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    The introduction of surfactants and micelles to study the photophysics and photochemistry of molecules opened up a new approach to mimick the reactions taking place in nature. The opening of new horizons in molecular science after the introduction of surfactants brought a new approach to the field of molecular assemblies. The intense research in the fields of photochemistry and its applications in understanding the photosynthetic processes and solar energy conversion via chemical routes led to the growth of ‘supramolecular chemistry’, known as ‘chemistry beyond the molecule’. The last four decades witnessed an explosion of research activities in the application of supramolecular assemblies in photophysics and photochemistry of molecules and the importance of supramolecular chemistry was understood after the award of 1987 Nobel Prize for Chemistry (Nobel Laureates: Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen) in this area of research.




    The editors have chosen the interesting theme of ‘Photophysics of Supramolecular Architectures’ and presented a collection of important topics covering a wide variety of molecular assemblies and their applications, in particular, in the field of sensors and allied topics. The senior editor Prof. S. Rajagopal with his four decades of intense research in the fields of electron transfer reactions and photochemistry and his experienced co-editors are able to bring together a spectrum of scientists working in the areas of supramolecular systems and their applications. The authors of eight chapters put their efforts to update the knowledge gained in the fields of supramolecular chemistry and their applications in photophysics and photochemistry. The scientists and the young researchers working in the areas of photophysics and photochemistry of molecules in supramolecular assembly can immensely benefit from the book ‘Photophysics of Supramolecular Architectures 2021’ published by the editors. The editors have made an effort to cover a wide range of supramolecular systems from the conventionally known cyclodextrin systems to calixarene, resorcinarene crowns, pillararene, cucurbit[n]urils, cavitands, metallacycles and fluorescently labelled macromolecules and presented their variety of applications related to photophysics and photochemistry, in particular, the luminescent sensor systems for a wide range of analyte molecules. This book is a single source of collection of literature on the chosen topic and will help the young researchers to understand the field of research, up-to-date literature and design their future plan of action in the areas of supramolecular systems and their applications in photophysics and photochemistry.
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    Supramolecular architectures, the prevalent architectures in nature, are designed through a variety of non-bonding interactions like hydrogen bonding, π-π staking, self-assembly, etc. From physics to biology, the functionalities of supramolecular architectures play an important role. For example, life is not possible without a DNA folding or protein self-assembly. This book mainly focuses on cavities containing supramolecular hosts and their photophysical properties by attaching luminescent molecules as guests. The host-guest chemistry is a widely established subject that can expand as an individual field of research with respect to the cavitand. The host-guest chemistry is envisaged as mimic for enzymatic catalysis. Also, they are used as drug delivery vehicles for the targeted payload delivery in biochemistry and biotechnology. The study of the interaction of guest molecules with light in the presence of host molecule opens a research opportunity to develop advanced research like optical tweezers.




    The recent studies of photophysics of guest molecules with various cavitands like cylclodextrin, calixarene and their derivatives, cucurbiturils are highlighted in this book. The cyclodextrin complexes having different cavities and encapsulation of fluorescent guest molecules and applications of these systems are elaborately discussed in Chapter 1. Chapter 2 deals with the interaction of fluorescent guest molecules with calixarenes and their applications towards (as) sensors. The photophysical properties of coordinations complexes of calixarene-lanthanide systems are also discussed in this chapter.




    Resorcinarenes, one of the important molecules in the calixarene family, receive importance for their hydroxyl group containing upper rim, which makes them suitable for catalysis applications. Chapter 3 mainly focuses on the upper rim modification at hydroxyl group to achieve crown ethers. Eventhough the crown ethers are separately known as supramolecules, this chapter discusses upper rim modified resorcinarene-crown and their applications using optical spectral techniques. Chapter 4 deals with the pillararenes, which are considered as young cavitand molecular system, reported only in 2008. This chapter focuses on the host-guest chemistry of pillararenes with fluorescent guest molecules. The self-assembly of pillarene derivative is also discussed to achieve sensor applications.




    Chapter 5 is concerned with the molecular recognition of fluorescent guest molecules encapsulated cucurbiturils and their applications as sensors. The application of imaging and photodynamic therapy using cucurbiturils systems is also discussed. Chapter 6 deals with the control of photophysical properties and photochemical events of various cavities and capsules. Chapter 7 mainly focuses on the cavity containing rhenium(I) metallasupramolecules, i.e., metallacycles. The synthesis, photophysical properties and host-guest behavior of rhenium metallacycles ranging from simple to complex topologies are discussed in detail. Chapter 8 deals with the dynamics of macromolecules functionalized with fluorescent molecules. The macrocyclic environment acts as a host molecule and influences the optical properties of the functionalized fluorescent molecule. The folding and unfolding of macrocycles exhibit substantial variations in the fluorescent molecules.




    This book strives to give collectively the applications of host-guest chemistry with recent applications. The recent advancements in the various host-guest systems will provide newer insights to readers into both conventional host molecules like cyclodextrin as well as young host molecules like pillararenes.
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      Abstract




      This chapter explains the most recent development on different luminophore tethered cyclodextrin (CD), a cyclic polysaccharide and these applications in distinct areas. The host-guest inclusion complexation studies of CD with different guest molecules using fluorescence techniques are discussed. The hybrid materials of CD in the detection of biological analytes, toxic compounds and in-vivo bio-imaging applications are discussed. The compatibility nature of CD leads to its usage in drug delivery and the controlled drug dosage using CDs is explained. The interesting usage of CDs in counterfeit recognition and tunable emission are emphasised. The dimers and self-assemblies of CDs utilized for the enhancement of photophysical properties are discussed in detail. The CD hybrid materials exhibited numerous usage in essential needs.
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      INTRODUCTION




      Cyclodextrin (CD) is a cyclic polysaccharide derived from enzymatic hydrolysis of starch [1]. CD has three native forms, α-CD, β-CD and γ-CD containing six, seven and eight glucopyranose units, respectively. CD structure is a truncated cone with hydrophilic exterior and hydrophobic inner pocket, which makes it suitable for host guest inclusion complex formation [2]. The inner diameters of hydrophobic cavities of α, β, and γ-CDs are reported as 4.7–5.3, 6.0–6.5, and 7.5–8.3 Å, respectively [3]. Over the other supramolecular host molecules, CD




      attained wide interest and it was explored for its diverse functionalities in the therapeutic, biomedical, and food industries, as well as in biosensors/bio-imaging applications [4]. Despite CDs themselves being spectroscopically passive, by modification with appropriate chromophores, their derivatives are spectroscopically active [5]. Due to the non-luminescent nature of CDs, fluorescence spectral studies are prominent in studying its host-guest complex formation and binding orientation with luminescent dye molecules [6]. Due to the compatible nature of CD, recently, enormous studies were focused on CD and its derivatives to explore the utilisation of this assessible host molecule in different aspects. This chapter confers the new developments of luminescent CDs and the studies of CDs with luminescent guest molecules for top notch applications.


    




    

      HOST-GUEST SYSTEMS




      Krishnan et al. [7] reported the aqueous mediated photophysical studies of resorcinol based acridinedione dyes with β-CD in the presence of urea. The urea and water hydrogen bonding self-assemblies led the formation of microspheres based on different environment, resulting in an effective displacement of dye from the hydrophobic nanocavity of β-CD. Roy et al. [8] explored the umbelliferone, a drug with α-CD inclusion complex. The complex (Fig. 1) has been optimized by molecular docking and increased bioavailability with minimal dosage in the human body.
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Fig. (1))


      Schematic representation of the studies of umbelliferone and α-CD inclusion complex [8].



      Periasamy et al. [9] studied the host-guest inclusion complex of β-CD and 4,4' -(1,4-phenylenediisopropylidene) bisaniline (PDB) in solid and solution states by numerous analytical techniques. UV and fluorescence spectral studies confirmed the 1:2 PDB: β-CD complex formation and the molecular docking studies also support this. A detailed spectroscopic investigation of the binding of pyrene with β-CD derivatives and their binary mixtures has been reported by Levine et al. [10]. Li et al. [11] studied the interaction between CDs and pullulanase. Enzyme activity and kinetic studies exhibited that α-CD, β-CD and γ-CD inhibited pullulanase in a vying manner and fluorescence spectroscopy suggested the formation of CD and pullulanase complexes. Visible-light responsive supramolecular gel (Fig. 2) has been fabricated by β-CD dimer and tetra-ortho-methoxy-substituted azobenzene dimer through the host-guest interaction. The substituted methoxy groups responsive to the shift in wavelengths of trans and cis forms led to the green and blue light regions, respectively [12].
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Fig. (2))


      Schematic representation of visible-light responsive β-CD dimer host-guest supramolecular gels [12].



      Kim et al. [13] reported a synthetic strategy to form high yield CD based intra-nanogap particles (Fig. 3) with a well-defined [image: ]1 nm interior gap. They incorporated 10 different fluorescent Raman dyes such as crystal violet, basic fuchsin, bromophenol blue, rhodamine B, methylene blue, Safranin O etc., within the gap using the CD based host−guest chemistry.
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Fig. (3))


      Schematic representation of the synthesis of cyclodextrin-based intra-nanogap particles which accommodate different Raman dyes inside the intra-nanogap [13].



      Thiabaud et al. [14] studied the Pt4+-ferrocene conjugates (Fc) and their CD host−guest complexes. The complex formation between Fc and β-CD is presumed due to the hydrophobic interactions of the Fc and the inner β-CD cavity. Inclusion complex of [3-(4-methylphenyl)-4,5-dihydro-1,2-oxazole-4,5-diyl]bis(methylene) diacetate and methyl- β-CD have been studied by Ay et al. [15] in aqueous media, which exhibited dynamic and static quenching in fluorescence. Singh et al. [16] studied the interaction of a cationic 1-pyrene methyl amine with a sulfated β-CD derivative (Fig. 4). The interaction of a cationic probe with a β-CD derivative has been studied using various photophysical methods.
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Fig. (4))


      Scheme of the photophysical response of 1-pyrene methyl amine with sulfated β-CD derivative [16]



      Hossam et al. [17] reported steady state absorption, emission and time resolved fluorescence emission studies of 1-naphthylamine-4-sulfonate and 2-naphthy- lamine-6-sulfonate compounds with different CD derivatives in neutral aqueous media. The nature of the ionic liquid, 1-decyl-3-methylimidazoliumtetra-fluoroborate within β-CD inclusion complex and the binding affinity have been studied in an aqueous medium by various spectroscopic methods [18]. The noncovalent interaction of a benzophenanthridine alkaloid sanguinarine with water soluble sulfobutylether-β-CD has been investigated by absorption and steady-state as well as time-resolved fluorescence techniques which revealed the metal ion recognition [19].




      Assaf et al. [20] reported host−guest complexation of several cobalt bis (1,2-dicarbollide) anions (COSANs) with CDs in an aqueous medium. With indicator displacement assays combination, a label-free fluorescence-based method was evolved for real-time monitoring of the translocation of COSANs (Fig. 5) by lipid bilayer membranes.
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Fig. (5))


      Schematic illustration of COSAN translocation through a vesicular lipid bilayer [20].



      Nazarov et al. [21] investigated the effect on luminescent properties over the addition of o-carborane or/and adamantane with naphthalene- β-CD complexes.




      Host-guest recognition and controlled assembly CD with perylene bisimide based glycocluster indicated the carbohydrate-protein binding interaction. This probe exhibited fluorescence enhancement in HeLa cells when complexing with β-CD [22]. Willems et al. [23] reported on-low immobilization of polystyrene particles modified with various degrees of adamantane molecules, and silica surfaces patterned with host-guest interaction of β-CD through microcontact printing (Fig. 6).
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Fig. (6))


      Illustration of the on-flow immobilization of polystyrene microspheres on β-CD [23].



      Wei et al. [24] demonstrated molecular transmission via visible range and rate-controllable photoreactivity as well as host−guest assembly (Fig. 7) based on synergy of aggregation-induced emission.
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Fig. (7))


      Suggested mechanism of visible range and rate- controllable photodimerization [24].



      Dimirci et al. [25] presented polymeric ionic liquid (PIL) brushes via reversible addition−fragmentation chain transfer polymerization for the control of molecular interactions. The anion-exchange of poly(1-vinyl-3-buthylimidazolium bromide) has been used for the control of the complexation. Stereoisomeric β-CD dimers linked with a sulfur atom or an arene spacer have been reported for the creation of a tethered dual CD capsule for precisely manipulating the regio- and enantioselectivities [26].




      The thiabendazole encapsulation in hydroxypropyl-β-CD nanofibers has been prepared via polymer-free electrospinning and characterized by Gao et al. [27]. A series of amorphous organic small molecules have been prepared with efficient room-temperature phosphorescence (RTP) emission through conveniently modifying phosphor moieties to β-CD (Fig. 8). The CD derivatives immobilized the phosphors due to the hydrogen bonding which suppressed the nonradiative relaxation and shielded phosphors from quenchers. This aggregation leads to efficient RTP emission with good quantum yields [28].
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Fig. (8))


      RTP emission of different phosphorescent small molecules [28].



      Banerjee et al. [29] reported a unique phenomenon of coumarin 6-β-CD inclusion nanostructures on graphene oxide (GO) nanosheets. This induced ground-state electron transfer from the coumarin 6-β-CD composite to GO. The coumarin 6-β- CD composite at first transfers energy to the affixed GO surface and later collides with similar coumarin 6-β-CD@GO adducts leading to dynamic quenching. Qi et al. [30] synthesised and studied the adsorption and luminescence characteristics of metallocyclodextrins based on host-guest recognition. Over the solution state, CD host-guest complex develop these gel, membrane assembly and immobilized systems, extending their application into different phases. Similar porphyrin systems are also reported in the literature [31, 32].


    




    

      LUMINESCENT CYCLODEXTRINS




      Chen et al. [33] have reported an anthraquinone-modified β-CD (AQ- β-CD) supramolecular polymer in aqueous solution, constructed through the host–guest interaction. The anthraquinone group of the guest molecule rapidly produced 9,10-anthracenediol, due to the hydrophobic microenvironment of the cyclodextrin cavity and the shielding effect on oxygen molecules. 9,10-anthracenediol emits strong fluorescence by photoreduction (Fig. 9). This aqueous solution of AQ- β-CD was significantly utilised as reversible emitting counterfeiting ink. AQ- β-CD encrypts the information in the air and decrypts the information by ultraviolet light.
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Fig. (9))


      Schematic representation of photoreduction and oxidation of AQ-β-CD supramolecular polymer in aqueous solution [33].



      A red-luminescent quaternary supramolecular nanoparticles have been prepared from a dithienylethene derivative, Pluronic F-127, a β-CD-functionalized ruthenium complex and cetrimonium bromide. The results showed that the nanoparticles could be utilised as a photocontrolled cell-imaging agent and as a photoerasable red-luminescent ink [34].




      Niu et al. [35] reported a multi-color-tunable supramolecular hydrogel from aminoclay, sulfato-β-CD and 4-methyl-styrylpyridinium (Fig. 10). The formed inclusion complex emitted monomer fluorescence and aminoclay provided a restricted environment for excimer emission. The colour of the supramolecular hydrogel could be adjusted from yellow, white and blue, respectively by adjusting the complex molar ratio.
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Fig. (10))


      A multi-colour-tunable supramolecular hydrogel [35].



      Cheng et al. [36] reported fluorescent imprintable hydrogels prepared via organic/inorganic supramolecular co-assembly. Macrocyclic cucurbituril [7] and β-CD rings were capable of the formation host−guest complexes with the surfactant. This led to ternary hybrid hydrogels with luminescent and photoresponsive properties (Fig. 11). The fluorescence of the hydrogels underwent fast quenching by trans−cis photoisomerization of the cyanostilbene within a short irradiation period in UV light and could be recovered.
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Fig. (11))


      Illustration of fluorescent imprintable hydrogels [36].



      Liang et al. [37] presented a host-guest complex system built by β-CD, sodium dodecyl sulfate and fluorescent dyes. This exhibited multilevel chirality, consisting molecular chirality of β-CD, a chiral lattice self-assembled nanosheet, induced supramolecular chirality of the complexes, induced chirality of a dye-doped chiral tube and mesoscopic chirality of an assembled helical tube (Fig. 12). The chiral lattice self-assembly provided intense circularly polarized luminescence which was observed from the achiral dye-doped complexes with a dissymmetry factor up to +0.1.
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Fig. (12))


      Illustration of the possible self-assembly and hierarchical chirality transfer induced circularly polarized luminescence in the complex assemblies [37].



      A novel triazolyl bridged cucurbituril-CD dimer (Fig. 13) has been synthesized by click reaction. It possessed stable supramolecular inclusion complexes with eminent fluorescence resonance energy transfer, which benefited from the binding of cucurbituril and CD with amantadine- and pyridinium-containing fluorophores instantly [38].
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Fig. (13))


      Schematic representation of the intramolecular FRET nature of cucurbit [6]uril bridged β-CD dimer [38].



      Wang et al. [39] prepared composite quantum dots (QDs) using β-CD and its derivatives. It has been utilized to separate and as well as to determine enantiomers in the capillary electrophoresis with laser-induced fluorescence detection integrated system. Wang et al. [40] presented a supramolecular strategy for enhancing photochirogenic performance by host or guest modification. They demonstrated the concept with dicationic γ-CD-mediated photocyclodimerization of 2,6- anthracenedicarboxylate (Fig. 14).
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Fig. (14))


      Illustration of a supramolecular strategy to enhance photochirogenic performance [40].



      A blue fluorescent supramolecular hydrogel has been prepared from α-CD and benzimidazole derivatives with supramolecular assembly-induced emission properties. The hydrogel empowered the coordination with different lanthanide metal ions. These supramolecular nanoparticles possessed spherical-like morphology, which rendered the xerogel films (Fig. 15) for lanthanide luminescence. These xerogel films exhibited over luminous transmittance and multicolor photoluminescence. These properties promised the potential use of supramolecular assembly in smart optical film materials [41].




      Yu et al. [42] investigated the excited state energy transfer process from 4-amido-1,8-naphthalimide to porphyrin in the medium of CD. The results showed the efficient state excited energy transfer of about 99% observed within the artificial nanoassembly. Chen et al. [43] designed core−shell structured CD encapsulated with hierarchical dye metal-organic frameworks (MOF) for tunable emission (Fig. 16). The cavity structure of γ-CD and cage structure of MOF facilitated remarkable synergistic effects on fluorescence enhancement.
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Fig. (15))


      Representation of lanthanide-mediated CD based supramolecular assembly for induced emission xerogel films [41].
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Fig. (16))


      Scheme representing the CD-MOF with dye encapsulation for tunable light emission [43].



      Silva et al. [44] utilised β-CD as a precursor for holey g-C3N4 graphitic carbon nitride (GCN) nanosheets doped with carbon and studied its application in photocatalytic hydrogen generation. The prepared material exhibited ~5 times higher photocatalytic hydrogen generation under visible light than bulk GCN. Bhunia et al. [45] studied the formation of nanospheres and nanocubes of glutathione-coated gold nanoclusters accompanied with CD (Fig. 17). These suprastructures developed fluorescence on−off composites based of their overall shapes. These observations conveyed that researchers can be able to synthesize appropriate emission range targeted CDs for their requirement.
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Fig. (17))


      Probable arrangement of the three types of CDs around the glutathione−CTAB-coated Au NCs [45].

    




    

      FLUORESCENT SENSORS




      Molybdenum disulfide quantum dots modified with 3-aminophenyl boronic acid and functionalized with hydropropyl-β-cyclodextrin represented a novel nanoprobe for the fluorescent detection of parathion-methyl, a typical organophosphorus pesticide inclined and accumulated in water and food products [46]. Kaliyamoorthi et al. [47] reported β-CD mediated Al3+ ion sensing based on fluorescence quenching with 6.00 × 10−8 mol L−1 limit of detection. A syn-(methyl,methyl)bimane and β-CD supramolecular complex exhibited sensitive (LOD = 0.60 nM) and selective fluorescence turn-off recognition in the presence of Co2+ in aqueous media [48].




      Haynes et al. [49] used β-CD derivative to promote proximity-induced interactions for the detection of aliphatic alcohols. A common reaction of aliphatic alcohol analytes with brightly coluored organic dye resulted in remarkably analyte-specific colour changes (Fig. 18) which enabled accurate alcohol identification. In combination with BODIPY and Rhodamine dyes, the colour changes enabled 100% differentiation in colorimetric signals obtained from methanol, ethanol, and isopropanol.




      
[image: ]


Fig. (18))


      β-CD based colorimetric discrimination of aliphatic alcohols [49].



      Prabu et al. [50] reported a new “turn-off” fluorescent sensor system for sensitive recognition of Hg2+ ion by curcumin/ β-CD inclusion complex. It exhibited selective Hg2+ binding and new absorbance and fluorescence peaks with additional prevailing bands. It showed probable colour change from yellow to colourlessness and fluorescent quenching owing to selective binding of Hg2+ ion.




      Zheng et al. [51] demonstrated a method for the detection of berberine in Rhizoma coptidis using β-CD - sensitized fluorescence technique. Berberine is the main extract of medicinal product, that caused an envelope reaction with β-CD to generate fluorescence sensitization. The reported method was simple and environmental friendly with high sensitive and selective determination. Liu et al. [52] has developed a fluorescent probe for detection of fungicide 2-aminobenzidazole based on carminic acid and γ-CD.




      The influence of β-CD complex formation with antipyrine derivative has been studied on its metal ion sensing behaviour (Fig. 19). The antipyrine showed a turn-on fluorescence sensing of vanadyl ion, and in CD medium it detected aluminum ion in aqueous solution. The compound show an unfamiliar fluorescence quenching on binding with β-CD. This differential metal ion sensing is presumed to the partial blocking of the chelating moiety by the CD [53].
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Fig. (19))


      Scheme shows the differential metal ion sensing by antipyrine with β-CD [53].



      Miyagawa et al. [54] have demonstrated the molecular recognition nature of the cholic acids with the dansyl-modified CD under hydrostatic pressure. The pre-equilibrium species, naphthyl in and out, acted critical roles in the pressure-dependent chemical sensing. The ultra-trace detection of amphetamine has been efficiently reported by Nazerdeylami et al. [55] using 8- hydroxyquinoline-β-CD based fluorescence probe.




      Poomalai et al. [56] utilised β-CD for the hindrance in excimer formation of anthracene appended piperidone on fluorescence sensing of Al3+ ions. A β-CD functionalized N, Zn co-doped carbon dots served for the selective fluorescence detection of fluoroquinolones in milk samples by fluorescence enhancement and induction of red-shift [57]. A hydrophilic hydroxypropyl β-CD cross-linked polymer has been reported and demonstrated as a turn-on fluorescent sensor for selective determination of captopril in biological assays [58].




      A fluorescent sensor array (Fig. 20) has been developed based on three different-colour emitting gold nanoclusters functionalized with three different ligands and a co-capping β-CD ligand for the facile discrimination of three nitrophenol isomers through the linear discriminant analysis of isomer-induced fluorescence quenching. The practicability has been checked and a high accuracy of 98.0% observed on exanimating 51 unknown samples containing a single or a mixture of two isomers [59].
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Fig. (20))


      Schematic representation of the synthesis of β-CD mediated dual-ligands cofunctionalized Au NCs [59]



      Reported β-CD fluorescent probes facilitates sensing of inorganic toxic metal ions, transition metal ions, simple organic molecules such as common alcohols, nitrophenols to toxic organic pesticides such as parathion-methyl effectively.


    




    

      BIOSENSORS




      A supramolecular assembly formed between a molecular rotor dye Thioflavin-T and sulfated-β-CD light-up and served as a ratiometric sensor for highly sensitive and selective recognition of glutathione over cystein and homocysteine. Its response towards glutathione in complex biological media of human serum samples demonstrated its potential for practical utility [60]. A β-CD/indocyanine green complex encapsulated poly(N-isopropylacrylamide) nanogel was reported by Liu et al. [61] for ex-vivo/in-vivo deep tissue/HR near infrared ultrasound-switchable fluorescence imaging.




      A hepta-dicyanomethylene-4H-pyran appended β-CD (DCM7-β-CD) (Fig. 21) acted as a delivery enhancing “host” for 1-bromonaphthalene-modified peptides. Interaction between the fluorescent peptides and DCM7-β-CD facilitated the hierarchical formation of distinctive supramolecular architectures. These were termed as supramolecular-peptide-dots [62].
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Fig. (21))


      Schematic representation of the sequential second-stage ordered self-assembly between probes and DCM7-β-CD to form supramolecular-peptide-dots [62].



      Haynes et al. [63] prepared a variety of β-CD derivatives in combo with fluorophore rhodamine 6G to detect distinctly five anabolic steroid analytes. This study exhibited 100% differentiation between structurally similar analytes and micromolar level detection. Haynes et al. [64] used CD-promoted fluorescence modulation of a high-quantum yield fluorophore with low concentrations of human growth hormone to detect human growth hormone in low concentrations with a 96% accuracy.




      A β- CD and a flavone derivative complex has been designed for a colorimetric and fluorescence turn-on probe to distinguish thiophenol from biothiols in real samples (Fig. 22). It worked via a combination of excited-state intramolecular proton transfer and photoinduced electron transfer mechanisms [65].
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Fig. (22))


      Scheme of β-CD based fluorescence turn-on probe for discriminating thiophenol from biothiols [65].



      2-Hydroxypropyl-beta-cyclodextrins supported with L-tryptophan served as a chemosensor for the detection of cholesterol [66]. Due to the excellent fluorescence property and good biocompatibility of silver nanoclusters functionalized with β-CD (CD-AgNCs) used for the sensitive detection of intracellular alkaline phosphatase activity [67].




      A switchable chiral discrimination system for amino acid enantiomers has been reported. The biomimetic nanochannel functionalized with N-(1- naphthyl) ethylenediamine and γ-CD acted as a highly chiral choosy gating for L-phenylalanine (Fig. 23) and regulated well the operation of amino acid transportation [68].
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Fig. (23))


      Scheme of selective amino acid transportation based on bioinspired γ-CD pseudorotaxane assembly [68].



      β-CD capped ZnO QDs decorated with the vitamin B6 cofactors such as pyridoxal 5′-phosphate and pyridoxal served as novel fluorescent turn-on probes instantaneously detected histamine by fluorescence enhancement [69].




      A hypoxia activatable and cytoplasmic protein-powered fluorescence cascade amplifier (HCFA) has been used for imaging hypoxia associated with inflammatory bowel disease in vivo (Fig. 24). The formation of HCFA was based on β-CD polymer combined with an azo dye through a host−guest interaction [70].
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Fig. (24))


      Schematic representation of in vivo imaging of hypoxia by β-CD polymer based cytoplasmic protein-powered fluorescence cascade amplifier [70].



      Bai et al. [71] attached rigid β-CD to the end of a flexible polysiloxane chain to synthesize a novel fluorescent polymer hyperbranched polysiloxane-CD and used it for biological applications. The results exhibited that the fluorescence intensity and quantum yield of the complex was significantly enhanced. It showed that bioimaging and drug delivery results in mouse fibroblast cells (Fig. 25).
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Fig. (25))


      Schematic representation of hyperbranched polysiloxane consisting β-CD for cell imaging and drug delivery [71].



      β-CD derivatives aid ex-vivo and in-vivo sensing of vast biological compounds such as amino acids, steroids, cholesterol and outstretch into diagnostic. Here, the reports dealing β-CD tailoring with bio components are interesting and attractive.


    




    

      THERAPEUTIC APPLICATION




      Thomsen et al. [72] investigated the effectiveness of octakis[6-(2-aminoethylthio)-6-deoxy]-γ-CD (γ-Cys), a positively charged, single isomer cyclodextrin derivative, for the delivery improvement of antibiotics to biofilms. This γ-Cys nanocarriers efficiently delivered suitable antibiotics to biofilms and fluorescence microscopy attempted a novel approach for mechanistic investigations. Roozbehi et al. [73] demonstrated an enzyme-triggered system based on β-CD to achieve controlled release of hydrophobic drugs in the presence of maltogenic amylase. The triggered release of curcumin in the presence of maltogenic amylase was due to the β-CD degradation by maltogenic amylase, resulting in ring opening and chain scission in β-CD.




      A linear alternating supramolecular polymer has been constructed by host-guest inclusion interaction between CD-dimer and bifunctional adamantane-conjugated porphyrin (TPP- Ad2) (Fig. 26). This linear alternating supramolecular polymer exhibited significantly enhanced photodynamic therapy efficacy [74].
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Fig. (26))


      (A) The chemical structures 26 of the (TPP- Ad2) and the CD dimer. (B) Representation of the construction of nanoparticles from linear supramolecular polymers by host- guest interaction, and the enhanced photodynamic therapy process [74].



      Gold nanoparticles, amphiphilic cyclodextrin and porphyrins based supramolecular hybrid assemblies have been prepared and studied for their phototherapeutic action by Trapani et al. [75]. A feasible and biocompatible self-assembled inclusion complex of indocyanine green and methyl-β-CD (ICG-CD) has been reported for targeted cancer imaging (Fig. 27). This system has enhanced the fluorescence-guided photothermal cancer therapy. Addressing HT-29 tumours by the ICG-CD complex resulted in a possible reduction in tumour volumes over nine days after the photothermal treatment. After administering a single dose of ICG-CD complex with near IR laser irradiation, no tumour recurrence or body weight loss were observed [76].
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Fig. (27))


      Schematic representation of ICG-CD inclusion complex formation between indocyanine green and methyl-β-cyclodextrin for enhanced photothermal cancer therapy [76].



      Zhang et al. [77] developed a supramolecular polymer through the host-guest inclusion complexation interactions between a β-CD-graft-poly(2-(dimethylamino ) ethyl methacrylate), and a guest polymer, azobenzene modified poly(ε-capro-lactone) (Fig. 28). They reported it as dual stimuli-responsive supramolecular self-assemblies for potential drug-controlled release carriers.




      
[image: ]


Fig. (28))


      Scheme representing the β-CD self-assemblies for cellular drug-controlled release [77].



      Pei et al. [78] reported a facile synthetic route of fluorescent hyper-crosslinked β-CD-Carbon QD nanosponges for tumor theranostic usage with exhibited enhanced antitumor efficacy. Welling et al. [79] demonstrated the concept to deliver chemical cargo to living cells in vivo by CD/adamantane complex targeting the inoculated bacteria in mice (Fig. 29).
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Fig. (29))


      Presumed mechanism of targeting inoculated bacteria in mice using CD/adamantane medium [79].



      The interactions between human serum albumin, perfluorooctanoic acid, and β-CD have been investigated to determine the reverse binding of perfluorooctanoic acid to human serum albumin in the presence of β-CD. This phenomenon facilitates potential therapeutic applications for perfluorooctanoic acid in human blood [80]. From these impressions the interest of researchers recently expanded the luminescent β-CDs for therapeutics including controlled drug delivery. Beyond their interest, these complexes were effective and efficient. These could be improved and engaged with imperceptible area of therapeutic in the future.


    




    

      CONCLUSION




      CD is not just a host material rather it receives importance in many research areas. The diversity of recognition leads to accommodate a variety of guest molecules towards particular applications. Since it is a natural product, also due to the structural features, it is compatible with biosystems, utilized as biosensors and drug delivery vehicles. The controlled drug delivery is a vital task in healing, some of the recent studies show CDs as good drug carriers. In chemosensing, CD attained an important place and more chiral selective sensors were developed which separate isomers. In combination with luminescent nanoparticles, the efficiency of CD has been enhanced and they are now being used in tunable emission driven into light emitting diodes and photoswitches. We presume that this simple oligosaccharide host material will attain more importance in the future as a hybrid luminescent material.
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