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PREFACE 

Fluorescent labeling of biomolecules is an excellent tool for understanding 

biological events like receptor-ligand interaction, protein structures and enzyme 

activity. Fluorescent labeling/tagging involves binding biomolecules chemically or 

biologically to it. Most commonly used biomolecules are antibodies, proteins, 

aminoacids and peptides which are amenable to structural modification. 

Carbohydrates are naturally abundant, ecofiriendly, economical scaffolds which 

play a critical role in many biological events like cell-cell recognition, cell growth 

regulation, immune response, cancer cell metastasis, and also as energy source. 

But the structural modification of carbohydrates is a tiresome process mostly 

functionalization led to alteration in the structure and their binding properties. 

Therefore, fluorescently labeled glycans/ carbohydrates are less exploited and a 

challenging topic in the clinical diagnostics and chemical biology. An overview of 

the synthetic aspects and varied applications of fluorescent labeled 

glycoconjugates developed in recent years is discussed in chapter 1. 

Chiral supramolecular self-assembly recently received considerable 

attention in the field of designing of chiroptical devices. In the second chapter, we 

present the investigation conducted on the aggregation properties of sugar 

conjugated squaraine dyes in aqueous solution. We synthesized, SSqβGl 

(symmetrical) bis-sugar appended and mono-sugar appended, ASqβGl 

(unsymmetrical) squaraine dyes. In the structural designing, we have chosen sugar 

moiety as hydrophilic chiral ligand and biocompatible triazoles as linkers which 

connect the squaraine dye and sugar moiety. Both the squaraine dyes SSqβGl and 

ASqβGl formed H- and J- aggregates in water which lead to non-emissive 

transition and caused the fluorescence quenching. Symmetrical squaraine dye-

SSqβGl formed preferably H-aggregates in aqueous solution while J-aggregate 

fraction was high for unsymmetrical squaraine dye-ASqβGl which indicates the 

favourable end to end orientation of ASqβGl in water. CD measurements and 

morphological analysis clearly evidenced the formation of chiral H-type self-

assembly from SSqβGl in water. These squaraine dyes also showed fluorogenic 
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response in the presence of the enzyme β-glucosidase, a lysosomal lipid hydrolase, 

membrane-associated glycoprotein that facilitates the cleavage of the glycosidic 

linkage. H-aggregates formed from SSqβGl underwent cleavage and lead to the 

fluorescence enhancement. These results support the utility of non-fluorescent 

aggregates as fluorogenic probes in aqueous solution to overcome the aggregation 

caused quenching that restricts the biological application of squaraine dyes. 

An ideal fluorophore for the specific and sensitive cancer detection requires 

a cancer cell targeting agent conjugated chemically or biologically to it. Glucose 

molecules as tumor targeting ligands evoked great interest among researchers in 

the biomedical field. The application of the glyco-conjugated squaraine dyes for 

targeted tumor imaging is described in the third chapter. We have utilized the 

squaraine dyes SSqβGl & ASqβGl and the α-glucose analogue of unsymmetrical 

squaraine dye ASqαGl for the imaging studies. In order to understand the 

mechanism and to confirm the stereospecific binding of the glucose transporters, 

two model compounds; α-mannose and α-galactose analogues of the 

unsymmetrical squaraine dyes ASqαGa and ASqαM were also synthesised. All the 

squaraine dyes were internalized in HeLa cell lines, but the cellular uptake of 

ASqαGl and ASqβGl was only occurring through the glucose transporters. Also, 

there exist a huge difference in the fluorescence intensity from the cells incubated 

with ASqβGl and ASqαGl. Glucose transporter mediated uptake of the squaraine 

dyes were confirmed by competitive assay with D- and L-glucose. ASqαGl was 

found to be the efficient candidate as an imaging probe which showed better 

results compared to the commercially available glucose bioprobe, 2-NBDG. 

Carbohydrate molecules are excellent hydrogen bond donors and are 

biocompatible to yield functional materials with significant application in biology. 

The fourth chapter of the thesis deals with the design and synthesis of pyrene-

sugar orthoester conjugates and their application as pH responsive gelator. 

Orthoesters are important intermediates in the carbohydrate chemistry which are 

highly sensitive to acid whereas well stable in basic medium. This factor leads to 

usage of orthoester as pH responsive materials, and the fluorescent pH-responsive 
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materials based on sugar orthoesters are scarcely studied in the literature. We 

synthesized two pyrene-sugar orthoester conjuagtes PMO from mannose and PGO 

from glucose. These materials were able to form fluorescent gels in aromatic 

solvents like toluene and xylene upon heating and sonication. The study of pH 

responsive nature of the gel was conducted using trifluoroacetic acid (TFA). The 

gels formed were found to be unstable even in the presence of a catalytic amount 

of TFA which leads to the breakage of the gel.  The TFA catalysed gel breakage is 

attributed to the cleavage of orthoester linkage which was further confirmed by 

NMR studies.  The gel formed from pyrene-sugar orthoesters underwent cleavage 

in the presence of catalytic amount of TFA. Photophysical properties of the 

synthesized pyrene-carbohydrate conjugates were measured in various solvents 

and they exhibited characteristic absorption and emission properties of pyrene. 

SEM analysis was conducted to investigate the morphology of the xerogels 

prepared by drying the gels formed from toluene. These results disclosed the 

potency of carbohydrate orthoesters as new functional materials for biological 

studies. 

In summary, we explored carbohydrate scaffolds toward developing 

supramolecular architectures and designing selective bioimaging probes. In the 

second chapter we synthesized two glucose conjugated squaraine dyes (Mono-

sugar appended, ASqβGl and bis-sugar appended, SSqβGl). These squaraine dyes 

showed aggregate formation in aqueous solvents associated with fluorescence 

quenching. Fluorogenic response towards an analyte- β-glucosidase was also 

proved using the squaraine dye SSqβGl. Selective tumor optical imaging was 

demonstrated using monosugar appended squaraine dyes ASqβGl and ASqαGl and 

explained in the third chapter. Fourth chapter describes the application of sugar 

molecules as low molecular weight pH responsive fluorescent organogelators were 

made out of pyrene-sugar orthoester conjugates. 

 



 

 

 

 

CHAPTER 1 

Fluorescently labeled carbohydrates: An overview 

 

 

 

 

 

 

 

Abstract 

The design of small glycoconjugated organic molecules is one of the hot topics in current 

research due to their possible practical applications in biology as well as in material chemistry. 

Fluorescently labeled glycoconjugates provide ease of access toward biological events at the 

molecular level with high selectivity and sensitivity and are widely employed in diagnostic tool 

development. Moreover, sugar units are excellent building blocks in the supramolecular 

chemistry owing to their chirality and hydrogen bond forming ability. Various applications and 

recent developments in the fluorescently labeled glycoconjugates are discussed in the introductory 

chapter. Finally, objectives of the present work are presented. 
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1.1. Introduction 

Carbohydrates are the fundamental class of organic molecules that are 

distributed widely in nature and are also known as saccharides. They are mainly 

classified into two classes- monosaccharides and oligosaccharides. Oligosaccharides 

are found on cell surfaces in the form of glycoproteins, glycolipids, and glycocalyx 

which are involved in important life processes such as cell growth regulation, 

immune response, inflammation by viruses and bacteria, cancer cell metastasis and 

fertilization.1 Whereas monosaccharides form the constituent of significant 

biomolecules like NAD, FAD, RNA and also glucose represent the major energy 

source for live cells and stored as the metabolite. Because of these factors, 

carbohydrates play a crucial role in the development of efficacious drugs and 

diagnostic tools. Combinatorial chemistry explores thousands of synthetic 

carbohydrates as potential ligands for biological receptors, and rigorous research has 

been devoted to the development of glycoconjugates for therapeutics as well as 

diagnostic tools.2 Consequently, numerous glycomaterials with variable valency, 

topology, and modes of ligand presentation have been introduced. These 

glycomaterials include nanoparticles,3 peptides,4 dendrimers,5 polymers,6  liposomes,7 

cyclodextrins,8 fullerenes,9 calixarenes,10 fluorescent labeling agents,11 biological 

sensors11 and chemosensors11 for trafficking and as diagnostic probes. In addition to 

this, glycans are excellent hydrogen bond donors and are widely exploited as building 

blocks in material chemistry for the construction of supramolecular architectures.  

Fluorescence technique offers advantageous features like high sensitivity and 

less toxicity over other conventional methods which work based on the radiolabeled 

probes. Fluorescent probes are brilliant tools for monitoring the cellular events at the 

molecular level with extremely low concentrations of chemical species, and therefore 
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the development of novel fluorescent probes is a vibrant research field.12 To 

accelerate the detection of positive hits and for improving the target selectivity and 

biocompatibility, carbohydrates can serve as a reliable detecting tool. The structural 

complexity of the carbohydrates makes the functionalization difficult compared to 

the presently used nucleic acids and proteins. Functionalization of carbohydrates 

may cause an alteration in the structure and their binding properties. Thus 

fluorescently labeled carbohydrates have been less explored and remain as a 

challenging area of research. However, there have been extensive efforts on 

understanding interactions and functions of carbohydrate structures in the biological 

system. 

1.2. Covalent labeling of carbohydrates with fluorescent probes 

 Carbohydrates do not possess any chromophores, and they remain to be non-

fluorescent. This makes the carbohydrate analysis which has great significance in 

biomedicinal chemistry a difficult task. Earlier methods used for carbohydrate 

detection are gel electrophoresis, and high-performance liquid chromatography 

(HPLC). In situ covalent labeling of the carbohydrates was employed in these 

analytical techniques.13 Reducing end of the sugar, which contains masked aldehyde 

undergo reductive amination in the presence of amines or hydrazines to form 

corresponding imines or hydrazones. Subsequent reduction of these moieties with 

sodium cyanoborohydride yield stable amines or hydrazine derivatives. Therefore 

utilizing a fluorescent amine or hydrazine will lead to the formation of a stable 

fluorescent product which will light the way to carbohydrate detection. In the case of 

non-reducing sugars, periodate oxidation of vicinal diols followed by condensation 

with amine or hydrazine functional group and subsequent sodium cyanoborohydride 

reduction affords stable amines or hydrazines. Enzymes were also employed in the 
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oxidation of diols. Various fluorescent amines or hydrazines (Figure 1.1) such as 

dansyl hydrazine (1),14 dansylamine (2),15 7-aminonaphthalne-1,3-sulphonic acid 

(3),16 2-aminopyridine (4),17 2-aminobenzoic acid (5),18 fluorescein amine (6) and  9-

aminoacridine (7)19 have been commonly employed in carbohydrate analysis. 

Despite these factors, there are restrictions on the probes that can be utilized in this 

protocol.15 The pH of the amine should be near or less than the cellular media for an 

amine to be available in the reactive unprotonated form. Therefore, aliphatic amines 

and most of the aromatic amines are eliminated from the list of fluorescent labeling 

agents. Another restriction is regarding the solubility and hydrophobicity of the 

fluorophore which makes the detection procedure difficult. Additionally, this 

protocol can be applied only for the detection of monosaccharides; oligosaccharide 

detection is a tiresome job.  

 

Figure 1.1. Fluorescent probes used for the covalent labeling of carbohydrates. 

Recently, Andreana and co-workers demonstrated the structural elucidation 

and degree of loading of the cancer antigen to a carrier with the aid of fluorescent 

probe Alexa Fluor488.20 Chemically oxidized form of the polysaccharide PS A1 is 

conjugated to the cancer antigen, Thomsen-nouveau (Tn = α-D-GalNAc-OSer/Thr). 

This vaccine construct Tn-PS A1 linked fluorophore through indirect oxime linkage 
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(Figure 1.2). The structural characteristics and degree of loading of the cancer 

antigen, Tn were also studied using circular dichroism and UV absorbance. 

                   

Figure 1.2. Structure of the vaccine construct Tn (AF488®)–PS A1 oxime and the 

fluorophore AF488® used for determining percentage of Tn loading. 

Reactivity of the boronic acid with 1,2- or 1,3-diols has been well exploited in 

the designing of fluorescent probes for carbohydrate detection. Boronic acid forms 

cyclic boronate esters by reacting with diols, and this complexation renders boronic 

acid more acidic and reduces the pH from 8.8 to 5.9.21 Thus, the boronic acid in 

aqueous solution get readily converted to the corresponding anionic species. These 

anionic species participate in photoinduced electron transfer and induce changes in 

the emission profile. This emission changes associated with carbohydrate binding are 

utilized to detect carbohydrate. Numerous boronic acid based saccharide detectors 

have been developed.22   

 

 

 

 

Tn (AF488®)-PS A1 oxime  

AF488®) 
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Scheme 1.1. Reaction of boronic acids with diols.  

Boronic acid derived fluorescent glucose sensors (12 and 13) was first 

developed by Yoon and Czarnik in 1992.23 Excited state internal charge transfer 

(ICT) induced changes in the emission profile of anthracene boronic acid was 

explored toward saccharide detection in aqueous solution. Photoinduced electron 

transfer,24 twisted internal charge transfer,25 aggregation induced emission,26 cis-trans 

isomerisation27 and hydrogen bonding were utilized to read-out boronate ester 

formation via emission profile variation. Mohr et al. developed a longer wavelength 

emitting glucose sensor (16, Figure 1.3).28 Specific detection of saccharides was also 

demonstrated with pyrene boronic acid conjugate system (17, Figure 1.3).29  

 

Figure 1.3. Boronic acid based fluorescent saccharide sensors. 

Recently, Glass and co-workers introduced a turn-on optical sensor (18). The 

structure of the glucosamine sensor contains coumarin aldehyde-boronic acid system 
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and they used compound 18 for the selective detection of amino sugar-glucosamine 

over other biological molecules under physiological pH.30 The co-operative binding 

of diols and amine in the glucosamine with boronic acid and aldehyde present in the 

coumarin core lead to excellent selectivity (Scheme 1.2). The cavity size of the 

functional group in the designed probe plays a critical role in the sensing activity. 

However, boronic acid coupled fluorescence sensing is restricted to few fluorophores, 

and this strategy is effective only for the detection of simple monosaccharides.  

 

Scheme 1.2. Co-operative binding mechanism for the amino-sugar-glucosamine 

detection. 

1.3. Fluorescently labeled carbohydrates as ion chelators/receptors 

The significant role of metal ions such as zinc, magnesium, calcium, 

potassium, etc. in various biological process, diseases and the environmentally 

toxicity of certain other metal ions like mercury, cadmium, lead, etc. are evident from 

the literature.31 Fluorescent sensors enable the sensitive detection of the metal ions 

even at the lower concentration. Therefore active research has been carried out in the 

design and synthesis of efficient fluorescent sensors for the detection of 

environmentally toxic ions in aqueous solution and biologically benign ions in the 

cellular environment.32 These sensing agents generally contain three major blocks in 

the structure, one receptor unit/ligand, the other signaling unit/fluorophore and a 

linker which connect the fluorophore and ligand. The binding unit will react with the 
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targeted species and will make changes in the absorption and emission spectra. The 

challenges involved in the design strategy of molecular sensors are their water 

solubility33 and biocompatibility.34  

Tailoring carbohydrate moiety, the naturally abundant scaffolds, to the 

fluorophores is a promising strategy for sensing. This approach helps to improve the 

hydrophilicity of the probe. Moreover, in some cases, the hydroxyl group oriented in 

specific directions will aid these sugar moieties to take the role of binding unit or 

function as targeting ligands. Glycoligands are scarcely explored in the development 

of fluorescent sensors for transition metal ions due to the structural complexity and 

rigidity of the carbohydrate scaffold before past two decades. However, recent 

literature reports unveiled the versatility of the glycoligands and chemists have come 

up with a plethora of fluorescent glycans in which monosaccharide or 

oligosaccharide is connected to different chromophores. Three hydroxyl groups at 

the suitable steric arrangement in carbohydrates will function as suitable co-

ordination sites for the metal ions.  

Sugars generally exist in the chair confirmation of pyranose form with three 

hydroxyl groups axial-equatorial-axial (ax-equat-ax) sequence or ax-ax-ax or in the 

furanose form with cis-cis alignment of the adjacent hydroxyl groups, and they behave 

as excellent coordinating ligands (Figure 1.4).35  Also, the conformational differences 

of the hydroxyl groups have a crucial role in identifying the chirality of the metal ion 

and the complexes.36 Appending suitable anchoring groups at the appropriate 

position on carbohydrate scaffold enhance the co-ordination ability.  
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Figure 1.4. The possible steric arrangements of the hydroxyl groups available for 

metal coordination in pyranose form of sugar moiety (a) 1,3,5-ax-ax-ax triol (b) 1,2,3-

ax-eq-ax triol and (c) cis-cis triol in furanose form.  

Policar and co-workers conducted a detailed investigation on polydentate 

ligands based on sugar scaffolds exploiting the chelating ability of hydroxyl groups.37  

Three finger claw chelating ligands 20 and 21 were developed by attaching a Lewis 

base, pyridine on the 3,4,5-cis hydroxyl groups of galactose, which are capable of co-

ordinating Co (II)  ion and Ni (II) ion.38  

Later then fluoroionophores (22-24, Figure 1.5) based on different 

stereoisomers of glycofuranoside (C3 epimers) were designed, and their fluorescence 

properties were used for monitoring the metal cation complexation.39 Recently, the 

same group demonstrated live cell fluorescence imaging with the benzothiadiazole 

grafted glycoligand 22’ in the visible region.40 These fluorescent probes are cell 

permeable and are accumulated inside the cells through passive uptake. Also, their 

presence in the cells induced chemical stress. 
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Figure 1.5. Polydendate glycoligands developed by Policar et al. for the metal 

chelation. 

  Rao and co-workers conducted a detailed investigation on carbohydrate 

appended fluorescent receptors. Naphthyl imino galactose probe 25 (Figure 1.6) was 

used for the selective and sensitive detection of Cu2+ ions in HEPES buffer solution 

under physiological pH.41 The O-N-O linkage including carbohydrate moiety in the 

molecular skeleton acts as the binding unit and the presence of Cu2+ was elicited by 

the switch on fluorescence. When the galactose unit was replaced by glucose moiety 

selective binding of the fluorophore turned towards Zn2+ instead of Cu2+.42 Schiff’s 

base conjugates derived from glucosamine (27, Figure 1.6) have proven to be an 
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effective chelator for Hg2+ detection in aqueous solution in which the sugar part also 

contribute to its water solubility.43 The aromatic core also plays a critical role in the 

chelation process. Selectivity towards Hg2+ was reduced while changing the aromatic 

core from anthracene to naphthalene. Anthracenyl iminoglycoconjugate (28) detects 

Hg2+ ions through the imine moiety binding as well as the aromatic moiety, cation-π 

interaction to form a 2:1 (Ligand:Hg2+) complex.44 A minimum detection limit of 

            was demonstrated in biological fluids over a pH range of 5-10.  

 

 

Figure 1.6. Structure of the fluorescent glycoconjugated receptors (25-29). 

Water solubility is a major obstacle encountered in designing of 

fluoroionophores. Carbohydrates which are rich in hydroxyl groups will considerably 

enhance the water solubility of the chemical entity. Aminoanthraquinone cored 

carbohydrate molecular receptor (30) for Hg2+ have developed and demonstrated the 

sensing propensity of the probe in the presence of albumin proteins in blood serum 

and in solid silica support.47 Thiourea functional group present in the molecular 

sensor acts as receptor ligand and the attached carbohydrate unit enhances water 

solubility and bio-compatibility. In the absence of Hg2+ ion, the probe exists as 
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thioenolate anion and efficiently quenched the fluorescence via photo induced 

electron transfer (PET) and remained non-fluorescent. Co-ordination of the Hg2+ ion 

to the thiourea through sulfur linkage inhibits the PET and led to the fluorescence 

turn-on.  

Triazolyl glycoconjugates received much attention owing to their biological 

and optical properties.48 Moreover, triazolyl bidentate glycoconjugates are proven to 

be an excellent chemical moiety for the metal ion detection.49 Stereochemistry of the 

hydroxyl groups on pyranose ring had a great impact on the sensitivity and selectivity 

of the fluorescent probe.48 For example, two triazolyl coumarin moieties installed at 

different positions of the same glucose nucleus (31-33, Figure 1.7) produced reversed 

optimal response in presence of Ag (I) over a wide range of metal ions in aqueous 

solution. The C-3,4-ligand (32) showed fluorescence quenching whereas C-2,3-(33) 

and C-4,6-ligand (31) exhibited fluorescence enhancement upon metal binding.49 

Also, the C-2,3-ligand showed less cytotoxicity and increased cell permeability, and 

that can be successfully applied in living cells. 
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Figure 1.7. Structure of aminoanthraquinone conjugated glycan based receptor (30) 

and bis-triazolyl coumarin glycosides (31-33). 

Glycosyl naphthalimide-dansyl dyad system (34, Figure 1.8) with triazolyl 

moiety as linker was demonstrated as a ratiometric probe for the detection of 

environmentally toxic thiophenol in aqueous solution.50 Recently, Rao and co-

workers introduced a triazole linked quinoline conjugate of glucopyranose (35, 

Figure 1.8).51 The quinoline-glycoconjugate detects Zn2+ and Cd2+ with respective 

30±2 and 14±1-fold fluorescence enhancement and Hg2+ with a fluorescence 

quenching response in the aqueous media. Comparative studies with the model 

compounds (which do not possess sugar) indicate that the sugar conjugation caused 

significant improvement in the selectivity, water solubility and biocompatibility. The 

metal ions Zn2+ and Cd2+ exhibited 1:2 complexation with the glycoconjugate and 

Hg2+ ion showed 1:1 stoichiometry. 
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Figure 1.8. Structure of glycosyl naphthalimide-dansyl dyad system (34) and 

quinonline glycoside (35).  

Hinge sugar was explored as a recognition unit in the development of 

fluorescent receptors. Pyrene based excimer fluorescence sensor (36, Figure 1.9) was 

designed for the detection of Zn2+ and Cd2+, ring flip of the hinge sugar unit upon 

chelation with the metal ions lead to the excimer formation, and the excimer 

emission helps to read out the presence of metal ions.52 

  

 

 

Figure 1.9. Structure of the pyrene based hinge sugar sensor (36) and the ring flipped 

confirmation after metal binding (37) 

Sugar aza crown (SAC) ethers were also utilized for the design of 

fluoroionophores toward detection of trace metal ions in which sugar moiety plays 

the role of receptor. Xie et al. demonstrated the fluorescence sensing of Cu2+ ion with 

a SAC based bis-pyrenyl compound 38 (Figure 1.10).53 Cu2+ ion chelation to the 

fluroinophore induces fluorescence quenching ascribed to PET from excimer to the 

Cu2+ ion. Among the fluorogenic probes developed for sensing, the “turn-on” 

fluorophores are superior to “turn-off” fluorophores. Wu and co-workers introduced 

a SAC based fluorogenic chemosensors (39 and 40, Figure 1.10) for the selective 
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detection of Cu2+ and Hg2+. Here, the fluorescence enhancement was displayed upon 

chelation of the nitrogen atoms on the pyrene ring with Cu2+ and Hg2+.54  

 

 

 

 

 

 

 

 

Figure 1.10. Structure of the hinge sugar based receptors 38-40. 

1.4. Fluorescently labeled carbohydrates as biomolecule receptors 

Fluorescence based detection methods have also been extensively applied to 

the detection of biologically relevant ions, bio-molecules and metabolites.55 Selective 

detection of biologically relevant thiols is of particular interest, and enormous 

attempts have been reported in the literature.56 The interaction of carbohydrate 

molecules with various polyfunctional molecules and metal ions in the living 

organism are also well studied. For example, metal ion transport across the cell 

membrane. Because of all these factors, glycoligand based fluorescent probes for 

biomolecule sensing are at the centre stage of research that can be extended to the 

therapeutics. 

Near-infrared emitting fluorophores attracted great interest as fluorescent 

sensor owing to their unique advantages favorable for biological applications.57 Tae 

and co-workers introduced a “turn-on” chemosensing ensemble based on the 
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rhodamine-sugar probe (41) for the detection of thiol containing aminoacids in the 

aqueous system (Scheme 1.3). The gold complex, 41-Au+ acts as the chemosensing 

ensemble in which the addition of thiol containing aminoacids like cysteine and 

homocysteine enhance the emission intensity of the 41-Au+. The basic 

tetrahydrofuran ring in the furanose form of sugar enhances the metal binding 

affinity of the probe.  

 

Scheme 1.3. Sensing mechanism operative for the chemosensing ensemble 41-Au+. 

C-S/C-O bond cleavage followed by nucleophilic substitution has been widely 

utilized for the selective detection of thiols. Selenocysteine is the 21st aminoacid and 

its inappropriate level cause cardiovascular and neurodegenerative diseases. Rao et al. 

introduced a dansyl derivatized triazole linked glucopyranosyl conjugate 43 for the 

selective detection of selenocysteine (Cys-SeH) over cysteine and other bio-thiols.58 

Increased nucleophilicity of the Cys-SeH favoured the selective detection with a 210-

fold enhancement of fluorescence (Scheme 1.4). Biological application of this probe 

was established by the in vitro analysis in human liver hepatocarcinoma cells 

(HepG2) using fluorescence microscopy.  

 

Scheme 1.4. Sensing mechanism of selenocysteine using glucopyranosyl probe (43). 
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 Wang et al. designed a non-cytotoxic sugar functionalized fluorescent probe 

46 for the detection of intracellular fluoride ion based on a de-silylation reaction in 

the aqueous medium (Scheme 1.5).59 De-silylation, specifically in the presence of 

fluoride ion generated 30 fold enhancement in emission intensity.  

 

Scheme 1.5. Fluoride ion catalysed de-silylation reaction.  

1.5. Enzyme based sensors 

Glycoproteins are the major class of glycoconjugates distributed in the human 

body, and they mainly exist in the glycosylated form.60 Glycosidase enzymes are 

catalytic machinery for the hydrolytic cleavage of the glycosidic bond. The rate of the 

enzyme catalyzed hydrolysis is 107 fold higher compared to the spontaneous 

hydrolysis and are extremely substrate specific.61 Glycosidase enzymes are of 

different types depending on their site of glycosidic cleavage, catalytic mechanism 

and substrate specificity.62 Attributed to the varying and pivotal role of glycans in 

cellular biology, glycosidase enzymes are also linked with a wide array of biological 

applications.63 Deviation and deficiency in the glycosidase enzyme production cause 

several pathological conditions such as Gaucher and Parkinson’s disease.64 

Therefore, glycoconjugated probes for the real-time assays of enzymes have been 

attracted a great deal of attention in biomedical research which helps in early stage 

detection of diseases. A broad spectrum of activatable chromogenic and fluorogenic 

probes and lanthanide glycoconjugates for MRI analysis have been developed for the 

glycosidase enzyme assay.65 Early reports were based on small molecule fluorophores 
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such  coumarins. A vast array of fluorophores based on umbeliferones, fluoresceins, 

rhodamines and NIR emitting squaraine dyes were also explored in this direction.65 

 Numerous chromogenic66 and fluorogenic probes67 have been developed for 

monitoring the β-galactosidase enzyme activity, the most widely employed reporter 

gene in enzyme immunoassays.68 However, recent research have been focused on to 

develop fluorogenic substrates with high emission wavelengths to avoid background 

fluorescence from the intracellular molecules. 

Tung and co-workers introduced an acridine-based NIR emitting dye (48) for 

the in vivo β-galactoside detection.69 Galactose moiety was conjugated to 7-hydroxy-

9H-(1,3-dichloro-9,9-dimethylacridin-2-one) and the resultant conjugate (48) showed 

far red fluorescence properties, with a red shift in emission (50 nm) in response to the 

enzyme catalyzed cleavage (Scheme 1.6). But the overlap of excitation-emission 

spectra limits their application for optical imaging. Later, the same research group 

reported a water soluble self-immolative probe (51) for the β-galactoside monitoring. 

Disulfonated benzo[a]phenoxazine fluorophore core was connected to sugar moiety 

through a self immolative spacer 4-hydroxy-3-nitrobenzyl alcohol and glycine. Seven-

fold increase in fluorescence intensity was observed at the time of enzymatic cleavage 

(Scheme 1.6).  
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Scheme 1.6. Structure and reactivity of the compounds 48 and 51 with                      

β-galactosidase. 

Nagano and co-workers set out an NIR-fluorescent probe 55 (Figure 1.11a) 

based on squarylium dye scaffold to visualize β-galactosidase enzyme activity.70 They 

exploited a protein (fetal bovine serum albumin, FBS that is ubiquitously distributed 

in the living organism) to activate the fluorescence of the probe. The squarylium dye 

connected to a functional group, galactose which reduces the protein affinity of the 

dye and emission intensity. β-Galactosidase enzyme cleaves the galactoside linkage, 
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which restores the protein binding affinity of the squarylium dye and enhances the 

fluorescence (Figure 1.11).  

 

    

Figure 1.11. (a) Structure of the compound 55, (b) UV-Vis absorption spectra of the 

dye 55 in the absence and presence of protein, (c) fluorescence and differential 

interference contrast (DIC) images of lacZ-positive or lacZ-negative HEK293 cells 

loaded with 55. 

Fluorescent probe for the effective detection of α-glucosidase and α-

mannosidase enzyme activity were also developed.71 Recently, Vocaldo and co-

workers reported a fluorescence resonance energy transfer (FRET) based 

glucocerebrosidase (GCase) enzyme substrate (56, Figure 1.12).72 This compound is 

non-fluorescent before enzyme action and the emission quenching is attributed to 

FRET. Black hole quencher is attached at the anomeric centre of the glucose through 

a spacer and boron dipyrromethene (BODIPY) fluorophore is attached at the 6th 

position of glucose moiety. NIR emission of BODIPY is retained upon hydrolytic 

cleavage by the endogenous glucocerebrosidase enzyme (Figure 1.12). This probe 

also exhibited excellent localization in lysosomes.  

b) 

a) 

c) 
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Figure 1.12. Structure of the compound 56 and the schematic representation of 

fluorescence turn-on in the presence of glucocerebrosidase (GCase) enzyme 

1.6. Intracellular application/Imaging 

Fluorescence imaging of the biological events at the molecular level provides 

the most precise approach toward disease diagnosis and treatment. However, 

selective imaging of the analytes in the cell remains as a challenging task. 

Carbohydrates have a significant role in the cell surface signalling and hence 

modulate the physiological and pathological function through specific carbohydrate-

receptor recognition. The additional advantage is that the hydroxyl groups present in 

sugar molecules will increase the water solubility of the system. These factors make 

carbohydrate molecules as promising ligands in imaging probes and carries for the 

target specific drug delivery. Large numbers of fluorescent as well as phosphorescent 

glucose-bioprobes were reported recently for the bioimaging applications.73 

 Utilizing the receptor-mediated endocytosis strategy, Kim et al. developed a 

hepatocyte targeting bioprobe 57 (Figure 1.13).74 Asialoglycoprotein receptor (ASGP 

R) is predominantly expressed in the hepatocytes, which selectively recognize the 

terminal galactose residue of the substrate. Single galactose appended naphthalimide 

probe was designed with thiol specific cleavable disulfide bond. In the absence of 

glutathione (GSH), the compound 57 exhibited weak emission features centred 
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around 473 nm due to strong ICT character. Exposure to thiols leads to a red shift in 

emission spectra, em = 540 nm with fluorescence intensity enhancement. 

 

 

Figure 1.13. Structure of the compound 57 and the mechanism of action in the 

presence of GSH (cleavage induced fluorescence enhancement) 

Exploiting the similar strategy (ASGP-R mediated endocytosis) He et al. 

synthesized a water soluble galactosyl-rhodamine probe 58 for the selective detection 

of mercury ions in the hepatoma cells over other cancer cells.75 The spirocyclic ring 
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opening consequent to the mercury complexation leads to the fluorescence 

enhancement (Scheme 1.7), and this fluorescence enhancement is used to read out 

the mercury (II) ions in hepatoma cells. 

 

Scheme 1.7. Proposed ligand-ion co-ordination and release of the fluorescent probe 

for the compound 58. 

 Chambert and co-workers synthesized a series of fluorescent glycoconjugated 

probes (60-66, Figure 1.14), mimicking the natural glycolipids and optimized their 

membrane affinity.76 Red emitting, push-pull chromophore based on 

dicyanoionosphere (em = 650 nm) was used as fluorescent core and the non-

reducing, commercially available di- or trisaccharide units are connected to it. These 

compounds exhibited varying internalization efficiency according to their size and 

number of chromophore units present in it. Glycoconjugates bearing single 

chromophore, with limited size of carbohydrate moiety displayed best results.  
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Figure 1.14. Structure of glycoconjugated probes 60-66. 
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 Simple sugar units also function as excellent cancer targeting ligands and 

there are many therapeutic agents and optical imaging tracers developed based on 

this principle.77 The and cancer cells consume an excess amount of glucose compared 

to normal cells and this strategy is known as “Warburg effect”.78 As a result, uptake 

of glucose in cancer cells will remain high. Beginning form 1985, first fluorescent 

glucose anlogue-2-NBDG [2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose] large number of glycoconjugated probes were designed for 

monitoring the glucose uptake. Monitoring the glucose uptake also helps to assess the 

function of brain cells and muscle cells. Details of the glycoconjuagted fluorescent 

probes for targeted tumor optical imaging is discussed in Chapter 3. 

1.7. Material applications 

The biological significance of carbohydrates and their applications were 

evidenced from the earlier discussions. Availability of chiral centres and large 

number of hydroxyl groups to form hydrogen bonds make them attractive building 

blocks in supramolecular chemistry. Sugar based supramolecular systems can be 

classified mainly according to the number of sugar units attached such as mono-

valent and multi-valent ligands. Multi-valent ligands are mainly utilized in designing 

host-guest complex forming systems which play a major role in the biochemical 

process. The multiple valency present in the ligands enhance their complex forming 

ability.79 Different types of systems have been designed by utilizing these multi-valent 

sugar ligands which include macromolecules, dendrimers, polymers, nanomaterials, 

etc. Simple mono-sugar appended building blocks are mainly used to optimize the 

gelation behaviour in organo and aqueous media. These sugar derivatives may be 

amphiphiles (containing a polar/hydrophilic head at the end of a non-

polar/hydrophobic tail)80 or bolamphiphiles (Two polar/hydrophilic heads on each 
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ends of a nonpolar, hydrophobic group).81 Shinkai and co-workers synthesized a 

library of organic and hydrogels from chiral-sugar derivatives.82 However, 

fluoescently labeled sugar-based gelators are very less. 

Sugar decorated nanofibres were synthesized by Kitaoka and co-workers.83 

They synthesized three compounds with different sugar moieties such as lactose, 

maltose and cellobiose connected to azobenzene unit 67a-c (Figure 1.15). These 

carbohydrate derivatives exhibited variable chiral behaviour attributed to the 

glycosidic linkages and steric arrangement of hydroxyl groups present in it. 

Hydrogels formed from the compounds 67a and 67b exhibited photoresponsive 

reversible sol-gel transition and thus they are suitable candidates for cell-culture 

engineering applications. 

 

 

Figure 1.15. Structure of the azobenzene cored glycoconjugates and the SEM images 

of the gel obtained from 67a and 67b. 
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Recently, a supramolecular ensemble was developed and demonstrated for the 

selective fluorogenic detection of receptor proteins at the molecular level.84 This 

supramolecular ensembles 68 and 69 (Figure1.16) were formed between charged 

conjugated polymers [positively and negatively charged diazo benzene containing 

poly(p-phenylethynylenes), PPEs] and fluorescent glycoligands [fluorescein 

(negatively charged) and rhodamine B (positively charged)] as fluorophores through 

electrostatic interaction. Conjugated polymers act as amplified quenchers and the 

fluorescence of the ensemble was in “off” mode in the absence of protein receptors. 

But fluorescence recovery was observed in the presence of specific protein receptors 

[Galactose residue with Peanut agglutinin (PNA), Glucose with Concanavalin A 

(Con A) and GalNAc with Soybean agglutinin (SBA)]. This fluorogenic ensemble 

was also successfully applied in live cells. 

 

 

 

 

 

                     

 

 

 

Figure 1.16. Structure of the fluorescein (68a & 68b) rhodamine B (69a & 69b) 

labeled glycoprobes and scheme representing the fluorescence switch on. 
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Yan and co-workers were successful in mimicking nature by constructing 

liposomes from glycoconjugates (Figure 1.17).85 Liposomal supramolecular assembly 

was created from a BODIPY-glycan conjugate.  The glycan core was linked to 

BODIPY via triazole linker. Out of the four derivatives synthesized, 70a (Figure 

1.17) showed liposomal formation while hydrating. This system can be effectively 

employed for monitoring lectin interaction and labeling. 

           

Figure 1.17. Structure of BODIPY glycans and the microscope images of a single 

lysosome formed from 69a, (a) bright field, (b) green fluorescence, (c) red 

fluorescence and (d) overlay of the green and red fluorescence channels. 

1.8. Conclusion and present work 

Recent progress towards the development of fluorescence-tagged glycoprobes 

for sensing, cell imaging and material applications have been discussed. It has been 

recognized that the sugar conjugation imparts (a) increased water solubility (b) less 

toxicity and (c) target selectivity for the fluorophores. The main objective of the 

present thesis is to synthesize various sugar conjugated fluorophores and conduct a 

detailed study of these fluorophores towards biological as well as material 

applications. Aggregation behaviour of the sugar appended squaraine aggregates in 
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water was subjected to detailed study in the second chapter and response of this 

aggregate towards β-glucosidase enzyme was also monitored. Sugar moiety is an 

important targeting ligand to monitor glucose uptake and are widely exploited to 

target cancer cells due to the phenomenon known as “Warburg effect” observed at the 

cancer site. The third chapter describes the application of sugar appended squaraine 

dyes as NIR probes for the selective optical imaging of cancer cells. Carbohydrate 

molecules exhibited increased tendency to form hydrogen bonds and hence they 

promote the supramolecular self-assembly formation. This feature of sugar unit is 

utilized to construct a pH responsive fluorescent organogel from pyrene-sugar 

orthoester conjugate and discussed in fourth chapter. 
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CHAPTER 2 

Design, synthesis and aggregation studies of glycoconjugated  

squaraine dyes 

 

 

 

 

 

Abstract 

Squaraine dyes, an interesting class of organic dyes, are widely explored in the 

optical field owing to their outstanding photophysical properties. Squaraine dyes are 

known to exhibit aggregation-caused quenching (both H- and J-aggregates) in the solid 

state as well as in solution (depending upon the medium and structure) and have been 

extensively studied. However, there are only limited reports on the construction of 

hierarchical architectures via supramolecular self-assembly from squaraine dyes. In 

particular, the chiral supramolecular self-assembly recently received considerable 

attention in the field of designing of chiroptical devices. The aggregation behavior of 

squaraine dyes associated with fluorescence quenching in aqueous solution limited their 

application in the biomedical field. Efforts are also directed to circumvent this detriment 

by supramolecular encapsulation, forming squaraine rotaxanes and squaraine adducts. 
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Recently, aggregation caused quenching is widely explored to design brilliant fluorogenic 

probes with excellent contrast. We conducted a detailed investigation of the aggregation 

properties of novel glycoconjugated squaraine dyes in aqueous solution and their 

applicability as a fluorogenic probe in aqueous solvent. 

2.1. Introduction 

There is a rapid development in the optical information technology and 

optical absorbing materials have got immense attention owing to their potential 

applications in the fields of nonlinear  optics, photodynamic therapy, optical data 

storage, laser printing, biological probes, infrared photography, solar cells, etc.1 A 

large number of functional dyes,π-conjugated molecules and chromophore based 

systems have been developed in this direction including phthalocyanine, polymethine 

cyanine, polyacetylenes, squaraines, radical dyes, azo dyes, and their derivatives. 

Among these, squaraine dyes are an interesting group of organic molecules owing to 

their unique optical properties. Squaraines possess broad applications ranging from 

material to biology, and some of the relevant applications can be listed as nonlinear 

optics,2 light-emitting diodes,3 bio-imaging,4 solar cells,5 fluorescence probes,6 

photodynamic therapy,7 protein labeling8 and as surface enhanced raman scattering 

(SERS) reporters.9 

 

Figure 2.1. General structure of squaraine dye 

Squaraine dyes have a unique rigid zwitterionic structure (Figure 2.1) with 

two donor units connected to an electron deficient cyclobutane dione ring. They 

possess sharp, strong absorption (Molar absorption coefficient,   105 cm-1M-1) and 
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emission in the near infrared region ascribed to the intramolecular charge transfer 

(ICT). The interesting properties of squaraine dyes such as facile and scalable 

synthesis of different derivatives, tunable absorption and emission in the near 

infrared (NIR) region and environmental sensitive optical properties make them 

promising NIR emitting fluorescent probes among other chromophores. However, 

squaraine molecules undergo aggregation in solid state and in solutions containing 

poor solvents attributed to the strong dipole-dipole and π-π stacking interactions 

between the adjacent molecules. This aggregation leads to strong optical quenching 

and restricts their practical applications in water, particularly in the biomedical field. 

Great effort has gone in this direction to overcome the aggregation caused 

quenching, to effectively increase the interplanar distance between the adjacent 

molecules (> 3.5 Å) and thereby reducing the intermolecular charge transfer.10 

Successful attempts that have been done to solve this problem include 

supramolecular encapsulation,11 incorporating squaraine molecules to rotaxanes,12 

supramolecular adducts of squaraine with protein,13 by developing squaraine-

inorganic hybrid systems, etc.14  

Aggregation properties of squaraines have been extensively studied in mixed 

solvents, organized media, and in the presence of metal ions and are well 

documented in the literature.15 However, there are only very few reports on the 

formation of extended supramolecular architectures of functional squaraine 

derivatives. The aggregation behaviour plays a critical role in electron- and energy-

transport processes,16 hence the control over aggregation and their effective utilization 

in the field of optical imaging and material chemistry remains to be a hot topic. 

Würthner and co-workers conducted a detailed investigation on the aggregation 

properties of the squaraine dyes in non-polar solvents.17 
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Ajayaghosh and co-workers demonstrated the formation of metallo-

supramolecular self-assembly from squaraine dimers with flexible alkyl chains.18 

Complexation of Ca2+ with squaraine dye (1) facilitate the formation of folded H-type 

aggregates (Figure 2.2). The electrostatic interaction between the negatively charged 

oxygen atom in the central cylobutenoate ring of squaraine to Ca2+ lead to the 

successful complexation and H-type aggregate formation. The binding of Ca2+ 

induced the formation of one-dimensional spherical micellar self-assembly was also 

demonstrated with flexible alkyl chain linked bis-squaraine dye, 2 (Figure 2.3).19 This 

supramolecular hierarchical structure possesses strong molecular absorptivity and 

thermal stability. 

 

Figure 2.2. Schematic representation of cation induced metallo-supramolecular 

assemblies from squaraine dimers 

1 
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Figure 2.3. (a) Molecular structure, (b) schematic representation of cation induced 

spherical micellar self-assembly formation of bis-squaraine and (c) AFM image of the 

micellar structure.  

Recently, Liu and co-workers reported that self-assemblies could be effectively 

controlled by rational molecular design.20 They designed a few zwitterionic squaraine 

dyes 3-5 (Figure 2.4) with different hydrogen-bonding (H-bond) abilities and 

conducted a detailed investigation of the synergistic effect of H-bond and π-π stack 

interaction on optical properties and morphologies of squaraine aggregates. The 

morphologies of the resultant self-assemblies could be effectively tuned from 

nanoparticles, 1D nanowire to 2D nanoribbon (Figure 2.4). Increasing number of 
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hydrogen bond donors at the end of squaraine skeleton influence the optical 

properties as well as morphology. The proposed electrostatic interaction between the 

adjacent molecules based on the theoretical experiments is shown in the Figure 2.5. 

The electrostatic attraction will be high when the hydrogen bond formed between O-

atom in the central (C4O2) cyclobutane dione bridge ring and H-atom of the terminal 

methyl group.   

                                   

                 

            

 

 

 

 

 

 

Figure 2.4. Structure of the squaraine dyes 3-5, their molecular arrangements and 

hydrogen bonding distributions implemented on Gaussian 03 program suite. 

 

Figure 2.5. SEM images of the assembly formed from squaraine dyes 3-5 (a-c). 
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Figure 2.6. Schematic representation of the electrostatic interaction between adjacent 

molecules of squaraine dyes based on theoretical experiment. 

Chirality has been identified as a guiding element in the self-assembly process 

and widely exploited in the design of supramolecular architectures.21 Chiral 

supramolecular assemblies seek researchers attention due to the similarity with 

natural biological structures and application in designing chiroptical devices.22 

Though chiral supramolecular architectures based on squaraine skeleton is very few. 

Chiral squaraine dyes can be constructed by tailoring chiral ligands on the 

squaraine skeleton. Hescht and co-workers synthesized chiral squaraine dye for the 

first time by attaching a chiral ligand, natural amino acid L-proline on both ends of 

the aniline based squaraine skeleton (6) and their aggregation properties was 

elucidated in solution and in solid state.23 This squaraine dye exhibited unique chiral 

self-assembling behaviour in aqueous solution and in the solid state. Helical self-

assembly of the squaraine dye in aqueous solution was purely attributed to the 

hydrophobic interaction.24 The negative Cotton effect was observed in the circular 

dichroism (CD) spectra for the squaraine dye (6) in acetonitrile-water mixtures which 

coincide with red shifted absorption band of squaraine aggregate. 
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Figure 2.7. Molecular structure of chiral squaraine dye, 6 and self-assembly 

properties of compound 6 in aqueous solution 

Later, Ramaiah and co-workers demonstrated the formation of two chiral 

(both M and P) H-type supramolecular assemblies with opposite phases from the 

cholesterol appended quinoline based squaraine dye (7, Figure 2.8).25 Influence of 

chiral ligand, the cholesterol moiety, in the self-assembly process was confirmed by 

comparing the results with that of a model compound (8), which lacks cholesterol 

moiety. The model compound (8) exhibited only achiral J-type aggregate formation 

in poor solvent. The chiral aggregates derived from cholesterol appended squaraine 

dye were found to be switchable with response to temperature, concentration and 

solvent ratio.  
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Figure 2.8. (a) Molecular structure of cholesterol linked squaraine dye 7, (b) model 

compound 8 and (c) schematic representation of the two chiral self-assemblies and 

their CD spectra. 

Cation induced formation of helical supramolecular architectures was 

demonstrated by developing a tripodal squaraine dye containing flexible chiral alkyl 

chain (9) (Figure 2.9).26 Aggregates derived from the chiral squaraine dye in 

acetonitrile-water mixture solvent was CD inactive and showed agglomerated 

morphology in AFM analysis. Cation complexation with the squaraine skeleton was 

necessary for the CD amplification and supramolecular helicity. The complexation 

was reported to be reversible in the presence of ethylenediaminetetraacetic acid 

(EDTA). 

 

 

a) b) 

c) 
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Figure 2.9. Molecular structure of tripodal squaraine, 9 

Our group also conducted a detailed investigation on the aggregation 

properties of the squaraine dyes.27 Water soluble benzothiazole based squaraine dyes 

(10, 11, Figure 2.10) were synthesized, their aggregation properties and the influence 

of external agents polyvinylpyrrolidine (PVP) and β-cyclodextrin were studied.28 

These squaraine dyes formed dimer in water with blue shift in the absorption spectra. 

Aggregate formation was high in D2O than in water. Higher concentration of PVP 

and β-cylodextrin in water solution leads to the formation of a new species with a red 

shift in the absorption spectrum of squaraine dye (10) attributed to monomeric forms 

microencapsulated in hydrophobic environment of PVP while squaraine dye (11) 

showed less/low binding affinity toward PVP and β-cyclodextrin. The influence of 
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heavy atoms such as halogens on the aggregation behaviour of squaraine dyes was 

investigated with halogenated bis(2,4,5-trihydroxyphenyl)squaraine dyes 12-14 

(Figure 2.10) in aprotic solvents.29 These heavy atom substituted squaraine dyes 

formed J-type dimer aggregates in acetonitrile solutions at high concentrations of the 

dye. The J-type dimer is formed through hydrogen bonding interaction between 

adjacent molecules (Figure 2.11). 

 

Figure 2.10. Molecular structure of squaraine dyes 10-14. 

 

Figure 2.11. Proposed structure for the squaraine dimer formed from squaraine dyes 

12-14. 

2.2. Statement of the problem 

The earlier discussions point to the need of detailed study on the aggregation 

behavior of squaraine molecules, especially in water solvent. Squaraine dyes have 

proven to be excellent candidates for NIR imaging. But the aggregation caused 

quenching and the instability of squaraine dyes in the aqueous environment limits 

their application in bioimaging. Squaraine dyes have been extensively studied owing 

to their broad spectrum of applications, but there is dearth of the research focusing 
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squaraine molecules as building blocks for fashioning supramolecular architectures 

particularly chiral supramolecular architectures. As a continuation of our research 

interest in the field of squaraine chemistry, we undertook a detailed investigation of 

the aggregation properties of the carbohydrate appended squaraine dyes. Sugar 

moiety is selected due to its versatile functions, chirality and which contains hydroxyl 

groups as hydrogen bond donors. Thus sugar molecule can offer chirality as well as 

water solubility to the squaraine skeleton simultaneously. The significance of 

carbohydrates and applications of various fluorescent labeled glycans were discussed 

in Chapter 1. Additionally, sugar molecules being involved in most of the biological 

functions and are the primary energy source, which have been exploited as targeting 

ligands in the biomedical field. Our aim is to design a fluorogenic probe based on 

anilinium squaraine scaffold and study their aggregation properties using 

photophysical, chiroptical and microscopic techniques.  

2.3. Results and Discussion 

2.3.1. Design Strategy 

Our strategy involved the design of glycoconjugated squaraine dyes, 

monosugar appended (ASqβGl) and bis-sugar appended (SSqβGl). Glucose moiety 

was conjugated to squaraine moiety via triazole linker through the β-glycosidic bond 

in order to improve the water solubility, and it also acts as a chiral ligand. 1,2,3-

triazole is an isoster of the peptide bond and was chosen as linker because of its 

enhanced water solubility and cell permeability.27 Unlike amides, triazoles are 

resistant to hydrolysis and are relatively stable to either oxidation or reduction. They 

can be easily introduced by Huisgen 1,3-dipolar cycloaddition reaction of an azide 

with an alkyne. The molecular structure of the target molecules are shown in Figure 

2.12. 
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Figure 2.12. Molecular structure of target molecules, glycoconjugated squaraine dyes 

SSqβGl and ASqβGl 

2.3.2. Synthesis 

The synthetic strategy toward the target molecules is depicted in Scheme 2.1, 

Scheme 2.2 and Scheme 2.3. First step involves the synthesis of starting materials 

(azide and alkyne) for the Huisgen 1,3-dipolar cycloaddition toward the triazole 

functional group. Peracylated glucose upon glycosidation in the presence of Lewis 

acid, BF3.Et2O and propargyl alcohol in dichloromethane solvent afforded β-

propargylated glycoside 17 (Scheme 2.1). Azide derivative, N-(3-azidopropyl)-N-

methylaniline (20) was obtained from N-methylaniline (18). Alkylation of                

N-methylaniline with 1,3-dibromopropane followed by condensation with sodium 

azide in dimethylformamide afforded compound 20 (Scheme 2.2). Coupling of 

compounds 17 and 20 in the presence of a copper catalyst followed by deprotection 

of acetyl group on carbohydrate moiety with sodium carbonate in methanol yielded 

the corresponding hydroxylated triazole βGlTZLOH (21) (Scheme 2.3). Finally, 

condensation of the hydroxylated triazole (21) with squaric acid (22) and 3-(4-

dimethylamino)phenyl-4-hydroxycyclobut-3-ene-1,2-dione (23) yielded squaraine 
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dyes SSqβGl and ASqβGl respectively, following the traditional procedure for the 

squaraine synthesis (Scheme 2.4 and 2.5). The Bis-sugar appended squaraine dye, 

SSqβGl was synthesized by refluxing a mixture of squaric acid (22) and the triazole 

derivative, βGlTZLOH in n-butanol:benzene (2:1) solvent system for 20 h followed 

by azeotropic removal of water (Scheme 2.4). Condensation of the triazole 

derivative, βGlTZLOH with 3-(4-dimethylamino)phenyl-4-hydroxycyclobut-3-ene-

1,2-dione (23) in n-butanol:benzene (2:1) solvent system for 8 h followed by 

azeotropic removal of water furnished the corresponding monosugar appended 

squaraine dye, ASqβGl (Scheme 2.5).   

 

 

Scheme 2.1. (i) Ac2O, NaOAc, Reflux, 9 h, 90; (ii) BF3.Et2O, CH2Cl2, Propargyl 

alcohol, 8 h, 0 C-rt, 73 %. 

 

 

Scheme 2.2. (i) 1,3-Dibromopropane, K2CO3, TBAB, DMF, 80 C, 12 h, 54 %; (ii) 

NaN3, DMF, 80 C, 6 h, 80 %. 

 

 

 

 

Scheme 2.3. (i) CuI, DIPEA, CH3CN, 0 C- rt, 2 h; (ii) Na2CO3, rt, 2 h, 54 %. 
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Scheme 2.4. (i) n-butanol/benzene azeotropic mixture (2:1), 110 C, 20 h, 15 %. 

 

Scheme 2.5. (i) n-butanol/benzene azeotropic mixture (2:1), 110 C, 8 h, 18 %. 

2.3.3. Photophysical properties 

The absorption and emission spectra of SSqβGl and ASqβGl were recorded in 

dimethyl sulfoxide (DMSO) and in water in which the dyes were easily solubilized, 

and the corresponding photophysical data are summarized in Table 2.1. The 

normalized absorption and emission spectra of squaraine dyes (SSqβGl and ASqβGl) 

are shown in Figure 2.13. In DMSO solvent, SSqβGl and ASqβGl exhibited a sharp 

band centered at 649 nm, a typical absorption feature of squaraine chromophores in 

polar solvents.31 While in water, SSqβGl and ASqβGl exhibited a sharp band centred 

at 642 nm along with less intense shoulder band in the shorter wavelength region, 

indicating the formation of H-type aggregates (Figure 2.13a and 2.13c). Squaraine 

dyes are known to aggregate strongly in the presence of water.32 In DMSO, both 

squaraine dyes-SSqβGl and ASqβGl exhibited good emission in the NIR region with 
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emission maxima centred on 668 nm (Figure 2.13b and 2.13d) and fluorescence 

quantum yields of 0.38 and 0.27 respectively. These dyes are practically non-

fluorescent in the aqueous solutions, and this could be attributed to the combined 

effect of the interaction of excited state of the dyes with protons of water and 

aggregation of the dyes in aqueous solution.33 

 

Figure 2.13. Normalized UV-Vis absorption spectra of ASqβGl (a), SSqβGl (c) and 

normalized emission spectra of ASqβGl (b), SSqβGl (d) in DMSO and water. 
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Table 2.1. Photophysical data of ASqβGl  and SSqβGl dyes 

ASqβGl SSqβGl 

Solvent 

Abs. 

max 

(nm) 

Em. 

max 

(nm) 

Stokes 

shift 

(cm-1) 

ε 

(M-1cm-1) 

f 

 

Abs. 

max 

(nm) 

Em. 

max 

(nm) 

Stokes 

shift 

(cm-1) 

ε  

(M-1cm-1) 

f 

 

DMSO 649 665 347.02 

1.7± 

0.5x105 

0.27 649 669 

460.6

3 

1.9± 

0.4x105 

0.38 

Water 641 668 460.63 - 0.01 644 669 

580.2

6 

- 0.02 

(Fluorescence quantum yields (f) were measured by relative method using squarylium III (f 

= 0.65 in dichloromethane) as standard, ex = 630 nm, accuracy ± 0.04) 

 Since the squaraine dyes exhibited strong tendency to form aggregates in 

water, their absorption and emission properties as a function of concentration were 

studied (Figure 2.14 and 2.15). In aqueous solution with an increase in the 

concentration of the squaraine dyes, two new peaks appeared- one blue shifted, and 

the other red shifted along with the monomer peak which could be attributed to the 

formation of H- and J-type aggregates (Figure 2.14 and 2.15).31 In the case of 

SSqβGl, relative intensity of the blue shifted band was high compared to both the 

monomer band and the newly formed red shifted band (Figure 2.14a). Whereas the 

relative intensity of the red shifted band was high for ASqβGl in aggregate solution 

(Figure 2.14b), indicating that the contribution of blue shifted H-aggregate formation 

was significantly higher for SSqβGl compared to that of ASqβGl. The unsymmetric 

squaraine dye, ASqβGl molecules prefer to undergo end-to-end orientation to form J-

type aggregates which is evidenced by the relatively high intensity of red shifted band 

compared to that observed for the symmetric dye, SSqβGl.  

The effect of temperature on the formation of aggregate from SSqβGl and 

ASqβGl in water was further studied. At 25 °C, the absorption spectra of both dyes 
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consist of structured peaks corresponding to monomer and aggregates. With the 

increase in temperature, reduction in the intensities of the bands attributable to 

aggregates was observed along with a concomitant increase in the intensity of the 

monomer band. At 50 °C, the absence of absorption band centred at 695 nm 

confirmed the break-up of the J-aggregates formed from SSqβGl, whereas a marginal 

decrease in intensity of blue shifted bands indicated that the H-aggregates formed are 

quite stable even at higher temperatures (Figure 2.15a). In the case of unsymmetric 

dye ASqβGl with the increase in temperature, blue shifted band vanished, and a 

slight decrease in intensity of the red shifted band was observed at 50 °C which 

indicates that for this dye the red shifted J-aggregate was much more stable than its 

H-aggregate (Figure 2.15b). 

    

 

  

 

 

Figure 2.14. Absorption and emission spectral changes of (a) SSqβGl [ 5, 20, 40, 80, 

100, 200 μM, pathlength 10 mm] in water with increase in concentration and (b) 

temperature dependent absorption spectral changes of SSqβGl (20 μM) with increase 

in temperature from 25, 30, 35, 40, 45 and 50 °C.  
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Figure 2.16. Absorption spectral changes of (a) ASqβGl [1, 5, 10, 20, 30 & 60 μM, 

Path length 1 mm] in water with increase in concentration and (b) temperature 

dependent absorption spectral changes of ASqβGl (30 μM) with increase in 

temperature from 25, 30, 35, 40, 45 and 50 °C.  

 The difference spectra resulted by subtracting the normalized absorption 

spectra (at 649 nm) of the aggregate from that of monomer (5 μM) of SSqβGl showed 

two peaks which correspond to H-aggregate (564 nm) and J-aggregate (700 nm, 

Figure 2.16a). Similarly, the difference spectra of ASqβGl showed two peaks at 570 

nm (H-aggregate) and 830 nm (J-aggregate, Figure 2.16b). This spectral information 

revealed that both dyes have greater tendency to get aggregated in aqueous solutions.  

From the concentration dependent emission changes of both dyes, it was found that 

both dyes exhibited emission centred at 669 nm at lower concentration (Figure 2.16). 

With an increase in concentration, intensity of the emission band decreased gradually 

which again confirming that the aggregates formed contributed to the non-emissive 

route of energy loss from the excited state. Excitation spectra of ASqβGl and SSqβGl 

were measured and based on which, it could be concluded that emission arises only 

from the monomers and that the aggregates are non-emissive (Figure 2.17). 
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Figure 2.17. Difference spectra obtained by subtracting the normalised absorption 

spectra of the aggregate from that of monomer (at lower concentration) of (a) SSqβGl 

(b) ASqβGl. 

   

Figure 2.18. Changes in emission spectra of (a) ASqβGl [20, 30, 40, 60, 80 and 100 

μM] and (b) SSqβGl [5, 10, 20, 40, 60, 80, 100 and 200 μM] in water solution. 
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Figure 2.19. Excitation spectra of (a) ASqβGl [5.5x10-5 M concentration, emission 

collected at 670 nm] and (b) SSqβGl [5.5x10-5 M concentration, emission collected at 

669 nm]. 

 We then moved on to check the chirality of the synthesized squaraine dyes in 

solution (DMSO and water). Both the squaraine dyes exist as monomers in DMSO 

solvent and were found to be CD inactive. But in aqueous solution bis-sugar 

appended squaraine derivative, SSqβGl showed exciton coupled signal in CD spectra 

at higher concentration (Figure 2.19) and the wavelength coincides with that of the 

H-aggregate. While the monosugar appended squaraine dye, ASqβGl was CD 

inactive in the aqueous solvent also. This observation indicated that the chiral ligand 

conjugation to the squaraine dye did not induce any chirality to the chromophore 

instead, the supramolecular orientation of the symmetrical bis-sugar appended 

squaraine scaffold in water induce chirality to the aggregate. The slipped plane to 

plane orientation of the dye resulted from π-π stacking, and hydrogen bonding 

between the adjacent molecules lead to the helical self-assembly. At lower 

concentrations where monomer molecules predominate in solution, no CD signal 

was observed. While increasing the concentration of the dye CD signal was appeared 

with positive Cotton effect. Temperature sensitivity of the helical self-assemblies was 

also studied. With an increase in temperature decrease in the helicity was observed 
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attributed to the cleavage of the aggregates (Figure 2.20), which is evident from the 

corresponding aggregation spectrum. Reversibility of the chirality was checked by 

sudden cooling of that solution. Helicity did not retain upon sudden cooling, but the 

complete helicity was retained only after 24 h of cooling followed by sonication 

(Figure 2.21). 

 

 

 

 

 

Figure 2.19. a) CD spectra and b) corresponding absorption of the dye SSqβGl 

recorded in water solvent with increasing concentration. 

 

 

 

 

 

 

 

Figure 2.20. CD spectral changes with increase in temperature from 25 to 65 C for 

SSqβGl in water (2x10-4 M) 
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Figure 2.21. CD spectrum of the squaraine, SSqβGl solution (2x10-4 M) after sudden 

cooling (after 35 min.) 

2.3.4. Atomic force microscopic (AFM) studies of the dye aggregate 

Morphological analysis was carried out using atomic force microscopy by drop 

casting the sonicated solution of SSqβGl on to freshly peeled mica sheets. AFM 

analysis of the symmetrical, bis-sugar appended squaraine dye SSqβGl (2x10-4 M) 

showed the formation of fibrillar network (Figure 2.22). Helicity of the fibers was 

visible in the zoomed image. Clustered morphology was observed for aggregates 

derived from ASqβGl in water. 

 

 

 

 

 

Figure 2.22. Tapping-mode AFM images of samples prepared by drop casting 

solutions of the dye SSqβGl (2x10-4 M) 
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2.3.5. Fluorogenic response to β-glucosidase enzyme 

Aggregation caused quenching of the squaraine dyes SSqβGl and ASqβGl in 

aqueous solution were confirmed from the aggregation studies. Finally, the potency 

of the squaraine dyes as a fluorogenic probe in the biological media was the 

monitored. To study this property, we have selected SSqβGl which has high water 

solubility. The enzyme β-glucosidase is a lysosomal lipid hydrolase, membrane-

associated glycoprotein that facilitates the cleavage of the β-glycosidic linkage. β-

Glucosidase plays vital role in the biological system and the mis-function of this 

enzyme lead to a number of diseases including Gaucher’s disease.34 In the case of 

squaraine dye, we anticipated the cleavage of reducing sugar from the squaraine 

skeleton in the presence of β-glucosidase enzyme. Change in the photophysical 

properties of the squaraine dye SSqβGl was monitored in the presence of the β-

glucosidase enzyme. The addition of enzyme to the solution of the dye SSqβGl (10 

μM) leads to the decrease in intensity of the absorption peak located in the blue 

region along with a concomitant increase in the intensity of the monomer band at 

649 nm (Figure 2.23a). This observation indicates the cleavage of the H-aggregate 

formed in water associated with the cleavage of the glycosidic bond in the presence of 

β-glycosidase enzyme. The emission spectral changes in the presence of β-glucosidase 

enzyme were also monitored (Figure 2.23b), enhancement in the emission was 

observed upon addition of the enzyme by 10 μL. Additionally, it is interesting to 

notice the visible color change in the presence of β-glycosidase enzyme from violet to 

blue (Figure 2.23c).   
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Figure 2.23. (a) Absorption spectral changes of the dye SSqβGl with addition of β-

glucosidase enzyme in PBS solution. (b) Emission spectral changes with increase in 

concentration of β-glucosidase enzyme in SSqβGl solution in PBS and (c) Visible 

colour change from violet to blue upon addition of β-glucosidase enzyme. 

2.4. Conclusion 

We have designed and synthesized two novel carbohydrate appended 

squariane dyes-SSqβGl and ASqβGl. Squaraine dye, SSqβGl exhibited good 

solubility in water whereas ASqβGl showed moderate solubility. Both the squaraine 

dyes exhibited aggregation caused quenching in water while existed as monomers 

with intense emission in DMSO solution. SSqβGl prefers to orient in the plane to 

plane fashion to form H-aggregates while ASqβGl preferably formed J-aggregates in 

water. Additionally, bis-sugar appended squaraine dye SSqβGl formed helical 

supramolecular self-assemblies in water. Specifically, helical fibirillar morphology 

was observed in AFM images. Further, we have demonstrated the fluorogenic 

   SSqβGl alone  SSqβGl + 

β-Glucosidase 



Aggregation studies of glycoconjugated squaraine dyes 

64 
 

sensing ability of the squaraine aggregates in PBS against a biologically relevant β-

glucosidase enzyme. Visible as well as emission profile changes were displayed in the 

presence of β-glucosidase enzyme. These results support the utility of non-fluorescent 

aggregates as fluorogenic probes in aqueous solution to overcome the aggregation 

caused quenching that restricts the biological application of squaraine dyes. 

2.5. Experimental section 

2.5.1. Materials and methods 

 Chemicals used for the synthesis of squaraine dyes and their synthetic 

precursors were purchased from Sigma-Aldrich, Alfa Aesar, Merck and SDFCL and 

were used without further purification. 1H and 13C were recorded on Bruker 500 

MHz spectrometer and tetramethylsilane (TMS) as the standard. IR spectra were 

recorded on Bruker FT-IR spectrometer. Mass spectra were recorded under 

EI/HRMS at 60,000 resolution using Thermo Scientific Exactive Mass Spectrometer 

and MALDI-TOF MS spectra were recorded using Shimadzu Axima CFR (Plus). 

Absorption spectra were measured on a Shimadzu UV-3101 PC NIR scanning 

spectrophotometer and emission recorded on SPEX Fluorolog F112X 

spectrofluorimeter. AFM images were recorded under ambient conditions using a 

NTEGRA (NT-MDT) operating with a tapping mode regime. Micro-fabricated TiN 

cantilever tips (NSG10) with a resonance frequency of 299 kHz and a spring constant 

of S8 20-80 Nm−1 was used. AFM section analysis was done offline. Temperature 

dependent studies were carried out with a thermostat directly attached to the wall of 

the cuvette holder. Fluorescence quantum yield (f) were measured by the relative 

method using squarylium III (f = 0.65 in dichloromethane) as standard.35 



Aggregation studies of glycoconjugated squaraine dyes 

65 
 

2.5.2 AFM sample preparation: Squaraine dye SSqβGl (2x10-4 M) was dissolved in 

HPLC water and subjected to sonication. This sonicated solution was drop casted on 

freshly peeled mica sheets and the sample was dried under vacuo for 24 h. 

2.5.3. Synthesis of N-(3-bromopropyl)-N-methylaniline (19): N-(3-bromopropyl)-N-

methylaniline (19) was synthesized according to the 

conventional procedure. To a solution of N-methylaniline (5 

g, 46.6 mmol) in dry DMF (20 mL), potassium carbonate (32 

g, 233 mmol) was added and allowed to stir for 10 min. To this reaction mixture, 1,3-

dibromopropane was added slowly and then reaction mixture was allowed to stir for 

12 h at room temperature under argon atmosphere. After the completion of reaction, 

reaction mixture was filtered and compound was extracted with diethyl ether. 

Organic layer was washed with brine and solvent removed under reduced pressure. 

Residue was then subjected to column chromatography on silica gel, eluting with 

hexane to yield the title compound 19 as yellow liquid (5.3 g, 50 %). 1H NMR 

(CDCl3, 500 MHz):  7.23 (t, J = 8.0 Hz, 2 H) 6.71 (m, 3 H), 3.48 (t, J = 7.0 Hz ,2 

H,), 3.44 (t, J = 6.5 Hz, 2 H), 2.94 (s, 3 H), 2.150-2.09 (m, 2 H) ppm. 13C NMR 

(CDCl3, 125 MHz): δ 149.2, 129.5, 127.2, 112.7, 50.9, 38.9, 31.9, 30.2 ppm. HRMS 

(ESI) m/z calcd for C10H15BrN: 228.0388; found: 228.04 [M+H]+. 

2.5.4. Synthesis of N-(3-azidopropyl)-N-methylaniline (20): Compound 19 (3 g, 

23.3 mmol) and sodium azide (2.2 g, 35 mmol) was allowed 

to reflux in dry DMF for 8 h. Completion of reaction was 

monitored by thin layer chromatography (TLC). Reaction 

mixture was cooled to room temperature and diluted with diethyl ether (25 mL). 

Organic layer was washed with brine and dried over sodium sulphate. Solvent was 

evaporated under vacuo. Crude product obtained was subjected to silica gel column 
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chromatography using hexane as eluent to afford the title compound 20 as yellow 

liquid (2 g, 80 %). 1H NMR (CDCl3, 500 MHz): δ 7.20 (t, J = 7.0 Hz, 2 H,), 6.68 (bs, 

3 H), 3.35 (d, J = 7.0 Hz, 2 H), 3.28 (t, J = 6.0 Hz, 2 H), 2.87 (s, 3 H), 1.79 (t, J = 6.5 

Hz, 2 H) ppm. 13C NMR (CDCl3, 125 MHz) δ 149.2, 129.4, 116.6, 112.4, 49.8. 49.2, 

38.5, 26.3 ppm. HRMS (ESI) m/z calcd for C10H15N4: 191.121; found: 191.129 

[M+H]+. 

2.5.5. Synthesis of alkyne  

The alkyne derivative 2, 3, 4, 6-Tetra-O-acetyl-1-

(2′-propargyl)- β-D-glucose was obtained by following 

the reported procedures.36 Glucose was peracetylated  in 

presence of sodium acetate and products formed were confirmed from HRMS 

analysis. 

2.5.6. Synthesis of 1,2,3-triazole, βGlTZLOH (21):  Propargylated glycoside 

(17), (2.5g, 0.011 mol) and azide 

(2.24g, 0.011 mol) were 

dissolved in acetonitrile. Copper 

iodide (2.37g, 0.165 mol) was 

added to this solution followed by the addition of N,N-diisopropylamine (5.74 mL, 

0.33 mol) and the reaction mixture was allowed to stir for 2 h at room temperature. 

After the completion of reaction, reaction mixture was diluted with water and 

ammonium chloride. Extracted with ethyl acetate and the combined organic layer 

was washed with brine solution, dried over sodium sulphate. Solvent removed under 

reduced pressure and the residue obtained was directly used for next reaction. Crude 

product was dissolved in methanol and allowed to stir in presence of sodium 

carbonate (6.24 g, 0.058 mol) for 2 h at room temperature. After monitoring the 
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completion of reaction with TLC, reaction mixture was filtered and solvent removed 

under reduced pressure. Residue obtained was purified by silica gel column 

chromatography using CHCl3/MeOH (9:1) solvent system to afford corresponding 

1,2,3- triazole derivative (21) as yellow coloured highly viscous liquid in 56 % yield 

(2.6 g). 1H NMR (CD3CN, 500 MHz):  7.82 (s, 1 H), 7.19-7.16 (m, 2 H), 6.67-6.64 

(m, 3 H), 4.91 (d, J = 12.5 Hz, 1 H), 4.43 (d, J = 8.9 Hz, 1 H), 4.35 (t, J = 7.0 Hz, 2 

H), 3.82 (d, J = 11.5Hz, 1 H), 3.68-3.66 (m, 1 H), 3.44-3.40 (m, 1 H), 3.36-3.3 (m, 2 

H), 3.25 (t, J = 8.0 Hz,1 H), 2.85 (s, 3 H), 2.10 (t, J = 7.5 Hz, 2 H) ppm. 13C NMR 

(CD3CN, 125 MHz):  154.5, 149.2, 134.5, 129.4, 122.8, 121.6, 117.7, 107.3, 101.3, 

83.3, 81.8, 78.8, 75.4, 67.2, 66.8, 54.5, 53.3, 43.2, 32.4 ppm. HRMS (ESI) m/z calcd 

for C19H28N4O6Na: 431.1907; found: 431.1916 [M+Na]+. 

2.5.7. Synthesis of 3-(4-(dimethylamino)phenyl)-4-hydroxycyclobut-3-ene-1,2-

dione (23):  Compound 23 was synthesised according 

to the traditional procedure. 3,4-Dichlorocyclobutene-

1,2-dione (1.5 g, 9.9 mmol), and N,N-dimethylaniline 

(1.2 g, 9.7 mmol), were dissolved in dry benzene (30 mL) and refluxed for 8 h. After 

cooling, the reaction mixture was poured into ice water (200 mL) and the two layers 

formed were separated. The organic layer was washed with water, and the crude 

product obtained was dissolved in a mixture of acetic acid (25 mL), water (25 mL) 

and 2N HCl was added (10 mL). The resulting mixture was then refluxed for 4 h at 

120 C. After cooling, this solution was added to crushed ice, the precipitated 

product was isolated by filtration, washed with diethylether, and dried to yield 2.0 g 

(50 %) of the pure product as a brown coloured powder. 1H NMR (500 MHz, 

DMSO-d6):  7.86 (d, J = 9 Hz, 2H,), 6.88 (d, J = 9 Hz, 2H,), 3.03 (s, 6H) ppm. 
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2.5.8. Synthesis of SSqβGl:  

  Symmetrical squaraine SSqβGl was synthesized by refluxing βGlTZLOH-(21) 

(500 mg, 1.22 mmol) and 3,4-dihydroxycyclobutene-1,2-dione (22) (70 mg, 0.6 

mmol) in n-butanol/benzene (2:1) solvent mixture at 110 °C for 20 h accompanied 

by azeotropic removal of water using Dean Stark trap. After completion of the 

reaction, solvent was removed under reduced pressure. Residue obtained was 

purified by repeated precipitation from MeOH/EtOAc (1:9) solvent mixture and 

finally from methanol. The desired product was obtained as dark blue solid (160 mg, 

15 %) m p:165-170 °C (decomposing). 1H NMR (DMSO-d6, 500 MHz):  8.18 (s, 2 

H), 8.14 (d, J = 8.5 Hz, 4 H), 6.96 (d, J = 9.0 Hz, 4 H), 5.04-5.03 (m, 2 H), 4.94-4.91 

(m, 4 H), 4.75 (d, J = 12.5 Hz, 4 H), 4.57 (bs, 2 H), 4.46 (t, J = 7.0 Hz, 2 H), 4.26 (d, 

J = 7.5Hz, 2 H), 3.72-3.69 (m, 2 H), 3.61 (m, 4 H), 3.47-3.44 (m, 2 H), 3.15 (s, 6 H), 

3.13-3.12 (m, 3 H), 3.07-3.06 (m, 2 H), 2.99-2.98 (m, 2 H), 2.17 (t, J = 6.5Hz, 2H) 

ppm. 13C NMR (DMSO-d6, 125 MHz):  181.6, 154.0, 143.9, 131.7, 124.2, 118.8, 

113.1, 102.1, 99.5, 76.9, 73.4, 61.5, 61.2, 46.9, 39.7, 39.6, 27.4 ppm; MALDI-TOF 

calculated for C42H54N8O14 894.3770 found 894.00 [M]+. 

2.5.9. Synthesis of unsymmetrical squaraine, ASqβGl: Unsymmetrical squaraines 

were synthesised by the condensation of 3-(4-(dimethylamino)phenyl)-4-

hydroxycyclobut-3-ene-1,2-dione (1 equiv.) and corresponding triazole  substrate (1 

equiv.) in 1-butanol/benzene (1:2) solvent mixture at 110 °C for 8 h. Where 3-(4- 
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(dimethylamino)ph

enyl)-4-

hydroxycyclobut-3-

ene-1,2-dione was 

obtained from the 

conventional synthetic procedure.4 After monitoring completion of the reaction using 

TLC, solvent was removed under reduced pressure. The residue obtained was 

purified by repeated precipitation from EtOAc/MeOH solvent mixture and finally 

from methanol solvent to yield the unsymmetrical squaraines as blue solid.(132 mg, 

18 %) m p: 238-242 °C. 1H NMR (DMSO-d6, 500 MHz):  8.81 (s, 1 H), 8.14 (t, J = 

13.0 Hz, 4 H), 6.96 (t, J = 9.0 Hz, 4 H), 5.03-4.92 (m, 2 H), 4.26 (d, J = 8.0 Hz, 1 H), 

4.85 (d, J = 12.5 Hz, 1 H), 4.66 (d, J = 12.0 Hz, 1 H), 4.45 (t, J = 7.0 Hz, 2 H), 4.26 

(d, J = 8.0 Hz, 1 H), 3.65 (d, J = 11.5 Hz, 1 H), 3.60 (t, J = 7.0 Hz, 2 H), 3.47-3.44 

(m, 1 H), 3.20 (s, 6 H), 3.14 (s, 3 H), 3.12 (bs, 2 H), 3.07-3.03 (m, 1 H), 2.99 (t, J = 

8.0 Hz, 1 H), 2.17 (t, J = 7.0 Hz, 2 H). 13C NMR (DMSO-d6, 125 MHz):  187.0, 

182.2, 155.6, 144.4, 132.2, 132.0, 124.7, 119.4, 119.2, 113.7, 102.6, 77.5, 77.2, 73.9, 

70.6, 62.0, 61.7, 49.7, 47.5, 40.8, 39.2, 27.9 ppm. HRMS (ESI): m/z calcd for 

C31H37N5O8Na: 630.2551; found: 630.2556 [M+Na]+. 
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CHAPTER 3 

Glycoconjugated squaraine dyes for selective tumor optical 

imaging 

 

 

 

 

Abstract 

Tumor is one of  the life threatening diseases and second leading cause of  death. The 

increased mortality rate reported for the cancer cases can be attributed to the failure of  the early 

stage detection and diagnosis with the existing conventional tools. NIR-fluorescence imaging is 

a promising non-invasive tool for tumor detection which can provide better spatial and temporal 

resolution and allows cellular and molecular level monitoring with relatively high sensitivity. 

These factors lead to intense research in developing efficient target-specific fluorescent probes for 

imaging technology. An ideal fluorophore for specific and sensitive cancer detection requires a 

cancer cell targeting agent conjugated chemically or biologically to it. Warburg effect is one of 

the important features of tumor cells and has been widely explored as targeting element towards 

the design of therapeutic and diagnostic probes. Glycolytic enzymes and glucose transporters are 

overexpressed at the tumor cite to satisfy high energy demands and the glucose consumption rate 

will be high in tumor cells. This phenomenon is known as Warburg effect. Here we demonstrate 

the application of glycoconjugated squaraine dyes for selective tumor cell imaging. 
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3.1. Introduction 

Cancer is one of the most threatening public health problems in the world 

around the globe with an estimated 8.8 million deaths reported in 2016 worldwide 

(World Health Organisation). The increased mortality rate is due to the failure of 

early detection and diagnosis of disease using the conventional clinical tools because 

of poor target specificity, sensitivity and image contrast.1 Fluorescence imaging is a 

promising non-invasive tool for tumor detection which can provide better spatial and 

temporal resolution and allows cellular and molecular level monitoring with 

relatively high sensitivity.2 Fluorescence detection in the optical window ranging 

from 650-900 nm (NIR region) offers several advantages over traditional methods 

such as decreased penetration, minimized photo damage to the biological samples, 

non-invasive nature and sensitivity.3 In addition, optical imaging techniques are free 

from radioactive risks associated with the use of ionization radiation. Now a days, 

fluorescent labeled marker guided surgery has emerged as an excellent treatment 

modality.4 All these factors led the way to rigorous research in imaging technology 

and there has been tremendous interest in the development of target-specific 

fluorescent probes.5 

 An ideal fluorophore for specific and sensitive cancer detection requires a 

cancer cell targeting agent conjugated chemically or biologically to it.6 Targeting the 

Warburg effect, one of the important characteristic features of cancer cells has 

attracted great interest in recent years.7 Otto Warburg first proposed the cancer cell 

metabolism that is different from normal cells.8 Normal cells rely on mitochondrial 

oxidative phosphorylation for the energy production in the presence of O2 (aerobic 

glycolysis) and the total energy production is 36 molecules of adenosine-5-

triphosphate (ATP)/per glucose. In the absence of oxygen (anaerobic glycolysis), 
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normal cells direct the conversion of the glycolysis product to lactate without storing 

pyruvate in mitochondria. Energy production in the absence of oxygen is 2 molecules 

of ATP/glucose. Cancer cells do not keep an eye on whether oxygen is present or 

not; glycolysis will proceed through lactate production and only a few amount of 

pyruvate is stored in the mitochondria (5 %). Energy production is very less and 

rapidly growing cancer cells require more energy when compared to normal cells. To 

satisfy the high energy demand of cancer cells, more glucose is required and 

consequently, glycolytic enzymes and insulin-independent glucose transporters 

(GLUTs) are over expressed at the tumor site.9 This phenomenon is known as 

Warburg effect. The rate of consumption of glucose, the primary source of energy, is 

significantly higher in cancer cells compared to normal cells and this phenomenon 

has been used to differentiate cancer cells from normal cells (Figure 3.1). This is 

possible by monitoring the glucose uptake in the cells specifically through the 

GLUTs. 

Glucose transporters are the membrane proteins that facilitate the 

bidirectional and energy-independent process of glucose transport in most of the 

tissues and cells (Figure 3.2).10 GLUT family constitute 13 members, GLUT 1-12 and 

HMIT. Each GLUT has distinct and regulatory functions that reflect their unique 

role in the cellular and whole body homeostasis.  
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Figure 3.1. Schematic representation of aerobic and anaerobic glycolysis occurring in 

the normal cells as well as in cancer cells (Warburg effect).9d 

 

Figure 3.2. Graphical representation of the GLUT facilitated glucose uptake. 

Radiolabeled glucose tracers, were widely used for monitoring glucose 

consumption prior to the development of fluorescent glucose analogues.11 18-F 

labeled 2-deoxy (FDG) glucose analogue has been widely used in the in vivo analysis 

of tumor diagnosis (Figure 3.3) with positron emission tomography (PET). The first 
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fluorescent glucose analogue introduced was 6-deoxy-N-(7-nitrobenz-2-oxa-1,3-

diazol-4-yl)aminoglucose [6-NBDG] by Kutchai and co-workers.12 A decade later, 

Matsuoka et al. introduced the C-2 analogue of NBDG (2-NBDG) and this has been 

widely used in various studies related to glucose monitoring.13 Even though 2-NBDG 

has proven to be an excellent substrate of GLUTs, poor fluorescence and kinetic 

behaviour of NBDG analogues restricted its application in living cells. Since then, 

several glucose analogues labeled with various fluorophores have been developed to 

overcome these limitations.3a,14 

 

Figure 3.3. Positron emission tomography (PET) imaging using the radiolabeled  

glucose analogue,18F-FDG. (a) In a healthy human being, 18F-FDG will be 

concentrated in the brain and bladder (grey), the tissues that constitutively consume 

glucose, (b) In the patient, the tumor cells have preferentially taken up 18F-FDG 

(red).7 

A fluorescent glucose probe generally contains three parts, a fluorophore, the 

linker and a sugar unit. The linkers connecting the glucose and fluorophore will 

influence the uptake efficiency of the probe and has been a subject of study.15 

Generally stable, biocompatible polar linkers like triazole, amide and ester are 
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favoured for the biomolecule designing. Sometimes the linkers help to reduce the 

cytotoxicity of the fluorophore. NIR- emitting fluorophores are preferred for imaging 

applications owing to their advantages.3a,16 Intensive research has been going on in 

this area of NIR fluorescent materials and labeling of biomolecules with these 

fluorescent materials. Despite of these great advances, lot of challenges still exist in 

the path of development of NIR fluorescent probes for biological imaging. Only few 

NIR- emitting fluorophores are FDA approved in this regard. The NIR emitting 

glucose analogues reported (Figure 3.4) include Pyro-2DG,17 Cy 5.5-2DG,18 IR dye 

800 CW-2DG,19 CyNE-2DG,20 Cy3-α-gl and Cy3-β-gl.21 Most of the dyes currently 

used for labeling of the glucose analogues contain one or more charges in their 

structure that will inversely affect their application in cell imaging. In addition, the 

difficulty in synthetic modification and water solubility are some of the problems 

encountered in the designing of NIR- emitting fluorophores. The glycosylation site 

on glucose plays a key role in the glucose uptake activity. Difference in the 

internalization efficiency was reported for α & β analogues of glucose.21 Conjugation 

site of the fluorophore on glucose has great impact in the internalization mechanism. 

As soon as the glucose analogue enters the cell, it will undergo the glycolysis 

pathway. First step of glycosylation is the phosphorylation of glucose at the C-6 

position by the enzymes, hexokinase/fructokinase. Therefore the phosphorylation 

site (C-6) and the hydroxyls at C-3 and C-4 on the glucose unit have critical roles in 

enzyme binding and should be left free for the effective binding with GLUTs.19 Most 

of the glucose analogues developed were N-2 amino derivatives, recently Park et al. 

introduced the O-1 derivatives of glucose and are proven to be better candidates for 

imaging studies.21 Some of the glucose analogues function as photodynamic 

therapeutic agents.15  
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Figure 3.4. Molecular structure of fluorescent glucose anlaogues developed so far. 

Squaraines are an important class of organic dyes with versatile applications 

due to their unique photophysical properties. Squaraines possess sharp and narrow 

absorption and emission in the NIR region. The ease of structural modification offers 

wide scope for squaraine dyes in the optical imaging field.  However, the 
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photostability and aggregation of the squaraine dyes retards them in bioimaging 

applications. Enormous efforts have been put forward to overcome the aggregation. 

Supramolecular encapsulation, supramolecular squaraine adducts and squaraine 

rotaxanes are some of the successful attempts among them. The efforts in the 

direction to overcome this aggregation behaviour was discussed in detail in Chapter 

2. 

Recently, Würthner and co-workers demonstrated imaging and in vivo 

photothermal therapy of tumor cells with highly stable and biocompatible adducts of 

squaraine (1), with bovine serum albumin (BSA).22 The squaraine dye (1) formed 

supramolecular adduct with natural carrier protein-BSA through hydrophobic and 

hydrogen bonding interactions and this adduct formation resulted in 80-fold 

enhancement of fluorescence in phosphate buffer solution. The targeting ligand, folic 

acid is covalently connected to the squaraine adduct. (Figure.3.5). 
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Figure 3.5. (a) Molecular structure of the squaraine dye, (b) schematic diagram of 1-

BSA adduct, (c) fluorescence enhacement upon addition of BSA and (d) the confocal 

fluorescence images of  KB cells incorporated with squaraine-protein adduct. 

3.2. Statement of the problem 

Squaraine dyes are less explored in biological imaging due to their  

fluorescence quenching and unstability in biological media despite of their excellent 

photophysical properties. In the previous chapter, we have discussed the self 

assembly of glycoconjugated squaraine dyes in aqueous solution and their 

fluorogenic response with  an analyte β-glycosidase enzyme. Herein we investigated 

the potency of glycoconjugated squaraine aggregates toward selective cancer cell 

optical imaging. Target specificity is achieved by exploring the “Warburg effect”, one 

1 
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of the characteristic feature of cancer cells. The simple glucose unit functions as the 

targeting ligand. 

3.3. Results and discussion 

3.3.1. Design strategy 

 The glycoconjugated squaraine chromophores, ASqβGl and SSqβGl 

(discussed in Chapter 2) synthesized were used as probes for the imaging studies in 

tumor cells. Glucose unit is attached to the squaraine dye through a biocompatible 

triazole linker through O-1, β-glycosidic bond. Glucose unit functions as targeting 

ligand as well as the hydrophillic group. Glucose unit together with triazole linker 

contributes to the increased water solubility and cell permeability of the probes. 

Synthetic strategy of the β-glucose analogues and the photophysical properties have 

been discussed in Chapter 2. Squaraine dye, SSqβGl was highly soluble and ASqβGl 

was moderately soluble in water. Both the squaraine dyes underwent aggregation in 

water which is associated with fluorescent quenching. For the detailed investigation 

of the mechanism of cellular uptake and imaging, we synthesized monosugar 

appended α-glucose (ASqαGl), α-galactose (ASqαGa), α-mannose (ASqαM) 

analogues of the squaraine dye. Molecular structure of the compounds used for 

imaging studies are listed below (Figure 3.6).  
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Figure 3.6. Molecular structure of the glycoconjugated squaraine dyes. 

3.3.2. Synthesis 

Synthetic strategy towards the target molecules ASqαGl, ASqαGa, ASqαM is 

described in Scheme 3.1, Scheme 3.2, Scheme 3.3, Scheme 3.4 and Scheme 3.5. In 

order to get α-glycoside selectively, we first treated the glucose unit with acidic ion 

exchange resin 50WX8-400 with excess amount of propargyl alcohol at 70 C. The 

reaction afforded a mixture of both α and β-glycosides (3) in 2:1 ratio. Compound 3 

was then subjected to protection with acetyl group using acetic anhydride in the 

presence of acetic acid affording the corresponding acetylated propargyl glycoside (4) 

(mix. of α & β isomers). Next, we synthesized the azide derivative (7) from N-methyl 

aniline (5). The propargyl glycoside (4) upon coupling with compound 7 in the 

presence of copper catalyst afforded the corresponding 1,4-disubstituted triazole in 

acylated form. This acylated triazole subjected to deprotection with sodium 

carbonate furnished the hydroxylated triazole and α-glycoside 8 was isolated 
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selectively. By following the same synthetic route, respective triazoles of mannose 

(12) and galactose (13) were also synthesized. 

Condensation of the hydroxylated triazole of α-glycoside 8 with 

semisquaraine 11 yielded the squaraine dye ASqαGl. Semisquaraine (11) was 

prepared from squaryl chloride (9) and N,N-dimethylaniline (10) following the 

reported procedure.23 By adapting the similar synthetic methodology, we synthesized 

other squaraine dyes ASqαGl, ASqαGa, ASqαM. All the starting materials and final 

products were characterised by using various spectroscpic techniques such as IR, 1H, 

13C and MALDI-TOF analysis. 

 

 

 

Scheme 3.1. (i) Dowex Resin, Propargyl alcohol, 70 C, 64 %; (ii) Ac2O, Sodium 

acetate, 120 C, 83 %. 

 

 

 

Scheme 3.2. (i) 1,3-dibromopropane, K2CO3, TBAB, DMF, 80 C, 12 h, 54 %; (ii) 

NaN3, DMF, 80 C, 6 h, 82 %. 
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Scheme 3.3.(i) CuI, DIPEA, CH3CN, 0 C, rt, 2 h; (ii) Na2CO3, rt, 2 h, 55 %. 

 

 

Scheme 3.4. (i) Benzene, reflux, 8 h; (ii) AcOH: H2O (1:1), 2 N HCl, reflux, 4 h, 57 

%. 

 

 

 

 

Scheme 3.5. (i) n-BuOH-Benzene (2:1), 110 C, 8h, 17 %. 

3.3.3. Photophysical properties 

Photophysical properties of the newly synthesized squaraine dyes ASqαGl, 

ASqαGa, and ASqαM were measured in DMSO and water solvents and the results 

are summarized in Table 3.1. Absorption and emission characteristics of the 

squaraine dyes, ASqαGl, ASqαGa, ASqαM were similar to that of ASqβGl which 

we mentioned in Chapter 2. 
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Table 3.1. Photophysical characteristics of squaraine dyes ASqαGl, ASqαGa and 

ASqαM 

Solvent Abs. 

max (nm) 

Em. 

max (nm) 

Stokes shift 

(cm
-1

) 

ε (M-1
cm

-1
) f 

(%) 

  ASqGl   

DMSO 648 669 484.4 1.8±0.1x10
5
 0.26 

Water 642 667 583.8 - 0.01 

ASqGa 

DMSO 649 669 460.6 1.7±0.2x10
5
 0.28 

Water 642 667 583.8 - 0.03 

ASqM 

     DMSO              648                   668                  462.0           1.6±0.1x10
5                 

0.25 

     Water                642                   667                  583.8                        -               0.02 

 

 

Fluorescence properties of the squaraine dyes, ASqαGl, ASqαM, ASqαGa in 

aqueous solution followed the same trend as that of ASqβGl (described in Chapter 2, 

Figure 3.7). Increase in concentration led to aggregate formation in aqueous solution 

that resulted in fluorescence quenching. 
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Figure 3.7. Normalized absorption spectra of (a) ASqGl (b) ASqGa (c) ASqM 

and normalized emission spectra of (d) ASqGl (e) ASqGa (f) ASqM in DMSO 

and water solvents. 
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3.3.4. pH Stability 

 For the fluorescent probes to be applied in biological media, they should be 

stable in the cellular environment. Stability of the squaraine dyes, ASqαGl and 

ASqβGl in phosphate buffer saline solution over a pH range of 4-8 have checked by 

monitoring the absorption and emission spectrum of the probe at varying pH levels. 

Optical properties of the squaraine dyes remain undisturbed with variation in 

fluorescence intensity that indicates the stability of the dyes over a pH range of 4-8 

(Figure 3.8). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Changes in the absorption spectra with varying pH, (a) ASqβGl (4.4x10-6 

M) (b) ASqαGl (4.4x10-6 M) and changes in the emission spectra with varying pH (c) 

ASqβGl [Emission max. 668 nm] and (d) ASqαGl [Emission max. 667 nm, ex 630 

nm.] 

[Path length 10 mm. Absorbance monitored at 641 nm for ASqβGl and 642 nm for 

ASqαGl were plotted against pH]. 
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3.3.5. Imaging studies 

 The potential of the synthesized squaraine dyes for tumor imaging was 

investigated in cervical cancer cell lines (HeLa), colon cancer cell lines 

(SW480) and normal (non-cancerous) cardiomyoblast cell lines (H9c2). For 

the applying these squaraine dyes in live cells, the cytotoxicity of the dyes was 

initially investigated. 

3.3.5.1. Cytotoxicity assay 

 Cell viability after incubating the cells with different concentrations of 

squaraine dyes was determined by methyl thiazolyl tetrazolium (MTT) assay. It is a 

colorimetric assay based on the ability of live, but not dead cells to reduce MTT 

(yellow) to a purple formazan product. The cells were spread in 96-well plates at 104 

cells/well. After 36 h of seeding, they were incubated with different concentrations of 

squaraine dyes individually for 24 h. Subsequently, the cells were exposed to MTT at 

a concentration of 50 µg/well for 2.5 to 3 h at 37 °C in CO2 incubator. The working 

solution of MTT was prepared in Hanks balanced salt solution (HBSS). After 

viewing formazan crystals under the microscope, the crystals were solubilised by 

treating the cells with DMSO:isopropanol solvent mixture at a ratio of 1:1 for 20 

min. at 37 oC. Plate was read at an absorbance of 570 nm. The relative cell viability 

in percent was calculated using the following equation and cell viability of control 

cells were kept as 100 %. 

 

From the in vitro cytotoxicity studies, it is found that all the squaraine dyes are 

non toxic up to 20 μM (Cell viability > 90 %, Figure 3.9). 
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Figure 3.9. Relative cell viabilities of HeLa cells incubated with (A) SSqβGl (B) 

ASqβGl (C) ASqαGl, (D) ASqαGa and (E) ASqαM for a 24 h time period. 
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3.3.5.2. Cellular uptake studies of squaraine dyes by fluorescence imaging 

 Cellular uptake studies of squaraine dyes were executed by fluorescence 

imaging of adherent cells. The cells were seeded at a density of 104 cells/well 

of 96 well black plates (BD Biosciences, USA) for the purpose. After 36 h of 

seeding, the cells were incubated with different concentrations of squaraine 

dyes in serum deprived low glucose medium (5.5 mM glucose) for 30 min. 

Subsequently, the cells were washed twice with PBS solution. Nuclear staining 

was done by Hoechst. Images of the cells were collected by high-content 

spinning disk facility (BD Pathway 855; BD Biosciences) using AttoVision 1.5.3 

software. For imaging cellular uptake of squaraine dyes, B635/20 excitation 

filter was used. Solution of the squaraine dye used for imaging studies contains 

1% DMSO in PBS solution. 

 We commenced the internalization studies with two squaraine dyes, 

SSqβGl and ASqβGl, β-glucoside derivatives containing two and one glucose 

moieties respectively. Both SSqβGl and ASqβGl exhibited good cell 

permeability and internalization in the HeLa cell lines. Squaraine dyes 

generated red fluorescence inside the cells. Blue fluorescence indicates Hoescht 

staining of the nuclei. Figure 3.10 shows the merged images of red and blue 

fluorescence and they clearly indicate the localization of SSqβGl and ASqβGl 

inside the cancer cells. But the fluorescence intensities from the cells incubated 

with SSqβGl was significantly less when compared to ASqβGl (Figure 3.11). 
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Figure 3.10. Fluorescence images of HeLa cells incubated with 10, 15, 20 & 30 μM 

concentrations of A) ASqβGl B) SSqβGl. Nuclear staining using Hoechst dye. 

(Incubation time: 30 min., Scale bar 20 μm). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Chart representing the fluorescence intensity from the cells incubated 

with ASqβGl and SSqβGl. (Values represent mean ±SD). 

  Next step was to validate the internalization efficiency of other 

unsymmetrical squaraine dyes, ASqαGl, ASqαGa and ASqαM (Figure 3.12). All the 

squaraine dyes were internalized successfully, even though there exist difference in 

the fluorescence intensity from the cells incubated with different dyes. Comparing the 

fluorescence intensity from the cells incorporated with unsymmetrical squaraine 

ASqβGl 

SSqβGl 

10 μM 20 μM 30 μM 15 μM 
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dyes, ASqβGl, ASqαGl, ASqαGa and ASqαM, internalization was interestingly high 

for α-glucoside derivative of the unsymmetrical squaraine dye, ASqαGl (Figure 3.12). 

 

Figure 3.12. Cellular uptake of carbohydrate-appended squaraine dyes in 

HeLa cells demonstrated by fluorescence imaging of the cells after 

incorporating 10, 15, 20 & 30 μM concentrations of A. ASqβGl B. ASqαGl C. 

ASqαGa D. ASqαM. Nuclear staining using Hoechst dye. (Incubation time: 

30 min., Scale bar: 20 μm). 

3.3.5.3. Optimum concentration  

 To obtain the optimum concentration of ASqαGl, ASqβGl and SSqβGl, 

fluorescent images were collected after incorporation of the HeLa cells with different 

concentrations (5, 10, 20, 30 μM) of the dyes (Incubation time was 30 min.). Based 

on the fluorescent intensity of the images obtained from repeated trials, the minimum 

concentrations which yield clear images was chosen as the optimum concentration. 

15 μM 10 μM 20 μM 30 μM 
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Accordingly, 20, 15 and 10 μM were the optimum concentration for SSqβGl, 

ASqβGl and ASqαGl respectively. 

3.3.5.4. Competitive Assay 

 After the successful internalization of the squaraine dyes visualised by 

fluorescent microscopy, the mechanism of dye uptake in cancer cells and the 

role of GLUTs in the cellular uptake were investigated. For this, a competitive 

experiment was conducted by varying the glucose concentration in the 

extracellular medium [Dulbeccos Modified Eagle’s Medium (DMEM) which 

is the cell growth and maintenance medium used]. GLUTs are a group of 

membrane proteins that facilitate the transport of glucose consistent with the 

gradient of glucose existing in the cellular environment. Direct competitive 

analysis with D-glucose was performed using a procedure reported earlier24 to 

understand the cellular pathway of glucose analogue. The presence of excess 

amount of glucose in the extracellular medium generates a competition 

between glucose and the glucose analogue for cellular uptake. GLUTs allow 

the transport of glucose molecules which are exact substrates of GLUTs. This 

competition will cause a decrease in the glucose analogue uptake. A decrease 

in fluorescence intensity from the cells incorporated with ASqβGl and 

ASqαGl was observed upon increasing the concentration of D-glucose in the 

medium (Figure 3.13b and 3.13c). In contrast, no significant change in the 

fluorescence intensity was observed in the cells incorporated with SSqβGl, 

ASqαGa, ASqαM (Figure 3.13a, 3.13d and 3.13e) up to a glucose 

concentration of 50 mM. Variation in the fluorescence intensity observed in 

the case of cells incorporated with ASqβGl and ASqαGl could be ascribed to 

the inhibition of the respective dye uptake in competition with D-glucose. This 
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observation revealed the GLUT mediated internalization of squaraine-glucose 

analogues, ASqβGl and ASqαGl, thereby making them suitable candidates for 

tumor imaging.  

 

 

 

Figure 3.13. Inhibition of dye uptake in tumor cells with increasing glucose 

concentrations in the extracellular media: Statistical graph of competitive assay 

showing the mean relative fluorescence obtained from three independent trials 

(Values represent mean ± SD); (a) SSqβGl, (b) ASqβGl (c) ASqαGl (d) 

ASqαGa and (e) ASqαM. 

a) b) 

c) d) 

e) 
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  Stereoselective recognition of substrates by GLUTs was further 

established by a competitive assay experiment with L-glucose. L-glucose is not 

a GLUT substrate; the changes in L-glucose concentration in the extracellular 

medium will not interfere with the dye internalization pathway of the glucose 

analogues and hence one cannot expect a variation in fluorescence intensity in 

a competitive assay. Competitive assay experiments of ASqβGl and ASqαGl 

(15 μM each) performed with L-glucose did not display any fluorescence 

intensity variation (Figure 3.14) and confirms the stereoselective uptake by 

GLUTs.  

 

 

Figure 3.14. Dye uptake behaviour in tumor cells with increasing glucose 

concentrations in cellular media: Statistical graph of competitive assay with L-

glucose and comparison with D-glucose; Mean relative fluorescence obtained 

from three independent trials (Values represent mean ± SD); (a) ASqαGl (b) 

ASqβGl.  

a) 

b) 
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3.3.5.5. Selective uptake of tumor cells 

 Preferential uptake of ASqβGl and ASqαGl in cancer cells was 

established by comparing the mean fluorescence intensity values for cancer 

cells (HeLa) and normal cells (H9c2, Figure 3.15). Observed fluorescence 

intensity from the cancer cells was found to be higher than that of the normal 

cells. Selective uptake in cancer cells was again confirmed by flow cytometry 

analysis (Figure 3.16) Imaging study was also conducted in colon cancer cell 

lines (SW480, Figure 3.17).  

 

Figure 3.15. Preferential uptake of ASqαGl and ASqβGl in tumor cells 

(HeLa) compared to normal cells (H9c2). Statistical graph showing the mean 

relative fluorescence obtained from three independent trials (Values represent 

mean ± SD). 

 

 

 

  



Glycoconjugated squaraine dyes for tumor optical imaging 

99 
 

 

Figure 3.16. Representative histograms showing cellular uptake of ASqαGl 

demonstrated by mean cell fluorescence levels in APC-A histograms. 

 

 

 

 

 

 

Figure 3.17. Colon cancer cell lines (SW480) incubated with ASqαGl (10 

μM). Hoeschst staining done for nuclei. 

3.3.6. Mechanism of cellular uptake 

 All the above experiments points to the GLUT mediated selective 

uptake of ASqβGl and ASqαGl in cancer cells. In aqueous solution, the 

fluorescence of the squaraine dyes remain quenched. But after their 

internalization into the cells, an intense red fluorescence could be observed 

from the cells incorporated with squaraine dyes. A fluorescence “turn-on” 

occurs inside the cells to bring about the cellular fluorescence. The mechanism 

of “turn-on” fluorescence observed for squaraine bio-probes can be proposed 

on the basis of previous literature reports as shown in Figure 3.18.25,26 The 
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mechanism involves a rapid uptake of glucose analogues due to high energy 

demand of cancer cells. Later, the internalized glucose analogues undergo 

phosphorylation by the hexokinase enzyme at the C-6 position of the glucose 

attached to the squaraine dye yielding the corresponding glucose-6-phosphate 

derivative of the dye. Since the glucose-6-phosphate derivative is not being a 

substrate for GLUTs, it gets trapped inside the cell. Both the less hydrophilicity 

of the intracellular media and phosphorylation of the squaraine dyes 

contributed to their increased solubility inside the cells leading to their 

disaggregation inside the cells. This disaggregation occurring within the cell 

gives way to bright fluorescent images of the cells. Formation of glucose-6-

phosphate derivative (molecular mass = 685.2171) was concluded from the 

MALDI-TOF mass spectral analysis. The mass spectral analysis produced a 

peak corresponding to [M+Na]+: 708.250 (Figure 3.19) which supported the 

generation of an intermediate phosphate derivative. Symmetrical squaraine 

(SSqβGl) was also accumulated in the cells, but intracellular concentration was 

found to be very low. The low cellular fluorescence from the cells incubated 

with SSqβGl may be due to the passive transport of dyes across the cell 

membrane. The large size and high molecular mass of SSqβGl compared to 

that of unsymmetrical squaraines and glucose may make it an unsuitable 

substrate for GLUTs.  
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Figure 3.18. Mechanism of disassembly driven fluorescence “turn-on” inside 

the cancer cells.  

 

 

Figure 3.19. MALDI-TOF spectrum of glucose-6-phosphate derivative of 

ASqαGl 
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3.3.7.Comparison with a glucose analogue-2-NBDG 

 The efficiency of the glucose-squaraine analogue for bioimaging was 

also analyzed from a comparative study with a commercially available glucose 

bioprobe, 2-NBDG. 2-NBDG is being widely used in glucose uptake 

measurements.  Cellular uptake of ASqαGl by GLUTs was compared with 

that of glucose tracer, 2-NBDG under similar experimental conditions. 

Fluorescent images obtained after incorporation of HeLa cells with 10 µM 

concentrations of ASqαGl and 2-NBDG are shown in Figure 3.20 and 3.21. It 

was observed that bright fluorescence was visible from the cells incorporated 

with ASqαGl (10 μM), whereas no fluorescence was obtained from the cells 

incubated with 2-NBDG of 10 μM concentration under similar experimental 

conditions. This inference suggests a higher uptake of ASqαGl when compared 

to 2-NBDG in the cancer cells.  

 

Figure 3.20. Fluorescence images of HeLa cells incorporated with A. ASqαGl 

and B. 2-NBDG at 10 μM concentration. Fluorescence of 2-NBDG is not 

visible under similar experimental conditions and exposure time (0.5 sec 

exposure). Nuclei stained with Hoechst dye. B635/20 and A488/10 nm 

excitation filters have been used to record the images of ASqαGl and 2-NBDG 

respectively. (Incubation time: 30 min., Scale bar: 20 μm).  
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Figure 3. 21. Fluorescent intensity ASqαGl (10 μM) in HeLa cells compared 

with the commercially available glucose conjugtae 2-NBDG (10 μM) under 

similar experimental conditions. 

3.4. Conclusions 

 We have demonstrated the selective imaging of cancer cells with glucose 

analogues of squaraine dyes utilizing “Warburg effect”. Internalization 

efficiency of symmetrical (SSqβGl) and unsymmetrical (ASqβGl) squaraine 

dyes were compared. Even though both SSqβGl and ASqβGl were 

internalized, the intracellular concentration of ASqβGl was high as evident 

from the intracellular fluorescence. The internalization of ASqβGl was found 

out to be occurring through the GLUTs. Inferior uptake of SSqβGl may be 

attributed to its higher molecular weight. Cellular uptake was very high for α-

glucose analogue, ASQαGl compared to ASqβGl. Stereoselective binding of 

GLUTs was confirmed by direct competitive experiments (both D- and L-

glucose). The “turn-on” fluorescence of squaraine dyes internalized in the cells 

was exploited to obtain wash free imaging of the tumor cells. ASQαGl was 
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also shown to have superior imaging properties compared to the well-known 

glucose tracer 2-NBDG.  

3.5. Experimental section 

3.5.1. Materials and methods 

 All the chemicals were purchased from Sigma-Aldrich, Alfa Aesar, Merck and 

SDFCL were used without further purification. 1H and 13C were recorded on Bruker 

500 MHz spectrometer and tetramethylsilane (TMS) used as the standard. IR spectra 

were recorded on Bruker FT-IR spectrometer. Mass spectra were recorded under 

EI/HRMS at 60,000 resolution using Thermo Scientific Exactive Mass Spectrometer 

and MALDI-TOF MS spectra were recorded using Shimadzu Axima CFR (Plus). 

Absorption spectra were measured on a Shimadzu UV-3101 PC NIR scanning 

spectrophotometer and emission recorded on SPEX Fluorolog F112X 

spectrofluorimeter. Fluorescence quantum yield (f) were measured by relative 

method using squarylium III (f = 0.65 in dichloromethane) as standard.
27

 

3.5.2. Cell line maintenance 

 HeLa, H9c2 and SW480 cell lines were obtained from National Centre for 

Cell Science, Pune, India. For maintenance of cell lines, Dulbeccos Modified Eagle’s 

Medium (DMEM) (Sigma) containing 10 % fetal bovine serum (FBS) (Gibco), 

antibiotics (100 U/mL Penicillin and 100 µg/mL streptomycin) and amphotericin 

(0.25 µg/mL) (HiMedia) were employed. The cells were maintained in CO2 

incubators at 37 C with     5 % CO2 in the air and 99 % humidity. Passaging of cells 

when confluent was carried out using 0.25 % trypsin and 0.02 % EDTA (HiMedia) in 

phosphate buffered saline (PBS). Experiments were carried out after 36 h of seeding 

the cells at appropriate density in suitable well plates. 
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3.5.3. MALDI-TOF experiment. 

HeLa cells were incubated with ASqGl (30 μM) for 1 h in low glucose 

medium. The cells were then washed twice with PBS, trypsinized using 0.25 % 

trypsin and 0.02 % EDTA in PBS to detach the cells from the substratum, trypsin-

inactivated using 10 % serum-containing PBS, and centrifuged at 1500 rpm for 3 min. 

to pellet the cells. The supernatant was removed and the pelleted cells were 

resuspended in PBS and centrifuged at 1200 rpm for 1 min. The supernatant was 

removed and the cell pellet was resuspended in deionized water and again subjected 

to centrifugation at 1200 rpm for 1 min. The supernatant was removed and to the 

pellet, 1 ml of DMSO was added that gave a light blue colour. This solution was 

subjected to MALDI-TOF experiment.  

3.5.4. General procedure for the synthesis of alkyne 

 1-(2’-propargyl)-D-glucoside was prepared according to the reported 

procedure.19 A suspension solution of D-glucose (3g, 16.6 mmol) in excess propargyl 

alcohol and dowex resin was stirred at 70 C for 8 h. After the completion of 

reaction, reaction mixture was cooled to ambient temperature and filtered. The 

residue was transferred to silica gel column and eluted with CHCl3:MeOH (8:1) to 

remove excess propargyl alcohol. Thus obtained 1-(2’-propargyl)-D-glucose was 

acetylated by refluxing at 120 C with acetic anhydride in the presence of sodium 

acetate. The reaction mixture was cooled to ambient temperature and washed with 

saturated sodium bicarbonate solution. Organic layer was extracted with 

dichloromethane solvent (15 mL x 3). Compound was purified by silica gel column 

chromatography using hexane:ethyl acetate solvent system. 
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2, 3, 4, 6-Tetra-O-acetyl-1-(2′-propargyl)- α-D-glucose (14): Compound 

14 was prepared following the general procedure and 

obtained as mixture of anomers (α & β) in 2:1 ratio as viscous 

liquid. Formation of the product was confirmed by HRMS 

(ESI) analysis,m/z calcd for C17H22O10Na: 409.1111, found 409. 1103 [M+Na]+. 

2, 3, 4, 6-Tetra-O-acetyl-1-(2′-propargyl)- α-D-galactose (15): Compound 15 

was prepared following the general procedure and obtained as 

mixture of anomers (α & β) in 2:1 ratio as viscous liquid. 

Formation of the product was confirmed by HRMS (ESI) 

analysis, m/z calcd for C17H22O10Na: 409.1111, found 409. 

1103 [M+Na]+. 

2, 3, 4, 6-Tetra-O-acetyl-1-(2′-propargyl)- α-D-Mannose (16): Compound 16 

was prepared following the general procedure and upon 

purification the compound was isolated as α-anomer 

(viscous liquid). Formation of the product was confirmed by 

HRMS (ESI) analysis, m/z calcd for C17H22O10Na: 409.1111, 

found 409. 1103 [M+Na]+. 

3.5.5. General procedure for the synthesis of triazole derivatives 

Alkyne (1 equiv.) and azide (1 equiv.) were dissolved in acetonitrile. Copper 

iodide (1.5 equiv.) was added to this solution followed by the addition of N,N-

diisopropylamine (3 equiv.) and the reaction mixture was allowed to stir for 2 h at 

room temperature. After the completion of reaction, reaction mixture was diluted 

with water and ammonium chloride. Extracted with ethyl acetate and the combined 

organic layer was washed with brine solution, dried over sodium sulphate. Solvent 

removed under reduced pressure and the residue obtained was directly used for next 



Glycoconjugated squaraine dyes for tumor optical imaging 

107 
 

reaction. Crude product dissolved in methanol and allowed to stir in the presence of 

sodium carbonate (5 equiv.) for 2 h at room temperature. After monitoring the 

completion of reaction with TLC, reaction mixture was filtered and solvent removed 

under reduced pressure. Residue obtained was purified by silica gel column 

chromatography using CHCl3:MeOH (10:1) solvent system to afford corresponding 

1,2,3-triazole derivatives. 

 2-(hydroxymethyl)6((1(3(methyl(phenyl)amino)propyl)-1-H-1,2,3-triazol-

4-yl)methoxy)tetrahydro-2H-pyran-3,4,5-triol (GlTZLOH, 8): Compound 8 was 

synthesized by reacting 2,3,4,6-Tetra-O-

acetyl-1-(2′-propargyl)--D-glucose (4) 

and compound 7 to obtain acetylated 

derivative. Which then upon reaction with sodium carbonate yielded compound 8 as 

colourless viscous liquid (1.2 g, 56 %). 1H NMR (Methanol-d4, 500 MHz):  8.01 (s, 1 

H), 7.19-7.16 (m, 2 H), 6.71-6.64 (m, 3 H), 4.93 (d, J = 4.0 Hz, 1 H), 4.83 (bs, 1 H), 

4.68 (d, J = 12.5 Hz, 1 H), 4.44 (t, J = 7.0 Hz, 2 H), 3.83 (d, J = 11.0 Hz, 1 H), 3.72-

3.61 (m, 3 H), 3.45- 3.42 (m, 2 H), 3.38 (s, 1 H), 3.35-3.31 (m, 2 H), 2.89 (s, 3 H), 

2.19-2.14 (m, 2 H) ppm. 13C NMR (MeOH-d4, 125 MHz):  148.8, 128.3, 123.6, 

116.1, 112.1, 97.6, 76.1, 73.1, 72.1, 71.6, 71.5, 69.9, 59.5, 53.6, 48.8, 36.9, 26.4 ppm. 

HRMS (ESI) m/z calcd for C19H28N4O6Na: 431.1907; found: 431.1916 [M+Na]+. 

2-(hydroxymethyl)-6-((1-(3-(methyl(phenyl)amino)propyl)-1-H-1,2,3-

triazol-4-yl)methoxy)tetrahydro-2H-pyran-3,4,5-triol (MTZLOH, 12): 

Compound 12 was synthesized by 

reacting 2,3,4,6-Tetra-O-acetyl-1-(2′-

propargyl)--D-mannose (16) and 

compound 7 to obtain acetylated derivative. Which then upon reaction with sodium 
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carbonate yielded compound 12 as colourless viscous liquid (1.3 g, 60 %). 1H NMR 

(Methanol-d4, 500 MHz):  8.00 (s, 1 H), 7.19-7.16 (m, 2 H), 6.71-6.65 (m, 3 H), 4.87 

(bs, 1 H), 4.81 (d, J = 12.0 Hz, 1 H), 4.66 (d, J = 12.0 Hz, 1 H), 4.46 (t, J = 7.0 Hz, 2 

H), 3.88-3.86 (bs, 1 H), 3.86 (bs, 1 H), 3.75-3.87 (m, 2 H), 3.65 (d, 1 H), 3.59-3.57 (m, 

1 H), 3.38 (t, J = 7.5 Hz, 2 H), 2.22-2.16 (m, 2 H) ppm. 13C NMR (Methanol-d4, 125 

MHz):  149.3, 143.9, 128.7,124.1, 116.5, 112.6, 99.4, 73.6, 70.6, 67.2, 61.6, 59.3, 

49.2, 37.3, 26.9 ppm. HRMS (ESI) m/z calcd for C19H28N4O6Na: 431.1907; found: 

431.1907 [M+Na]+. 

 2-(hydroxymethyl)-6-((1-(3-(methyl(phenyl)amino)propyl)-1-H-1,2,3-

triazol-4-yl)methoxy)tetrahydro-2H-pyran-3,4,5-triol (GaTZLOH, 13): 

Compound 13 was synthesized by 

reacting 2,3,4,6-Tetra-O-acetyl-1-(2′-

propargyl)--D-galactose (13) and 

compound 7 to obtain acetylated derivative. Which then reaction with sodium 

carbonate yielded compound 13 as colourless viscous liquid (1.4 g, 58 %). 1H NMR 

(CD3CN, 500 MHz):  7.78 (s, 1 H), 7.21-7.09 (m, 2 H), 6.69-6.64 (m, 3 H), 5.01 (bs, 

1 H), 4.75 (d, J = 12.5 Hz, 1 H), 4.61 (d, J = 12.5 Hz, 1 H), 4.38 (t, J = 7.0 Hz, 2 H), 

3.99-3.98 (m, 3 H), 3.94 (s, 1 H), 3.75 (bs, 1 H), 3.60 (d, J = 6.0 Hz, 2 H), 3.34 (t, J = 

7.0 Hz, 2 H), 2.13 (t, J = 7.0 Hz, 2 H) ppm. 13C NMR (CD3CN, 125 MHz):  149.2, 

144.2, 129.1, 123.7, 117.3, 116.3, 112.4, 107.4, 84.5, 81.3, 78.1, 63.3, 59.8, 49.2, 

47.8, 37.7, 27.0 ppm. HRMS (ESI) m/z calcd for C19H28N4O6Na: 431.1907; found: 

431.1910 [M+Na]+. 

3.5.6. Synthesis of 3-(4-(dimethylamino)phenyl)-4-hydroxycyclobut-3-ene-1,2-

dione (11): Compound 11 was synthesised according to the conventional 

procedure.23 3,4-dichlorocyclobutene-1,2-dione (9) (1.5 g, 9.9 mmol), and N,N-
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dimethylaniline (10) (1.2 g, 9.7 mmol), were dissolved 

in dry benzene (30 mL) and refluxed for 8 h. After 

cooling, the reaction mixture was poured into ice water 

(200 mL) and the two layers formed were separated. The organic layer was washed 

with water, and the crude product obtained was dissolved in a mixture of acetic acid 

(25 mL), water (25 mL) and 2N HCl was added (10 mL). The resulting mixture was 

then refluxed for 4 h at 120 C. After cooling, this solution was added to crushed ice, 

the precipitated product was isolated by filtration, washed with diethyl ether, and 

dried to yield 2.0 g (50 %) of the pure product as a brown coloured powder. 1H NMR 

(500 MHz, DMSO-d6):  7.86 (d, J = 9 Hz, 2H,), 6.88 (d, J = 9 Hz, 2H,), 3.03 (s, 6H) 

ppm. 

3.5.7. General procedure for synthesis of unsymmetrical squaraines 

 Unsymmetrical squaraines were synthesised by the condensation of 3-(4-

(dimethylamino)phenyl)-4-hydroxycyclobut-3-ene-1,2-dione (11) (1 equiv.) and 

corresponding triazole substrate (1 equiv.) in n-butanol/benzene (1:2) solvent 

mixture at 110 °C for 8 h. After monitoring completion of the reaction using TLC, 

solvent was removed under reduced pressure. The residue obtained was purified by 

repeated precipitation from EtOAc/MeOH solvent mixture and finally from 

methanol solvent to yield the unsymmetrical squaraines as blue solids. 

 ASqGl 

(124 mg, 17 %). 

m p: 220-224 

°C. 1H NMR 

(DMSO-d6, 500 

MHz):  8.17 (s, 1 H) 8.15-8.12 (m, 4 H), 6.98-6.95 (m, 4 H), 4.78 (d, J = 3.5 Hz, 1 
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H), 4.71 (d, J = 12.5 Hz, 1 H), 4.53 (d, J = 12.5 Hz, 1 H), 4.46 (t, J = 7.0 Hz, 2 H), 

3.65 (bs, 1 H), 3.63 (m, 4 H), 3.20 (s, 6 H), 3.17 (s, 3 H), 3.15 (bs, 4 H), 2.21 (m, 2 H) 

ppm. 13C NMR (DMSO-d6, 125 MHz): 187.6, 181.6, 173.6, 155.0, 153.6, 143.9, 

131.5, 124.1, 124.1, 119.0, 113.1, 113.0, 97.9, 73.7, 71.8, 70.3, 60.9, 39.7, 25.3 ppm. 

HRMS (ESI): m/z calcd for C31H37N5O8Na: 630.2551; found: 630.2555 [M+Na]+. 

 ASqGa (122 mg, 16 %). m p: 165-170 °C (decomposing). 1H NMR (DMSO-

d6, 500 MHz):  

8.15-8.12 (m, 5 

H), 6.98-6.95 (m, 

4 H), 4.84 (bs, 1 

H), 4.66 (d, J = 

12.0 Hz, 1 H), 4.52 (d, J = 12Hz , 1H), 4.45 (t, J = 7.0 Hz, 2 H), 3.86-3.83 (m, 1 H), 

3.79-3.78 (m, 2 H), 3.61-3.58 (m, 2 H), 3.51-3.50 (m, 3 H), 3.36 (s, 6 H), 3.20 (s, 3 

H), 2.17 (t, J = 7.0Hz, 2H) ppm. 13C NMR (DMSO-d6, 125 MHz): 186.3, 185.4, 

154.8, 143.9, 131.6, 124.0, 118.8, 118.5, 113.1, 106.9, 94.5, 82.1, 76.7, 70.2, 62.6, 

59.9, 49.1, 46.9, 38.9, 27.3. HRMS (ESI) m/z calcd for C31H37N5O8Na:630.2551; 

found: 630.2549 [M+Na]+. 
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 ASqM (112mg, 14 %).m p:228-232 C.1H NMR (DMSO-d6, 500 MHz):  

8.01 (s, 1H), 7.19-

7.1 (m, 2H), 6.71-

6.65 (m, 3H), 4.87 

(bs, 1H), 4.81 (d, J 

= 12.0 Hz, 1 H), 

4.66 (d, J = 12.0 Hz, 1 H), 4.46 (t, J = 7.0 Hz, 2H), 3.88 (bs, 1 H), 3.86 (bs, 1 H), 

3.75-3.69 (m, 2 H), 3.65 (d, 1 H), 3.59-3.57 (m, 1 H), 3.38 (t, J = 7.5 Hz, 2 H), 2.22-

2.17 (m, 2 H) ppm. 13C NMR (DMSO-d6, 125 MHz):  149.3, 143.9, 128.7, 124.1, 

116.5, 112.6, 99.3, 73.5, 71.1, 70.6, 67.2, 61.6, 59.3, 49.2, 37.3, 26.9 ppm. HRMS 

(ESI): m/z calcd for C31H37N5O8Na: 630.2551; found: 630.2555 [M+Na]+. 
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CHAPTER 4 

 

pH Responsive fluorescent organogels derived from pyrene-

sugar orthoesters 

  

 

 

 

 

Abstract 

Biologically active functional materials provide an excellent mode for understanding 

cellular events. Supramolecular chemistry stands out as the most adequate and suitable means 

for designing functional materials and nano-bio devices. Over the past few decades, science has 

witnessed a tremendous growth in supramolecular chemistry as an intensive destination to 

mimic nature, which is enriched with complex and excellent supramolecular architectures. 

Among these, fluorescent stimuli-responsive organogels received great interest due to their 

distinctive advantages such as diversity, flexibility and their promising applications in 

optoelectronics, erasable thermal imaging, tissue engineering, cosmetics and drug delivery. 

Considerable efforts have been devoted to the development of stimuli-responsive organogels, 

particularly pH responsive organogels owing to their biological applications. Carbohydrate 

molecules are excellent hydrogen bond donors and are biocompatible to yield functional 

materials with significant application in biology.  This chapter deals with the design and 

synthesis of pyrene-sugar orthoester conjugates and their application as pH responsive gelator. 
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Orthoesters are important intermediates in the carbohydrate chemistry which are highly 

sensitive to acid whereas well stable in basic medium and function as an acid labile ligand in 

the target molecule.  

4.1. Introduction 

Over the past few decades, science has witnessed a tremendous growth in 

supramolecular chemistry1 as an intensive destination to mimic nature, which is 

enriched with complex and excellent supramolecular architectures.2 These 

supramolecular architectures include smart soft materials particularly, low molecular 

weight organogels which attracted a great deal of interest among both material 

chemists as well as the biologist ascribed to their unique supramolecular structures 

and potent applications in template synthesis, tissue engineering, cosmetics, drug 

delivery, and biomimetic systems.1d Organogels constitute the organized orientation 

of gelator molecules to generate three dimensional supramolecular network. Large 

amount of solvent molecules are trapped in the void spaces created during the 

hierarchical self-assembly process of gelators. This supramolecular self-assembly was 

built using the weak non-covalent interactions like π-π stacking, hydrogen-bonding, 

hydrophobic interactions, electrostatic interactions, and Van der Waals interactions.3 

4.1.1. pH Responsive fluorescent organogelators 

Fluorescent organogels represent an important class of organogels with 

promising applications in optoelectronics, tissue engineering, erasable thermal 

imaging and drug delivery. The emission profile variation accompanied by the sol to 

gel, gel to sol phase transition can provide crucial information at the molecular level. 

Thus, the incorporation of chromophores make it easy to predict the gelation 

phenomenon and hence to explain the structure-property relationship. Consequently, 

enormous number of fluorescent organogels based on various aromatic building 



pH Responsive fluorescent organogels 
 

118 
 

blocks including porphyrins,4 pyrenyl,5 perylene bisimides,6
 oligo-(p-

phenylenevinylene)7 and naphthalimides8 have been developed by different research 

groups. Additionally, stimuli responsive organogels played a leading role in the 

development of sensor devices and found applications in the area of drug delivery, 

controlled release etc.9 Stimuli responsive organogels respond to various stimuli and 

these stimuli trigger the gel-sol transition. These materials can be categorised based 

on the nature of the external stimuli like, light responsive,10 thermoresponsive,11 pH,12 

or chemoresponsive.13  These stimuli responsive organogelators are generally 

constructed by incorporating appropriate functional groups into the chromophore. 

For successful results, there should be an effective coupling between the stimuli and 

the receptor unit and also the receptor unit should participate in self-assembly 

formation. Although great efforts have been devoted to the development of stimuli 

responsive organogels, only limited reports exist in the relative field. Therefore, the 

development of stimuli responsive fluorescent organogels is still remaining as a 

challenging area. 

Intracellular pH (pHi) plays a vital role in the live cells and thus the stringent 

regulation of pHi is necessary for controlling various metabolic pathways.14 Weakly 

acidic conditions were found in some pathological sites such as inflammation, cancer 

endosomal and lysosomal compartments.15 Nowadays, pH responsive molecular 

systems have been identified as excellent molecular carriers for the targeted drug 

delivery, specifically for the treatment of diseases like cancer. In this therapeutic 

method, the acidic intracellular pH trigger the gel-sol transition thus facilitate the 

release of drug at the targeted site, which helps to reduce the “off-target” toxicity and 

the side effects reported.16 Considerable endeavours have also been devoted to the 

development of pH responsive materials including low molecular weight 
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organogelators (LMWOGs)17 and hydrogelators.18 Acid sensitive organogelators can 

be engineered by tethering acid sensitive functional groups to the fluorophore. And 

the functional groups that are widely used comprise hydrazones19 (Figure 4.1) 

acetals20 (Figure 4.2) etc. Among these, orthoesters are more sensitve to acidolysis. 

Recently, Wagner and co-workers explored spiro di-orthoester as an acid labile 

ligand and a FRET based probe (8) was developed for the pH sensitive lysosomal 

release (Figure 4.3).  

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Hydrazone containing pH responsive organogelators. 
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Figuret 4.2. Acetal containing pH responsive organogelators. 

 

 

 

 

Figure 4.3. Structure of the spiro di-orthoester probe-8, lysosomal targeted 

fluorescence imaging using 8 and the scheme for lysosomal release of the fluorescent 

probe. 

Pozzo and co-workers demonstrated the acid sensitive gelation ability of 2,3-

di-n-alkoxyphenazines 9 and 10 (Figure 4.4) at ambient temperature in acetonitrile. 

Aggregation property was significantly increased upon protonation and this 

protonation/deprotonation process was reported to be reversible.21 

A series of alkaline/acidic stimuli responsive LMWOGs based on amino acid 

derivatives of cholesterol (11,11’ cholesteryl glycinate, cholesteryl L-alaninate, 

cholesteryl D-alaninate, cholesteryl L-phenyl alaninate, and cholesteryl D-phenyl 
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alaninate) were introduced by Fang et al.12a Bubbling HCl gas through the solution 

improves the gelation ability of the molecular system. The hydrochloric acid salts 

(12) produced are excellent gelators (Scheme 4.1), and exhibited gelation tendency in 

18 solvents tested [benzene, formic acid, carbon tetrachloride, trichloromethane, 

acetic acid, propionic acid, water, methanol, ethanol, 1-propanol, 1-butanol, 1-

pentanol, 1-hexanol, 1-heptanol, 1-octanol, 1-nonanol, 1-decanol and glycol]. The gel 

state was disturbed by the addition of bases like diethylamine, triethylamine, NH3, 

etc. This alkaline/acid responsive phase transition was found to be reversible. 

                

Figure 4.4. Structure of 2,3-di-n-alkoxyphenazines (9,10) and D, L aminoacid 

derivatives of cholesterol (11,11‟). 

 

Scheme 4.1. Hydrochloric acid salt formation of aminoacid derivatives of 

cholesterol-11. 
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Figure 4.5. SEM micrographs of the xerogel of 12 from 1-octanol (transparent gel) 

(20 µm, 5.0 mm, and 2.0 µm for a, b, and c, respectively). 

Recently, Wu and co-workers introduced a glucose/pH responsive LMWOGs 

based on phenyl boronic acid 13. In this case hydrogen bonding, as well as the - 

stacking interactions, acts as the driving force toward gelation. Gels were formed in 

several solvents, and the organogel formed in cyclohexane showed high sensitivity 

(Scheme 4.2) at high pH [pH 11 and 13].22  

 

Scheme 4.2. Boronic acid-diol group coupling for compound 13. 



pH Responsive fluorescent organogels 

123 
 

 

Figure 4.6. Cyclic diagram of glucose response and recycling use of the organogel 

and pH-response dynamic curve for gel in 3 mL solutions with different pH values (1, 

3, 5, 7, 9, 11, 13) (Results from online UV spectroscopic study).  

Poly (aryl ether) dendron based LWMOGs containing glucose moiety was 

introduced by Prasad et al.23 Transparent pH responsive hydrogel was formed from 

the compound 15. The gel was highly stable in the neutral condition, while at higher 

pH (under basic condition) the gel was converted to solution (Figure 4.7). This gel-sol 

transition was accompanied by morphological changes from nanofibres to spherical 

aggregates under basic pH, attributed to the disturbance in hydrogen bonding 

network and this process was found to be reversible. Moreover, dispersion of 

graphene oxide effectively reduces the critical gelation concentration up to 0.08 % 

and causes an increase in the mechanical strength compared to the native gel. 
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Figure 4.7. Structure of the compound 15 and the photograph of the gel formed from 

the compound 15 before and after addition of KOH and corresponding TEM (left) 

and SEM (right) images. 

4.1.2. Sugar based low molecular weight organogelators 

The fundamental requirement for a pH responsive biomaterial is that it should 

be biocompatible and have biodegradable core. Carbohydrates/sugars are naturally 

abundant, eco-friendly and biocompatible renewable materials, which are 

commercially available (Figure 4.8). The multiple hydroxyl groups (-OH) present in 

the sugar moiety can act as hydrogen bond source and hence provide driving force 

for the gelation. Also, the functionalization of these hydroxyl groups, protection and 

deprotection, anomeric configuration, interconversion of the conformers and 

variation in linkage points leads to the production of diverse LMWOGs with variable 
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and interesting properties.24 And these sugar derived LMWOGs (S-LMWOGs) have 

applications in tissue engineering, sensors and cell encapsulation biology and 

functional materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Advantages of sugar derived gels and schematic representation of non-

covalent interaction mediated self-assembly of sugar derived LMWOGs (reproduced 

from reference 27).  
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Fuhrhop and co-workers studied the self-assembly and morphology of the 

sugar based LMWOGs for the first time.25 They synthesized eight S-LMWOGs, 

aldonamides (16-19, Figure 4.9) from aldonic acids (D-glucose, D-gulose, D-

mannose and L-mannose) and amines (octyl and octadecyl). Among these, 

octadecylmannonamide (19a) formed a helical fibrillar network (Figure 4.9) in the 

presence of detergents with a critical gelation concentration of 0.85 %. Later, Shinkai 

et al.,26 Shimizu et al.27 and Bhattacharya et al.28 contributed to a great extent in the 

advancement of S-LMOGs. Plethora of hydrogen bond gelators have been 

synthesized from different carbohydrate molecules.24,29  

 

 

 

 

Figure 4.9. Structure of the aldonamides (16-19), P and M helices formed from 19a 

in the presence of SDS. 
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Orthoesters can be viewed as acetals of esters or as the triesters of the 

unknown „orthoacids‟-the hydrates of carboxylic acids. Carbohydrate 1,2-orthoesters 

are extensively utilized intermediates in the synthesis of 1,2-trans glycosides.30 Sugar 

1,2-orthoesters (23) can be converted to corresponding 1,2-trans glycosides in the 

presence of protic or Lewis acids (Scheme 4.5),31 they can be hydrolysed by water 

or, catalyzed by acid, to an ester and two alcohols. Another interesting characteristic 

feature of orthoester functional group is the stability in basic pH and high sensitivity 

towards acidic pH. 

 

 

 

 

Scheme 4.4. Proposed mechanism for the formation of sugar 1,2-orthoester (23) from 

peracylated glucopyranosyl bromide (20). 

 

Scheme 4.5. Acid catalysed rearrangement of sugar 1,2-orthoester.  



pH Responsive fluorescent organogels 
 

128 
 

π-Conjugated back bone provides an excellent source for π-π stacking and thus 

improvise the self-assembly. Pyrene is a standard fluorophore with extensive π-

conjugated skeleton because of its distinctive fluorescent parameters like, Ham effect, 

long fluorescence lifetime, excimer formation etc.32 It is also amenable to various 

structural modifcations33 and are widely explored as luminescent materials.2a Pyrene  

core have been widely employed in constructing  LMWOGs.2a Some of the pyrene 

based LMWOGs33,34,5b are listed below (29-34, Figure 4.10). 
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Figure 4.10. Structure of pyrene cored LMWOGs. 
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4.2. Statement of the problem 

The significance of a pH responsive biomaterial is apparent from the above 

discussion. Among them, fluorescent pH responsive LMWOGs attracted particular 

interest owing to their sensitivity, flexibility and their application in the biomedical 

field. Carbohydrates are known economic, biocompatible building materials for the 

construction of LMWOGs. π-Extended chromophores also play a major role in 

gelation phenomena and pyrenes are extensively explored chromophores in the 

designing of LMWOGs. The present chapter deals with the design and synthesis of 

pyrene-carbohydrate-1,2-orthoester based pH responsive organogelator. 

Carbohydrate 1,2-orthoester is the acid labile functional group present in the gelator.  

4.3. Results and discussion 

4.3.1. Synthesis 

 Pyrene conjugated 1,2-orthoester based LMWOGs were synthesized. Two 

diastereomeric derivatives PMO and PGO were synthesized from the anomers 

mannose and glucose respectively. Orthoester linkage is formed in between pyrene 

methanol and sugar units by the condensation reaction of pyrenemethanol and 

bromoglycoside in the presence of bulky base 2,6-lutidine, tetrabutyl ammonium 

bromide in DCM solvent (Scheme 4.7).31d Molecular structures of the target 

molecules are listed in Figure 4.11. Synthetic strategy followed to obtain the pyrene-

glucose orthoester-PGO derivative is shown below (Scheme 4.7 and 4.8), PMO was 

also synthesized by adapting the similar strategy starting from mannose. The 

structure of the orthoester derivative was unambiguously confirmed from the X-ray 

crystal analysis of PMO (Figure. 4.12). 
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Figure 4.11. Molecular structure of target molecules PMO and PGO. 

 

Scheme 4.7. (i) BzCl, Py, DMAP, DCM, 0 C-rt, 12 h, 85 %; (ii) HBr in AcOH, 

DCM, 0 C, 2 h, 60 %. 

 

Scheme 4.8. (i) TBAB, 2,6- lutidine, MS, DCM, 50 C, 12 h, 45 %. 

 

Figure 4.12. ORTEP diagram of the X-ray crystal formed from PMO in ethyl acetate 

hexane solvent system 
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4.3.2. Photophysical properties 

Photophysical properties of the orthoester derivatives PMO and PGO were 

measured in different solvents (Chloroform, Tetrahydrofuran, Ethyl acetate, Ethanol 

and Toluene). Both these compounds did not exhibit considerable solvatochromism, 

except that the emission spectrum is slightly red shifted in toluene solvent. They 

displayed characteristic structured absorption and emission spectra of the pyrene 

motif. The two main peaks in the absorption spectra were located at max = 328, 344 

nm and the two main peaks in the emission spectra were observed around em = 371, 

391 nm and are representatives of monomeric absorption and emission (Figure 4.13). 
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Figure 4.13. UV-Vis absorption and emission spectra of PMO (a and b) and PGO (c 

and d). 

4.3.3. Gelation properties 

The gelation properties of the compounds PMO and PGO were tested in 

various solvents including polar, nonpolar, aromatic and nonaromatic solvents like 

hexane, decane, ethanol, methanol, water, THF, DMF, DMSO, benzene, toluene, 

dioxane, ethyl acetate, acetone, dichloromethane, chloroform, 2-propanol, n-butanol 

and water. The results are listed in Table 4.1. Gelation test was performed by the 

“stable to inversion of a test tube” method, by inverting the material containing vial. 

Gels were prepared by dissolving a known amount of the sample in different solvents 

followed by sonication. PMO and PGO exhibited gelation behaviour in aromatic 

solvents such as toluene, xylene and benzene. Also, the gels formed were found to be 

emissive (Figure 4.14). The strength of these gels was monitored by measuring the 
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gel-sol transition temperatures. The lower gel-sol transition temperatures observed for 

PMO (43 C) and PGO (50 C) indicate that the gels formed from these gelators are 

very weak. 

 

 

   

 

Figure 4.14. Images of the gels under normal light and UV light formed from PMO 

(a and b) and PGO (c and d) in toluene solution. 

Table 4.1. Gelation property of PMO and PGO in different solvents  

 
Solvent Gelation behaviour/ Critical 

gelation concentration (wt %) 

 PMO PGO 

Hexane Insoluble Insoluble 

Decane Insoluble Insoluble 

Benzene G/1.54  G/1.68  

Toluene G/1.11 G/1.26 

Xylene G/1.45 G/1.65 

Acetone Soluble Soluble 

EtOAc P P 

MeOH P P 

EtOH P P 

BuOH P P 

2-Propanol P P 

Dioxane  Insoluble Insoluble 

Dichloromethane P P 

Chloroform P P 

THF Soluble Soluble 

Acetonitrile Soluble Soluble 

DMF Solution Solution 

DMSO Solution Solution 

Water Insoluble Insoluble 

P = Precipitate, G = gel 



pH Responsive fluorescent organogels 

135 
 

           Since the compounds PMO and PGO are forming gel in aromatic solvents, 

particularly showing excellent gelation properties in toluene solvent, we have chosen 

toluene solvent for further studies. To understand the self-assembling behaviour in 

toluene solvent, concentration dependent absorption and emission spectra were 

measured. No considerable change in the UV-Vis absorption and emission spectra 

was observed upon increasing the concentration of compounds, which indicate the 

absence of aggregate formation and excimer formation up to a concentration of 400 

μM for PMO and PGO (Figure 4.15).  

 

 

Figure 4.15. Concentration dependent UV-Vis absorption and emission spectral 

changes of PMO (a and b) and PGO (c and d) in toluene solution. 

Morphology of the xerogels obtained from orthoester derivatives after 

evaporation of the toluene solvent was measured using scanning electron microscopy 
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(SEM) and atomic force microscopy (AFM). Both the derivatives showed high 

tendency to self-assemble in aromatic solvents and to form extended three 

dimensional structures. PMO showed thick fibres originating from a single point in 

SEM (Figure 4.16a). As with AFM, PMO exhibited variation in morphology with 

concentration (Figure 4.16b and c). At 20 μM concentration, it showed spherical 

morphology of micrometre size (Fig 4.16b). Whereas at high concentration-40 μM, 

fibres are shown to be growing from this spheres (Fig. 4.16c). In the case of PGO, an 

interstacked fibrillar network was observed for the xerogel in SEM (Fig. 4.16d). 

Whilst AFM images of PGO (40 μM) displayed spherical nanoparticles (Fig. 4.16e). 

Nanoparticle formation from PGO was confirmed by DLS analysis (Fig 4.17).   

 

       

 

 

 

Figure 4.16. SEM images of the xerogel formed from PMO (a) and PGO (d) in 

toluene solution PGO (d), AFM images of PMO (b = 20 μM, c = 40 μM) and PGO 

(e = 40 μM) in toluene solution. 
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Figure 4.17. Size distribution analysis of PGO (40 μM, in toluene solution) by DLS.  

4.3.4. Single crystal X-ray structure of PMO 

Single crystals of PMO were grown in ethyl acetate-hexane solvent mixture 

and the crystal details are shown in Table 4.2. The crystal contains two molecules per 

unit cell (Figure 4.18) and the molecules are oriented in such a way that one pyrene 

core is arranged orthogonally to the adjacent one (Figure 4.19). Therefore, no 

effective π-π stacking is possible between the adjacent molecules. But there exists 

hydrogen bonding interactions between the hydroxyl groups of adjacent molecules.  

In toluene solvent, at higher concentrations the interactions of the solvent with solute 

molecules along with hydrogen bonding may contribute to the gel formation.  
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Table 4.2. Summary of crystallographic data. 

Empirical formula C30H26O7 

Molecular weight  498.51 

Crystal system Monoclinic 

Space group P21 

Z 2 

a, Å 8.642 (5) 

b, Å 6.843 (4) 

c, Å 20.761 (11) 

α, deg 90 

β, deg 99.460 (9) 

γ, deg 90 

V, Å3 1211.1 (12) 

Wavelength, nm 0.71073 

Total reflections  5020 

Final R indices R1 and wR2 0.0537, 0.1316 

.  

Figure 4.18. Crystal structure of PMO showing unit cell. 
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Figue 4.19. Major interactions in the crystal unit and the molecular orientation in the 

crystal of PMO. 

Solid state X-ray diffraction studies of the two orthoester organogelators PMO 

and PGO revealed that PMO was crystalline in nature while PGO showed 

amorphous nature in solid state (Figure 4.20). Thermal stability of the compounds 

was checked using thermogravimetric analysis (TGA). TGA curve indicate that both 

these compounds were stable up to 300 C (Figure. 4.21) 

 

Figure 4.20. Powder X-ray diffraction studies of PMO and PGO.  
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Figure 4.21. TGA thermograms for PGO and PMO. 

4.3.5. Acidolysis 

  The response of these organogelators toward acidolysis was monitored using 

trifluoroacetic acid (TFA). Organogelators underwent cleavage in the presence of 

catalytic amount of TFA (Figure 4.22). UV-Vis spectral changes of the compounds 

during acidolysis were also monitored. A slight decrease in the intensity of 

absorption and emission was observed upon increasing the concentration of TFA in 

solution (Figure 4.23).  

 

 

 

 

Figure 4.22. Photograph of acidolytic cleavage of the organogel formed from PMO 

(a) and PGO (b) in toluene in the presence of TFA. 

PMO PGO 

TFA TFA 
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Figure 4.23. UV-Vis absorption and emission spectral changes of PMO (a and b) and 

PGO (c and d) in the presence of acid TFA. 

This acidolytic cleavage was further confirmed with the aid of NMR spectra. 

In the presence of protic solvent, orthoester functional group undergoes cleavage and 

leads to the release of pyrenemethanol. This is evident from the 1H NMR spectra 

before and after addition of TFA (Figure 4.24 and 4.25). A sharp singlet was 

appeared after addition of TFA in 1H NMR spectra corresponds to the –OCH2 of 

pyrene methanol. Also, shift in the peaks at the aromatic region ( 7.2-7.8 ppm) 

indicates changes in the aromatic protons of benzoyl group attached to the C2 of the 

sugar unit. Based on the literature reports the acidolytic cleavage can be proposed as 

shown in scheme 4.9.30 
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Scheme 4.9. Acidolytic cleavage of PMO in the presence of TFA. 

 

Figure 4.24. 1H NMR spectra of PMO in deuteriated toluene solvent in the absence 

(a) and  in the presence (b) of TFA (concentration of TFA = 10 μM). 

-OCH2 

TFA 
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Figure 4.25. 1H NMR spectra of PGO in deuteriated toluene solvent in the absence 

(a) and presence (b) of TFA (concentration of TFA = 10 μM). 

4.3.6. Cytotoxicity assay 

After completing all the characterisation studies and acidolysis, we checked 

the efficiency of the organogelators towards biological application. As a preliminary 

study, we checked the cytotoxicity of orthoester derivatives using MTT colourimetric 

assay with methylthiazolium tetrazole dye in normal cardiomyoblast cell lines 

(H9c2). The cytotoxicity assay was conducted using the compounds dissolved in 

DMSO solvent and the studies revealed that both these compounds are less cytotoxic 

(up to 10 μM) and the cells are viable in the presence of orthoesters (Figure 4.26, cells 

are incubated with compounds for a time period of 24 h). These cytotoxic studies 

point to the applicability of compounds PMO and PGO in biology as well. 

-OCH2 

b) 

a) 
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Figure 4.26. Relative cell viabilities of H9c2 cells incubated with (a) PMO and (b) 

PGO. 

4.4. Conclusion 

We have synthesized two pyrene-sugar orthoester conjugates PMO from 

mannose and PGO from glucose. Fluorescent organogels were formed from PMO 

and PGO in aromatic solvents like toluene and xylene upon heating and sonication. 

Photophysical properties of the synthesized pyrene-sugar conjugates were measured 

in various solvents and they exhibited characteristic absorption and emission 

properties of pyrene. Gels formed from orthoester derivatives showed pH sensitivity 

(acidic). Xerogels formed from both these orthoesters showed three dimensional fibre 

like morphology with difference in the thickness. Also these compounds are found to 
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be less toxic. These results disclosed the potency of carbohydrate orthoesters as new 

functional materials for biological studies. 

4.5. Experimental section 

4.5.1. Materials and methods 

All the chemicals were purchased from Sigma-Aldrich, Alfa Aesar, Merck and 

SDFCL were used without further purification. 1H and 13C NMR were recorded on 

Bruker 500 MHz spectrometer using tetramethylsilane (TMS) as the standard. IR 

spectra were recorded on Bruker FT-IR spectrometer. Mass spectra were recorded 

under ESI/HRMS at 60,000 resolution using Thermo Scientific Exactive Mass 

Spectrometer. Absorption spectra were measured on a Shimadzu UV-3101 PC NIR 

scanning spectrophotometer and emission recorded on SPEX Fluorolog F112X 

spectrofluorimeter. AFM images were recorded under ambient conditions using a 

NTEGRA (NT-MDT) operating with a tapping mode regime. Micro-fabricated TiN 

cantilever tips (NSG10) with a resonance frequency of 299 kHz and a spring constant 

of S8 20-80 Nm−1 was used. AFM section analysis was done offline. 

 H9c2 cell lines were obtained from National Centre for Cell Science, Pune, 

India and also from Prof S. Murty Srinivasula of Indian Institute for Science 

Education and Research (IISER), Thiruvananthapuram, India. For maintenance of 

cell lines, Dulbeccos Modified Eagle‟s Medium (DMEM) (Sigma) containing 10 % 

fetal bovine serum (FBS) (Gibco), antibiotics (100 U/mL Penicillin and 100 µg/mL 

streptomycin) and amphotericin (0.25 µg/mL) (HiMedia) were employed. The cells 

were maintained in CO2 incubators at 37 C with 5 % CO2 in air and 99 % humidity. 

Passaging of cells when confluent was carried out using 0.25 % trypsin and 0.02 % 

EDTA (HiMedia) in phosphate buffered saline (PBS). Experiments were carried out 

after 36 h of seeding the cells at appropriate density in suitable well plates. 
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4.5.2. Gelation test 

5 mg of the compound was dissolved in 500 μL of the solvent in a test tube by 

heating and the solution was subjected to sudden sonication. The sample was 

classified as gel based on the inversion of test tube experiment. 

4.5.3. Determination of critical gelation concentration (CGC) 

5 mg of the gelator was dissolved in 100 μL of the solvent under study by 

heating in a test tube and gelation test was done. If it passes gelation test, further 

small measured volume of solvent was added and gelation test was conducted.  This 

experiment was repeated until the gel failed inversion of test tube test. The maximum 

amount of solvent that can be gelated by 5 mg of the gelator was noted. From this, 

CGC was calculated as wt %. 

4.5.4. Determination of gel transition temperature or gel melting temperature 

(Tgel) 

The gel formed from compounds PMO or PGO in different solvents were 

prepared in a test tube. The test tube was heated gradually in an oil bath while 

observing the temperature. The temperature at which the gel melted to solution was 

recorded as Tgel.  

4.5.5. Scanning electron microscopy (SEM) 

SEM images were taken using ZEISS EVO MA and LS series scanning 

electron microscope. The operating range was between 100-230 V at 50-60 Hz single 

plane with a consumption of 2.5 kVA. The xerogels were prepared by drying the gels 

in toluene. A small amount of the xerogel was placed on carbon-tape pasted to a 

copper grid and later the sample was sputter coated with gold and directly imaged 

under the scanning electron microscope. The xerogels made up of PMO showed 

thick fibres whereas that from PGO showed interstacked fibrillar network.  
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4.5.6. AFM sample preparation 

Dilute solutions of gelators in gelling solvents were drop casted on freshly 

cleaved mica sheets and allowed to dry at room temperature to form a thin layer of 

xerogel. These samples were viewed under Atomic Force Microscope.  

4.5.7. Dynamic light scattering (DLS) analysis 

 The DLS studies were carried out on a Nano Zeta Sizer, Malvern 

instruments. The samples were prepared by dissolving in hot toluene solvent 

followed by sonication. The light scattering experiments were performed under low 

polydispersity index by using glass cuvettes. 

4.5.8. General procedure for the synthesis of sugar orthoesters 

    Sugar bromide (1 equiv.) was dissolved in DCM solvent. 2,6-lutidine (2 

equiv.) was added to the solution followed by the addition of pyrenemethanol (1.5 

equiv.). The reaction mixture was refluxed for 6 h. The reaction mixture was 

extracted with ether and dried over Na2SO4 and the solvent was evaporated off 

completely. The crude sample on purification by silica-gel column 

chromatography afforded the protected sugar 1,2-orthoesters  as a colorless 

viscous liquid. This crude was treated with sodium carbonate (4 equiv.) in 

methanol furnished the corresponding hydroxyl derivative of the sugar 1,2-

orthoester. 
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  ((3aS,6S,7S,7aS)-5-(hydroxymethyl)-2-phenyl-2-(pyren-1-

ylmethoxy)tetrahydro-3aH-[1,3]dioxolo[4,5-b]pyran-

6,7-diol (PMO): Following the general procedure, 

glycosyl bromide, 28 (5 g, 7.5  mol), pyrenemethanol, 

29 (2.6 g, 11.25 mol) and 2,6-lutidine ( 1.75 mL, 1.51 

mmol) in 20 mL DCM solvent with 10 mol % TBAB  

were refluxed for 6 h. The crude product obtained from the above reaction was 

subjected to deprotection in the presence of Na2CO3 (3.2 g, 1.30 mol) in methanol to 

obtain hydroxylated orthoester derivative, PMO. The product was obtained as pale 

yellow solid after column chromatography using  hexane-ethyl acetate solvent 

mixture (1.71 g, 45.3 %). 1H NMR (CDCl3, 500 MHz):  8.37 (d, J = 9.0 Hz, 1 H), 

8.33- 8.31 (m, 2 H), 8.18 (bs, 2 H), 8.11-8.08 (m, 2 H), 7.72-7.71 (m, 2 H), 7.39-7.38 

(m, 3H), 5.71 (d, J = 9 Hz, 1H, ), 5.41-5.39 (m, 1 H), 5.32 (d, J = 11 Hz, 1 H), 5.17 

(d, J = 11.5 Hz, 1H), 5.09-5.07 (m, 1 H), 4.82-4.81 (m, 1 H), 3.78-3.77 (m, 1H), 3.69-

3.65 (m, 1H), 3.42-3.39 (m, 1H), 3.30-3.26 (m, 1 H), 3.22-3.19 (m, 1H) ppm. 13C 

NMR (CDCl3, 125 MHz):  139.1, 131.3, 131.1, 130.7, 129.3, 129.2, 128.3, 127.9, 

127.8, 126.8, 125.9, 125.8, 125.2, 124.4, 124.3, 123.8, 97.9, 80.8, 77.1, 71.5, 67.5, 

63.6, 61.7 ppm. HRMS (ESI) analysis m/z calcd for C30H26O7Na: 521.1576; found 

521.1589 [M+Na]+. 
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(3aR,6S,7S,7aR)-5-(hydroxymethyl)-2-phenyl-2-(pyren-1-

ylmethoxy)tetrahydro-3aH-[1,3]dioxolo[4,5-b]pyran-6,7-diol (PGO): Following 

the general procedure, mannosyl bromide (5 g, 7.5 

mol), pyrenemethanol, 29 (2.6 g, 11.25 mol) and 

2,6-lutidine ( 1.75 mL, 1.51 mol) in 20 mL DCM 

solvent with 10 mol % TBAB were refluxed for 6 h. 

The crude product obtained from the above react 

ion was subjected to deprotection in the presence of 

Na2CO3 (3.2 g, 1.30 mol) in methanol to obtain hydroxylated orthoester derivative, 

PGO. The product was obtained as pale yellow solid after column chromatography 

using hexane-ethyl acetate solvent mixture (2.12 g, 55.8 %). 1H NMR (CDCl3, 500 

MHz):  8.35-8.31 (m, 3H), 8.29- 8.18 (m, 2 H), 8.11-8.10 (m, 2 H), 8.08-8.06 (m, 2 

H), 7.73- 7.72 (m, 2H), 7.47-7.43 (m, 3 H), 6.03 (d, J = 4.5 Hz, 1 H), 5.37 (d, J = 4 

Hz, 1 H), 5.18 (m, 1 H), 4.68-4.66 (m, 1 H), 4.48-4.47 (m, 1 H), 3.63-3.60 (m, 2H), 

3.48 (m, 1H), 3.47 (m, 1H), 3.29 (m, 1H) ppm. 13C NMR (CDCl3, 125 MHz):  137.9, 

130.9, 130.7, 130.2, 129.1, 128.7, 128.2, 127.7, 127.3, 126.3, 125.9, 125.4, 125.3, 

124.7, 123.9, 123.8, 123.3, 119.7, 97.9, 78.3, 74.1, 72.5, 68.4, 63.0, 61.1, 59.7 ppm. 

HRMS (ESI) analysis m/z calcd for C30H26O7Na: 521.1576; found 521.1575 

[M+Na]+. 
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