intensity (λmax = 602 nm) and an 8-

fold enhancement in fluorescence lifetime as viscosity increased from 1.1 cP to 684 cP. 

Additionally, the probe showed good water solubility, photostability, and low cytotoxicity, 

making it suitable for monitoring intracellular viscosity. Bioimaging in HeLa cell lines 

confirmed the specific accumulation of the probe in lysosomes, with a co-localization 

coefficient of 0.84. Furthermore, the enhanced fluorescence intensity of the probe in HeLa cells 

pre-treated with Nystatin, which is known to increase cellular viscosity, confirmed its ability 

to monitor the fluctuation of intracellular viscosity in real time. 

3.2. Introduction 

The cellular microenvironment plays a vital role in normal physiological activities of 

cells and its abnormal changes will lead to a variety of diseases.1 Viscosity, polarity, 

temperature and pH are the important parameters that influences the intracellular 

microenvironment.2 Among these cellular microenvironment related parameters, viscosity has 

recently attracted significant attention owing to its important role in many biological processes 

such as metabolism, signal transduction, electron transport, and apoptosis.3 Also, abnormal 

viscosity levels are often associated with various diseases such as tumor growth4, 

cardiovascular disease5, diabetes,6, 7 and Alzheimer’s disease.8, 9 Therefore, it is necessary to 

develop effective tools for tracking the intracellular viscosity changes which helps in disease 

prevention and clinical diagnosis. 
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Currently, the capillary viscometer, rotating viscometer, falling ball viscometer, and 

damping vibration viscometer are the common instruments used for measuring viscosity.10 

However, for measuring the intracellular microenvironment viscosity, these viscometers have 

practical disadvantages. Researchers have recently reported the use of techniques, such as 

fluorescence imaging, nuclear magnetic resonance, and electron paramagnetic resonance, to 

measure microscopic viscosity.11-13 Fluorescence imaging technique has emerged as an 

effective tool because of its high sensitivity, non-invasiveness, and superior temporal and 

spatial resolution.14 Even though there are many reports on viscosity sensitive fluorescent 

probes, it is challenging to obtain fluorescent probes with long emission wavelengths, large 

Stokes shifts, good biocompatibility, photostability, and more importantly specific targeting 

ability.15 

The intracellular viscosity varies greatly in different organelles, such as lysosomes, 

mitochondria, nuclei, Golgi apparatus, and endoplasmic reticulum.16 Therefore, it is necessary 

to develop specific organelle targeting viscosity sensors. Lysosomes play a crucial role in 

numerous physiological processes, such as protein degradation, secretion, migration, signaling, 

apoptosis, and autophagy.17, 18 Also, lysosomes are one of the most desirable targets for cancer 

treatment and detection because of their involvement in the onset, progression, and resistance 

of cancer.19 Additionally, in lysosomal dysfunction, particularly lysosomal storage diseases 

caused by deficiencies in specific lysosomal enzymes, macromolecular substances fail to break 

down and instead accumulate within lysosomes.20 These changes lead to fluctuations in 

lysosomal viscosity, which vary with the amount and density of accumulated macromolecules. 

The functionality of lysosomes is closely associated with their viscosity and therefore it is 

crucial to design probes that can track lysosomal viscosity.21  

In 2013, Xiao’s group developed the first lysosome targeting viscosity probe, Lyso-V,  

based on a BODIPY molecular rotor and a morpholine unit for lysosomal localization.22 The 
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rotor unit exhibits sensitivity to viscosity due to the free rotation around the single bond linking 

the BODIPY core to the phenyl group. Using fluorescence lifetime imaging, they demonstrated 

the capability to quantify real-time variations in lysosomal viscosity in live cells. Additionally, 

they reported the lysosomal viscosity data for MCF-7 cells for the first time and studied its 

variations in the presence of two common lysosome-stimulating drugs (Figure 3.1A-B). In 

2016, Manoj Kumar and coworkers synthesized a BODIPY based molecular rotor, Probe 1, 

which has been utilized to distinguish cancer, normal, and apoptotic cells on the basis of 

intracellular viscosity changes in living cells.23 The probe consists of two phenyl rings as 

rotating units at the meso-position of the BODIPY core, which enhances excited state 

deactivation via a non-radiative pathway, making the rotor more sensitive to its environment. 

Additionally, the introduction of an amino group on the phenyl ring increases the rotor's 

sensitivity to low viscosity, providing an optimal donor-π-acceptor (D-π-A) system. Also, they 

have practically applied this probe for real-time quantification of intracellular viscosity changes 

during apoptosis pathways in live cells (Figure 3.1C-D).  

 

Figure 3.1. (A) Structure of the probe, Lyso-V; (B) FLIM investigation of an MCF-7 cell 

stained with Lyso-V (5 μM); (C) Structure of the Probe 1 and (D) FLIM of C6 cells: (a) treated 

only with the probe (5 µM); (b) treated with retinoic acid (RA) and then incubated with the 

probe and (c) treated with camptothecin and then incubated with the probe (Figure adapted 

from reference 22 and 23). 

 

A) B)

C) D)
(a) (b) (c)
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In 2021, Li et al. reported a dual responsive lysosome targeting fluorescent probe for 

pH and viscosity, based on the transformation of amino and imino forms of pyronine and the 

twisted intramolecular charge shuttle sensing mechanism.24 In neutral and basic conditions, the 

probe undergoes deprotonation of the amino group, resulting in absorption and fluorescence 

changes. Under acidic conditions, the probe exists in aminopyronine form, exhibiting minimal 

fluorescence in low-viscosity environments due to the efficient twisted intramolecular charge 

shuttle (TICS) mechanism. In contrast, high-viscosity environments suppress TICS, leading to 

strong fluorescence. Further, the probe was used for effectively distinguishing cancer cells and 

tumors from normal cells and tissues by exploiting the lower pH and elevated viscosity 

characteristics of cancer cell lysosomes (Figure 3.2). 

 

Figure 3.2. Molecular structure of the pyronine probe and the proposed pH and viscosity 

sensing mechanism (Figure adapted from reference 24). 

In 2023, Liu and co-workers developed a viscosity responsive far-red fluorescent probe 

based on cinnamaldehyde and rhodamine, Cin-Rho. The probe exhibited higher accumulation 

in lipid droplets, good biocompatibility, good photostability and a large Stokes shift.25 Cin-

Rho is capable of detecting viscosity variations in live cells, zebrafish, and inflammatory mice. 

Furthermore, ex-vivo fluorescence imaging experiments confirmed enhanced fluorescence in 

tumor tissues, incubated with the probe, verifying higher viscosity of the tumor tissues than 

that of the normal muscle tissues (Figure 3.3A-B). All these reports suggest that the viscosity 

variations in different organelles are associated with abnormalities in cellular 

microenvironment especially in the case of diseases like cancer. 
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Figure 3.3. (A) Molecular structure of the probe Cin-Rho and (B) Confocal fluorescence 

images of zebra fish treated with Cin-Rho (10 μM) and Nystatin (10 μM) (Figure adapted from 

reference 25). 

Active methylene compounds are of great importance in synthetic chemistry due to 

their structural diversity and unique reactivity.26  The versatility of these classes of compounds 

is well demonstrated by their numerous applications in fundamental reactions such as Michael 

conjugate additions, aldol reactions, tandem processes, and in the synthesis of many natural 

and synthetic compounds.27 Therefore, incorporating an active methylene group into a 

chromophore can be advantageous for its structural modifications and thereby enabling the 

fine-tuning of its properties. Pyrylium dyes comprise a well-characterized family of 

compounds with a large variety of applications in different fields.28-30 Ease of synthesis and 

purification, high emission quantum yields, large stokes shift and low cytotoxicity make them 

desirable for bioimaging applications.31, 32  

Here, we report the one-pot, single-step synthesis of three rigid pentacyclic pyrylium 

derivatives, each containing a reactive methyl group. The absorption of these compounds lies 

in the visible region and varies based on the substitution pattern. The one-pot synthesis of the 

pyrylium chromophore with the reactive methyl group is highly significant in this study, as 

there are no previous reports of incorporating reactive methyl group to pyrylium fluorophore 

in a single step with high yield. Further, a series of styryl-pyrylium derivatives with various 

functional groups were synthesized, and their photophysical properties were investigated in the 

x

High viscosity

A)

B) Cin-Rho Cin-Rho + NystatinNystatin
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search for a potential viscosity sensor with a pronounced fluorescence response. Among the 

synthesized derivatives, the hydroxyl-functionalized styryl-pyrylium derivative, OH-MPYR 

exhibited an 18-fold enhancement in fluorescence intensity and 8-fold enhancement in 

fluorescence lifetime with increasing viscosity (1.1cP to 684 cP), indicating its potential for 

monitoring intracellular viscosity. Further, bioimaging experiments in HeLa cells confirmed 

the inherent lysosome targeting ability of the probe with a co-localization coefficient of 0.84. 

Additionally, the probe exhibited good aqueous solubility, excellent photostability, and 

minimal cytotoxicity making it well suited for bioimaging applications. Furthermore, enhanced 

fluorescence intensity of the probe in HeLa cells pre-treated with Nystatin, which is known to 

increase cellular viscosity, confirmed its ability to monitor intracellular viscosity changes in 

real time.  

3.3. Results and Discussion 

3.3.1. Design, synthesis and characterisation 

 Twisted intramolecular charge transfer (TICT) probes with an electron donor-π-

acceptor (D-π-A) design are highly useful in monitoring the changes in the microenvironment, 

such as variations in viscosity, polarity, and intermolecular interactions, particularly within a 

cellular milieu.33, 34 Molecular rotors with TICT characteristics, exhibit distinct photophysical 

behaviour due to conformational changes in the excited state. The rates of radiative and non-

radiative processes in these probes are sensitive to the microenvironment, leading to 

perturbations in fluorescence quantum yields and lifetimes.35 For example, efficient intra-

molecular rotation enhances non-radiative decay processes, resulting in fluorescence 

quenching, while restricted rotation leads to fluorescence enhancement (Figure 3.4A). 

 Small-molecule based TICT probes, whose fluorescence is sensitive to changes in 

viscosity, have emerged as promising viscosity sensors. In more viscous environments, the 

twisting mechanism responsible for increased non-radiative rates is inhibited, leading to 

enhanced fluorescence. However, most of the reported probes have limitations, including low 
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sensitivity, short emission wavelengths, and high background fluorescence.36 Therefore, the 

design and development of new systems with easy synthesis, high sensitivity and minimal 

background fluorescence are necessary to overcome these limitations. Our D-π-A fluorophore 

design features a rigid pentacyclic pyrylium chromophore appended with a styryl moiety 

(Figure 3.4B), with various substituent groups to modulate the photophysical properties. 

 

Figure 3.4. (A) Mechanism of action of TICT based viscosity sensors and (B) design of styryl-

pyrylium derivatives. 

The cyclisation of tetralone with aromatic aldehydes is a well-established reaction that 

yields rigid pyrylium derivatives with attached aromatic rings.37 In a similar approach, we 

explored the use of aliphatic aldehydes in place of aromatic aldehydes and found the reaction 

to be feasible. The cyclization of tetralone derivatives with acetaldehyde enables the synthesis 

of rigid pyrylium cores containing a reactive methyl group. This one pot, single step process 

offers good yields, with significant potential for functional group modifications. Utilizing this 

process, we synthesized three new pyrylium derivatives by varying the substitution at the 

tetralone moiety: AM-PYR (R = H), AM-MPYR (R = OCH3), and AM-APYR (R = NH2) as 

per Scheme 3.1A.  
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Scheme 3.1. Scheme for the synthesis of (A) pyrylium and (B) styryl-pyrylium derivatives. 

 

Figure 3.5. Structures of the synthesised pyrylium and styryl-pyrylium derivatives. 

With an objective of synthesising a molecular rotor system, AM-MPYR is treated with 

differently substituted para-benzaldehydes in acetic acid at 138 °C for 24 h to yield the 

corresponding styryl-pyrylium derivatives as in Scheme 3.1B.29 We obtained the products in 

moderate yields ranging from 40 - 55%.  To generalize this synthetic method, we reacted AM-

MPYR with 1-pyrenecarboxaldehyde and 9-anthracenecarboxaldehyde, and successfully 
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obtained the styryl-pyrylium derivatives with the respective fluorophores. Thus, we have 

synthesised three rigid pyrylium derivatives, six styryl-pyrylium derivatives with different 

benzaldehyde substituents, and two derivatives with appended pyrene and anthracene (Figure 

3.5). All the intermediates and final products were characterized by 1HNMR, 13C NMR and 

HRMS. 

3.3.2. Photophysical properties 

We investigated the absorption and emission characteristics of the three rigid 

pentacyclic pyrylium derivatives appended with methyl group in phosphate buffer (pH=7.4). 

The probes, AM-PYR, AM-MPYR and AM-APYR exhibited absorption maxima at 428 nm, 

472 nm, and 522 nm, respectively, with corresponding emission maxima at 479, 538, and 627 

nm (Figure 3.6A-C and Figure 3.7A).  Altering the substitution on both sides of the rigid 

pyrylium ring from -H to -OCH3 and -NH2, resulted in a red shift of both the absorption and 

emission maxima, achieving a wide spectral range: AM-PYR emitting blue, AM-MPYR 

emitting green and AM-APYR emitting red. This can be attributed to a reduction in the 

HOMO-LUMO energy gap at ground states as donor strength increases.38, 39 The corresponding 

Stokes shift values were calculated as 2488, 2599, and 3205 cm-1 for AM-PYR, AM-MPYR, 

and AM-APYR, respectively. The photophysical properties of these derivatives, including 

molar extinction coefficients, relative quantum yields, brightness, and lifetimes, are 

summarized in Table 3.1. Among the compounds, AM-MPYR exhibits the highest quantum 

yield of 96%, followed by AM-PYR (54%) and AM-APYR (22%). The fluorescence lifetime 

values are <200 ps for AM-PYR, 379 ps for AM-APYR, and 4.74 ns for AM-MPYR (Figure 

3.7B). The brightness values, calculated from the molar extinction coefficient and quantum 

yield, are 1,410 M-1cm-1 for AM-PYR, 10,850 M-1cm-1 for AM-MPYR and 4,550 M-1cm-1 for 

AM-APYR. By modifying the substitution on tetralone, we successfully tuned the emission 

properties of the pyrylium core from blue to red, making these probes suitable for various 

applications.  
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Figure 3.6. Absorption and emission spectra of (A) AM-PYR, (B) AM-MPYR, and (C) AM-

APYR in phosphate buffer. 
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Table 3.1. Photophysical data of AM-PYR, AM-MPYR and AM-APYR in phosphate buffer 

(pH=7.4). 

 

 

Figure 3.7. (A) Shift in emission spectra and (B) fluorescence lifetime spectra of AM-PYR, 

AM-MPYR and AM-APYR in phosphate buffer (pH=7.4). 

Due to its higher fluorescence quantum yield, AM-MPYR core was selected for 

synthesizing styryl-pyrylium derivatives. The basic photophysical studies revealed that the 

absorption maxima of all the derivatives under study are around 500 nm, while the emission 

maxima varied from 550 - 615 nm, depending on the substitution. The relative quantum yields 

and lifetimes also vary significantly between these derivatives. For example, the absorption 

spectrum of DB-MPYR in ethanol shows an absorption maximum at 502 nm and an emission 

maximum at 565 nm, with a Stokes shift of 2221 cm-1 (Figure 3.8A). DB-MPYR exhibits the 

highest quantum yield value of 97% and an average lifetime of 3.67 ns. In contrast, OM-

MPYR exhibited a relatively lower quantum yield of 48.5% and average lifetime of 1.43 ns. 

The absorption and emission maxima of OM-MPYR are at 497 and 607 nm, respectively, with 

a Stokes shift value of 3646 cm-1 (Figure 3.8B). The key photophysical data for all styryl-
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pyrylium derivatives are summarized in Table 3.2, and their fluorescence lifetime spectra are 

depicted in Figure 3.9. 

 

Figure 3.8. Normalized absorption and emission spectra of (A) DB-MPYR and (B) OM-

MPYR in ethanol.  
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Table 3.2. Photophysical data of styryl pyrylium derivatives in ethanol. 

 

 

Figure 3.9. Fluorescence lifetime spectra of styryl-pyrylium derivatives in ethanol. 

3.3.3. Viscosity sensing studies of styryl-pyrylium derivatives 

Given that biocompatible molecules with molecular rotor structures are well suited for 

viscosity sensing applications, we explored the viscosity sensing ability of the styryl-pyrylium 
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glycerol mixture, and glycerol (Figure 3.10), and the fluorescence intensities were compared. 

Among the different molecules, only the styryl-pyrylium derivative with hydroxyl 

functionality, OH-MPYR, showed a gradual and significant fluorescence enhancement with 

increasing glycerol concentration, indicating its potential as an efficient viscosity sensor. 

Therefore, OH-MPYR was selected for further detailed studies. 
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Figure 3.10. Change in I/I0 values of the styryl-pyrylium derivatives at respective emission 

maxima in ethanol, 50% ethanol-glycerol, and glycerol. 

3.3.4. Viscosity sensing studies of OH-MPYR 

To investigate the effect of viscosity on the photophysical properties of OH-MPYR, 

absorption and emission spectra were recorded in viscosity-gradient mixtures of glycerol and 

ethanol at room temperature. The viscosity of the solutions was varied from 1.1 - 684 cP, by 

adjusting the volume fractions of glycerol. The absorption spectra of OH-MPYR showed no 

significant changes across different viscosity solutions, indicating negligible effect on the 

chromophore’s ground state properties (Figure 3.11A). However, the fluorescence emission of 

OH-MPYR exhibited noticeable changes with increase in the viscosity of the solutions. The 
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the inhibition of non-radiative decay process in viscous solutions, due to restricted molecular 
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Figure 3.11. (A) Absorption and (B) emission spectra of OH-MPYR (10 μM) in different 

percentage of glycerol-ethanol mixtures (λex = 495 nm). 

In low-viscosity or non-viscous solutions, the intramolecular rotation occurs rapidly, 

causing the excited-state energy to dissipate through non-radiative pathways, resulting in weak 

fluorescence. In contrast, in viscous solutions, the intramolecular rotation is restricted, reducing 

non-radiative decay and enhancing the fluorescence of the probe. The probe demonstrated 

significant sensitivity, with an 18-fold increase in fluorescence intensity as viscosity increased 

300 400 500 600 700
0.0

0.1

0.2

0.3

0.4

A
b

so
rb

a
n

ce

Wavelength, nm

  0%

  10%

  20%

  30%

  40%

  50%

  60%

  70%

  80%

  90%

  100%

A)

500 600 700 800
0

1

2

3

4

5

6

F
l.

 I
n

te
n

si
ty

, 
a

.u
.

Wavelength, nm

V
is

c
o

si
ty

B)



Chapter 3 

141 
 

from 1.1 - 684 cP. Furthermore, a strong linear correlation between log I at 602 nm and log η 

(R² = 0.9823, x = 0.47) was observed (Figure 3.12B).  

Figure 3.12. Secondary plot of (A) I/I0 v/s viscosity(cP) and (B) log I (at 602 nm) v/s log η for 

OH-MPYR (10 μM). 

3.3.5. Effect of viscosity on fluorescence properties of OH-MPYR 

The relative fluorescence quantum yield values of OH-MPYR in glycerol-ethanol 

solutions with varying viscosities were measured using cresyl violet as the fluorescence 

standard. The probe showed a gradual increase in quantum yield as viscosity increased, 

showing a linear dependency (Figure 3.13). For example, OH-MPYR exhibited a fluorescence 

quantum yield of 4% in ethanol, while in glycerol, the quantum yield increased to 28%.  

 

Figure 3.13. Fluorescence quantum yield as a function of viscosity. 
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 To evaluate the effect of viscosity on fluorescence lifetime, the fluorescence intensity 

decay of OH-MPYR was studied in glycerol-ethanol mixtures with varying viscosities using 

TCSPC. In ethanol, the probe exhibited a biexponential decay, with the majority exhibiting a 

shorter lifetime (t1 = 0.13 ns; 87%), resulting in a low average lifetime of 0.15 ns. This short 

lifetime could be due to faster non-radiative processes and multiple possible conformations in 

the excited state. However, as the glycerol percentage increased, the probe showed a gradual 

increase in fluorescence lifetime, likely due to restricted molecular rotation, leading to a more 

stable conformation (Figure 3.14 and Table 3.3). The average fluorescence lifetime increased 

from 0.15 ns in ethanol and 1.15 ns in glycerol, representing an approximately eight-fold 

enhancement as the solution viscosity increased from 1.1 - 684 cP. This viscosity-dependent 

increase in fluorescence lifetime demonstrates the potential of OH-MPYR for fluorescence 

lifetime imaging applications. 

 

Figure 3.14. Fluorescence lifetime spectra of OH-MPYR in glycerol-ethanol mixtures with 

viscosity ranging from 1.1 - 684 cP. 
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Table 3.3. Fluorescence lifetime data of OH-MPYR in glycerol-ethanol mixtures within the 

viscosity range of 1.1 - 684 cP. 

 

3.3.6. Förster -Hoffmann theory for molecular rotors  

 The viscosity-dependent photophysical properties of the probe is primarily caused by 

molecular twisting or rotation, which reduces the non-radiative decay rate. This leads to a 

significant increase in fluorescence quantum yield and lifetime as viscosity increases.40 

According to the Förster-Hoffmann theory for molecular rotors, the fluorescence quantum 

yield (ϕₓ) and lifetime (τ) are expected to vary linearly with viscosity:  

ln(ϕₓ) = C + x ln(η)     Equation (3.1) 

ln(τ) = C' + y ln(η)     Equation (3.2) 

where η represents viscosity.41 This theory predicts a linear relationship between log(quantum 

yield) vs. log(viscosity) and log(lifetime) vs. log(viscosity). The probe OH-MPYR, exhibited 

a strong linear correlation between its spectroscopic properties and viscosity, consistent with 

Förster-Hoffmann theory. Additionally, the linear dependence of log(f) on log(t) further 

confirmed the viscosity-dependent behaviour (Figure 3.15A-C). The radiative and non-

radiative rate constants, kr and knr, respectively, were calculated from the experimentally 

measured quantum yields and the fluorescence lifetimes. While kr remained relatively constant 

across varying viscosities, knr decreased sharply with increasing viscosity up to 684 cP (Figure 

3.15D). This observation confirmed that the increase in quantum yield with increasing viscosity 

is due to the suppression of non-radiative processes. 

OH-MPYR t1 (ns) t1 (%) t2 (ns) t1 (%) ta (ns) χ2

Gly 0% (1.1 cP) 0.13 86.8 2.49 13.2 0.15 1.09

Gly 20% (8.1 cP) 0.19 88.9 2.53 11.1 0.21 1.04

Gly 40% (15.2 cP) 0.31 90.7 2.32 9.3 0.34 1.07

Gly 60% (44.9 cP) 0.47 86.5 1.83 13.5 0.52 1.07

Gly 80% (145 cP) 0.59 60.8 1.55 39.2 0.79 1.02

Gly 100% (684 cP) 0.69 36.3 1.87 63.7 1.15 0.98
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Figure 3.15. (A) The linear relationship between log η and log t; (B) The linear relationship 

between log η and log f; (C) A log-log plot of the average fluorescence lifetime and quantum 

yield of OH-MPYR obtained from different glycerol-ethanol mixtures; (D) Radiative and non-

radiative rates of OH-MPYR in ethanol-glycerol mixtures as a function of viscosity. 
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These observations align with the general behaviour of molecular rotors, where excited-

state dynamics, particularly rotational motions, are strongly influenced by viscosity. As 

temperature increases, the lowered viscosity allows for greater molecular freedom, thereby 

facilitating non-radiative processes and reducing the fluorescence quantum yield.42, 43 This 

temperature-dependent behaviour further reinforces the probe's sensitivity to viscosity and 

highlights its potential application in environments where both viscosity and temperature 

fluctuate, such as in biological systems or complex fluidic environments.  

 

Figure 3.16. Temperature dependent (A) absorption and (B) emission spectra of OH-MPYR 

in glycerol. 
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3.3.8. Interference studies of OH-MPYR 

 In a cellular context, various biologically relevant analytes can also affect the 

fluorescence quantum yield. To evaluate the selectivity of OH-MPYR towards viscosity, the 

probe’s fluorescence response was recorded in the presence of several biologically relevant 

species, including Zn2+, Na+, K+, NH4
+, ClO4

-, OH-, NO2
-, CH3COO-, OCl-, Cl-, SO3

- and GSH 

(Figure 3.17A-B). The fluorescence spectrum of OH-MPYR showed no significant change in 

emission intensity in the presence of these analytes, confirming its specificity for detecting 

viscosity changes in biological environments. 

 

Figure 3.17. (A) Fluorescence Spectra of OH-MPYR (10 μM) in presence of various 

biologically relevant analytes (λex= 495 nm); (B) The corresponding bar diagram representation 

of the I/I0 values. 
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3.3.9. Photostability studies of OH-MPYR 

Photostability studies of OH-MPYR were conducted in PBS buffer under a 200 W 

mercury lamp on an Oriel optical bench, with the sample positioned at a distance of 50 cm 

from the light source, using a 400 nm long-pass filter. The sample was irradiated for 60 

minutes, and fluorescence spectra were recorded at regular intervals. The probe exhibited stable 

and reproducible emission profiles throughout the irradiation period, demonstrating excellent 

photostability (Figure 3.18A-B).  

 

Figure 3.18. (A) Emission of OH-MPYR (10 µM) in phosphate buffer upon irradiation with 

a 200 W mercury lamp on an Oriel optical bench, with the sample positioned 50 cm from the 

light source, using a 400 nm long-pass filter for 60 minutes; (B) The secondary plot of 

fluorescence intensity at emission maximum of OH-MPYR with time of irradiation.  
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solubility, likely due to the positively charged pyrylium moiety, making OH-MPYR a 

promising candidate for biological applications.  

Figure 3.19. Absorption spectra of OH-MPYR at different concentrations (10-100 μM) in 

phosphate buffer (pH=7.4).  

3.3.11. Cytotoxicity of OH-MPYR 

 The cytotoxicity of OH-MPYR was evaluated at various concentrations in HeLa cells 

using the MTT assay, as cytotoxicity is a key concern for cellular imaging probes. As shown 

in Figure 3.20, the probe showed over 90% cell viability, even at a concentration of 10 µM, 

indicating its non-toxic nature at the concentrations used for cellular imaging (typically <10 

µM).  

 

Figure 3.20. In vitro cytotoxicity profiling of OH-MPYR (10 nM - 50 M) in HeLa cells using 

MTT assay.  
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3.3.12. Co-localization studies of OH-MPYR 

The co-localization ability of the probe, OH-MPYR within cells was evaluated using 

confocal laser scanning microscopy imaging and co-staining assays. HeLa cells were first 

incubated with OH-MPYR (100 nM) for 30 min, followed by staining with Lyso-tracker deep 

red (100 nM) for 15 min. The probe OH-MPYR exhibited very weak fluorescence in the 514 

nm channel under the same brightness and contrast settings (B&C) as the 638 nm channel. 

However, after adjusting the brightness and contrast, the fluorescence from OH-MPYR was 

visible, having significant overlap with Lyso-tracker deep red, with a co-localization 

coefficient of 0.84. This can be attributed to the higher viscosity of lysosomes compared to 

other cellular organelles.44-46 As a "turn-on" viscosity sensor, OH-MPYR remains non-

fluorescent in low viscosity regions, however, exhibits enhanced fluorescence in higher-

viscosity environments, resulting in a stronger signal from the lysosome (Figure 3.21A-B).  

 

Figure 3.21. (A) Confocal laser scanning microscopy images of HeLa cells incubated with 

OH-MPYR (100 nM, ex = 514 nm) for 30 min and subsequently with Lyso-tracker deep red 

(100 nM, ex = 638 nm) for 15 min (Scale bar: 10 m); (B) Single cell image showing co-

localization of Lyso-tracker deep red and OH-MPYR. 
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3.3.13. Viscosity monitoring in live cells 

 To evaluate the ability of the probe, OH-MPYR to detect intracellular viscosity 

changes, cells were treated with Nystatin (10 μM) for 30 min. Nystatin is known to increase 

the cellular viscosity, by facilitating Na+ transport into the cell, resulting in dehydration and 

inducing cellular abnormalities such as swelling or structural changes.47, 48 The live HeLa cells 

incubated with OH-MPYR alone (100 nM) exhibited weak fluorescence. However, cells pre-

treated with Nystatin showed a significant enhancement in fluorescence intensity due to the 

increase in intracellular viscosity (Figure 3.22A-D). These results demonstrate that the OH-

MPYR can accumulate in the lysosome and effectively monitor intracellular viscosity changes. 

 

Figure 3.22. Confocal laser scanning microscopy images of HeLa cells: (A) incubated with 

100 nM OH-MPYR and (B) incubated with 100 nM OH-MPYR + 10 μM Nystatin for 30 min 

(ex = 514 nm); (C) and (D) are the corresponding fluorescence intensity profiles.  

 

3.4. Conclusion 

In conclusion, we have synthesised three new, rigid pentacyclic pyrylium compounds 

appended with an active methyl group (AM-PYR, AM-MPYR and AM-APYR), through a 

one-pot single step process. Varying the substitution on both sides of the rigid pyrylium ring 

from -H to -OCH3 and -NH2, resulted in a red shift of both the absorption and emission maxima, 
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to a wide spectral range. Further, AM-MPYR is utilized for synthesising a series of new styryl-

pyrylium derivatives by Knoevenagel condensation reaction. Since biocompatible molecules 

with molecular rotor structures are known for monitoring intracellular viscosity, we conducted 

a comparative photophysical investigation of styryl-pyrylium derivatives in glycerol-ethanol 

solutions with varying concentrations. The hydroxyl-functionalized styryl-pyrylium derivative, 

OH-MPYR displayed an 18-fold enhancement in fluorescence intensity and an 8-fold 

increment in fluorescence lifetime with increasing glycerol percentage, highlighting its 

potential for monitoring intracellular viscosity. Additionally, the probe exhibited large Stokes 

shift, good water solubility, photostability, and low cytotoxicity. The demonstration of 

bioimaging in HeLa cell lines confirmed the "turn on" fluorescence of the probe in the higher-

viscosity environment of lysosomes compared to other organelles. Furthermore, confocal laser 

scanning microscopy imaging experiments showed enhanced fluorescence of the probe in 

HeLa cells treated with Nystatin, confirming the intracellular viscosity sensing ability of the 

probe. 
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3.5. Experimental Section 

3.5.1. Materials and Methods 

All the starting materials and reagents used in this work were purchased from 

commercial suppliers (Sigma Aldrich and TCI chemicals) and used as received without further 

purification. Moisture sensitive reactions were carried out under argon atmosphere in dried 

solvents purchased from Sigma-Aldrich and Merck chemical suppliers. Thin layer 

chromatography (TLC) analysis was performed using aluminum plates coated with silica gel 

purchased from Merck. Silica gel (100-200 mesh) was used for column chromatography. 1H 

NMR (500 MHz) and 13C NMR (125 MHz) spectra were obtained on a Bruker Avance DPX 

spectrometer, with TMS as the internal standard. High-resolution mass spectra (HRMS) were 

recorded using Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap Electrospray 

Ionization Mass Spectrometer (ESI-MS). The UV-Vis absorption spectra were measured using 

a Shimadzu UV-Vis spectrophotometer (UV-2600), and emission spectra were recorded using 

a SPEX Fluorolog spectrofluorimeter. The fluorescence lifetime measurements were done 

using picosecond single photon counting system (Horiba, DeltaFlex) with 510 nm laser as 

excitation source and picosecond photon detection module (PPD-850) as the detector. The 

fluorescence decay profile was deconvoluted using EzTime software and fitted with multi 

exponential decay of chi-square value 1±0.1.  The photostability of OH-MPYR was studied 

by recording emission spectra with freshly prepared 10 μM solution in phosphate buffer in the 

presence and absence of light irradiation on an Oriel optical bench model 11200 fitted with a 

200 W mercury lamp using a 400 nm long-pass filter at regular time intervals. In vitro studies 

were performed using the HeLa cell line (purchased from ATCC) and the images were captured 

with a Lyca confocal microscope.  
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3.5.2. In Vitro Studies 

 The MTT assay was conducted using the HeLa cell line, which was obtained from 

ATCC. The cells were placed in a 96-well plate at a density of 12,000 cells per well and 

incubated for 24 h in DMEM supplemented with 10% FBS. Subsequently, the cells were 

exposed to OH-MPYR at concentrations ranging from 10 nM to 50 μM for an additional 24 h. 

After incubation, MTT dissolved in DMEM (0.5 g/L) was added to each well and kept at 37 

°C in a CO2 incubator for 2- 4 h. 100 μL of DMSO was added to each well and the ability of 

the cells to reduce this substrate to the blue formazan product was determined colorimetrically 

(570 nm) after 20 min using a microplate reader. For Lysosomal co-localization studies, cells 

were first treated with OH-MPYR for 30 minutes. After washing, the cells were exposed to 

100 nM Lyso-tracker deep red for 15 minutes and then washed twice with PBS. Co-localization 

of OH-MPYR with Lyso-tracker deep red was visualized using a confocal laser scanning 

microscope with 514 nm and 638 nm channels, respectively. To monitor the intracellular 

viscosity sensing ability of the probe, one set of HeLa cells was pre-treated with Nystatin (10 

μM) for 30 minutes, followed by incubation with OH-MPYR (100 nM) for another 30 minutes. 

Another set of cells was incubated with the same concentration of probe without Nystatin 

treatment, and both sets were compared by visualizing the cells using confocal microscopy. 

3.5.3. Synthesis and characterization   

3.5.3.1. Synthesis of AM-PYR: To a solution of 1-tetralone derivative (0.5 mL, 2 eq.) in 

toluene (5 mL), acetaldehyde (0.1 mL, 1 eq.) and acetic anhydride (400 µL) were added, and 

the mixture was refluxed at 138 °C for 1.5 h. Then perchloric acid (350 µL) was added, and 

the mixture was stirred for another 3 h, and the reaction mixture was kept overnight at 90 oC. 

Completion of the reaction was monitored by TLC, toluene was decanted, and the product was 

precipitated by the addition of a minimum amount of acetone and excess ether. The precipitated 

product was purified further using silica gel column chromatography. We followed the same 
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procedure for the synthesis of AM-MPYR and AM-APYR, substituting 6-methoxy tetralone 

and 6-amino tetralone, respectively, in place of 1-tetralone. 

AM-PYR -  1H NMR (500 MHz, CD3CN), δ(ppm): 8.25 (d, J = 5 Hz, 2H), 7.66 (t, J = 10 Hz, 

2H), 7.55 (t, J = 10 Hz, 2H), 7.46 (d, J = 10 Hz, 2H), 3.4 (m, 8H), 2.6 (s, 3H).  

13C NMR (125 MHz, CD3CN): 17.7, 23.4, 26.3, 126.1, 126.5, 128.7, 129.6, 131.4, 135.5, 142.2, 

163.6, 168.4. 

 HRMS calculated = 299.1430, found = 299.1437. 

AM-MPYR -  1H NMR (500 MHz, Acetone-d6), δ(ppm): 8.33 (d, J = 8.4 Hz, 2H), 7.13 (d, J 

= 9.3 Hz, 4H), 3.99 (s, 6H), 3.28-3.24 (m, 4H), 3.23-3.19 (m, 4H), 2.71 (s, 3H).  

13C NMR (125 MHz, Acetone-d6): 22.8, 26.4, 55.6, 113.8, 114.7, 118.5, 128.2, 144.4, 165.2.  

HRMS calculated = 359.1642, found = 359.1653. 

AM-APYR - 1H NMR (500 MHz, CD3CN), δ(ppm): 7.91 (d, J = 10 Hz, 2H), 6.70 (m, 2H), 

6.58 (s, 2H), 5.31 (s, 4H), 2.94 (m, 8H), 2.4 (s, 3H).  

13C NMR (125 MHz, CD3CN): 21.3, 28.0, 31.8, 117.8, 118.8, 119.5, 129.6, 149.2, 159.7, 185.9, 

187.0, 189.4.  

HRMS calculated = 329.1648, found =329.1654. 

3.5.3.2. Synthesis of OH-MPYR: To a solution of AM-MPYR (0.5g, 3.9 mmol) in glacial 

acetic acid, 4-Hydroxybenzaldehyde (1g, 8.2 mmol) was added and the mixture was refluxed 

at 138 ⁰C for 48 h. The solvent was removed under reduced pressure and the residue was 

precipitated using minimum amount of acetone and excess ether. The completion of the 

reaction was confirmed by TLC. The dried product was further purified by silica gel column 

chromatography with 3% methanol/chloroform to yield 40% of the product as a red solid. 
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1H NMR (500 MHz, CD3CN), δ(ppm): 8.18 (d, J = 10 Hz, 2H), 7.64 (t, J = 10 Hz, 2H), 7.29 

(d, J = 15 Hz, 1H), 7.19 (d, J = 15 Hz, 1H), 7.09 (d, J = 5 Hz, 2H), 7.02 (s, 2H), 6.93 (d, J = 

10 Hz, 2H), 3.93 (s, 6H), 3.23 (t, J = 5 Hz, 4H), 3.06 (t, J = 5 Hz, 4H).  

13C NMR (125 MHz, CD3CN): 24.9, 27.2, 56.4, 114.5, 114.9, 116.7, 119.6, 126.3, 127.6, 128.6, 

131.0, 144.6, 145.5, 160.6, 160.8, 163.1, 165.5.  

HRMS calculated = 463.1904, found = 463.1914. 

All the styryl-pyrylium derivatives under study were synthesized by following the 

above procedure using respective benzaldehyde derivatives. Pyrene carboxaldehyde and 

anthracene carboxaldehyde were used to synthesize PYRN-PYR and ATCN-PYR, 

respectively. 

CF-MPYR: 1H NMR (500 MHz, CD3CN), δ(ppm): 8.20 (d, J = 10 Hz, 2H), 8.15 (d, J = 5 Hz, 

1H), 7.89 (d, J = 10 Hz, 2H), 7.80 (d, J = 10 Hz, 3H), 7.41 (d, J = 20 Hz, 1H), 7.22 (d, J = 20 

Hz, 1H), 7.09 (d, J = 10 Hz, 2H), 7.02 (s, 2H), 3.94 (s, 6H), 3.21 (t, J = 5 Hz, 4H), 3.06 (t, J = 

5 Hz, 4H).  

13C NMR (125 MHz, CD3CN): 24.6, 27.0, 56.4, 114.5, 115.1, 119.3, 123.7, 126.1, 126.5, 127.1, 

128.9, 130.8, 130.9,141.5, 144.9,160.1, 163.9, 165.8.  

HRMS calculated = 515.1829, found = 515.1839. 

CN-MPYR: 1H NMR (500 MHz, CD3CN), δ(ppm): 8.20 (d, J = 10 Hz, 2H), 7.84 (t, J = 10 

Hz, 4H), 7.41 (d, J = 20 Hz, 1H), 7.19 (d, J = 15 Hz, 1H), 7.09 (d, J = 5 Hz, 2H), 7.02 (s, 2H), 

3.94 (s, 6H), 3.19 (t, J = 5 Hz, 4H), 3.06 (t, J = 5 Hz, 4H).  

13C NMR (125 MHz, CD3CN): 24.6, 27.0, 29.9, 30.5, 56.4, 114.5, 115.1, 124.5, 127.5, 128.9, 

129.0, 133.5, 139.9, 141.2, 145.0,163.9, 165.8, 207.8.  

HRMS calculated = 472.1907, found =472.1912. 
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DB-MPYR: 1H NMR (500 MHz, CD3CN), δ(ppm): 8.20 (d, J = 10 Hz, 2H), 7.74 (d, J = 5 Hz, 

2H), 7.50 (d, J = 5 Hz, 3H), 7.33 (d, J = 15 Hz, 1H), 7.23 (d, J = 15 Hz, 1H), 7.09 (d, J = 5 Hz, 

2H), 7.03 (s, 2H), 3.94 (s, 6H), 3.23 (t, J = 5 Hz, 4H), 3.07 (t, J = 5 Hz, 4H).  

13C NMR (125 MHz, CD3CN): 24.7, 27.0, 56.4, 113.0, 114.5, 115.0, 126.9, 128.6, 128.8, 129.8, 

131.2, 137.8, 142.0, 144.8,149.7, 156.5, 157.9, 165.6.  

HRMS calculated = 447.1956, found = 447.1979. 

NO-MPYR: 1H NMR (500 MHz, CD3CN), δ(ppm): 8.66 (t, J = 5 Hz, 2H), 8.55 (d, J = 5 Hz, 

1H), 8.39 (d, J = 10 Hz, 1H), 8.25 (d, J = 5 Hz, 1H), 7.97 (t, J = 10 Hz, 1H), 7.78 (d, J = 15 

Hz, 1H), 7.55 (d, J = 20 Hz, 1H), 7.45 (m, 2H), 7.37 (s, 2H), 4.28 (s, 6H), 3.73 (t, J = 5 Hz, 

1H), 3.55 (t, J = 5 Hz, 2H), 3.41 (m, 4H), 3.12 (t, J = 10 Hz, 1H).  

HRMS calculated = 492.1805, found = 492.1814. 

OM-MPYR: 1H NMR (500 MHz, CD3CN), δ(ppm): 8.18 (d, J = 10 Hz, 2H), 7.71 (d, J = 5 

Hz, 2H), 7.27 (d, J = 15 Hz, 1H), 7.20 (d, J = 15 Hz, 1H), 7.08 (d, J = 5 Hz, 2H), 7.04 (d, J = 

10 Hz, 2H), 7.02 (s, 2H), 3.93 (s, 6H), 3.87 (s, 3H), 3.23 (t, J = 5 Hz, 4H), 3.06 (t, J = 5 Hz, 

4H).  

13C NMR (125 MHz, CD3CN): 16.4, 23.4, 27.4, 40.0, 110.9, 111.9, 113,4, 124.2, 127.8, 140.7, 

142.0, 143.6, 147.5, 154.8, 159.7, 161.9, 162.0, 167.5. 

HRMS calculated = 477.2060, found = 477.2067. 
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3.5.4. Spectral Data 

 

Figure 3.23. HRMS spectrum of OH-MPYR. 

 

Figure 3.24. 1H NMR spectrum of OH-MPYR. 

‘ 
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Figure 3.25. 13C NMR spectrum of OH-MPYR 
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Chapter 4 

A Light-Activated Pyridinium-Spiropyran Conjugate for  

Monitoring Cellular HOCl and SO2 

 

 

 

4.1. Abstract 

Heat shock is a growing global health concern, characterized by a core body 

temperature exceeding 40.6 °C, which disrupts normal thermoregulatory homeostasis. The 

design and development of fluorescent probes that facilitate a better understanding of the heat 

shock process and sub-cellular defence mechanisms are of great importance. Intracellular 

redox homeostasis plays a pivotal role in the heat shock response. Hypochlorous acid (HOCl) 

and sulfur dioxide (SO₂), due to their respective oxidative and antioxidative properties, are 

closely associated with the oxidative stress involved in heat stroke, serving as key signalling 

molecules in the associated cellular response. Herein, we report a spiropyran-pyridinium 

conjugate, SPI-PYD, for the dual sensing of HOCl and SO2 within the cellular 

microenvironment. SPI-PYD functions as a ratiometric fluorescent sensor, wherein the 
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pyridinium core having a thiomethyl group serves as the HOCl sensing unit, while the UV-

activated spiropyran moiety responds to SO₂. Initially, the probe displays weak fluorescence in 

both the green and red channels. Upon addition of HOCl, the thiomethyl group undergoes 

oxidation, resulting in a 6-fold increase in fluorescence intensity in the green channel due to 

the suppression of photoinduced electron transfer (PET) from the thiomethyl group to the 

pyridinium chromophore. Further, upon UV irradiation, spiropyran part of the probe undergo 

ring opening to form merocyanine, which absorbs in the range of 550 nm, aligning with the 

emission of the pyridinium component. This overlap enables Förster Resonance Energy 

Transfer (FRET), resulting in a 3.3-fold increase in fluorescence intensity in the red channel 

and a corresponding decrease in the green channel. Furthermore, the addition of SO2 causes 

a 4.2-fold decrease in the red channel fluorescence and a concomitant increase in fluorescence 

intensity in the green channel, due to disruption of the double bond in the merocyanin structure.  

Additionally, SPI-PYD exhibits strong mitochondria targeting ability, with a Pearson 

coefficient of 0.85, along with excellent aqueous solubility and low cytotoxicity. Bioimaging 

experiments in SK-BR-3 breast cancer cells confirmed the intracellular ratiometric sensing 

capability of the probe for HOCl and SO₂, underscoring its potential as a valuable tool for 

studying oxidative stress and cellular responses during heat shock.  

4.2. Introduction 

Heat Shock has emerged as a global health concern as it causes permanent damage to 

living cells and has a relatively high mortality rate. This condition represents a core body 

temperature greater than 40.6 °C and failure of the body’s ability to maintain thermoregulatory 

homeostasis.1 According to the U.S. National Weather Service, heat waves kill more people, 

on average, than any other extreme weather event. The global annual estimate for heat-related 

deaths is projected to rise by 92,207 (64,458-121,464) additional deaths in 2030, and 255,486 

(191,816-364,002) additional deaths in 2050.2-4 By the end of this century, it is expected that 
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there will be a 1.4 - 5.8 oC rise in global temperature, which can adversely affect human health 

and the ecosystem.5,6 The rise in body temperature above 40.6 oC can spontaneously cause 

short term and long term side effects to people, which include dizziness, mental confusion, 

unconsciousness, serious injury to tissues and damage to the nervous system, leading to 

multiple organ failure and death.7,8 So it is necessary to understand the action of heat shock on 

cells and the related defense mechanisms at the sub-cellular level. 

The understanding of heat shock remains incomplete due to several factors, limiting a 

comprehensive examination of its causes and treatment strategies. As a result, the precise 

pathogenesis of heat shock is not fully understood, leading to a lack of effective diagnostic 

methods and therapies. Moreover, our knowledge of molecular and subcellular organelle 

behavior during heat stress in live cells is still limited. Over the past decade, research has shown 

that heat shock arises from thermoregulatory failure coupled with an exaggerated acute-phase 

response and an altered expression of heat shock proteins.6,9 This condition induces hypoxia, 

which triggers the generation of highly reactive oxygen and nitrogen species, causing 

abnormalities in the cellular microenvironment. Consequently, HOCl, as a reactive oxygen 

species, and SO₂, as an antioxidant, can counterbalance each other and act as signalling 

molecules in the heat shock response. 

Fluorescent probes are highly effective tools for real-time monitoring of sub-cellular 

activities due to their easy synthesis, low cost, high spatial and temporal resolution, and ability 

to track the process with minimal disruption to normal cellular functions.10,11 Despite these 

advantages, only a few fluorescent probes have been reported for heat shock monitoring, most 

of which are based on detecting pH changes during thermoregulatory homeostasis.12-16 More 

recently, studies have focussed on monitoring SO₂ levels and reduced mitochondrial viscosity 

in heat shock conditions.17 In 2020, Yin et al. synthesized a naphthalimide-spiropyran 

conjugate, Ly-NT-SP for sulfur dioxide detection in lysosomes and used it for heat stroke 
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monitoring for the first time (Figure 4.1).18 The probe functions as a ratiometric fluorescent 

sensor, which upon UV irradiation, undergoes isomerization to produce the merocyanine (MR) 

derivative, Ly-NT-MR, displaying a red-shifted emission at 630 nm due to a Förster resonance 

energy transfer (FRET) process from the naphthalimide donor to the MR acceptor. The UV 

activated MR state contains a C-C double bond that serves as the recognition site for SO2, 

where its disruption decreases red fluorescence intensity while increasing green fluorescence 

intensity. Confocal microscopy imaging in HeLa cells using Ly-NT-SP further enabled 

visualization of elevated lysosomal sulfur dioxide (SO₂) levels during heat shock.  

 

Figure 4.1. (A) Molecular design of Ly-NT-SP and proposed sensing mechanism toward SO2; 

(B) (a) Fluorescence and (b) absorption spectral changes of probe Ly-NT-SP (10 μM) after 

irradiation with UV light for 120 s; (c) Fluorescence and (d) UV-Vis absorbance 

photoswitching of Ly-NT-SP; (e) Fluorescence and (f) absorption spectral changes of Ly-NT-

MR (10 μM) upon addition of Na2SO3 (0-100 μM), (PBS buffer solution, pH = 5.0; λex = 450 

nm) (Figure adapted from reference 18). 

A)

B)
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As the SO₂ level increases during heat shock, HOCl level is also expected to rise since 

these two molecules counteract each other. Therefore, developing a dual sensor for HOCl and 

SO2 could provide valuable insights into the underlying mechanisms of heat stroke. He and co-

workers have utilized HOCl detection as a tool for heat shock monitoring and developed a NIR 

probe, MB-HClO, based on methylene blue for the rapid detection of HOCl levels (Figure 

4.2).19 Bioimaging in RAW 264.7 cells at heat stroke temperatures revealed a gradual increase 

in red channel fluorescence intensity as the temperature rose from 37 - 45 oC. Thus, for the first 

time, the MB-HClO probe was successfully applied to monitor HOCl upregulation in 

lysosomes during heat shock.  

 

Figure 4.2. (A) Molecular design of MB-HClO; (B) Fluorescence images of MB-HClO-

loaded RAW 264.7 cells under heat stroke at (a) 37 oC, (b) 41 oC, and (c) 45 oC for 20 min; λex 

= 633 nm, λem = 638-755 nm, scale bar = 20 µm and (d) Quantified relative fluorescence 

intensity of (a-c) (Figure adapted from reference 19). 

 Yu et al. have developed a dual-response fluorescent probe, HCy-SO2-HClO, for the 

simultaneous detection of hypochlorous acid (HClO) and sulfur dioxide (SO2) during heat 

shock process (Figure 4.3).20 The probe consist of a N,N-dimethylthiocarbamate group as the 

response site for HClO, effectively suppressing the probe’s intramolecular charge transfer, 

resulting in minimal fluorescence. Addition of HClO resulted in a significant enhancement in 

A)

B)
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fluorescence around 575 nm within 10 seconds. In contrast, exposure to SO₂ triggered a 

Michael addition reaction, disrupting the extended conjugation, resulting in enhanced 

fluorescence at 450 nm within 20 minutes. The distinct response times and emission 

wavelengths enabled the simultaneous detection of both species. Furthermore, the probe 

exhibited efficient mitochondrial accumulation and successfully enabled the concurrent 

detection of HClO and SO₂ in heat shock cells and mouse intestines. 

 

Figure 4.3. (A) Molecular design of HCy-SO2-HClO and proposed mechanisms for HClO 

and SO2 sensing; (B) The fluorescence emission spectra of HCy-SO2-HClO in the presence of 

HClO (0-60 μM, λex=480 nm) for 10 s and HSO3
− (0-70 μM, λex=370 nm) for 20 min in PBS 

buffer solution (10 mM, pH 7.4) and (C) Fluorescence images of HeLa cells co-cultured with 

the probe at different temperatures (Figure adapted from reference 20). 

Spiropyran is a photochromic molecule that undergoes reversible isomerization 

between its ring-closed spiropyran (SP) form and the ring-opened merocyanine (MR) form 

when exposed to light of specific wavelengths, resulting in a change in color or optical 

properties.21 In biological imaging, the ability to switch between two different colors of emitted 

light via Förster resonance energy transfer (FRET) is particularly advantageous, providing 

greater flexibility in optical output. In literature, spiropyran has been paired with various FRET 

A) B)

C)
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partners to achieve colour switching and fluorescent response. Some widely used FRET pairs 

for spiropyran include coumarin22, tetraphenylethene23 and naphthalimide.24 Given that the 

emission of rigid pentacyclic pyridinium aligns with the absorption range of merocyanine, the 

pyridinium chromophore can serve as an efficient FRET pair for spiropyran. 

Heat stroke is intricately linked to disruptions in intracellular redox homeostasis, where 

the interplay between reactive oxygen species (HOCl) and antioxidants (SO₂) plays a crucial 

role in understanding the mechanisms behind heat shock at both cellular and subcellular 

levels.25,26 In this context, we designed a pyridinium spiropyran conjugate, SPI-PYD, for the 

dual sensing of HOCl and SO2 within the cellular environment. The probe, SPI-PYD, initially 

exhibits weak fluorescence in both the green and red channels and provides a ratiometric 

response to the presence of HOCl and SO2 in both channels. In the presence of HOCl, oxidation 

of the thiomethyl group in the pyridinium unit enhances fluorescence in the green channel, 

while UV activation of the spiropyran moiety triggers ring opening to form merocyanine, 

enabling the detection of SO₂ with a shift in fluorescence intensity from the red to green 

channel. Furthermore, the probe demonstrated excellent mitochondria targeting ability, low 

cytotoxicity, and a stable fluorescence response even under temperature fluctuations, making 

it a promising candidate for monitoring changes in the cellular microenvironment associated 

with heat shock. The dual-sensing capability of SPI-PYD thus provides valuable insights into 

the complex redox balance during heat stroke, offering a novel tool for studying the dynamic 

behaviour of signalling molecules under heat stress. 
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4.3. Results and Discussion 

4.3.1. Design, synthesis and characterization of SPI-PYD 

The probe SPI-PYD consists of two key components: a pyridinium moiety appended 

with thiomethyl benzaldehyde and a spiropyran unit. In buffered aqueous solutions, SPI-PYD 

exhibits quenched green fluorescence due to efficient, photoinduced electron transfer (PET) 

from the thiomethyl group to the pyridinium chromophore. Upon exposure to hypochlorous 

acid (HOCl), the thiomethyl group undergoes oxidation, disrupting the PET process and 

leading to a fluorescence enhancement.  Spiropyran is a photochromic molecule that reversibly 

changes colour or optical properties through isomerization between its ring-closed spiropyran 

(SP) form and ring-opened merocyanine (MR) form when exposed to light of specific 

wavelengths. The pyridinium moiety emits in the 400-660 nm range, overlapping with the 

absorption spectrum of spiropyran (425-625 nm), making this conjugation an effective FRET 

pair. Upon UV irradiation, the SP form converts to the MR state, increasing fluorescence 

intensity in the red channel with a concomitant fluorescence decrease in the green channel, due 

to FRET from the pyridinium donor to the MR acceptor. Additionally, the C-C double bond in 

the UV-activated MR state serves as a recognition site for SO2, which undergoes a Michael 

addition reaction, disrupting the double bond, which in turn reduces fluorescence in the red 

channel and restores emission in the green channel (Figure 4.4).  

 

Figure 4.4. Design strategy of SPI-PYD and the mechanism of action. 

UVHOCl SO2
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The synthesis of SPI-PYD was carried out as outlined in Scheme 4.1. Pyrylium 

derivative (1) was synthesized via the cyclization of 4-thiomethylbenzaldehyde and 1-

tetralone, followed by conversion to a pyridinium derivative (2) using N-Boc-ethylenediamine. 

Subsequent deprotection of the Boc group yielded the compound 3, a pyridinium fluorophore 

with a free amino group (-NH2). For the spiropyran unit, compound 4 was synthesized by 

reacting 2,3,3-trimethyl-3H-indole with 3-bromopropanoic acid. A subsequent reaction with 5-

nitrosalicylaldehyde in the presence of trimethylamine yielded the compound 5, a spiropyran 

unit containing a free carboxyl (-COOH) group. Finally, compound 3 was conjugated to the 

spiropyran unit (5) through EDC/NHS-mediated coupling, forming the final molecule SPI-

PYD (Scheme 4.1). All the intermediates and final products were characterized using 1H NMR, 

13C NMR and HRMS, details of which are provided in the experimental section. 

 

Scheme 4.1. Scheme for the synthesis of SPI-PYD. 

Synthesis of Pyridinium part

Synthesis of Spiropyran part

EDC-NHSS Coupling

1

2 3

4 5

53

SPI-PYD
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4.3.2. Dual sensing studies of SPI-PYD 

 To validate our hypothesis for detecting HOCl (as OCl-) and SO2 (as SO3
2-), we 

measured the absorption and fluorescence responses of the SPI-PYD probe in the presence of 

NaOCl and Na2SO3. Initially, SPI-PYD exhibited an absorption maximum of 394 nm and a 

fluorescence maximum of 506 nm, with a significant Stokes shift of 5618 cm-1. Upon addition 

of NaOCl, the absorption maxima at 394 nm remained unchanged, while the fluorescence 

intensity at 506 nm increased significantly (Figure 4.5A and 4.5B, Figure 4.8A). This 

fluorescence enhancement is attributed to the inhibition of the PET, as the thiomethyl group 

undergoes oxidation. Upon UV irradiation, the probe displayed a new absorption peak at 540 

nm, accompanied by a decrease in the emission peak at 506 nm. Simultaneously, a new 

fluorescence band at 640 nm emerged, with its intensity gradually increasing over time, 

reaching a maximum after 100 seconds (Figure 4.6A and B). These spectral changes indicate 

the conversion of SPI-PYD from its SP form to the MR form, activating the FRET process 

from the pyridinium donor to the MR acceptor. Upon addition of Na₂SO₃ (an SO₂ donor), the 

absorption band at 540 nm and the emission band at 640 nm gradually decreased, indicating 

the disruption of the C=C bond in the merocyanine unit and the formation of the Michael 

adduct with SO2
 (Figure 4.7A and B, Figure 4.8B).  
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Figure 4.5. (A) Absorption and (B) fluorescence spectra of the probe SPI-PYD (10 μM) in 

presence of varying concentrations of NaOCl (0 - 200 μM) in phosphate buffer (0.1 M, pH = 

7.4), λex = 395 nm. 

300 400 500 600 700

0.00

0.05

0.10

0.15

0.20

A
b

so
rb

a
n

ce

Wavelength, nm

500 600 700
0.0

0.5

1.0

1.5

2.0
 

 

F
l.

 I
n

te
n

si
ty

, 
a

.u
.

Wavelength, nm

200 µM

0 µM

A)

B)



Pyridinium-Spiropyran Conjugate for Monitoring Cellular HOCl and SO2 

174 
 

 

Figure 4.6. (A) Absorption and (B) fluorescence spectra of the probe SPI-PYD (10 μM) after 

the addition of NaOCl (200 μM), followed by UV lamp irradiation (0-100 s) in phosphate 

buffer (0.1 M, pH = 7.4), λex = 395 nm. 
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Figure 4.7. (A) Absorption and (B) fluorescence spectra of the UV irradiated probe SPI-PYD 

(10 μM) in presence of varying concentrations of Na2SO3
 (0 - 30 μM) in phosphate buffer (0.1 

M, pH = 7.4), λex = 395 nm. 
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Figure 4.8. The linear curve obtained by the fluorescence intensity ratio of the probe SPI-PYD 

(10 µM) with (A) NaOCl (0-200 µM) and (B) Na2SO3
 (0-30 µM). 

4.3.3. Selectivity studies of SPI-PYD 

 In a cellular environment, various biologically important analytes can influence the 

fluorescence quantum yield of the probe. To assess the selectivity of SPI-PYD for HOCl and 

SO2, its fluorescence response was evaluated in the presence of biologically relevant species, 

including thiols (Cys and GSH), metal ions (Na+, K+, Zn2+, Cu2+, etc.), and common 

biomolecules (F−, Cl−, AcO−, NO2
−, S2-, CO3

2-, etc.) (Figure 4.9A and B). Both the probe and 

its UV activated form exhibited minimal fluorescence changes upon exposure to these 

biologically relevant species, highlighting its high selectivity and suitability for detecting HOCl 

and SO2
 levels in cells.  
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Figure 4.9. Fluorescence response of (A) SPI-PYD (10 μM) at 505 nm and (B) UV irradiated 

SPI-PYD at 640 nm, with various biologically relevant species (100 µM) in phosphate buffer 

(0.1 M, pH = 7.4). 
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Detection limit = 3σ/k          Equation (4.1) 

where, ‘σ’ is the standard deviation of the blank measurement, and ‘k’ is the slope between the 

fluorescence intensity and analyte concentrations. The detection limit of SPI-PYD for OCl⁻ 

was calculated to be 0.42 μM and that of UV-activated SPI-PYD for SO₃²⁻ was 0.08 μM 

(Figure 4.10). 

Figure 4.10. Fluorescence ratio (I/I0) changes of SPI-PYD (10 μM) upon the titration of (A) 

NaOCl (0-6 µM) and (B) Na2SO3(0-0.3 µM) in phosphate buffer (0.1 M, pH = 7.4).  

4.3.5. Quantum yield measurements 

Quantum yield (QY) measurements of the probe SPI-PYD and its UV activated form 

before and after addition of the analytes, HOCl and SO2 was carried out using the following 

equation, 

    Equation (4.2) 

where, ‘Φi
f’ and ‘Φs

f’ are the photoluminescence QY of the sample and that of the standard, 

‘Fi’ and ‘Fs’ are the integrated intensities (areas) of sample and standard emission spectra, ‘fi’ 

and ‘fs’ are the optical density of sample and standard at the excitation wavelength, ‘ni’ and 

‘ns’ are the refractive indices of the sample and reference solution respectively.27 Coumarin 

153 and cresyl violet in ethanol were used as standard for SPI-PYD and its UV activated form 

respectively. The relative quantum yield of the probe increased from 2.4 - 6% in the presence 
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of HOCl (100 µM), while that of the UV-activated probe decreased from 3.6 - 1.3% in the 

presence of Na₂SO₃ (30 µM). 

4.3.6. Temperature dependent fluorescence measurements 

Since the probe is used under heat shock conditions, the effect of temperature (37 - 45 

°C) on the fluorescence intensity of SPI-PYD was studied (Figure 4.11). The results showed 

that the fluorescence intensity of the probe remained unchanged before and after irradiation, 

regardless of the temperature increase, confirming the probe’s thermal robustness. 

Figure 4.11. Fluorescence intensity changes under different temperatures, (A) SPI-PYD, λem 

= 505 nm and (B) SPI-PYD after UV irradiation, λem = 640 nm in phosphate buffer (0.1 M, pH 

= 7.4). 

4.3.7. Aqueous solubility of SPI-PYD 

Many organic fluorophores have poor aqueous solubility, which restricts their 

applicability in biological systems. Also, fluorophore aggregation can cause fluorescence 

quenching and uneven cellular distribution, leading to inconsistent signals and errors in cellular 

imaging data. The aqueous solubility of SPI-PYD was evaluated using concentration-

dependent absorption spectra in 0.1 M phosphate buffer at pH 7.4 (Figure 4.12). A gradual 

increase in absorbance confirmed good solubility, which can be attributed to the positively 

charged pyridinium moiety, making the probe well-suited for biological applications.  
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Figure 4.12. Absorption spectra of SPI-PYD at different concentrations (10-50 μM) in 

phosphate buffer (0.1 M, pH = 7.4) 

4.3.8. Cytotoxicity of SPI-PYD  

Cytotoxicity of the probe is a major concern in the development of cellular imaging 

probes, as it can adversely impact various bioassays.28 To evaluate the cytotoxicity of SPI-

PYD, MTT assay was performed on SK-BR-3 breast cancer cell lines at varying probe 

concentrations (1 - 50 M). The probe exhibited minimal toxicity even at concentrations up to 

50 μM, confirming its non-toxic nature under the experimental conditions (Figure 4.13). We 

are using 10 µM concentration of SPI-PYD for bioimaging experiments. 

 

Figure 4.13. In vitro cytotoxicity profiling of SPI-PYD (1 M - 50 M) in SK-BR-3 cells 

using MTT assay. 
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4.3.9. Co-localization studies of SPI-PYD 

 Positively charged pyridinium dyes are known for their selective accumulation in 

mitochondria. To confirm the selective accumulation of SPI-PYD in mitochondria, we 

evaluated the co-localization ability of the probe within SK-BR-3 cells through confocal 

microscopy imaging, utilizing co-staining assays (Figure 4.14 and 4.15). Cells pre-treated 

with NaOCl were subsequently co-stained with SPI-PYD (10 μM) along with Mito-tracker red 

(100 nM), Lyso-tracker red (100 nM), ER-tracker red (100 nM), and Hoechst 33342 (1 μM), a 

nucleus staining dye. The fluorescence of SPI-PYD from the green channel overlays well with 

that of Mito-tracker red, which was obtained from the red channel with a Pearson’s Correlation 

Coefficient of ~0.85, indicating an excellent co-localization within the mitochondria. Further, 

SPI-PYD displayed relatively smaller co-localization with Lyso-tracker and ER-tracker and 

negligible co-localization with Hoechst 33342. 

Figure 4.14. Confocal fluorescence microscopy images of intracellular localization of SPI-

PYD (10 μM) in SK-BR-3 cells imaged after counter-staining with (A) Mito-tracker (100 nM); 
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(B) Lyso-tracker (100 nM); (C) ER-tracker (100 nM) and (D) Hoechst 33342 (1 μM). Scale 

bar is 20 μm.  

Figure 4.15. Single cell image of co-localization of SPI-PYD (10 μM) with Mito-tracker (100 

nM) and the corresponding scatter plot. Scale bar is 10 μm. 

4.3.10. Sensing studies of SPI-PYD 

The sensing performance of SPI-PYD for detecting exogenous HOCl and SO2 in living 

cells was evaluated in SK-BR-3 cells. Cells were first incubated with SPI-PYD (10 μM) for 

15 minutes, followed by treatment with NaOCl (100 μM) for another 15 minutes. Fluorescence 

changes were then compared before and after the addition of NaOCl. As shown in Figure 

4.16A and 4.16B, cells treated with NaOCl displayed a considerable enhancement in emission 

intensity in the green channel, while control cells showed negligible fluorescence. These 

observations indicate the  ability of the probe to detect elevated intracellular HOCl levels. Next, 

the cells were irradiated with blue laser (405 nm ± 10) for 2 minutes, leading to a strong 

fluorescence signal in the red channel and a corresponding decrease in the green channel 

(Figure 4.16C), confirming the conversion of SPI-PYD to its merocyanine form. Subsequent 

treatment with Na₂SO₃ (100 μM) for 15 minutes resulted in a noticeable decrease in red channel 

fluorescence and a simultaneous increase in green channel fluorescence (Figure 4.16D). These 

significant emission changes align with the isomerization of SPI-PYD to its MR form and its 

subsequent reaction with SO₂, confirming the probe's effectiveness for intracellular SO₂ 

detection. 

Scatter plot with Mito - Tracker

r = 0.85

Green channel Red channel Merged
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Figure 4.16. Confocal fluorescence microscopy images of SK-BR-3 cells incubated with (A) 

SPI-PYD (10 μM); (B) SPI-PYD (10 μM) with exogenous NaOCl (100 μM); (C) subsequent 

exposure to UV irradiation for 2 minutes and (D) further treatment with Na₂SO₃ (100 μM). 

The oxidative and antioxidative properties of HOCl and SO2, respectively, play crucial 

roles in regulating oxidative stress, a key factor in the progression of heat stroke.29-33 HOCl 

acts as a strong oxidizing agent, contributing to cellular oxidative damage and signalling 

pathways associated with heat-induced stress. On the other hand, SO2, with its reducing 

properties, functions as an antioxidant that counteracts oxidative stress by neutralizing reactive 

oxygen species (ROS) and other oxidants. Therefore, understanding the interplay between 

these two ions can provide valuable insights into how oxidative stress develops and resolves 

during heat stroke, potentially leading to new therapeutic strategies.  
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4.4. Conclusion 

 We developed a spiropyran-pyridinium conjugate, SPI-PYD, for the dual detection of 

HOCl and SO2 ions in the cellular microenvironment. The pyridinium core, functionalized with 

a thiomethyl group, serves as a recognition site for HOCl, while the UV-activated open form 

of spiropyran detects SO2. Initially, the probe exhibited a weak fluorescence in both the green 

and red channels. Upon exposure to HOCl, fluorescence intensity increased in the green 

channel due to the oxidation of the thiomethyl group. Subsequent UV irradiation triggered a 

remarkable fluorescence enhancement in the red channel, accompanied by a decrease in the 

green channel, attributed to the ring opening of spiropyran into merocyanine (MR). The MR 

form absorbing at ~550 nm, facilitates Förster Resonance Energy Transfer (FRET). Further 

exposure to SO2 led to the disruption of the merocyanine double bond, causing a decrease in 

red channel fluorescence and a corresponding increase in green channel fluorescence. 

Additionally, SPI-PYD demonstrated excellent mitochondria-targeting ability, high aqueous 

solubility, strong selectivity, and low cytotoxicity. Bioimaging studies in SK-BR-3 breast 

cancer cells confirmed its intracellular ratiometric sensing capabilities for HOCl and SO2. Since 

HOCl and SO₂ exhibit oxidative and antioxidative properties, respectively, both play crucial 

roles in heat stroke-induced oxidative stress. Therefore, the ability to dynamically monitor 

these two ions offers valuable insights into heat stroke pathophysiology and is potentially 

useful in developing future therapeutic strategies. 
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4.5. Experimental Section 

4.5.1. Materials and methods 

All the starting materials and reagents used in this work were purchased from 

commercial suppliers (Sigma Aldrich and TCI chemicals) and used as received without further 

purification. Moisture sensitive reactions were carried out under argon atmosphere in dried 

solvents purchased from Sigma-Aldrich and Merck chemical suppliers. Thin layer 

chromatography (TLC) analysis was performed using aluminum plates coated with silica gel 

purchased from Merck. Silica gel (100-200 mesh) was used for column chromatography. 1H 

NMR (500 MHz) and 13C NMR (125 MHz) analyses were achieved using a Bruker Avance 

DPX spectrometer, with TMS as the internal standard (δH = 0 ppm and δC = 0 ppm). High-

resolution mass spectra (HRMS) were obtained from Thermo Scientific Q Exactive Hybrid 

Quadrupole-Orbitrap Electrospray Ionization Mass Spectrometer (ESI-MS). The UV-Vis 

absorption spectra were measured using a Shimadzu UV-vis spectrophotometer (UV-2600), 

and emission spectra were measured using a SPEX Fluorolog spectrofluorimeter. In vitro 

studies were performed using the SK-BR-3 breast cancer cell line (obtained from ATCC), and 

images were captured using a Zeiss LSM 980 confocal inverted microscope, equipped with 

Airyscan 2 detector, using 63x, 1.4 N.A. oil immersion objective under ambient conditions. 

420, 488, and 568 nm lasers were used for imaging in the blue, green, and red channels, 

respectively. 

4.5.2. In vitro studies 

 The MTT assay was conducted using the SK-BR-3 cell line, which was obtained from 

ATCC. The cells were plated in a 96-well plate at a density of 12,000 cells per well and 

incubated for 24 h in DMEM supplemented with 10% FBS. Subsequently, the cells were 

exposed to SPI-PYD at concentrations ranging from 1 - 50 μM for an additional 24 h. After 

incubation, MTT dissolved in DMEM (0.5 g/L) was added to each well and kept at 37°C in a 
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CO2 incubator for 2- 4 h. DMSO (100 μL) was added to each well and the ability of the cells 

to reduce this substrate to the blue formazan product was determined colorimetrically (570 nm) 

after 20 min using a microplate reader. For mitochondrial co-localization studies, cells were 

first pretreated with NaOCl and then incubated with SPI-PYD (10 μM) for 20 minutes. For 

labeling of lysosomes, mitochondria, endoplasmic reticulum, and nuclei, SK-BR-3 cells were 

costained with Lyso-tracker red (100 nM) and Mito-tracker red (100 nM), ER-tracker red (100 

nM), and Hoest 33342 (1 μM) respectively, and visualized using a confocal laser scanning 

microscope. To monitor the intracellular sensing ability of the probe towards exogenous HOCl 

and SO2, SK-BR-3 cells were incubated with the probe, SPI-PYD (10 μM) for 15 minutes, 

followed by NaOCl (100 μM) treatment for another 15 minutes. The cells were then irradiated 

with a blue laser (405 nm ± 10) for 2 minutes, and subsequently treated with Na₂SO₃ (100 μM) 

for 15 minutes. The changes in fluorescence intensity in green and red channels were visualized 

using confocal microscopy. 

 

4.5.3. Synthesis and characterization 

Synthesis of compound-1: A solution of 1-tetralone (1 mL, 7.5 mmol) and 4-thiomethyl 

benzaldehyde (0.45 mL, 3.4 mmol) in a minimal amount of toluene was treated with acetic 

anhydride (0.35 mL) and refluxed at 120 °C for 2 h. Perchloric acid (0.25 mL) was then added, 

and the reaction was allowed to proceed under the same conditions for an additional 4 h. Upon 

completion, the toluene layer was decanted, and the resulting precipitate was collected and 

washed with diethyl ether. The product was purified by silica column chromatography using 

3% methanol/chloroform as the eluent, yielding the desired compound (Yield: 79%). 

1H NMR (CDCl3, 500 MHz) δ (ppm): 2.59 (s, 3H), 2.92 (t, J = 10 Hz, 4H), 3.06 (t, J = 10 Hz, 

4H), 7.44 (d, J = 10Hz, 2H), 7.55 (d, J = 5Hz, 4H), 7.64 (t, J = 5Hz, 2H),7.75 (t, J = 5Hz, 2H), 

8.41 (d, J = 10Hz, 2H).  

13CNMR (CDCl3, 125 MHz): 24.6, 26.1, 126.1, 126.2, 126.6, 128.9, 129.5, 130.5, 135.6, 141.9.  
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HRMS calculated = 407.1464, found = 407.1467. 

Synthesis of compound-2: A solution of compound 1 (1 g, 2.5 mmol) in a minimal amount of 

ethanol was treated dropwise with N-Boc-ethylenediamine (1 mL, 6 mmol). The reaction 

mixture was stirred at 90 °C for 4 h. Upon completion, ethanol was removed using a rotary 

evaporator, and the product was purified by silica column chromatography using chloroform 

as the eluent (Yield: 60%). 

1H NMR (CDCl3, 500 MHz) δ (ppm): 1.23 (s, 9H), 2.32 (t, J = 10 Hz, 2H), 2.55 (s, 3H), 2.76 

(d, J = 15 Hz, 2H), 2.93 (d, J = 15 Hz, 2H), 3.00 (s, 3H), 3.19 (t, J = 15 Hz, 2H), 3.48 (m, 2H), 

5.58 (s, 2H), 6.92 (d, J = 5 Hz, 1H), 7.31 (d, J = 5 Hz, 1H), 7.40 (d, J = 5 Hz, 2H), 7.52 (m, 

4H), 7.74 (d, J = 5 Hz, 1H), 8.00 (d, J = 10 Hz, 2H).  

13CNMR (CDCl3, 125 MHz): 15.2, 26.7, 27.7, 28.4, 42.7, 42.8, 65.8, 127.8, 127.9, 128.5, 

128.8, 129.0, 132.5, 138.0, 138.1, 140.8,142.1, 143.2, 153.2, 153.3.      

HRMS calculated = 549.2570, found = 549.2594. 

Synthesis of compound-3: A solution of compound 2 (0.8 g, 1.4 mmol) in chloroform was 

cooled in an ice bath, and trifluoroacetic acid (3 mL) was added dropwise. The reaction mixture 

was then stirred overnight at room temperature. Upon completion, the pH was adjusted to 8 

using a NaOH solution, and the mixture was extracted with DCM. The organic layer was dried 

over Na₂SO₄, and the product was purified by precipitation using a DCM/ether system (Yield: 

71%). 

1H NMR (CDCl3, 500 MHz) δ (ppm): 0.88 (t, J = 5 Hz, 4H), 2.56 (s, 3H), 2.67 (t, J = 10 Hz, 

4H), 2.83 (t, J = 10 Hz, 4H), 7.13 (d, J = 5 Hz, 2H), 7.20 (d, J = 5 Hz, 2H), 7.31 (t, J = 5 Hz, 

2H), 7.39 (m, 4H), 8.57 (d, J = 10 Hz, 2H).  
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13CNMR (CDCl3, 125 MHz): 15.6, 25.8, 28.1, 40.9, 41.0, 125.3, 126.4, 127.0, 127.4, 128.6, 

128.8, 129.2, 134.5, 135.3, 137.8, 138.1, 146.9, 150.1. 

HRMS calculated = 449.2046, found = 449.2062. 

Synthesis of compound-4: A mixture of 2,3,3-trimethyl-3H-indole (1.5 mL, 6 mmol) and 3-

bromopropanoic acid (3 g, 3 eq.) was dissolved in dry acetonitrile and refluxed for 12 h. Upon 

completion, acetonitrile was removed under reduced pressure, yielding a dark purple residue. 

The residue was then washed three times with diethyl ether to remove any unreacted starting 

materials. Finally, the product was recrystallized from a DCM/acetone (1/5 v/v) mixture, giving 

a pale purple solid.  

Synthesis of compound-5: A mixture of compound 4 (0.8 g, 3 mmol), 5-nitrosalicylaldehyde 

(0.5 g, 3 mmol), and trimethylamine (0.45 mL, 5 mmol) was refluxed in ethanol at 85 °C in the 

dark for 8 h. Upon completion, the reaction mixture was cooled to room temperature. The 

resulting precipitate was filtered and washed with cold ethanol, yielding the desired product. 

(Yield: 78%).  

1H NMR (CDCl3, 500 MHz) δ (ppm): 1.18 (s, 3H), 1.29 (s, 3H), 2.62 (m, 2H), 3.53 (m, 1H), 

3.68 (m, 1H), 6.09 (d, J = 10 Hz, 1 H), 6.74 (d, J = 10 Hz, 1 H), 6.86 (m, 2H), 7.18 (m, 3H), 

8.06 (m, 1H), 8.15 (d, J = 5Hz, 1H).  

13CNMR (CDCl3, 125 MHz): 19.1, 25.2, 32.9, 39.1, 52.7, 106.8, 106.9, 115.5, 119.2, 119.5, 

121.7, 122.1, 122.7, 125.6, 127.7, 128.3, 136.1, 141.2, 146.6, 159.5, 172.3. 

HRMS calculated = 380.1372, found = 381.4606 

Synthesis of SPI-PYD: A mixture of compound 5, EDC, and NHS was dissolved in dry 

dichloromethane and stirred at room temperature for 10 minutes. Compound 3 was then added 

dropwise, and the reaction was allowed to proceed for 3 h. Upon completion, the mixture was 



Chapter 4 

 

189 
 

extracted with DCM, and the organic layer was dried over Na₂SO₄. The product was purified 

by alumina column chromatography using chloroform as the eluent (Yield: 20%). 

 1H NMR (CDCl3, 500 MHz) δ (ppm): 1.07 (s, 3H), 1.21 (s, 3H), 2.19 (t, J = 10 Hz, 2H), 2.27 

(t, J = 10 Hz, 2H), 2.56 (s, 3H), 2.71 (t, J = 10 Hz, 2H), 2.90 (d, J = 15 Hz, 2H), 3.0 (m, 5H), 

3.27 (t, J = 10Hz, 2H), 3.48 (m, 1H), 5.54 (m, 1H), 5.85 (d, J = 10 Hz, 1H), 6.47 (s, 1H), 6.51 

(d, J = 5 Hz, 1H), 6.69 (d, J = 10 Hz, 1H), 6.85 (m, 3H), 7.02 (d, J = 5 Hz, 2H), 7.13 (t, J = 10 

Hz, 1H), 7.30 (d, J = 5 Hz, 1H), 7.37 (m, 2H), 7.50 (s, 4H), 7.67 (d, J = 10Hz, 1H), 7.81 (s, 

2H), 7.96 (m, 2H).  

13CNMR (CDCl3, 125 MHz): 7.8, 9.4, 10.8, 13.7, 15.1, 15.3, 19.7, 25.8, 26.6, 27.6, 35.3, 39.8, 

40.5, 41.2, 52.8, 62.9, 88.9, 106.7, 106.8, 115.4, 119.6, 121.7, 122.1, 122.7, 125.7, 127.8, 

128.2, 128.4, 129,129.1,132.8, 156.7, 159.6, 172.1, 186.5, 188.4, 189, 204.  

HRMS calculated = 811.3313, found = 811.3341. 

4.5.4. Spectral data 

 

Figure 4.17. HRMS spectrum of SPI-PYD 

‘ 
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Figure 4.18. 1H NMR spectrum of SPI-PYD. 

 

Figure 4.19. 13C NMR spectrum of SPI-PYD. 
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cellular microenvironment  
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Cells rely on a well-regulated microenvironment for normal function, and disruptions in factors 

such as pH, polarity, viscosity, temperature, and ion concentrations can signal disease development. For 

instance, cancer cells exhibit a more acidic environment than healthy cells, making pH a useful 

diagnostic and therapeutic target. Similarly, altered cellular viscosity is closely associated with diseases 

such as hypertension, diabetes, and Alzheimer's disease. Thus comprehensive characterization of 

fluctuations in the cellular microenvironment poses a significant challenge in the field of disease 

diagnostics and therapy. The design and development of new fluorescent probes with improved efficacy 

and selectivity is one viable alternative for achieving a better understanding of cellular homeostasis. In 

this thesis, we have chosen pyrylium and pyridinium as the central fluorescent cores and modified the 

scaffold for different bioimaging applications. Chapter 1 provides an overview of small molecular 

fluorescent probes, highlighting the design principles and underlying mechanisms for sensing various 

analytes. It also delves into the detailed use of pyrylium and pyridinium chromophores as fluorescent 

cores in bioimaging applications. 

In Chapter 2A, we have developed a new, pentacyclic pyridinium-based probe, PYD-PA, 

having a pendant N,N-di(pyridin-2-ylmethyl)amine (DPA) for Zn2+ detection in the cellular 

environment. The probe exhibited selective response to Zn2+ over other biologically relevant metal ions 

with excellent mitochondria targeting ability, moderate binding affinity, good photostability, aqueous 

solubility, pH insensitivity, and low cytotoxicity. Moreover, the probe was successfully applied for real-

time monitoring of the fluctuation of intracellular free zinc ions during autophagy conditions. In 

Chapter 2B, we explored the differential binding properties of Zn2+ bound complex of PYD-PA, PYD-

PA-Zn2+ towards nucleotides and DNA. The probe displayed a significant enhancement in both 

fluorescence intensity and lifetime upon binding to ctDNA and dsDNA over ssDNA, enabling the 

differential analysis of dsDNA, ssDNA, ADP, and ATP. 

Chapter 3 focuses on the synthesis of a series of styryl-pyrylium derivatives and the 

investigation of a hydroxyl-functionalized analogue, OH-MPYR, as a potential viscosity sensor. The 

probe exhibited highly selective response to viscosity changes, excellent lysosome targeting ability, 

good water solubility, photostability, and low cytotoxicity, making it well-suited for monitoring 

intracellular viscosity in living cells.  In Chapter 4, we developed a spiropyran-pyridinium conjugate, 

SPI-PYD, for the dual sensing of heat shock signalling molecules, HOCl and SO2, in the cellular 

microenvironment. Bioimaging in SK-BR-3 cells revealed a ratiometric fluorescence response of the 

probe in the green and red channels to HOCl and SO₂, with efficient mitochondrial co-localization. 
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Development of molecular probes for imaging various analytes in biological tissues and 

cells has high importance in the modern disease diagnostics, therapy monitoring and patient 

management.Owing to the significant roles of pH in many physiological processes within 

intracellular organelles, enormous efforts have been made for the development of new pH 

imaging chemical probes with improved optical properties [1]. Accurate measurement of pH 

imbalance in cells is of paramount importance in clinical analysis and disease diagnostics. For 

example, the imbalance of pH in cancerous cells during apoptosis caused by chemotherapy 

needs to be monitored in real time for post treatment wellness of patients. Similarly, variations 

of the cytosolic pH are closely associated with cell migration, cellular proliferation and 

apoptosis. Herein, we report a new, rigid pentacyclic pyrylium based probe, PS-OMe, which 

was synthesized by a modified Vilsmeier-Haack reaction in single step [2]. Yield and reaction 

time of the product formation was improved significantly by mechanistic understanding of the 

reaction. PS-OMe upon demethylation resulted in a fluorescent “Turn ON” pH sensor, PS-OH 

which showed a sharp fluorescence change during minute cellular acidification. PS-OH 

exhibited excellent photophysical properties and is capable of monitoring and quantifying 

intracellular dynamic pH change during apoptosis, details of which are presented in this poster. 

This water soluble, pyrylium probe with its favourable photophysical properties and Turn ON 

fluorescence behaviour at lower pH conditions, could be a potential candidate for drug 

discovery, screening, and dose determination in anticancer therapeutic techniques. 
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Development of molecular probes for imaging various analytes in biological tissues and cells 

has high importance in the modern disease diagnostics, therapy monitoring and patient 

management. Zinc is one of the most abundant transition metals present in human body and 

evidence suggest that it plays crucial role in autophagy process. Herein, we report a new, rigid 

pentacyclic pyridinium based probe, PYD-PA having a pendant N,N-di(pyridin-2-

ylmethyl)amine (DPA) for Zn2+ ion detection in cellular environment. The pyridinium moiety 

itself serves as mitochondria targeting unit and DPA act as the coordination site for Zn2+.The 

probe exhibited highly selective response to Zn2+ over other biological metal ions, good water 

solubility, photostability, pH insensitivity, and low cytotoxicity. The demonstration of 

bioimaging in L6 cell lines of rat confirmed intracellular Zn sensing ability of the probe. 

Furthermore, the probe was successfully applied for sensitively monitoring the fluctuation of 

intracellular free zinc ions in real time during autophagy condition. 
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         Figure 1. Imaging of Zn2+ using intracellular Zn2+ generators and chelators in L6 cells. 
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Development of molecular probes for imaging various analytes in biological tissues and cells 

has high importance in the modern disease diagnostics, therapy monitoring and patient 

management. Zinc is one of the most abundant transition metals present in human body and 

evidence suggest that it plays crucial role in autophagy process. Herein, we report a new, rigid 

pentacyclic pyridinium based probe, PYD-PA having a pendant N,N-di(pyridin-2-

ylmethyl)amine (DPA) for Zn2+ ion detection in cellular environment. The pyridinium moiety 

itself serves as mitochondria targeting unit and DPA act as the coordination site for Zn2+.The 

probe exhibited highly selective response to Zn2+ over other biological metal ions, good water 

solubility, moderate binding affinity, photostability, pH insensitivity, and low cytotoxicity. 

Further, the demonstration of bio imaging in SK-BR-3 breast cancer cell lines confirmed the 

intracellular zinc ion sensing ability of the probe during autophagy conditions. 
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Viscosity is a fundamental physical parameter that influences intracellular micro-environment 

when cells go through pathogenic changes. In recent years, molecular rotors are considered as 

suitable probes for imaging viscosity in living cells via fluorescence intensity and/or lifetime 

based responses. Herein, we report a series of new styryl pyrylium derivatives which could be 

used as "Turn ON" fluorescence probes for monitoring cellular microenvironment. Among 

these, styryl-pyrylium with hydroxyl functionality (OH-PYR) displayed a significant 

enhancement in fluorescence with increase in viscosity indicating the potential of this 

derivative for monitoring intracellular viscosity. The probe exhibited highly selective response 

to viscosity changes, good water solubility, photostability, pH insensitivity and low 

cytotoxicity. The demonstration of bioimaging in HeLa cell lines confirmed lysosome targeting 

ability of the probe. Furthermore, the enhancement in fluorescence intensity of the probe in 

HeLa cells upon treatment with nystatin confirmed its ability to monitor the fluctuation of 

intracellular viscosity in real time. 
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Development of molecular probes for imaging various analytes in biological tissues and cells 

has high importance in the modern disease diagnostics, therapy monitoring and patient 

management. Zinc is one of the most abundant transition metals present in human body and 

evidence suggest that it plays crucial role in autophagy process. Herein, we report a new, rigid 

pentacyclic pyridinium based probe, PYD-PA having a pendant N,N-di(pyridin-2-

ylmethyl)amine (DPA) for Zn2+ ion detection in cellular environment. The pyridinium moiety 

itself serves as mitochondria targeting unit and DPA act as the coordination site for Zn2+.The 

probe exhibited highly selective response to Zn2+ over other biological metal ions, good water 

solubility, moderate binding affinity, photostability, pH insensitivity, and low cytotoxicity. 

Further, the demonstration of bio imaging in SK-BR-3 breast cancer cell lines confirmed the 

intracellular zinc ion sensing ability of the probe during autophagy conditions. 
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A Pyridinium fluorophore for the detection of zinc ions under
autophagy conditions
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A B S T R A C T

Molecular probes for sensing and imaging of various analytes and biological specimens are of great importance in
clinical diagnostics, therapy, and disease management. Since the cellular concentration of free Zn2+ varies from
nanomolar to micromolar range during cellular processes and the high affinity Zn2+ imaging probes tend to
saturate at lower concentrations of free Zn2+, fluorescence based probes with moderate binding affinity are
desirable in distinguishing the occurrence of higher zinc concentrations in the cells. Herein, we report a new,
pentacyclic pyridinium based probe, PYD-PA, having a pendant N,N-di(pyridin-2-ylmethyl)amine (DPA) for
Zn2+ detection in the cellular environment. The designed probe is soluble in water and serves as a mitochondria
targeting unit, whereas the pendent DPA acts as the coordination site for Zn2+. PYD-PA displayed a threefold
enhancement in fluorescence intensity upon Zn2+ binding with a 1:1 binding stoichiometry. Further, the probe
showed a selective response to Zn2+ over other biologically relevant metal ions with a moderate binding affinity
(Ka = 6.29 × 104 M− 1), good photostability, pH insensitivity, and low cytotoxicity. The demonstration of bio-
imaging in SK-BR-3 breast cancer cell lines confirmed the intracellular Zn ion sensing ability of the probe. The
probe was successfully applied for real time monitoring of the fluctuation of intracellular free zinc ions during
autophagy conditions, demonstrating its potential for cellular imaging of Zn2+ at higher intracellular
concentrations.

1. Introduction

Mitochondria is the powerhouse of a cell, which plays a crucial role
in maintaining cellular health [1]. Mitochondrial dysfunction is closely
associated with various disease conditions such as cancer, cardiovas-
cular diseases, and neurological disorders. [2] As a protective mecha-
nism, cells undergo a process called mitophagy, which prevents the
accumulation of dysfunctional mitochondria. [3] Several techniques
have been used to understand this process which include western blot,
fluorescence microscopy, transmission electron microscopy, and flow
cytometry. Most of these techniques rely on the measurement of LC3-II
proteins expressed on the autophagosomes. [4] Although these methods
have achieved some success in monitoring the autophagy process, they
are tedious and time consuming, expensive, and have difficulty in

visualizing autophagosomes. In this context, small molecular fluorescent
probes can be promising alternatives due to their easy synthesis, low
cost, high spatial and temporal resolution, and ability to track the pro-
cess with least disruption to normal cellular function. [5]

Several small molecular fluorescent probes have already been
developed to track autophagy process by monitoring the changes in pH,
polarity, viscosity, ROS, and RNS levels in cells. [6–10] Even though
there are several reports on the close correlation between intracellular
Zn2+ concentration and autophagy process, there have been very few
attempts to develop a Zn2+ sensor to monitor the autophagy process.
[11,12] Zn2+ is a biologically relevant transition metal ion that plays a
crucial role in cell homeostasis, neurological functions, insulin secre-
tion, immune function, signal transduction, and apoptosis. [13–15]
Therefore, zinc probes have been used for different applications such as
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prostate cancer identification, apoptosis monitoring, controlled photo-
dynamic therapy, etc. [16–19]

Hwang et al. have reported the activation of autophagy by tamoxifen
induced accumulation of labile Zinc ions in autophagosomes and lyso-
somes in MCF-7 cells. [20] Further, Lee et al. found an increase of Zinc
ions in autophagic vacuoles, including autolysosomes, as a prerequisite
for lysosomal membrane permeabilization and cell death in cultured
brain cells. [11] This increase in Zn2+ level can be attributed to its
release under oxidative conditions from zinc-binding proteins such as
metallothioneins. Investigation of the role of Zn2+ in autophagy in
human hepatoma cells VL-17 A by Yoo et al. has found that Zn2+

depletion caused significant suppression of autophagy and, conversely,
Zn2+ addition to the medium stimulated autophagy. [21] The report by
Kim et al. revealed the role of Zn2+ as a positive regulator of autophagy
by finding that the zinc ionophore PCI-5002 radiosensitizes lung cancer
cells by inducing autophagic cell death. [22] The turn-on Zn2+ fluo-
rescent probe reported by Diao et al. showed that the green fluorescence
intensity of the mitophagic cells was ~2.0-fold higher than that in non-
autophagic cells, confirming the increase in the average labile Zn2+

level. [23] All these reports indicate a strong connection between
autophagy and intracellular Zn2+ levels and leave room for further
exploration, preferably in real time.

Zinc is the second most abundant transition metal ion present in
human body and intracellular zinc concentration is maintained in the
range from 100 μM to 500 μM. [24–26] However, 99% of intracellular
zinc is in the protein bound form and the concentration of labile zinc is
barely perceptible, which estimates between 10− 9 M to 10− 12 M. [27]
Numerous fluorescent probes with detection limits in the picomolar to
nanomolar range have already been developed for zinc sensing. [28–33]
Affinity of the probe towards the analyte is an important parameter in
sensing applications. For example, a low affinity probe may not respond
to a low Zinc ion concentration, while a high affinity probe may easily
get saturated at a high Zinc ion concentration. [34] Therefore, an im-
aging probe with modest affinity can be a useful tool for tracking the
elevated Zn2+ levels (in the micromolar range), especially during
cellular processes like autophagy.

Herein, we report a mitochondria targeting, pyridinium based fluo-
rescence imaging probe having a pendant N,N-di(pyridin-2-ylmethyl)
amine (DPA) for Zn2+ detection in cellular environment (PYD-PA,
Fig. 1). PYD-PA, shows an initial, weak green fluorescence emission due
to photoinduced electron transfer (PET) from the amine moiety. Zn2+

binding results in an enhancement of fluorescence intensity by blocking
the PET process. This probe exhibited moderate binding affinity (Ka =

6.29 × 104 M− 1) and good selectivity among biologically relevant metal
ions. Due to the moderate binding affinity, the probe will remain non-

fluorescent at normal, sub-nanomolar levels of cellular Zn2+, and can
specifically track elevated Zn2+ levels in cells by fluorescence
enhancement upon binding (fluorescence Turn ON signaling). Further,
we demonstrated the use of this new probe for mitochondria targeted
imaging and real time monitoring of the labile Zn2+ during cellular
autophagy conditions.

2. Results and Discussion

The probe, PYD-PA has a donor-acceptor (D-A) design with a rigid
pentacyclic pyridinium based acceptor core and a pendant N,N-di(pyr-
idin-2-ylmethyl)amine (DPA) donor. The pyridinium moiety, with its
positive charge, serves also as an inherent mitochondria-targeting unit,
[35] while the DPA acts as the coordination site for Zn2+. [36] PYD-PA
in buffered aqueous solutions shows a quenched, green fluorescence due
to the efficient, photoinduced electron transfer from the DPA to the
pyridinium chromophore. As per the design, Zn2+ binding to the DPA
receptor will perturb the PET process, resulting in an enhancement of
the fluorescence emission from the probe (Fig. 1A). The synthesis of the
probe, PYD-PA has been achieved by cyclization reaction of 4-(bis
(pyridin-2-ylmethyl)amino)benzaldehyde with 6-methoxytetralone fol-
lowed by methylamine reaction for converting pyrylium to pyridinium
fluorophore (Fig. 1B). [37] All the intermediates and final products were
characterized by 1H NMR, 13C NMR, and HRMS, details of which are
available in the Supporting Information (Figs. S1-S3).

PYD-PA in HEPES buffer exhibited an absorption maximum of 402
nm and a fluorescence maximum of 542 nm, displaying a significant
Stokes shift of 6425 cm− 1 (Fig. 2A). A Contour map of the three-
dimensional fluorescence spectra at different excitation wavelengths is
depicted in Fig. 2B, which confirms that fluorescence intensity ap-
proaches its maximum when the irradiation wavelength is at 400 nm.
The absorption, fluorescence, and Stokes shift values are not influenced
significantly by the solvent polarity (Fig. S4 & Table S1). Since the
positively charged pyridinium moiety in PYD-PA facilitated solubility
(Fig. S5) in aqueous solutions, aqueous HEPES buffer solutions were
used for all the photophysical studies. The molar extinction coefficient is
calculated as 22,840 M− 1 cm− 1 in HEPES buffer.

Absorption and fluorescence spectra of PYD-PA probe showed
negligible changes in the pH range 5–8, whereas the protonation of the
DPA amine at pH 4 resulted in an enhancement of the fluorescence
emission, which further attests to the possible PET fluorescence
quenching of the probe (Fig. S6). However, at the physiological pH
range, PYD-PA remains unprotonated and hence, the pH response at
lower pH conditions will not interfere with the cellular metal-probe
interactions. Similarly, the photostability studies of PYD-PA

Fig. 1. (A) Probe design strategy and (B) scheme for the synthesis of PYD-PA.

A. Thomas et al.
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Fig. 2. (A) Absorption and emission spectra of PYD-PA (10 μM) in HEPES buffer. (B) A Contour map of the three-dimensional fluorescence excitation-emission
spectra. (C) Changes in the fluorescence spectrum of PYD-PA (10 μM) against varying concentrations of Zn2+ (0–100 μM) in HEPES buffer; λex = 400 nm. (D)
corresponding changes in the ratio of integrated, fluorescence area.

Fig. 3. Fluorescence response of PYD-PA (10 μM) at 542 nm (the red bar portion), with 100 μM of other metal ions (the black bar portion) and to the mixture of other
metal ions (100 μM) with 100 μM of Zn2+ (the green bar portion). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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conducted in HEPES buffer, under 200 W mercury lamp irradiation,
using a 400 nm long pass filter for 60 min, and compared with Coumarin
153 and Rhodamine B, reflected negligible changes (Fig. S7).

The changes in the absorption and emission properties of PYD-PA in
the presence of Zn2+ were evaluated by titration of a buffered solution of
PYD-PA against 0–100 μM Zinc chloride. The results are shown in
Fig. S8 A, Fig. 2C, and Fig. 2D. Absorption spectra in the presence of
Zn2+ did not show significant changes, indicating that the Zn2+ binding
to DPA unit has negligible effect on the chromophore ground state
properties (Fig. S8 A). On the other hand, the fluorescence emission of
PYD-PA with a maximum at 542 nm showed a gradual enhancement
with added Zn2+ (Fig. 2C and D), without any shift in the emission
maximum. This enhancement in emission could be attributed to the
disruption of PET from the di-2-picolylamine moiety due to the binding
with Zn2+. The quantum yield of the probe in HEPES buffer before and
after binding with Zn2+ was estimated as 0.44% and 1.1%, respectively,
indicating a moderate (2.5 times) enhancement of the fluorescence
emission in presence of Zn2+. The binding stoichiometry of PYD-PA and
Zn2+ was determined as 1:1, using Job’s method of continuous varia-
tions (Fig. S9 A). [38] The binding constant (Ka), estimated from Benesi -
Hildebrand Eq. [39], was found to be 6.3 × 104 M− 1 (Fig. S9 B), while
the limit of detection (LOD) calculated was 0.60 μM (Fig. S10), both
indicating moderate affinity of the probe to Zn2+, which could be useful
for the monitoring of elevated Zn2+ concentrations during autophagy.

The suitability of PYD-PA as a Zn2+ cellular imaging probe was
further tested by exploring the selectivity of the probe-metal ion in-
teractions by monitoring the changes in the fluorescence response in the
presence of various biologically relevant metal ions (Fig. 3 and Fig. S11).
The probe showed negligible fluorescence changes in presence of bio-
logically relevant and competing cations such as Na+, K+, Ag+, Mg2+,
Fe2+, Fe3+, Mg2+, Mn2+, Pb2+ and Co2+ (Fig. 3; [PYD-PA]: [metal ion]
= 1:10). Among other toxic metal cations of the same group, Cd2+ and
Hg2+ showed slight fluorescence enhancement of the probe, however
will not interfere with cellular imaging of Zn2+ due to the negligible
presence of these cations in cells. [40,41] To study the influence of other
metal ions on Zn2+ binding with the probe PYD-PA, competitive

experiments were performed with different metal ions (100 μM) in the
presence of Zn2+ (100 μM). Addition of Zn2+ in presence of these metal
ions resulted in an enhancement of fluorescence, testifying to the
competitive binding of Zn2+ even in the presence of these metal ions. On
the other hand, the addition of Cu2+ resulted in a significant quenching
of the fluorescence. Further addition of Zn2+ to this solution showed
negligible fluorescence changes, revealing comparatively stronger in-
teractions of Cu2+ with the DPA receptor moiety. [42]

In order to confirm the site of Zn2+ coordination, 1H NMR mea-
surements of PYD-PA and its corresponding 1:1 Zn2+ complex were
performed in acetonitrile (Fig. 4 and Fig. S12). After the addition of
Zn2+, the 1H NMR signals of the protons on carbon adjacent to the N
atom (marked n), exhibited a downfield shift from 8.57 to 9.12 ppm,
indicating significant deshielding upon Zn2+ coordination. Similarly, all
the aromatic protons of the DPA units (marked l, k, j) and the two
protons in the benzene ring near to the imino N atom (marked f) showed
downfield shifts from 7.74 to 8.11, 7.35 to 7.65, 7.25 to 7.63 and 6.88 to
7.13, respectively. However, the protons of pyridinium moiety and the
aliphatic protons remain unaffected in the presence of Zn2+. These re-
sults indicate that the imino N atom and the two pyridine N atoms are
the Zn2+ coordination sites in the Zn-complex. [43]

2.1. Cytotoxicity and Co-Localization Studies

Cytotoxicity of the probe is a major concern in the development of
cellular imaging probes, which detrimentally affect various bioassays.
[44] The cytotoxicity of the PYD-PA was evaluated on SK-BR-3, breast
cancer cell lines using MTT assay, at different concentrations of the
probe. The probe exhibited a proliferation of cells above 90% at a 10 μM
concentration and minimal toxicity up to 50 μM concentration, con-
firming its non-toxic nature under the experimental conditions
(Fig. S13).

Positively charged, pyridinium dyes are known to exhibit selective
accumulation in the mitochondria. [35,45] Our Zn2+ probe design uti-
lizes the mitochondria-targeted cellular accumulation of pyridinium
derivatives, in monitoring elevated Zn2+ during autophagy. To confirm

Fig. 4. 1H NMR (in 500 MHz) spectra of (A) PYD-PA in the presence of 1 equivalent of Zn2+ and (B) PYD-PA alone.
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the selective accumulation of the PYD-PA in mitochondria, we have
assessed the co-localization ability of the probe within cells through
confocal fluorescent microscopy imaging, utilizing co-staining assays
(Fig. 5). Cells pretreated with ZnCl2 were subsequently co-stained with
PYD-PA (1 μM) along with mito-tracker red (100 nM), lyso-tracker red
(100 nM), and Hoechst 33342 (1 μM), a nucleus staining dye. The
fluorescence of PYD-PA from the green channel overlays well with that
of Mito-tracker red, which was obtained from the red channel with a
Pearson’s Correlation Coefficient [46] of ~0.95, indicating an excellent
co-localization within the mitochondria. Further, PYD-PA displayed
relatively smaller co-localization with lyso-tracker and negligible co-
localization with Hoechst 33342, with Pearson’s correlation coeffi-
cient values of 0.5672 and − 0.3768, respectively.

2.2. Zn2+ Sensing in Cells under Oxidative Stress

After confirming the localization in mitochondria, the ability of PYD-
PA to monitor dynamic changes in intracellular Zn2+ concentration in
SK-BR-3 cells, before and after the pretreatment with ZnCl2 was evalu-
ated using Confocal Fluorescence Microscopy. ZnCl2-pretreated cells
displayed a considerable enhancement in emission intensity in the green
channel, while the controls showed negligible fluorescence, indicating
the ability of the probe to monitor elevated levels of intracellular Zn2+

(Fig. 6A-C). Further, the PYD-PA probe was used to monitor the release
of Zn2+ during oxidative stress induced by H2O2. During oxidative stress
within cells, a rapid influx of hydrogen peroxide takes place, which
causes the oxidation of cysteine residues in the Zn-bound

metallothioneins and the subsequent release of Zn2+. [47] SK-BR-3 cells
incubated with PYD-PA showed negligible, initial fluorescence
(Fig. 6D), and subsequent treatment of these cells with H2O2 to induce
oxidative stress resulted in a significant increase in fluorescence in-
tensity, signaling the release of free Zn2+ (Fig. 6F). Pre-treatment of
these cells with a competitive, Zn2+ chelator, N,N,N′,N′-tetrakis(2-pyr-
idylmethyl)-ethylenediamine (TPEN), showed reduced cellular fluores-
cence (Fig. 6E, G), which confirms the role of free Zn2+ in the
enhancement of fluorescence. Thus, these experiments demonstrate that
the probe PYD-PA can efficiently monitor the elevated, intracellular
Zn2+ levels during cellular events such as oxidative stress.

2.3. Zn2+ Sensing in Cells under Autophagy Conditions

Autophagy is a cellular degradative process in which cells remove
dysfunctional components and recycle their constituents. During auto-
phagy, the cellular microenvironments, including pH, viscosity, and
polarity will change and these changes can be used to monitor the
autophagy process. [48] Along with these microenvironmental fluctu-
ations, elevated Zn2+ levels in the cells can also be an indication of
autophagy. Since Rapamycin is a generally used chemical for inducing
autophagy in cells during biological experiments, [49,50] we used SK-
BR-3 cells incubated with Rapamycin as an autophagy model.
Confocal fluorescence microscopy imaging in the green channel of SK-
BR-3 cells treated with the probe, PYD-PA, without Rapamycin incu-
bation did not show green fluorescence, while the fluorescence in the
cells with Rapamycin exposure (10 μM) confirmed the autophagy

Fig. 5. Confocal fluorescent microscopy images and scatter plots for intracellular localization of PYD-PA (1 μM) in SK-BR-3 cells imaged after counter-staining with
(A) Mito-Tracker (100 nM), (B) Lyso-Tracker (100 nM) or (c) Hoechst 33342 (1 μM). The co-localization was calculated using Pearson’s Correlation Coefficient (r).
Scale bar 10 μm.
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induction. With time, we could clearly see a considerable fluorescence
increment in the green channel, indicating an upregulation of mito-
chondrial Zn2+ concentration during autophagy (Fig. 7). For a longer
time period of 24 h, the fluorescence increment was even higher. This is
a clear indication that Zn2+ is a positive regulator of autophagy, and
there is an increase in Zn2+ concentration associated with the process.

3. Conclusion

In conclusion, the pentacyclic pyridinium based fluorophore, PYD-
PA, reported here is a novel ‘Turn ON’ fluorescent probe for the selective
detection of Zn2+. The probe displayed a three-fold increase in fluores-
cence intensity upon Zn2+ binding, demonstrating remarkable selec-
tivity in the presence of other biologically relevant metal ions.
Moreover, the probe exhibited good water solubility, photostability, pH
insensitivity, and low cytotoxicity, ensuring its viability for cellular

imaging applications. The probe’s moderate binding affinity for Zn2+

(Ka = 6.29 × 104 M− 1) and its capability to target mitochondria, ensure
the effective detection of elevated Zn2+ levels, particularly within
mitochondria. Bioimaging experiments conducted in SK-BR-3 breast
cancer cell lines confirms the ability of the probe to efficiently monitor
intracellular dynamic changes in Zn2+ levels. Furthermore, the probe
was successfully applied for monitoring the fluctuations in intracellular
free zinc ions during autophagy conditions in real time.
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