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PREFACE 
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ABSTRACT 

Supramolecular assembly as well as various nanocomposites have gained 

enormous significance these days in drug release due to their excellent 

bioavailability and remarkable ability to alter various properties of the drug such as 

its solubility, stability 

within the body, 

pharmacokinetics and 

pharmacodynamics. 

They also exhibit 

nontoxic properties, better encapsulation and controlled release. 

The spectroscopic contribution confirms the inclusion complexation of 

various drug molecules as well as graphene based nanocomposites and their 

different photophysical properties in aqueous media. The inclusion phenomena can 

be satisfactorily expressed by UV-visible, FT-IR, ESI-MS, fluorescence emission 

spectroscopy and FT-NMR studies. Theoretical molecular modelling studies of the 

supramolecular system confirm the data obtained from the experimental studies. 

In this study, various biologically active molecules such as, Ambroxol 

hydrochloride, Trigonelline hydrochloride, Rebamipide and Umbelliferone have 

been investigated. These bio-molecules have potential applications in living systems. 

Pharmacological activity is often considered to describe beneficial effects of bio 

molecules. 

Extensive studies on Nile blue and its derivatives have suggested that it could 

be potentially useful as 

fluorescent probes in this 

regard, because of their 

unique optical properties, 

excellent thermo and photo-

stability, and low toxicity. 

Graphene sheets that 

are one atom thick and consist of 2D layers of carbon atoms have gained enormous 
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importance over the past few years because of their unique attributes such as large 

surface area, better absorbing properties as well as high electric and thermal 

conductivities.  

In host–guest chemistry, the application of macrocyclic hosts in molecular 

recognition and sensing field has received considerable interest. Incorporation of 

guest molecules in aqueous environment with the cavity based host molecules, e. g., 

α-cyclodextrins, β-Cyclodextrins or highly water soluble hydroxypropyl β-

cyclodextrin or water soluble calixarene provides the new insight into the molecular 

recognition (e. g. inclusion or complexation) through non-covalent interactions.  

 

Supramolecular host-guest 

chemistry gives a broad idea about 

the formation of inclusion complex 

between the host and the guest 

molecules. Hydrophobic cavities of 

host are capable of binding different 

guest molecules. In recent ages, the 

whole supramolecular assemble has 

been enormously studied in many 

fields such as drug-delivery and analytical chemistry. Among the various host 

molecules, cyclodextrins and its derivative seems to be the most promising to form 

inclusion complexes, especially with various guest molecules with suitable 

dimension.  

Therefore, the primary object of this thesis is to find out the influence of 

supramolecular recognition and graphene based nanocomposites that are inevitably 

significant because of their wide range of applications in many fields ranging from 

pharmaceutical to advanced application in medicine and industrial purpose.          
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SUMMARY OF THE WORKS: 

CHAPTER I 

This chapter deals with the introduction and overview of the research 

work. This thesis mainly focuses on biologically potent drugs that are encapsulated 

in different host as well as graphene functionalized nanocomposites. The selections 

of different guest and macromolecular host systems as well as graphene based 

materials have also been discussed. A brief review on different applications, scope 

and objective the work associated with this thesis have been raised. 

CHAPTER II 

                           This chapter depicts all the literature review of the previous work. 

The brief discussions on synthesis and different theories of investigation for 

characterization of supramolecular complexation and various nanocomposites have 

been presented here.  

CHAPTER III 

This part of the thesis explains the experimental sections consisting of the 

materials, their structures, purity and their different applications. Various 

experimental techniques are incorporated such as spectroscopic, spectrometric and 

microscopic technique for the characterization of the synthesized materials. Various 

computational models have also been introduced to correlate the experimental data. 

CHAPTER IV 

This chapter gives an insight into the synthesis of inclusion complex of AMB 

in two different 

cyclodextrins 

leading to host-

guest assemblies. 

The study has been 

carried out with 

Ambroxol 

hydrochloride 

(AMB) with α-

cyclodextrin (αCD) and β-cyclodextrin (βCD) and the complexation has been 
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confirmed by experimental (UV-vis titration, FTIR, ESI-MS, 1NMR, 2D-NMR) and 

computational studies (molecular docking, molecular mechanics calculation). The 

molecular docking studies help to reveal a better insight into geometry and inclusion 

mode of AMB inside αCD as well as βCD cavity computationally. Further it was found 

that formation of inclusion complexes with different cyclodextrins causes some 

structural changes of guest molecules during the encapsulation process confirmed 

by bond length, dihedral angle changes and dynamic simulations (This work was 

published in Chemical Physical Letters, Elsevier, 2020). 

CHAPTER V 

Here, we have designed and synthesized β-cyclodextrin grafted Graphene 

Oxide based fluorescent probe with encapsulated fluorescent dye. The 

nanocomposites were characterized by several spectroscopic methods such as FTIR, 

DLS, zeta potential, UV-vis 

and fluorescence 

spectroscopy. Thermal 

gravimetric analysis 

(TGA) was employed to 

account for thermal 

stability of β-CD grafted 

graphene oxide 

nanocomposites. Nile blue 

molecules are well 

encapsulated into the 

cyclodextrin cavity and 

embedded on the surface of Graphene Oxide sheet. Molecular Docking study helps us 

to understand the feasibility of encapsulation process of fluorescent dye inside our 

synthesized nanocomposites. Various physicochemical properties like UV-vis and 

fluorescence spectra of composite in different solvent and photophysical properties 

like fluorescence quantum yield, molar extinction coefficient, stokes shift have been 

calculated (Communicated).  
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CHAPTER VI 

In this chapter, an inclusion complex of a biologically active alkaloid 

Trigonelline hydrochloride (TgC) and hydroxypropyl-β-cyclodextrin (HP-β-CD) was 

synthesized and 

characterized by 

different physico- 

chemical and 

spectroscopic methods. 

The TgC+HP-β-CD 

inclusion complex was 

confirmed by UV-vis 

Job’s plot, fluorescence, 

conductance and SEM. 

Here, the inclusion mode 

is described with regard to structural aspect using 1H NMR, FTIR spectroscopy.  1H 

NMR has showed that methyl part of the guest molecule has been inserted through 

wider rim although interaction with H-3 proton was not very strong. Trigonelline 

hydrochloride (TgC) being an anti diabetic natural product, its inclusion complex 

was precisely checked for its sustained release by fluorescence spectroscopy (This 

work was published in Journal of Molecular Structure, Elsevier, 2019). 

CHAPTER VII 

The objective of this study was to synthesize 1:1 solid rebamipide-

cyclodextrin based inclusion complexes by freeze-dry method and characterized by 

FTIR, UV-vis, 1H-NMR, 2D-ROESY, fluorescence spectroscopy, SEM and conductance.  

The association constant of the inclusion complexes was determined using the VU-

vis titration method. Job’s plot method was used to obtain the 1:1 ratio whereas, DSC 

method was used to confirm the thermal stability between guest and host molecule. 

The enzyme substituted emission spectrum of the two comparative inclusion 

complexes with -CD and HP--CD had been studied in the diverse solvent systems. 

Amylase along with the inclusion complexes increased the stability of the inclusion 

complexation as well as the effectiveness and impact of the inclusion complexes will 
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have a prolonged effect in the body. (This work was published in Z Phys Chem, 

2020). 

 

CHAPTER VIII 

Umbelliferone and different host molecules have been mixed up through a 

coprecipitation method to prepare supramolecular complexes with improved 

photostability. The prepared inclusion complex was characterized by 1H-NMR, FTIR 

spectroscopy, ESI-MS, 

DSC, fluorescence 

spectroscopy. The 

results of molecular 

modeling were 

systematically 

analyzed to determine 

the stability of 

inclusion complexes. 

In preliminary 

computational screening, α-cyclodextrin inclusion complexes of umbelliferone were 

found to be quite stable based on docking score and binding free energies. In 

addition, results from 1H-NMR study supported the inclusion phenomenon. The 

results obtained from computational studies were found to be in consistent with 

experimental data to ascertain the encapsulation of umbelliferone into α-

cyclodextrin (ACS Omega, American Chemical Society, 2020) 
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CHAPTER IX 

This chapter includes 

the concluding remarks on the 

works associated with the 

thesis. The comprehension of 

this investigation provides the 

insight into comparison 

between experimental 

observations with theoretical 

as well as computational data 

in a very simplified method. 

This thesis also depicted the 

scenario of cyclodextrin based supramolecular chemistry with graphene based 

nanocomposites and helps to correlate these two different fields. This approach can 

be used to create novel materials with superior properties for predicting different 

purposes such as sensing, drug discovery, cell imaging, which can help to broader 

the band of biological applications. 

CHAPTER X 

Bibliography and references of all the previous chapters has been included in 

this chapter. 
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CHAPTER I 

1. INTRODUCTION: 

This chapter gives a background on supramolecular chemistry and graphene 

based materials. The chapter mainly focuses on total overview of cyclodextrin based 

supramolecular assembly and graphene based nanocomposites and its wide range of 

applications especially drug delivery and different biological applications. The general 

features of graphene and cyclodextrin based inclusion complexes, their 

characterization and the importance of their hybrids are discussed along with main 

objectives of the thesis. Finally, the chapter briefs about the motivation of our research 

work, research problem, scope and objectives and the expected outcomes of the 

proposed work are provided at the end of the chapter. 

1.1 Supramolecular chemistry and graphene nanocomposites: a 

historical review: 

The term supramolecular chemistry was first noted by Jean-Marie Lehn and won 

Nobel Prize for is extensive work in is field in 1987 along with Pedersen and Cram 

[1]. It is an emerging field in chemistry also in material science, which can be defined 

as the chemistry of molecular assemblies as well as the chemistry of non-covalent 

bond. The fundamental of supramolecular chemistry was first described in 1894 

when the lock and key principle recognized by Fischer [2]. In the 1930s, the 

discovery of the aggregation of molecules via intermolecular interactions led to the 

coining of the term supramolecule. During 1950s, extensive works on cyclodextrins 

by Cramer, Pedersen in 1960s on the host-guest complexes of crown ether 

compounds and Cram on spherands, cavitands and recently box like container 

molecules discovered by Stoddart speed up research in the field of supramolecular 

chemistry [3,4].  

In recent years, supramolecular chemistry is divided into three broad 

categories; (1) host-guest chemistry (2) clathrates and (3) self-assembly depending 

in size and shape. In host-guest chemistry, host molecules also known as cavitands 

are molecular entities that possess permanent intramolecular cavities (e.g., CDs, 

calixarenes, and cucurbiturils) to encapsulate guest molecules [5]. Clathrates are 

lattice structured complex when two or more host molecules cause gap in between 
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thus generate an extramolecular cavity. Self-assembly is another supramolecular 

entity where two molecules, which neither belongs to the typical descriptions of 

host nor guest.    

Supramolecular species are somewhat different from individual molecules 

which are formed through covalent bond. Supramolecules are formed through non-

covalent intermolecular interaction like hydrogen bonds, van der Waals interactions, 

π-π stacking, hydrophobic and electrostatic forces [6,7,8]. Supramolecular chemistry 

is a broad field which discussed about different aspects include molecular self-

assembly, molecular recognition, host-guest chemistry, molecular machines and 

dynamic covalent chemistry.  

 

Figure 1: Schematic illustration of the association of a guest and host and thus 
making a supramolecular inclusion complex 

Supramolecular host-guest chemistry concerns about non-covalent binding 

or complexation between a host and a guest as depicted in figure 1. The host is 

commonly defined as a large molecule or aggregate such as an enzyme or synthetic 

cyclic compound that possess a sizeable, pre-organized central hole or cavity such as 

CDs, calix[n]arenes, crown ethers, etc. [9,10]. The guest may be an organic or 

inorganic cation, a simple inorganic anion, an ion pair, or a more complicated 

organic molecule such as anticancer drug [11,12]. Our mother nature is also full of 

natural host-guest systems include antigen-antibody, DNA-ligand, enzyme-substrate, 

and protein-carbohydrate complexes. 

The last two decades has seen an enormous improvement in the field of 

nanotechnology ranging from material science to molecular medicine [13,14]. The 

emergence of the field of nanotechnology has strongly influenced supramolecular 

chemistry. Recently, nanomedicine has open up a wide range of new strategies 
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useful in diagnosis, treatment and therapy and disease prevention [15,16]. Graphene 

and graphene based nanomaterials and nanocomposites have become an attraction 

in the field of material science due to its excellent properties [17,18]. Although, 

graphene is a two dimensional (2D) carbon allotrope having a honey comb lattice 

structure with carbon-carbon distance of 0.142 nm has been studied for more than 

60 years theoretically [19]. Graphene was first isolated by the scientists Andre Geim 

and Konstantin Novoselov at the University of Manchester [20]. They used a simple 

but effective mechanical exfoliation method for extracting thin layers of graphene 

from a graphite crystal with Scotch tape. Subsequently, they got the Nobel Prize in 

Physics 2010 for successfully producing, isolating, identifying and characterizing 

graphene [21]. 

1.2 Macromolecular systems and nanomaterials: 

1.2.1 Macrocyclic hosts: 

In supramolecular chemistry, a macrocyclic host is usually a ring containing a 

number of binding sites that are arranged around the closed system. There are lots 

of different types of host molecules have been established. All these host molecules 

contain either an oxygen or nitrogen atom within the scaffold (Figure 3).  

Cyclodextrins are a class of cyclic oligosaccharides consist of six and eight d-

glucopyranoside units that are linked together by a 1,4-glycosidic link [22]. There 

are mainly three important different types of cyclodextrins, i.e. α-cyclodextrin, β-

cyclodextrin (Figure 3a) and γ-cyclodextrin consisting of six, seven and eight 

glucopyranose units, respectively (Figure 2b) [23]. Cyclodextrins have a truncated 

cone shaped and consists of an upper (wide) and lower (narrow) rim. The secondary 

hydroxyl groups are attached in the upper rim and the primary hydroxyl groups are 

attached at the lower rim (Figure 2c) [24]. CDs have variety of industrial 

applications in food, cosmetics, pharmaceuticals and the environment [25]. When 

cyclodextrins are taking into consideration as a host, hydrophobic effects and 

hydrogen-bonding interactions among the different non-covalent forces are mainly 

responsible in the binding of organic guests. An illustration of the two as well as 

three dimensional molecular structure of αCD is shown below (Figure 2a). 
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Figure 2: Schematic representation of (a) two dimensional structure of αCD (b) 

chair conformation of α-1,4-gluocopyranose unit (c) three dimensional truncated 

cone based repesentation of cyclodextrin 

Unlike cyclodextrins, calixarenes are cyclic hosts having ‘cone’ shape 

synthesised by the condensation reaction between a p-substituted phenol and 

formaldehyde (Figure 3b) [26]. It can have several variations of calix[n]arenes 

(where n = the number of phenol-derived repeat units) for n=4-16, with the most 

common macrocycles being n = 4, 6 and 8 depending on bases, varying thermal 

conditions and altering the ratio of reactants [27]. Due to its cone shape, the t-butyl 

substituent are located at wider rim, whereas, the hydroxyl groups are located at the 

on the lower or narrow rim [28]. Mainly van der Waals interaction and crystal 

packing are responsible for calixarenes host molecules to encapsulate organic 

molecules. 

Crown ethers also known as cyclic polyether are one of the most common 

class of cation binding host utilises more than one non-covalent interaction (Figure 

3c). These cations binding host utilises more than one non-covalent interaction, in 

particular, a combination of electrostatic interactions and hydrogen bonding [29]. 

Larger crown ether hosts are capable of binding the cation complexes which play an 

essential role in many biological systems. There are different types of crown ethers 

are available depending on the number of total ring atom with number of oxygen 

donor atoms such as [12]crown-4, [15]crown-5, [18]crown-6, Benzo[18]crown-6 
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whereas, guest can be different metal cations such as, Na+, K+, Rb+, Cs+, Ca2+, NH4+. 

Depending on the size of both guest and host, it has been found that [18]crown-6 is 

selective for K+ as binding constant is highest among the metal cations [30,31].  

 

Figure 3: Examples of different types of natural and synthesized host molecules; 

(a) β-cyclodextrin, (b) p-tert-butylclix[4]arene, (c) [12]-crown-4, (d) 

ucurbit[n]uril, (e) ExBox4+ 

Cucurbit[n]urils (CBn with n = 5−8,10) are highly symmetric, rigid 

macrocyclic compound composed of n number of glycouril units linked by 2n 

methylene bridges and contain a hydrophobic inner cavity (Figure 3d) [32]. CBn has 

very high binding affinities towards neutral charged guests with high affinity, Ka up 

to 1010 M−1 of High binding affinity of CBn is associated with a combination of ion–

dipole interactions with the portals and hydrophobic forces inside their inner cavity 

[33,34]. 

Stoddart et al., have synthesized a box like rigid structured cyclophane called 

‘ExBox’ almost three decades ago (Figure 3e) [35]. It is tetracationic in nature and 

capable of acting as a host by encapsulating a guest like porphyrin, regulating its 

photodynamic anticancer activity [36]. It can also be used as the selective host to 

bind polycyclic aromatic hydrocarbons (PAHs) of different size and shape by means 
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of donor−acceptor interactions ranging in size from two to seven aromatic rings 

[37]. 

1.2.2 Biologically active guest molecules:  

In order to obtain the better association strengths in inclusion complex, 

specific host as well as guest should be selected [38]. As the strength of CD 

complexes relies on the space available in the CD cavity, the size of the guest should 

be in such a way so that it can fit into the CD cavity [39]. As host-guest 

supramolecular field was initiated with the motivation to increase the solubility of a 

poorly water soluble drug [40]. In this Ph.D. thesis, various biologically active 

molecules for inclusion complexation have been studied for potential application in 

pharmaceuticals, industrials, dyes and agrochemicals. Ambroxol hydrochloride, a 

drug molecule has been used for inclusion complexation with αCD and βCD and is 

reported in greater detail in Chapter IV [41]. The binding properties of the Nile blue 

toward graphene nanocomposites have been studied in chapter V. Other drug 

molecules are trigonelline hydrochloride, rebamipide and umbelliferone and their 

complexation and characterizations are discussed in chapter VI, VII and VIII 

respectively. 

Till now, various biologically organic molecules have been studied all over 

the world in supramolecular chemistry. Flavone derivatives being poorly water 

soluble drug have been extensively studied with different cyclodextrin derivatives in 

host guest chemistry [42]. Qiu et al., worked with water-insoluble anticancer agent 

barbigerone with water soluble hydroxypropyl-β-cyclodextrin to increase water 

solubility by forming inclusion complex [43]. Low water solubility and 

bioavailability of different biopesticides or herbal medicines could also be increased. 

After successful formation of crassicauline A CLA/β-CD complex will be potentially 

useful for its application as herbal medicine or healthcare products [44]. The most 

frequently utilized guest group for β-CD is adamantyl, which fits very efficiently into 

the β-CD cavity (logK = 5.04) [45]. Different inorganic complexes or different dye are 

also used as a guest for complexations [47].   
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1.2.3 Graphene and graphene based materials: 

Based on the various chemical modifications, graphene nanomaterials can be 

categories in different components such as graphene, graphene oxide (GO) and 

reduced graphene oxide (rGO). Graphene is the 2D building material for carbon 

nanomaterials of all other dimensionalities as shown in Figure 4. 

 
 

Figure 4: Typical molecular structures of different carbon nanomaterials; (a) 
Graphene, (b) Graphene oxide, (c) Carbon nanotube, (d) Fullerene (e) Multiwalled 

carbon nanotube. 

1.2.3.1 Graphene:  

Graphene is a two dimensional with hexagonal array of carbon atoms having 

single layered structured provides unique properties such as chemical inertness, 

high electrical conductivity, high flexibility, and large surface area (Figure 4a) 

[47,48]. It is composed of sp2-hybridized carbon atoms arranged in monolayer 

formation with large surface (2630 m2/g) [49]. Graphene has the ability to interact 

with different organic molecules and even enter into the cells through membranes 

by electrostatic interactions without damaging it. Over the last two decades, several 

researches have been carried out all over the world on the biological application of 

graphene materials ranges from drug and gene delivery systems, photothermal and 

photodynamic therapy (PTT & PDT), bio-imaging of different cancer cells and tissue 

engineering [50,51]. 
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1.2.3.2 Graphene oxide (GO): 

Graphene oxide (GO) has sparked an enormous interest to the scientific and 

technological community due to its intriguing electronic, mechanical, thermal and 

optical properties (Figure 4b) [52,53]. GO has the natural tendency to be highly 

dispersible both in water and in polar organic solvent due to the presence of oxygen 

containing functional group at the basal as well as at the edges of graphene [54,55].  

1.2.3.3 Single wall carbon nanotube (SWCNT): 

Single-walled carbon nanotubes (SWCNTs) are generally quasi-one 

dimensional substances constituted by one of the allotropic forms of carbon (Figure 

4c) [56]. They can be recognised as perfectly rolled up hollow cylinders composed of 

graphene (a sheet of carbon atoms) having diameters in between the range of 0.4 

and 5 nm [57,58]. They have appreciable electrical, thermal, optical and mechanical 

characteristics. The CNTS can be formed by the method of chirality or chiral vector, 

which is represented by (m,n) indices, can be described as the number of unit 

vectors along two directions of the hexagonal lattice [59]. Based on the concept 

organic chemistry, CNTs can be prepared theoretically by applying total synthesis. 

This method involves the formation of a particular type of CNT seed, in which some 

appropriate building blocks are added to elongate a CNT. On exposure of light, CNTs 

can be utilised for biological imaging, it can also be used as solar cell components. 

CNTs often be used as aqueous chemical sensor and also they have high thermal 

conductivity, for which they can be recognised as good heat sink objects [60]. 

1.2.3.4 Fullerene: 

Fullerene is the third allotropic form of carbon having shapes like a hollow 

sphere, tube or ellipsoid and three dimensional analogues of benzene (Figure 4d) 

[61]. In fullerene, all the carbon atoms are interconnected in hexagonal and 

pentagonal rings containing 12 pentagones and 20 hexagones. In 1960s, Architect 

buck minster fuller had given the name to this special allotropic form as fullerene. 

The most available form of fullerenes is buckminster fullerene (C-60), a spherical 

structure with 60 atoms [62]. Fullerenes can be synthesised synthesized through arc 

heating of graphite and laser irradiation of Poly aromatic hydrocarbon (PAHs). 

Different types of fullerene can be known to us such as bucky ball clustures, 
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nanotubes, megatubes, nano onions etc [63]. Fullerenes undergo different type of 

reactions such as nucleophilic reactions, halogenations, hydrogenation, transition 

metal complex reactions, regioselective reactions etc. Fullerenes have wide 

applications such as it can be used as polymer additives, as catalyst, in portable 

power devices, water purification and bio–hazard protection catalysis [64]. 

1.2.3.5 Multi wall carbon nanotube: 

Apart from single wall carbon nanotube (SWCNT), multi-walled carbon 

nanotubes (MWCNTs) composed of two or several cylinder, each of which formed by 

graphene sheets having diameter in between 1 to 3 nm (Figure 4e) [65]. The 

requirement of a catalytic agent is not mandatory for MWNT. The first discovery of 

MWCNTs was done by Iijima by arc discharge method [66]. Due to the sp2 bonds 

between individual carbon atoms in MWCNTs, they possess greater tensile strength 

than steel. MWCNTs have several biomedical applications, biosensors; Fabricated 

MWCNT based sensor on lead pencil used for the simultaneous detection of 

hydroquinone and catechol [67]. Multi walled carbon nanotubes have been utilized 

in cancer diagnosis; they are extensively used in drug targeting as well as in 

controlled release of drug. MWCNTs are suitable carriers for peptides, proteins and 

genes as these macromolecules get easily degraded by enzymes present on cell 

surface or cell inside. MNCTs also exhibit anti microbial and anti fungal activity [68]. 

1.3 A brief review on different applications: 

Supramolecular based formulation by cyclodextrins often leads to 

modification of molecular properties such as physicochemical and biological 

properties of the certain guest molecule [69]. Therefore, it has been used in a large 

number of applications which includes improvement of the solubility and enhancing 

stability and bioavailability of poorly soluble drugs (Figure 5) [70,71]. 

Apart from increasing water solubility, cyclodextrin inclusion complexes are 

also being used in increasing loading capacity, chiral separation, targeted drug 

delivery, organic synthesis, controlled release, enhanced thermal and photochemical 

stability, controlled bioadhesion etc [72]. Li et al., have synthesized cucurbit CB[8] 

based shape-controllable and fluorescent supramolecular organic frameworks 

exhibit stimuli-responsive turn-off/turn-on fluorescence, which can be applied in 
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cellular imaging [73]. Cyclodextrin can also be used as a catalyst in organic 

synthesis. Floresta et al., have designed a green and efficient method where catalytic 

amount of γ-cyclodextrin (γ-CD) has been used to synthesize substituted 

isoxazolidines [74].  

 

Figure 5: Applications of cyclodextrin based inclusion complexes in different 

fields 

Farras et al., showed that molecular encapsulation by cyclodextrin enhanced 

the photostability of a ruthenium(II) polypyridyl complex in aqueous environment 

[75]. Photosensitizers are very reaction and upon light absorption, it can cause 

photooxidative damage to different cells. Stoddart et al., has developing new 

pharmaceutical formulations of photosensitive drugs through 1:1 host−guest 

complex by a newly developed host (ExBox4+) in anticancer therapy through 

regulated PDT [76]. 

Cyclodextrin can also be used as a biodegradable capsules for the potential 

use in the controlled delivery of hydrophobic drugs to cancer cells. Jing et al., have 

showed that Cyclodextrin/Paclitaxel Complex in Biodegradable Capsules in a 

controlled way for Breast Cancer Treatment [77]. 

Cyclodextrins have been used for different industrial purposes such as 

reduce bitterness; improve taste and flavours of pastry and meat products so that 

they can be easily stored. Cholesterol may be removed from milk using β-
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cyclodextrin by inclusion complexation to produce dairy products low in cholesterol 

[78]. 

Supramolecular nanotechnology through host-guest interaction has been 

recognised as a special area owing to its targeted delivery nature. A recent 

experimental fact leads to understand that host−guest nanoparticles and 

nanocomposites show enhanced efficacy in delivery especially to tumors and show 

effective cancer phototherapy as well as imaging (Figure 6). Nurunnabi et al., were 

studied on Graphene-based nanomaterials and they found that Their composites 

more  than 70% kills MDAMB231 cancer cells (more than 70%) through both 

photodynamic and photothermal effects [79]. 

 

Figure 6: Applications of graphene oxide-cyclodextrin based nanocomposites in 

different fields 

Graphene oxide-cyclodextrin based nanocomposites are being used in 

wastewater application. Nafie et al., have synthesized β-cyclodextrin grafted 

nanopyroxenes to offer an ecofriendly platform for the selective removal of organic 

compounds such as cyclopentanecarboxylic and trans4-pentylcyclohexane 

carboxylic acids [80]. 

They can also be used as promising materials for super capacitors and solar 

cells. Li et al., has showed that graphene-film based electric double layer capacitors 

(EDLCs) has the potentiality to be use as supercapacitors or ultracapacitors due to 

its excellent flexibility and as well as high performances [81]. 
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GO hybrid cyclodextrin-based supramolecular hydrogels with NIR-light-, 

temperature-, and pH-responsive behaviors with improved thermal stability are 

able to show promising result in the field of delivery systems [82]. 

1.4 Scopes and objectives of the thesis: 

The main focus of our research work is to improve the bioavailability of 

various biologically potent drugs via supramolecular assembly and also in presence 

of graphene oxide (GO) nanocomposites using as a nano carrier and also its 

structural characterization in depth with experimental augmented with theoretical 

and computational calculation. Encapsulation of drugs in nanocavity of 

supramolecular host enhances the solubility and pharmacokinetics of the drug. The 

structural factors that are responsible for the thermodynamics of the interaction 

between guest and various CD derivatives can be achieved. Cyclodextrin based 

supramolecular chemistry can be used for the competitive binding of guest 

molecules in a given CD-guest complex with a guest that has a higher binding 

affinity. The major aim of this thesis is to improve the solubility and bioavailability 

of different guest of low soluble drugs by conjugating or encapsulating it in different 

nanoformulations.  

In order to achieve the goal, the following objectives have been set. 

 Preparation and characterization of different supramolecular complexes with 

different cyclodextrin by experimentally as well as theoretically in depth. 

 Investigation of the structural characterization and dynamic properties of the 

host-guest ICs. 

 Development of supramolecular complex for the sustained release of the 

drug molecule from the encapsulated complex. 

 Encapsulation of low soluble drug and its characterization through 

spectroscopic method for enhancing bioavailability and sustained 

dischargement. 
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CHAPTER II 

This chapter mainly discuss about the preview of previous literature based on 

inclusion complex and graphene based supramolecular materials. Further this chapter 

explores the theory of investigations that are carried out during experiments. Also, the 

chapter briefs about different type of supramolecular interactions. Finally, the chapter 

discuss about the future prospect of the present work that can be extended afterwards.  

2. LITERATURE REVIEW: 

Recently, supramolecular chemistry as well as nanochemistry has gained a 

lot of interest to the researchers and scientists. That’s why both the subjects are 

being taught in undergraduate and postgraduate degree courses throughout the 

world. Although, both the fields are highly subjective and also belongs to different 

areas as supramolecular chemistry deals with non-covalent bond whereas 

nanochemistry deals with molecular structures having length of 1-100 nm [1,2]. But 

chemists have found its way to combine both this emerging fields and synthesize 

different functional nano-supramolecular structures as well as nanocomposites with 

dimensions on the nanometre scale [4-6]. In the next two sections, we will discuss 

about literature review on previous works based on host guest chemistry as well as 

graphene based nanocomposites.  

2.1 Host-guest chemistry:                                       

The origin of “molecular recognition” was evolved when Emil Fischer 

proposed the “lock and key” principle in 1894. According to this concept, an enzyme 

recognizes and interacts with a substrate such that the binding must be selective 

similar to lock and a key system [7]. This molecular recognition is one of the core 

concepts in supramolecular chemistry that consist of selecting binding of substrate 

also known as guest by a receptor called host molecules [8,9]. In recent times, 

supramolecular chemistry has become innovative, involving novel concepts and 

ideas as well as specific experimental techniques and its applicability in different 

biological and industrial field [10,11]. Let us look at a few examples that have been 

carried out by different researchers all over the world: 
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In 1967, Pedersen was accidentally synthesize dibenzo[18]crown-6 which 

leads to win the Nobel Prize and accelerate the research in host-guest (or inclusion) 

chemistry [12]. It has been observed that crown ether showed molecular 

recognition to different guest molecules such as neutral organic molecules, their 

ions, as well as metal ions. 

In 1950s, Friedrich Cramer extensively worked on physical (cavity size) and 

chemical (reactivity) properties, the structure and chemistry of cyclodextrins (CDs) 

[13]. He for the first time reported that cyclodextrins are a truncated cone than a 

cylinder in nature. He showed that CDs could play as a catalyst in chemical reactions 

through a key−lock interaction similar to that of an enzyme−substrate complex [14]. 

Cyclodextrins can also be used as a reactant in preparing active polymers 

products due to its potential applicability such as diagnosis and treatment of cancer, 

biodegradable capsules, food, drug delivery, and so on [15]. For rapid, flow-through 

water treatment, Alsbaiee et al. successfully prepared a high-surface-area, 

mesoporous β-CD polymer, which could rapidly sequester many organic MPs with 

adsorption rate constants that were 15 to 200 times greater than those of activated 

carbons and nonporous β-CD adsorbent materials [16].  

Cyclodextrins could also be used for the fabrication of novel supramolecular 

hydrogels for biomedical applications [17]. Supramolecular hydrogels based on 

CD/homopolymer have been extensively studied where in most of the cases poly 

ethelyne glycol (PEG), a classic homopolymer chain used. Harada et al. studied the 

effect of the molecular weight of PEG on the formation of α-CD/PEG complexes. It 

was observed that the complexes could be formed only when the molecular weight 

of PEG was greater than 300 [18]. 

These host molecules are also used for the encapsulation of different drug 

molecules [19]. W. Su et al. developed a tetrandrine-hydroxypropyl-β-cyclodextrin 

inclusion complex (TET-HP-β-CD) through inhalation administration and evaluated 

its therapeutic efficacy for the treatment of pulmonary fibrosis [20].   

β-cyclodextrin based covalent organic frameworks (COF) are of high demand 

for chiral separation. Wang et al. have developed β-CD COF via the condensation 
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reaction of heptakis(6-amino-6-deoxy)-β-CD and terephthalaldehyde at room 

temperature through photopolymerization method able to show great potential for 

chromatographic separation of chiral drugs [21]. 

2.2 Graphene based nanocomposites:  

Material science has always played a vital role in the evolution of technology 

and provisions for humans and the emergence of the field of nanoscience has made 

huge changes in the materials applications [22]. Experimental outcome suggest that 

graphene or graphene based materials have outstanding physical and chemical 

properties such as led to its application in different industrial and analytical 

purposes [23]. 

Graphene oxide based nanocomposites could be used as an efficient and 

recyclable nano-catalyst for straightforward synthesis of different heterocyclic 

molecules. Saeed Bahadorikhalili et al. have developed a Cu@βCD-PEG-mesoGO 

nanocatalyst for one pot synthesis of 2-arylbenzimidazoles and 1,2,3-triazoles using 

‘click’ reaction [24]. 

Reduced graphene oxide nanosheet is an excellent nanomaterial for 

photothermal therapy [25]. Cheon et al. developed doxorubicin (DOX)-loaded bovine 

serum albumin (BSA)-functionalized rGO (DOX-BSA-rGO) nanosheets which could 

be a powerful tool for chemo-photothermal therapy applications [26]. 

Graphene-based functional nanocomposite is environment friendly, reusable, 

and applicable for advanced water purification. Sinha et al. have developed 

functional nanocomposites G-Fe2O3-γ-CD for selective separation of microcystin-LR 

from contaminated water [27]. Choi et al. have synthesized porous SBA-15/rGO-CD 

composite scaffold for bisphenol A (BPA) separation from contaminated wastewater 

[28]. 

Graphene oxide based nanocomposites are known as an effective recyclable 

carbo-catalyst for the synthesis of different organic molecules. Emami et al. have 

synthesized and characterized graphene oxide–polyaniline lignosulfonate (GO-PANI-

LS) nanocomposites in synthesizing polysubstituted pyridines [30]. 
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2.3 Theory of investigation: 

2.3.1 Stoichiometry:  

The stoichiometry (i.e. the ratio of host to guest) of host-guest complexes can 

be determined through a Job’s plot also known as continuous variation method 

using UV-vis, fluorescence spectral or either NMR titration methods [31]. 

Experiment is carried out with a series of solutions made up with varying ratios of 

host and guest from 0:1 through 0.5:0.5 to 1:0 such that the total concentration of 

host and guest is constant. A plot of relative absorbance at the wavelength of the 

peak associated with the complex (ΔA) against mole fraction (r) allows us to 

calculate its stoichiometry. If the Job’s plot reaches a maximum at 0.33, the complex 

has a 1:2 stoichiometry, if the maximum is reached at 0.5, the stoichiometry will be 

1:1 and if the peak stands at 0.66, the stoichiometry will be 2:1 (Figure 1). 

 

Figure 1: Typical Job’s plot depicting the peak position which indicate the 

stoichiometric ratio between host and guest molecules 

 

2.3.2 Binding constant:  

The binding constant also termed as association constant is basically the 

mathematical expression of degree of association [32]. It is an equilibrium process 

and the binding of a guest by a host species, or the interaction of two or more 

species by non-covalent bonds. The binding constant is calculated by Eq. (3 or 4), 

using the equilibrium concentrations of the species such as host [H], guest [G] and 

the resulting complex [H.G]. The final value, Ka, has units of mol.dm−3 or M−1. These 

values can range from near zero to very large and for cyclodextrin based 

supramolecular system, it is generally found to be from 10 to 104 M-1. Binding 

constant helps to quantify the stability of a host–guest inclusion complex in solution 
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for a given system. It can be calculated from experimental data e.g, titrations 

monitored by NMR, UV–vis or fluorescence spectroscopy in solution phase which 

provide information about the position of the equilibrium as shown below (eqn. 1); 

 

𝐾𝑎 =  
[𝐻𝑜𝑠𝑡.𝐺𝑢𝑒𝑠𝑡]

[𝐻𝑜𝑠𝑡][𝐺𝑢𝑒𝑠𝑡]
................... (1) 

However, if host–guest complexation process involves encapsulation of more 

than one guest molecules, then, the overall binding constant are described by 

summation of each stepwise binding constants, and an overall binding constant for 

the final complex which is termed beta (β). The general formula of the overall 

binding constant for n number of guest is shown in eqn. 2; 

β =
[𝐻.𝐺𝑛]

[𝐻].[𝐺]𝑛 ................... (2) 

Where, H stands for host molecules and G stands for guest moieties. n is the 

number of guest molecules involved in the inclusion phenomena. 

Association constant can be determined using UV-vis titration by Benesi-

Hildebrand equation for 1:1 stoichiometry as shown below (eqn. 3):  

1

[𝐴 − 𝐴𝑜]
=

1

𝐾𝑎[𝐺]𝑜𝛥𝜀
 ×

1

[𝐻]𝑜

  +
1

𝛥𝜀
… … … … (3) 

Where ΔA= [A-Ao] stands for difference in absorbance, Δε stands for change 

in molar extinction coefficient, Ka is the association constant, [H]o and [G]o 

represents initial concentration of host and guest respectively. 

For Fluorescence studies, the equation becomes eqn. (4)  

1

𝐹𝑂−𝐹
=  

1

(𝐹𝑂−𝐹𝑚𝑎𝑥)×𝐾𝑎×[𝐶𝐷]𝑛
+ 

1

𝐹𝑂−𝐹𝑚𝑎𝑥
  ............. (4) 

Where, Where, F and Fo denote the fluorescence intensity of guest on adding host 

and pure guest respectively. Fmax is the saturation fluorescence intensity. Ka is the 

association constant obtained by dividing intercept by slope. n is the binding 

stoichiometry between guest and host. 
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2.3.3 Thermodynamic stability and different thermodynamic 

parameters:  

The thermodynamic parameters of the analyzed inclusion processes, 

enthalpy change (ΔH°) and entropy change (ΔS°) and Gibbs free energy change (ΔG°) 

can be obtained by means of the classical van’t Hoff equation (eqn. 5 & 6) [33]: 

ΔG°=ΔH°-TΔS°         ……... (5) 

ΔG°= -RTlnKa                   .......... (6) 

From association constant value (Ka), all other thermodynamic parameters 

such as the standard change in Gibbs free energy, ∆G°, enthalpy change ∆H°, and 

entropy change ∆S° can be easily calculated. Although, Ka value is necessary to 

calculate the binding affinity between host and guest, the other thermodynamic 

functions may provide valuable insight into the mechanisms driving the formation of 

the complexes. 

2.3.4 Host-guest inclusion complex in spectroscopic and spectrometric 

methods: 

Infrared (IR) as well as nuclear magnetic resonance (NMR) is very much 

conventional techniques to confirm the supramolecular formation. It is well known 

that IR spectroscopy is generally used to identify the functional groups that are 

present in a molecule. Usually, both the guest and host moiety has its characteristic 

shape, size and intensity of the absorption peak of different functional group [34]. 

When, an inclusion complex is formed, there will be broadening, widening, 

disappearance or change in intensity of the peaks due to complexation. During 

supramolecular complex formation, a strong hydrogen bond can also be identified 

with FTIR spectroscopy [35].  

Similarly, 1H-NMR spectroscopy is also used to obtain the information of 

hydrogen and carbon environments after inclusion. When, inclusion complex is 

formed, there will be line broadening or chemical shift displacement of host and 

guest molecules [36]. The change in chemical shifts are easily observable for protons 

located at the inner surface (H-3 and H-5) of the cyclodextrins, when guest 

molecules are inserted but the chemical shifts of protons (H-1, H-2 & H-4) remain 

unchanged as located at the outer surface of the Cyclodextrin. Therefore, from NMR 
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data, change in chemical shifts appeared due to inclusion complex gives information 

on structural details [37]. 

With the help of mass spectrometry, it is possible to find the molecular mass 

of supramolecular assemblies [38]. In supramolecular chemistry, soft ionization 

technique is one of the used methods to detect weakly associated assemblies and 

their fragments. 

2.3.5 Thermal analysis: 

Thermal analysis techniques are one of the most prominent techniques to 

characterize different type of supramolecular materials and provide us information 

about thermal stability of the product as they undergo physicochemical changes 

when subject to heating. It can be of different types such as thermogravimetric (TG), 

differential thermal analysis (DTA), and differential scanning calorimetry (DSC).  

In case of DSC analytical method, pure drug, cyclodextrins and its derivatives 

and its Inclusion complexes are analyzed as recognition tool. According to the 

theory, if guest molecules are encapsulated into the cyclodextrin host cavities, their 

physical characteristics such as melting point, boiling point should be shifted to a 

different temperature or may get disappeared [39]. Therefore, when guest molecule 

is treated, a sharp characteristic endothermic melting peak at a definite temperature 

will be observed. However, β-CD and HP-β-CD will show a single characteristics 

endothermic peak at about 88⁰C and 60⁰C which is due to the release of water from 

the β-CD and HP-β-CD respectively [40]. But, when the guest molecules formed 

inclusion complex with cyclodextrin, the endothermic peaks will be shifted to a 

different temperature region. This Phenomena give a strong evidence that inclusion 

complex has been formed. 

2.3.6 Theoretical calculations: 

Now-a-days, computational approaches have been extensively used at the 

atomic level to understand the structural and thermodynamic features involved in 

the processes of molecular recognition and supramolecular organization. Molecular 

modelling technique is one of the widely used methods in host-guest chemistry as 

well as in pharmacology and drug design. In computational chemistry, molecular 

mechanics (MM), molecular dynamics (MD) are very reliable and inexpensive tool 



C H A P T E R  I I  

20 

for conformational analysis. However, dynamical processes of the inclusion 

complexes can be achieved with the help of molecular dynamics simulations and it is 

carried out in gas phase as well as in solution phases with time bound upto nano 

second (ns). Computational methods are extensively used in biological science to 

identify the active site of various proteins. It gives us an idea about binding free 

energies through molecular docking with proteins or synthetic macrocyclic hosts, 

effective interactions as it can be hydrophobic or van der Waals force between host 

and guest.  

2.4 Type of supramolecular interactions: 

It is actually the non-covalent interactions that hold supramolecular species 

together strongly. Non-covalent interactions are considerably weaker than covalent 

interactions, which can range between 150 kJ.mol−1 to 450 kJ.mol−1 for single bonds. 

Non-covalent bonds range from 2 kJ.mol−1 for dispersion interactions to 300 kJ.mol−1 

for ‘ion-ion’ interactions. It should be noted that when a stable supramolecular 

complex forms, it is not due to a single non-covalent interaction rather combination 

of forces. Therefore, it is very much important to design supramolecular 

components so that balance of all these forces can be manipulated to enhance the 

overall binding affinity between host and guest. The non-covalent interactions can 

be of different types of attractions as well as repulsions which are summarised in 

Figure 2 and will be described in more detail as follows. 

 
Figure 2: Different types of non-covalent interactions in supramolecular 

chemistry 
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2.4.1 Ionic and dipolar interactions: 

Ionic and dipolar interactions can be split into three categories: (i) ion–ion 

interactions, (ii) ion–dipole interactions, and (iii) dipole–dipole interactions, which 

are based on the Coulombic attraction between opposite charges. The strongest of 

these interactions is the ion–ion, which is comparable with covalent interactions. 

Ion–ion interactions are non-directional in nature, so that the interaction can occur 

through any orientation.  

However, ion–dipole and dipole–dipole interactions are orientation-

dependant and to obtain the optimal direction two moieties should be present in 

aligned nature. The strength of these directional interactions is directly dependent 

upon the species involved (Figure 3a). Ion–dipole interactions are stronger than 

dipole–dipole interactions (50–500 and 5–25 kJ mol−1, respectively) as ions have a 

higher charge density than dipoles. Out of these three interactions, dipole–dipole 

interactions are the weakest directional interaction which helps in bringing species 

into alignment. 

2.4.2 Hydrogen bonding: 

The hydrogen bonding interaction is one of the most important non-covalent 

interactions in making supramolecular construct (Figure 3b). It can also be termed 

as a special kind of dipole–dipole interaction as when a hydrogen atom covalently 

attached with an electron rich atom thereby behaving as an electropositive centre 

due to polarization and forms a hydrogen bond with nearby electron rich atoms. 

Therefore, hydrogen bonding interactions mainly consist of hydrogen bond donors 

and acceptors (e.g. amino acids, carbohydrates and nucleobases). Hydrogen bond 

donors are groups having a hydrogen atom attached to an electronegative atom 

(such as nitrogen or oxygen), cause a change in dipole where the hydrogen atom 

carry a small positive charge. Hydrogen bond acceptors carry an electron-

withdrawing atom which can interact the positively charge hydrogen atom, e.g, 

carbonyl moieties.  

The strength of hydrogen bonds can vary depending on the system. It 

depends on the type and nature of the electronegative atom to which the hydrogen 

atom is attached. Typically, the strengths of this interaction range from 4 to 120 
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kJ.mol−1, with the vast majority being under 60 kJ.mol−1 and scales of hydrogen bond 

acidity and basicity have been developed. 

2.4.3 π-π stacking interactions: 

The non covalent interactions between the aromatic moieties are often 

known as π-π stacking interaction, it also recognised as the interaction between 

aromatic rings having π orbitals (Figure 3c). The persistence of π-π stacking 

interactions can be observed by X-RAY crystal diffraction which is a direct and 

superior one. It has been observed that π-π stacking interaction also includes 

quadrupole interactions among delocalised π– elections.  Aromaticity is the essential 

condition for π-π stacking interaction to occur but in some cases exception also 

observed. In short, π-π stacking interaction take place in two aromatic molecules 

having similar structure and election distribution as well as in election rich and 

election deficient molecules. It is an important point to note that the polarity of the 

solvent plays an important role in these two systems. This type of interactions are 

very important to structure and function of various biological molecules like 

proteins, cofactors, substrates etc. π-π stacking interactions have significant role in 

DNA sequencing, for the synthesis of molecular receptors, for the formation of 

supramolecules, fabrication of sensors, fluorescent and electrogenerated 

chemiluminescent sensors, for controlled drug release, fabrication of bio sensor as 

well as chemo sensor. 

 
Figure 3 : Schematic representation of different types of interactions (a) ion-

dipole interaction (b) hydrogen bonding interaction (c) π-π stacking interaction 

(d) van der Waals interaction (e) hydrophobic interaction 
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2.4.4 van der Waals interactions: 

Van der Waals interactions emerge when two molecules with strong electron 

density come in close proximity cause a weak electrostatic attraction force (figure 

3d). It can also be sub-divided into two parts such as one is London interaction and 

the other is exchange and repulsion interaction. The strength of these interactions is 

dependent on the polarizability of the molecule; the more polarisable the species, 

then the greater the strength of the interaction. The potential energy of the London 

interaction decreases rapidly as the distance between the molecules increases. 

These interactions are non-directional and do not feature highly in supramolecular 

design. However, van der Waals interactions are important in the formation of 

inclusion compounds, in which small organic molecules are incorporated into a 

crystalline lattice, or where small organic molecules have been encapsulated into 

permanent molecular cavities. The inclusion of toluene within the molecular cavity 

of the p-tert-butylphenol-based macrocycle, p-tert-butylcalix[4]arene. 

2.4.5 Hydrophobic effect: 

Hydrophobic effects arise from the exclusion of polar groups such as water or 

weakly solvated molecules. Hydrophobic interactions play an important role in 

supramolecular chemistry, when cyclophanes and cyclodextrins are taken into 

consideration in water (Figure 3e). Hydrophobic effects can be sub divided into two 

energetic components, namely an enthalpic hydrophobic effect and an entropic 

hydrophobic effect. Enthalpic hydrophobic interactions occur when a guest replaces 

the water within a cavity and get stabilized. This occurs quite readily as host cavities 

are often hydrophobic in nature, inner cavity water does not interact strongly with 

the host and is therefore of high energy. When the water molecules are replaced by a 

guest, the energy becomes lowered by the interaction of the former water guest with 

the bulk solvent present outside the cavity. The entropic hydrophobic effect arises 

when water molecules that were previously ordered within the cavity becomes 

disordered when it leaves which increase the entropy resulting in a lowering of 

Gibbs free energy and thus favour of the process. 
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2.5 Summary: 

Supramolecular chemistry has gained a lot of interest to synthetic chemist 

because of their practical applicability in different fields. Therefore, its structural 

characterization needs to be explained in well developed manner. The basic concept 

and different theories of investigation has been described in this chapter. The main 

forces responsible for supramolecular complexes are predominantly reversibly non-

covalent in nature (hydrogen bonding, electrostatic, van der Waals force, π–π 

stacking, hydrophoblic effects, etc). The tools used to understand and interpret 

supramolecular behaviour are also common with many used in molecular biology. In 

the subsequent chapters, we will discuss about supramolecular construct based on 

our practical experiments and obtained results. 
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CHAPTER III 

This chapter provides a detailed description of all the materials and the 

methods as well as instruments used for the synthesis of inclusion complexes (IC) and 

β-cyclodextrin grafted graphene oxide (GO) based functional materials and mentions 

the various characterization technique and theoretical model used for studying the 

structure and composition of the supramolecular materials.  

3. MATERIALS AND METHODS: 

3.1 Materials: 

Graphite (21 μm particle size), 98% sulfuric acid (H2SO4), 70% nitric acid (HNO3), 

potassium permanganate (KMnO4), 30% hydrogen peroxide (H2O2), sodium 

hydroxide (NaOH), acetone, ethanol from Sigma Aldrich India Co. Ltd. India were 

used as received. Various drugs like Trigonelline hydrochloride, Rebamipide, 

Ambroxol hydrochloride, Umbelliferone are purchased from TCI INDIA PVT LTD as 

well as Sigma Aldrich PVT LTD. D2O, d6-DMSO were purchased from Cambridge 

Isotope Laboratories, Inc. USA. All the detailed descriptions of the following 

chemicals are given below: 

(a) Solvents: 

(i) Ethanol 

 

Physical Properties Description 

Appearance Colourless liquid 

Molecular Formula C2H6O 

Molecular Weight 44.07 g mol-1 

Boiling Point 351.37 K 

Melting Point 158.90 K 

Dielectric Constant 25.08 at 298.15 K 
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(ii) Acetone 

 

Physical Properties Description 

Appearance Colourless liquid 

Molecular Formula C2H6O 

Molecular Weight 58.04 g mol-1 

Boiling Point 329.68 K 

Melting Point 178.15 K 

 

(iii) Water 

 

Physical Properties Description 

Appearance Colourless liquid 

Molecular Formula H2O 

Molecular Weight 18.01 g mol-1 

Boiling Point 373.15 K 

Melting Point 273.15 K 

 

(iv) Dimethyl sulfoxide 

 

 

 



C H A P T E R  I I I   

27 

Physical Properties Description 

Appearance Colourless liquid 

Molecular Formula C2H6OS 

Molecular Weight 78.01 g mol-1 

Boiling Point 462.15 K 

Melting Point 292.15 K 

 

(v) Sulfuric acid 

 

Physical Properties Description 

Appearance Colourless liquid 

Molecular Formula H2SO4 

Molecular Weight 98.07 g mol-1 

Boiling Point 660.15 K 

Melting Point 283.15 K 

 

(vi) Nitric acid 

 

Physical Properties Description 

Appearance Colourless liquid 

Molecular Formula HNO3 

Molecular Weight 63.01 g mol-1 

Boiling Point 356.15 K 

Melting Point 231.15 K 
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(vii) Potassium permanganate 

 

Physical Properties Description 

Appearance purplish-black crystalline solid 

Molecular Formula KMnO4 

Molecular Weight 158.03 g mol-1 

Melting Point 513.15 K 

(viii) Hydrogen peroxide: 

 

Physical Properties Description 

Appearance very pale blue liquid 

Molecular Formula H2O2 

Molecular Weight 34.01 g mol-1 

Boiling Point 423.35 K 

Melting Point 272.72 K 
 

(b) Biologically active drugs: 

(i) Ambroxol hydrochloride: 

Ambroxol hydrochloride is a drug that helps to increase mucous excretion 

[1]. Ambroxol is a metabolite of bromhexine. It acts as a mucolytic agent during 

acute and chronic disorder caused by the production of excess or thick mucus and 

thus helps to reduce viscosity of the mucus [2,3]. It is chemically written as trans-4-

{(2-amino-3,5-dibromobenzyl)amino}cyclohexanol. It is white to yellowish 

crystalline powder; slightly soluble in hot water, ethanol; soluble in dimethyl 

formamide, methanol and insoluble in benzene as well as chloroform. 
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Physical Properties Description 

CAS No. 23828-92-4 

Appearance Colourless crystalline powder 

Molecular Formula C13H18Br2N2O · HCl 

Molecular Weight 414.57 g mol-1 

Melting Point 508 K 

Purity >98% 

 

(ii) Nile blue: 

Nile blue chloride is a fluorescent dye with high quantum yield in nonpolar 

solvents. Derivatives of Nile blue are potential photosensitizers in photodynamic 

therapy of malignant tumors. Normal and premalignant tissues in animal 

experiments can be distinguished by fluorescence spectroscopy in fluorescence 

imaging [4,5]. 

 

Physical Properties Description 

CAS No. 2381-85-3 

Appearance Solid deep bluish 

Molecular Formula C20H20ClN3O 

Molecular Weight 353.85 g mol-1 

Melting Point 563 K 

Purity > 98% 

https://en.wikipedia.org/wiki/Photosensitizer
https://en.wikipedia.org/wiki/Malignant_tumor
https://en.wikipedia.org/wiki/Fluorescence_spectroscopy
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(iii) Trigonelline hydrochloride: 

Trigonelline hydrochloride is a pyridine based alkaloid remain as a 

zwitterion formed by the methylation of the nitrogen atom of niacin (vitamin B3) 

[6,7]. Trigonelline hydrochloride is a product of niacin metabolism that is excreted 

in urine of mammals.  

 

Physical Properties Description 

CAS No. 6138-41-6 

Appearance Colourless solid 

Molecular Formula C7H8ClNO2 

Molecular Weight 173.60 g mol-1 

Melting Point 503-506 K 

Purity >98.0% (HPLC) 

 

(iv) Rebamipide: 

Rebamipide, an amino acid derivative of 2-(1H)-quinolinone, is used 

for mucosal protection, healing of gastroduodenal ulcers, and treatment of gastritis 

[8,9]. It can be used as an active agent by enhancing mucosal defense, scavenging 

free radicals and temporarily activating genes encoding cyclooxygenase-2.  

https://en.wikipedia.org/wiki/Mucous_membrane
https://en.wikipedia.org/wiki/Peptic_ulcer
https://en.wikipedia.org/wiki/Gastritis
https://en.wikipedia.org/wiki/Radical_(chemistry)
https://en.wikipedia.org/wiki/Cyclooxygenase
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Physical Properties Descriptions 

CAS No. 90098-04-7 

Appearance Colourless solid 

Molecular Formula C19H15ClN2O4 

Molecular Weight 370.79 g mol-1 

Melting Point 563 K 

Purity >98.0% (HPLC) 
 

(v) Umbelliferone: 

The ultraviolet activity of umbelliferone led to its use as a sunscreen agent, 

and an optical brightener for textiles [10,11]. Umbelliferone can be used as a UV 

absorbing agent and selective fluorescence indicator for metal ions such 

as copper and calcium. It acts as a synthetic fragrance component for different food 

and cosmetic products. 

 

Physical Properties Descriptions 

CAS No. 93-35-6 

Appearance yellowish-white crystalline solid 

Molecular Formula C9H6O3 

Molecular Weight 162.14 g mol-1 

Melting Point 503 K 

Purity >98% (HPLC) 

https://en.wikipedia.org/wiki/Sunscreen
https://en.wikipedia.org/wiki/Optical_brightener
https://en.wikipedia.org/wiki/Textiles
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(C) Supramolecular host molecules: 

Cyclodextrins (CDs) are basically supramolecular host with truncated-cone 

polysaccharides that are consist of six to eight D-glucose monomers linked by a-1,4-

glucose bonds [12,13]. In a cyclodextrin molecule, each glucose unit form rigid chair 

conformation which lead to hollow truncated cone shape where the secondary 

hydroxyl of C-2 and C-3 are situated on the wider side and the primary hydroxyl 

group on C-6 are on the narrow face. They have a hydrophobic cavity and a 

hydrophilic outer surface and can encapsulate various organic molecules or 

inorganic metals to form host–guest complexes or supramolecular assembles 

[14,15]. 

(i) α-cyclodextrin: 

α-cyclodextrins are a class of cyclic oligosaccharides that consist of six glucose 

monomer units. It has the cavity diameter 4.7-5.3 Å, outer diameter 14.6±0.4 Å, 

height/depth 7.9±0.1 Å, approx cavity volume 174 Å [16]. 

 

Physical Properties Descriptions 

CAS No. 10016-20-3 

Appearance White solid 

Molecular Formula C36H60O30 

Molecular Weight  972.84 g mol-1 

Solubility in water 14.5 g/100 mL 

Melting Point >551 K 
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(ii) β-cyclodextrin: 

β-cyclodextrins are a class of cyclic oligosaccharides that consist of seven glucose 

monomer units [17]. It has the cavity diameter 6.0-6.5 Å, outer diameter 15.4±0.4 Å, 

height/depth 7.9±0.1 Å, approx cavity volume 262 Å [16]. βCD has been used for 

supramolecular catalysis in organic synthesis in ecofriendly solvent or solvent free 

conditions [18].  

 

Physical Properties Descriptions 

CAS No. 7585-39-9 

Appearance Colourless liquid 

Molecular Formula C42H70O35 

Molecular Weight 1134.98 g mol-1 

Solubility in water 1.85 g/100 mL 

Melting Point 563-573 K 

(iii) Hydroxypropyl-β-cyclodextrin: 

Hydroxypropyl-β-cyclodextrin (HP-β-CD), a β-CD derivative, with a higher 

aqueous solubility is prepared by reacting β-CD with propylene oxide in alkaline 

aqueous solutions [20]. HP-β-CD has better aqueous solubility compared with α-, β- 

and γ-CD as in HP-β-CD, all the hydrogen bonds are replaced by hydroxyl groups. 
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Physical Properties Descriptions 

CAS No. 128446-35-5  

Appearance Amorphous 

Molecular Formula C63H112O42 

Molecular Weight 1541.54 g mol-1 

Solubility in water ~50 g/100 mL 

Melting Point 551 K 

 

3.2 Synthesis methods: 

3.2.1 Synthesis of inclusion complex: 

Several methods may be applied to synthesize inclusion complex between 

guest and host [21]. In our cases, we have applied co-precipitation method. To 

prepare 1:1 molar ratio of solid inclusion complex between guest and host (αCD or 

βCD or other derivatives), at first, 1 molar concentration of solid guest compound 

should be accurately weighted and taken in a beaker and minimum volume of 

distilled water should be added to dissolve the solid samples and placing it in a 

thermostated water bath at temperature set at 323.15K with constant stirring in a 

magnetic stirrer. Next, accurately measured 1 molar concentration of host is then 

added in solid form in the same beakers slowly in presence of the constant stirring. 

It is kept in the thermostated water bath for 24-48 hours. Thereafter, it was 

collected and dried in a hot air oven & after that inclusion complexes in the solid 

form is obtained [22,23].  
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3.2.2 Synthesis of graphene oxide (GO): 

GO was synthesized using modified Hummers method from purified natural 

graphite flakes as reported earlier [24,25]. According to the method, a mixture of 

graphite flakes (3.0 g, 1 wt equiv) and KMnO4 (18.0 g, 6 wt equiv) were added to 9:1 

mixture of concentrated H2SO4/H3PO4 (360:40 mL), the mixture get warmed upto 

40⁰C showed exothermic nature. The reaction was kept at 55⁰C and stirred with 

magnetic stirring for 12 hrs. After cooling at room temperature, the reaction mixture 

was poured into crust ice (~400 mL) with 30% H2O2 (3 mL). The solid material 

obtained after filtration was then wash twice successively with 200 mL of water, 200 

mL of 30% HCl and 200 mL of ethanol. After that, solution was centrifuged at 4000 

rpm for 10 mins and again washed with distilled water so that various chlorides, 

sulphate ions got free. Finally, the solution was dried by rotary evaporator under 

reduced pressure and obtained 1.7g of product.  

3.2.3 Synthesis of GO-βCD nanocomposites: 

To prepare rGO-βCD composite, a relatively greener approach was chosen 

rather than using highly toxic hydrazine as reducing agent [26]. Prior to the 

experiment, GO was ultrasonicated in distilled water for 10 mins for getting a 

homogenous solution. Then, 200 ml of 1 mg/mL βCD aqueous solution was mixed 

with 200 mL of 0.5 mg/mL GO aqueous suspension. The mixture was stirred at room 

temperature for 12 hrs. Then, the pH of the mixture was adjusted to 12 by adding 

aqueous solution of NaOH (1.0 M). Finally, the solution was heated at 75⁰C and 

stirred at 370 rpm for 6 hrs. After the reaction, the stable black dispersion of the GO-

βCD mixture was centrifuged at a relative centrifugal force 4000 rpm so that 

unreacted βCD got removed from the solution followed by washing with distilled 

water for three times. After that a solid GO-βCD nanocomposites was obtained by 

using rotary evaporator under reduced pressure.  
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3.3 Characterization techniques: 

3.3.1 Spectroscopic techniques: 

3.3.1.1 Fluorescence spectroscopy: 

Fluorescence spectroscopy, also known as spectrofluorometry, is the 

observation of the emitted electromagnetic radiation; usually appear in the visible 

or near-infrared regions of the spectrum, when a compound is electronically excited 

with UV radiation. It consists of a xenon lamp as a source of excitation and a 

monochromator which is used to input an excitation wavelength from the light 

produced in the range of 200 to 800 nm. This monochromatic beam is directly strike 

the sample under investigation and the resulted emission spectrum is analysed, 

using a second monochromator, for photon energies between 200 and 900 nm. 

Fluorescence spectroscopy is an important investigational tool in many areas 

of analytical field, such as chemical, biochemical and medical research, due to its 

extremely high sensitivity and selectivity. In material sciences, this is used to study 

structure and dynamics of surfaces. Particularly in the areas of biochemistry and 

molecular genetics, fluorescence spectroscopy has become a dominating technique.  

 

Figure 1: The basic instrumental set up of a fluorescence spectrophotometer and 

it’s working principle                 

During course of this PhD thesis PTI QuantaMaster-40 fluorometer had been 

used. It comes with integrated FelixGX software to control both the instrument and 

accessories. FelixGX software is very much user friendly and easy to use includes 
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analytical functions for different spectral and kinetic analysis for steady-state, 

lifetime or anisotropy analysis. The whole system provides a full set of data 

acquisition protocols, and controls the hardware for all system configurations and 

operating modes. 

3.3.1.2 Ultraviolet-visible (UV-vis) absorption spectroscopy: 

UV-vis absorption spectroscopy is a preliminary but helpful spectroscopic 

technique for the characterization of various materials such as organic, inorganic, 

supramolecular or nanomaterials. According to the principle, the molecules within 

the sample are irradiated by electromagnetic energy, may be, UV or visible light, will 

undergo electronic excitation by the absorption of light from ground state to excited 

state. It is to be mentioned that during irradiation of sample, wavelength of UV light 

is continuously changed and when the wavelength matches the energy state 

required to excite an electron to a higher level, energy is absorbed. Then, the 

intensity of absorption can be obtained from Beer Lamberts law (eqn. 1):  

A=∈cl     ........... (1) 

Where, ‘A’ denotes measured absorbance, ‘∈’ is the molar extinction coefficient, ‘l’ is 

the path length and ‘c’ is the concentration of the solution.  

 

Figure 2: Basic outline of a UV-vis spectrophotometer 

Deuterium discharge and tungsten-halogen lamps are commonly used light 

sources for UV-visible measurements and NIR measurements. In UV-visible-NIR 

spectrometers photomulplier tube combined with Peltier-cooled PbS IR is used as 
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detector. In our every study, optical absorption measurements of the samples are 

recorded by dispersing in respective solvent using Agilent 8453 UV-visible 

spectrophotometer Agilent Technologies USA. 

3.3.1.3 Fourier Transform Infrared spectroscopy: 

It is a spectroscopic technique based on the molecular vibration spectrum, for 

a compound having covalent bonds, whether organic or inorganic, absorbs different 

frequencies of electromagnetic radiation in the infrared region of the 

electromagnetic spectrum. The frequency of infrared region in the electromagnetic 

spectrum lies in the region from 2.5 μm to 25 μm but most of the chemists express it 

as wavenumber (cm-1) which is reciprocal of centimetre. Although FTIR 

spectroscopy ranging between 12800 to 10 cm-1 but it can be classified in three 

different categories as, near infrared (NIR) (12800 to 4000 cm-1), mid infrared (MIR) 

(4000 to 400 cm-1), and far infrared (FIR) (50 to 1000 cm-1) [36]. However, most of 

the organic chemists focus to this “MIR” in the frequency range, since, nearly all the 

functional groups of organic molecules falls under this fundamental vibrations 

region; it is the most desirable spectral range for chemical analysis of any known or 

unknown molecule.  

The instrument that determines the absorption spectrum for a compound is 

called an infrared spectrometer or, more precisely, a spectrophotometer. Now-a-

days, Fourier transform (FT) infrared spectrometers are in common use in the 

organic laboratory. Fourier transform is nothing but a mathematical operation by 

which time domain spectrum (intensity versus time) are easily converted into 

frequency domain spectrum (frequency versus time). A schematic diagram of 

Fourier transform infrared spectrum has been given below (fig. 3):    
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Figure 3: The layout of a typical infrared spectrophotometer 

When the samples are subjected to infrared radiation, some part of the 

radiation is absorbed by the molecules in the sample, which vibrate at certain 

frequency. Rest of the radiation is transmitted according to Beer's Law and is 

collected by a detector. The obtained signal is processed using complex 

mathematical operations known as Fourier Transformations, and a unique spectrum 

is produced between transmittance and frequency.  

The instrument used for the present study is Perkin Elmer Model spectrum 

100, FTIR, USA in the wave number range of 4000-400 cm-1 and 1 cm-1 optical 

resolution of the instrument. The samples are diluted with KBr before the 

measurement and each sample is scanned 32 times. 

3.3.1.4 Nuclear magnetic resonance spectroscopy (1H-NMR): 

Nuclear magnetic resonance (NMR) is one of the most important 

spectroscopic method that one synthetic chemist usually used for structural 

depiction. Nuclear magnetic resonance (NMR) spectroscopy works on a basic 

principle that when an external magnetic field is being applied to a sample which is 

susceptible towards magnetic field, energy is absorbed and converts the nucleus 

from lower-energy spin state to the higher-energy state and records the absorption 

spectrum. From NMR data, it is possible to assign structural details through analysis 

of these environments.  
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Figure 4: Schematic operation of a basic NMR spectrometer 

The method is complementary to IR spectroscopy; however, timescales of the 

two techniques are quite different. In case of IR, the absorption of infrared energy by 

a molecule giving rise to a change in vibrational energy change is much faster (about 

10-13 s), but the NMR process is much slower (about 10-3 s). In our study, all NMR 

spectra were recorded on a Bruker AVANCE spectrometer at 400 MHz and 25 ⁰C in 

D2O as well as in d6-DMSO. In host-guest chemistry, the change in position of the 

chemical shifts can also reveal the orientation and other useful information of the 

host-guest inclusion complexes. 

3.3.1.5 2D-NMR spectroscopy: 

2D-NMR spectroscopy allows the determination of host-guest binding by 

analyzing ‘through space’ interactions. Two-dimensional (2D) ROESY spectra were 

collected at 25 ⁰C with number of scan 8, and a 2048 K time domain in F2 (FID 

resolution 5.87 Hz) and 460 experiments in F1. ROESY NMR is primarily works on 

the basis of the interaction between two protons that are closely located in space 

and thus produce a nuclear Overhauser effect (NOE) cross-correlation in NOE 

(NOESY) or ROESY spectroscopy. It is to be mentioned that two CD protons such that 

H3 and H5 are located at the inner cavity of the CD. In contrast, H1, H2 and H4 

protons are located at the exterior of the CD. H3 is located close to the wider rim, H5 

is close to the narrower rim and H6 is attached to the primary rim. When, CD 

protons, H3 and H5 come in close proximity with protons of the guest molecule 

within 0.4 nm NOE cross-peaks between protons from two species indicates spatial 

contacts [27]. It confirms that the guest’s protons are included, or almost included, 

in the CD cavity.  
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3.3.2 Spectrometric techniques: 

3.3.2.1 ESI-MS spectrometric analysis: 

Mass spectrometry is a crucial analytical tool for the identification and 

structural characterization of small molecules to very large proteins. The 

information given by mass spectroscopy is sufficient for the identification of 

elements present and the determination of the molecular mass as well as molecular 

formula of the given chemical sample. The basic principle of mass spectrometry 

(MS) is to generate ions by the bombardment of inorganic or organic compounds by 

high energy electrons of around 70 electron volts (eV), or 6700 kJ/mol, with the help 

of different ionization method. Then, from their mass-to-charge ratio (m/z), these 

ions are detected qualitatively and quantitatively by their respective m/z and 

abundance. The ionization process may be of different types; it may be thermally, 

applying electric fields or by impacting high energetic electrons, ions.  

 

Figure 5: A schematic representation of an electron-ionization mass analyzer 

 

A mass spectrometer consists of an ionization source, where, samples are 

given an electrical charge; a mass analyzer, where, ions are separated by their mass-

to-charge ratio and a detector (Fig. 5), which is used for separating ions and are 

operated under high vacuum conditions. Mass spectrometry is destructive in nature 

i.e, sample cannot be recovered after successful run. A typical mass spectrum is 
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represented as a two-dimensional bar graph of signal intensity (ordinate) versus 

m/z, in which the tallest peak, with an intensity of 100%, is called the base peak and 

the peak with unfragment cation radical denoted as molecular ion peak (M+). It is to 

be mentioned that m/z is mass to charge ratio which is dimensionless. 

3.3.3 Thermogravimetric techniques: 

3.3.3.1 Thermogravimetric (TGA) analysis: 

Thermal analysis is the analysis of a change in a property of a sample induced 

by heating. The sample is usually a solid and the changes that occur include melting, 

phase transition, sublimation, and decomposition. Thermogravimetric analysis 

(TGA) measures the change in mass in terms of weight percentage (wt %) of a 

material as a function of time at a determined temperature (i.e., isothermal mode), 

or over a temperature range using a predetermined heating rate. A software with a 

computer records any mass gains or losses. Weight loss can be plotted against a 

function of time for isothermal studies and as a function of temperature for 

experiments at constant heating rate. Thus, this method is extremely useful in 

monitoring heat stability and loss of components. 

3.3.3.2 Differential scanning calorimetric (DSC) techniques: 

In DSC, the sample and the reference are maintained at the same temperature 

throughout the heating procedure by using separate power supplies to the sample 

and reference holders. Any difference between the power supplied to the sample 

and reference is recorded against the furnace temperature. Thermal events appear 

as deviations from the DSC baseline as either endotherms or exotherms, depending 

on whether more or less power has to be supplied to the sample relative to the 

reference. In DSC, endothermic reactions are usually represented as positive 

deviations from the baseline, corresponding to increased power supplied to the 

sample. Exothermic events are represented as negative deviations from the baseline. 

3.3.4 Dynamic light scattering (DLS) measurements: 

3.3.4.4 Hydrodynamic diameter and zeta potential analysis: 

Dynamic light scattering (DLS) method can be used to measure the 

hydrodynamic diameter and zeta potential of all the prepared nanoparticles or 
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nanocomposites as well as host-guest inclusion complex. Particle size and size 

distribution of the nanomaterials are often found out extremely useful technique 

prior to TEM. A basic DLS instrument consists of an incident light source, typically a 

laser (for example gas ion, HeNe, or may be laser diodes), the light scattering cell, in 

most cases a cylindrical quartz glass cuvette, a detector and a signal processing 

computer (Fig. 6). It is based on the Brownian motion of the particles caused by 

random thermal density fluctuations of the solvent molecules which push the 

scattering particle along. It is to be pointed out that particles in suspension or 

dispersion undergo continuous motion and when incident light strike on these 

particles, it gets scattered in different directions. Scattering intensities of the 

particles vary with time, since the particles are in continuous motion. Laser light 

from the source hit the sample in the cuvette and the scattered light signal is 

collected at 173 (back angle) scattering angle by the detector. Refractive index and 

viscosity (η) of the dispersion medium is required to carry out the measurement.   

 

Figure 6: schematic diagram of working principle of DLS 

The concentration of the samples should be as dilute as possible to minimize 

interparticle interactions, which may create contributions from interparticle 

interferences. The hydrodynamic diameter is measured from Stokes–Einstein–

equation, (Eq. 2)  
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𝑫𝒔 =
𝒌𝑻

𝒇
=

𝒌𝑻

𝟔𝝅𝜼𝑹𝑯
         ................... (2) 

RH is the hydrodynamic radius of the scattering particle, Ds the selfdiffusion 

coefficient, T is the temperature of the sample and η is the viscosity of the solvent.  

f is the friction experienced during Brownian motion. 

Zeta potential measurement provides an insight to the surface charge of the 

nanoparticles or nanocomposites. Particle surface charge plays main role in their 

stability in medium, agglomeration tendencies and interaction with biological 

systems. The surface charges control the interactions between particles and 

therefore determine the behavior of a sample suspension. During zeta potential 

measurements, an electrical field is applied across the sample and the motion or 

electrophoretic mobility of the particle is measured by the light scattering of the 

particles. Then, the zeta potential can be calculated by Henry equation as follows 

(Eq. 3.2): 

𝑼𝑬 =
𝟐𝜺𝜻

𝟑𝜼
𝒇(𝒌𝒂) ........... (3.2) 

Where, UE is the electrophoretic mobility; ε is the dielectric constant; ζ is the zeta 

potential; η is the viscosity; f(ka) is the Henry’s function. 

3.3.5 Microscopic measurement: 

3.3.5.1 Scanning electron microscopy (SEM): 

In scanning electron microscope, a high energy beam of electrons is used to 

obtain an image of the given sample in a similar fashion to optical microscopes but 

at much higher resolution. In an imaging electron microscope, electron beams are 

generally accelerated through 1–200 kV and electric as well as magnetic fields are 

used to focus the electrons.  
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Figure 7: A systematic flow chart for scanning electron microscope 

In scanning electron microscopy (SEM), the beam ejected from an electron 

gun is first scanned over the object and the reflected (scattered) beam is then 

imaged by the secondary electron detector (Fig. 7). This instrument helps to get the 

information concerning about the sample along with surface morphology, texture of 

the solid sample either may be crystalline or amorphous structure, chemical 

composition by EDX. Scanning of the sample can be done with area ranging from 1 

cm upto 5 microns of width. 

3.3.6 Conductivity measurement: 

The specific conductance measurements were carried out with dip-type 

immersion conductivity cell of cell constant 1.11 cm-1 to measure the conductivity of 

an electrolyte solution. The entire experiments were reported at 1 KHz and were 

found to be ±0.3 % precise. The instrument was standardized using 0.1 (M) KCl 

solution. Lind and co-worker’s method was used to calibrate the cell. The 

measurements were carried out using a thermostatic water bath maintained at the 

required temperature with an accuracy of 0.01 K by means of mercury in glass 

thermo regulator. Conductometric study is of one the physicochemical method used 
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to identify the supramolecular host-guest interaction as well as the stoichiometry 

between host and guest in inclusion complex. 

Several solutions were prepared by weight precise to ±0.02%. The weights 

were taken on a Mettler electronic analytical balance (AG 285, Switzerland). The 

molality being converted to molality as required. Due correction was made for the 

specific conductance of the solvents at desired temperatures. The following figure 

shows the Block diagram of the Systronics Conductivity-TDS meter 308. 

3.4 Theoretical analysis techniques: 

Computational chemistry and molecular modeling is a fast growing area 

which is used for the modeling and simulation of small chemical entity and 

biological systems in order to understand and predict their behaviour towards the 

system at the molecular level. It has a wide range of applications in various 

disciplines such as materials science, biological science, chemical engineering, 

biomedical engineering, etc.  

3.4.1 Molecular docking: 

Molecular docking studies can be carried out with our guest and 

supramolecular host molecules using the docking module implemented in MOE 

2015 (Molecular Operating Environment) available from Chemical Computing Group 

Inc., http://www.chemcomp.com. Molecular docking is a computational simulation 

to predict the binding mode and binding affinity of an inclusion complex. Initially, 

all the X-ray crystallographic structures of are obtained from the Protein Data Bank. 

Then, all the structures are protonated with the addition of polar hydrogens, 

followed by energy minimization with the MMFF94x force field, with gradient: 0.05 

in case of host and 0.005 in case of guest, in order to get the stable conformer. The 

probable binding site residues are highlighted through the “Site Finder” module 

implemented in the MOE software. The docking is carried out with the default 

parameters i.e., placement: triangle matcher, recording 1: London dG, refinement: 
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force field and a maximum of 5 conformations were allowed to be saved in a 

separate database file in a .mdb format.  

After the docking process, the binding energy and binding affinity (kcal.mol-1) 

of the optimized inclusion complexes, also termed as build-in scoring function of 

MOE, S-score, were calculated using a molecular mechanics GBVI/WSA dG scoring 

function module implemented in MOE. Inclusion complexes with lowest S score is 

selected for binding affinity. 

3.4.2 Dynamic simulations: 

Molecular dynamics and simulations studies are generally performed to 

obtain the information about stability of inclusion complex with respect to time, 

temperature, kinetic energy and potential energy. The best conformer of optimized 

inclusion complex obtained from molecular docking was subjected for Molecular 

Dynamics Simulations with the help of MOE software, Molecular Operating 

Environment (MOE), 2015. Usually, protein simulations are carried out for 0 

femtoseconds to 1000 femtoseconds with respect to temperature, potential energy 

and kinetic energy. MOE dynamics simulation uses the Nosé-Poincaré-Andersen 

(NPA) equations of motion to identify structural and dynamic behaviour of inclusion 

complexes. In our inclusion complex system, default steps and protocols of the MD 

are selected to optimize the systems equilibrium 100 ps and production run is 

carried out for 500 ps. With the help of molecular dynamics calculations, several 

parameters can be calculated as a function of time, we can mention here: U, K, P, V.  

U: The atomic potential energy function, a function of r  

K: The kinetic energy of the atoms; 2K = pT M-1 p  

P: The real-space momenta of the atoms; heir velocities are M-1 p  

V: The instantaneous volume of the system. 
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Although dynamic simulations are carried out in terms of RMSD or RMSF as a 

function of time but due to unavailability of software, molecular dynamics 

calculations are carried out as a change of potential energy as a function of time. 

3.4.3 Potential energy calculations: 

To understand the binding affinity and the energy component that is 

responsible for enhancing the stability of the inclusion complexes, it is important to 

calculate the potential energy of the ICs. Potential energy consists of several 

components: bond stretching energy (Str), bond angle energy (angle), stretching-

bend interaction energy (Stb), out of plane bending energy (oop), dihedral torsional 

energy (tor), van der Waals energy (vdW), electrostatic interaction energy (ele), 

Solvation energy (sol). Out of those, two energy components, van der Waals energy 

(vdW), electrostatic interaction energy (ele) play a major role in the formation of 

most of the inclusion complexes. 
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CHAPTER IV 

PROBING HOST-GUEST INCLUSION COMPLEXES OF AMBROXOL 

HYDROCHLORIDE WITH α- & β-CYCLODEXTRINS BY 

PHYSICOCHEMICAL CONTRIVANCE SUBSEQUENTLY OPTIMIZED BY 

MOLECULAR MODELING SIMULATIONS 

________________________________________________________________ 
 

ABSTRACT 

Herein, we report the inclusion of AMB in cyclodextrins leading to host-guest 

assemblies. The inclusion complexes comprised of Ambroxol Hydrochloride (AMB) 

with α-cyclodextrin (αCD) and β-cyclodextrin (βCD) have been confirmed by 

experimental (UV-vis titration, FTIR, ESI-MS, 1NMR, 2D-NMR) and computational 

studies (molecular docking, molecular mechanics calculation). The molecular 

docking studies demonstrate a better insight into geometry and inclusion mode of 

AMB inside αCD as well as βCD cavity. Formation of inclusion complexes with 

different cyclodextrins causes some structural changes of guest molecules during 

the encapsulation process confirmed by bond length, dihedral angle changes and 

dynamic simulations. 

Keywords: α-cyclodextrin, β-cyclodextrin, conformational change, supramolecular 

assembly, host-guest dynamics. 

1. INTRODUCTION 

Now-a-days, site specific formulation of a potential drug is very much 

important for the betterment of the drug in pharmaceutical industry [1]. Although, 

Ambroxol Hydrochloride (AMB) is a mucolytic drug that reduces the thickness of the 

sputum [2] and also used to treat conditions with abnormal mucus secretion [3] 

allowing the patient to breathe freely and deeply by promoting mucus clearance, 

facilating expectoration and easing productive cough [4,5]. But being soluble in hot 

water and practically insoluble in dichloro methane and soluble in Methanol [6], a 
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supramolecular assemble of pure Ambroxol Hydrochloride (AMB) with cyclodextrin 

molecules tagged with a protein or enzyme could make it a potent mucolytic and 

mucokinetic agent. Some recent studies include the drugs having a role in treatment 

of Gaucher’s disease [7], Parkinson disease [8] and other aging-associated diseases 

involving dysfunction of autophagy [9]. 

AMB is a mucolytic drug as a salt form of Ambroxol (Scheme 1), a metabolite 

of bromohexine [10]. Ambroxol can also be used as a pharmacological chaperone 

therapy (PCT) for the treatment of Guacher Disease (GD) [11]. Ambroxol 

Hydrochloride occurs as a white crystalline powder [12]. Due to its poor water 

solubility, AMB has been used as an oral suspension. The aqueous solubility and 

dissolution of these drugs are key factors in determining the bioavailability of its 

oral preparation [13]. 

Cyclodextrins (CD) are cyclic oligosaccharides widely used for the 

recognition of various guest molecules give rise to inclusion complex (IC) [14]. CDs 

are non toxic, biodegradable and biocompatible along with the collective effects of 

inclusion, size-specificity, controlled release capability and transport properties 

make it suitable as a host molecule [15,16]. Supramolecular complexation can 

increase the water solubility as well as bio availability [17,18]. Among different 

types of cyclodextrins, αCD and βCD (Scheme 1) are taken as host molecules due to 

both size and solubility matching with the Ambroxol Hydrochloride i.e the guest 

molecule. Now-a-days, apart from experiments, researchers also perform different 

molecular simulation studies with guest, host and their inclusion complexes to 

gather information at a molecular level e.g, quantum mechanics, molecular dynamics 

(MD) and molecular mechanics (MM) approximations [19,20]. 

The aim of the present study is to evaluate whether host-guest inclusion 

complex has been formed between the guest Ambroxol Hydrochloride and the two 

types of hosts cyclodextrins αCD and βCD and also to investigate the different 

interactions between host and the guest molecules in the inclusion complex. 

Additionally, molecular modeling study by MOE.2015 software from chemical 
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computing group was performed to validate the change in geometrical configuration 

of the complex obtained from experimental results [21]. Different physiochemical, 

spectroscopic techniques for the two inclusion complexes in aqueous solution have 

been performed to investigate whether the IC formation has taken place as well as to 

study different interactive forces occurring in the two inclusion complexes.  

2. EXPERIMENTAL SECTION 

2.1 Materials and Materials. 

Ambroxol Hydrochloride (M.W=414.57, Purity>98.0%) which was used as 

the guest molecule in our study was purchased from TCI Chemicals (India) Pvt. Ltd 

& the two hosts required that is βCD (M.W=1134.98, Purity >97.0%) and αCD 

(M.W=972.84, Purity >98.0%) were bought from SIGMA- ALDRICH India (Table S1). 

Double distilled water has been used throughout the experiment. 

2.2 Methods.  

Stock solutions of Ambroxol Hydrochloride, CD and αCD were prepared by 

mass (Mettler Toledo AG-285 with uncertainty 0.0001 g) and by dilution. The 

solution of αCD and βCD were prepared by heating it slightly in a water bath. All the 

1H-NMR and 2D-NMR data were plotted with the help of Mestrenova 12. Origin 2018 

software has been used for the plotting the entire graphs. All the spectroscopic 

experiments were carried out in a solution of ethanol/water mixture (3:7, v/v).  

2.3 UV–visible spectroscopy.  

UV-vis titration was performed by using Agilent 8453 Spectrophotometer. 

The temperatures were regulated with a digital thermostat for the association 

constant measurement. The absorption spectra were recorded at 293±0.15K, 

303±0.15K, 313±0.15K respectively. 

2.4 Fourier transform infrared (FTIR).  

FTIR spectra were recorded by a Perkin Elmer FTIR spectrometer by the 

solid KBr disk technique. KBr disks with 1 mg of solid inclusion complex and 100 mg 
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of KBr were prepared. Measurements were performed in the scanning range of 

(4000–400 cm−1) at the room temperature to record the FT-IR spectral data. 

2.5 1H-NMR and 2D-NMR Spectroscopy.  

All NMR spectra were recorded on a Bruker AVANCE spectrometer at 400 

MHz and 25 ⁰C in D2O. The residual HDO line had a line width at a half-height of 2.59 

Hz. Two-dimensional (2D) ROESY spectra were acquired at 25 ⁰C with number of 

scan 8, and a 2048 K time domain in F2 (FID resolution 5.87 Hz) and 460 

experiments in F1.  

2.6 ESI-MS spectrometry.  

ESI-MS spectra for the both complexes were collected using Agilent, 6460 

Triple quad LC/MS, 1200 Infinity series equipped with electrospray ionization (ESI) 

interface. The gas temperature was 300 ⁰C with flow rate of 5 L min-1. The capillary 

voltage was calibrated at 3.5 kV and injection volume was about 5.00 ml. 

2.7 Molecular Modeling Studies.  

Molecular modeling studies were performed to predict the formation of 

AMB+αCD and AMB+βCD inclusion complexes and to measure their binding affinity 

by utilizing MOE.2015 software, which are available in the Chemical Computing 

Group (CCG). The 3D optimized structure of AMB (ID: 234307), αCD (ID: 125105), 

βCD (ID: 762697) were taken from Chembridge Crystal data centre (CCDC) as CIF 

file and used as received. Hydrogen atoms and partial charges were added to the 

protein. Molecular modeling calculations were carried out with molecular 

mechanics MMFF94x force field. The hydrogens and charges were fixed, and the 

RMS gradient was set to 0.005 kcal/mol. Conformations of ligand (CDs) were fitted 

in the position with the Triangle Matcher method and ordered with the London ΔG 

scoring function. A maximum of 5 conformations of each guest were allowed to be 

saved in a separate database file as .mdb format. The produced poses were ranked 

based on their docking scores. Finally, we choose the best energy pose [22,23]. 
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2.8 Dynamic Simulation.  

Molecular dynamics and simulations studies are generally performed to 

obtain the stable structure of inclusion complexes with respect to time, temperature, 

kinetic energy and potential energy. The forcefield was taken to be MMFF94x. MOE 

dynamics simulation uses the Nosé-Poincaré-Andersen (NPA) equations of motion. 

Default steps and protocols of the MD were selected to optimize the systems 

equilibrium 100 ps and production run was carried out for 500 ps.  

2.9 Sample preparation of Solid Inclusion Complex of Ambroxol Hydrochloride 

with Cyclodextrins.  

To prepare 1:1 a solid Inclusion Complex between Ambroxol Hydrochloride 

and αCD as well as with βCD, at first, 30 mg of solid guest compound of AMB (which 

is also pretty much soluble in hot water) was taken in a beaker and amount 40ml of 

distilled water was added to it and placing it in a thermostated water bath at 

temperature set at 323.15K with constant stirring in a magnetic stirrer. Next, 

accurately measured 70.39 mg of αCD and 82.13 mg of βCD were added in solid form 

in two different beakers slowly in presence of the constant stirring. It was kept in 

the thermostated water bath for 24-48 hours. Thereafter, it was collected and dried 

in a hot oven & after that inclusion complexes in the solid form were obtained.  

3. RESULTS AND DISCUSSIONS. 

Ambroxol Hydrochloride guest molecule selected in this investigation was 

moderately soluble in water. Our aim was to study the formation of inclusion 

complex between the host and the guest and also to evaluate the interactions and 

different thermodynamic parameters of the inclusion complex, so all the 

measurements were done in room temperature and in aqueous-ethanolic solution 

such as UV-vis Studies etc. However, FTIR Spectroscopy, NMR, SEM analysis were 

performed by the prepared solid inclusion complex between Ambroxol 

Hydrochloride and CDs. 
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3.1. Job’s plot: Determination of Stoichiometry behaviour of Cyclodextrins 

Inclusion Complex with Ambroxol Hydrochloride. 

Job’s plot method which is also known as the continuous variation method is 

a very efficient and successful way to recognize stoichiometry of any host-guest 

inclusion complexes [24]. So, due to this reason the Job’s Plot was applied here by 

using UV-visible spectroscopy. Here, two sets of solutions were prepared of 

Ambroxol Hydrochloride with αCD and βCD respectively in 30% ethanolic-aqueous 

(3:7, v/v) solution, by varying the mole fractions of the guest (Ambroxol) in the 

range of 0-1. Job’s plots of the mentioned sets of solutions were plotted as ∆A×R 

against R, where ∆A means the difference in absorbance of AMB (Guest) without and 

with CD and R=[AMB]/([AMB]+[CD]). The absorbance values were obtained at 

respective λmax for each solution by maintaining 298.15 K temperature. The 

stoichiometry of an inclusion complex is obtained by taking the corresponding value 

of R at the maximum point on the Job’s Plot curve, for example, if the ratio of guest to 

host is 1:2 for R∽0.33, 1:1 for R∽0.5 and 2:1 for R∽0.66 and so on. Here, in this 

work we got R∽0.5 as maxima in the plot (Fig. 1), reflecting a 1:1 stoichiometry 

(Guest:Host) for both the inclusion complexes (Table S2 & S3). 

3.2. Determination of binding constant of both complexes in aqueous ethanol 

by UV–vis spectroscopy. 

The binding constant between αCD, βCD and the guest molecule Ambroxol 

has been calculated via UV–Vis spectroscopy with the help of Benesi–Hildebrand 

technique which represents one of the most well-known strategies to determine 

binding constants of the Inclusion Complexes based on absorption spectra of the 

inclusion complex [25]. Accurate estimation of binding (association) constants of the 

inclusion complexes under investigation can be obtained by observing changes in 

the absorption intensity of the AMB at different temperature as a function of the 

CD’s concentration (Table 2) and according to method for 1:1 Inclusion complex 

between guest and host, the double reciprocal plots have been drawn using equation 

(1). 
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1

[𝐴−𝐴𝑜]
=

1

𝐾𝑎[𝐴𝑀𝐵]𝑜𝛥𝜀
 ×

1

[𝐶𝐷]𝑜
  +

1

𝛥𝜀
           ……….. (1) 

For AMB+αCD, Association constant of 1:1 host and guest was found to be 

4226 M-1, 8993 M-1, and 15799 M-1 at 293.15K, 303.15K and 313.15K respectively 

with good correlation factors (Table 1 & Table S4). Double reciprocal plot was 

calculated using Benesi-Hildebrand to obtain the slope and intercept (Fig. S1, S2 & 

S3). 

Association constant (ka) value for AMB+βCD was calculated by dividing the 

intercept by the slope of the straight line (Table S6), which was found from the 

double reciprocal plot (Figure S5, S6, S7) at three different temperatures 293.15K , 

303.15K & 313.15K have been found to be 27780 M-1, 37333 M-1 & 45379 M-1 

respectively (Table 1).  

From Table 1, we observe that with the increase in temperature association 

constant values (Ka) increases for both the system and the Ka values for AMB with 

βCD system were found to be higher in all three temperatures than the AMB with 

αCD system. The linear increase in ka value when increasing the temperature from 

293.15K to 313.15K clearly indicated the endothermic nature of Inclusion 

Complexation between Ambroxol Hydrochloride and αCD and βCD and also suggests 

that βCD forms the complex with better stability. 

3.3 Thermodynamic parameters: 

The thermodynamic parameters of the analyzed inclusion processes, 

enthalpy change (ΔH°) and entropy change (ΔS°) and Gibbs free energy change (ΔG°) 

can be obtained by means of the classical van’t Hoff equation (eqn. 2) [26]: 

                                                                      ΔG°=ΔH°-TΔS°           ……... (2) 

In case of AMB+αCD inclusion complex (Table 2), ΔG° was found to be -4.86 

Kcal/mol, -5.44 Kcal/mol, and -6.01 Kcal/mol at 293.15K, 303.15K and 313.15K 

respectively (Table S5). 
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However, in case of AMB+βCD inclusion complex, ΔG° was found to be -5.96 

Kcal/mol, -6.31 Kcal/mol, and -6.91 Kcal/mol at 293.15K, 303.15K and 313.15K 

respectively (Table 2 & S7). In both cases, the ΔH° and ΔS° are found to be positive. 

These values indicate that the inclusion processes are endothermic in nature 

(entropically favored, and with a nonfavorable enthalpic expression). Thus, these 

results indicate hydrophobic effects are the main driving forces for the formation of 

inclusion complexes. In order to approve the above experimental results, a 

molecular modeling study combining MD simulations was performed. 

3.4. FTIR spectral analysis: 

FTIR spectroscopy is an important method to confirm the formation of 

inclusion complex from the variation in shape, size, shift and intensity of the 

absorption peak of Guest and Host moiety [27]. There will be broadening, widening, 

disappearance or change in intensity of the peaks due to complexations [28]. The 

FTIR spectra of pure AMB, αCD, βCD and the inclusion complexes AMB+αCD and 

AMB+βCD were recorded and all the peaks were assigned and shown in Fig. 4 & 5. 

The infrared spectra of the guest molecule (AMB) showed some few 

characteristic peaks e.g, a peak at 3193 cm-1 was associated with the stretching 

vibration of aromatic C-H bond [29]. The strong C=C stretching vibrational peak was 

observed at 1629 cm−1, which belongs to the benzene ring [30]. Usually, the 

vibration of aromatic C-N in NH2 group observed at 1284 cm-1. The aliphatic C-N 

stretching mode was observed at 1458 cm-1. The N-H of aromatic amine group 

showed its stretching vibration at 3300 cm-1. However, symmetric stretching mode 

of aliphatic amine N-H appeared at 3284 cm-1 [31]. 

When inclusion complex is formed, some of the characteristic peaks got 

disappeared. There are significant differences in the spectra of the inclusion 

complexes in comparison with the individual drugs. Most of the peaks of the drugs 

get flattened, indicating a strong intermolecular interaction between the drugs and 

CDs [32].  
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For AMB+αCD inclusion complex, the protons belong to the aromatic ring 

which appeared at 3193 cm-1 in pure AMB is diminished in the IR spectra of the 

complexes. The vibration of aromatic C-N in NH2 group observed at 1284 cm-1 and C-

N in -NH- group at 1458 cm-1 (Fig. 4) has been disappeared possibly due to 

formation of encapsulation. Therefore, it suggests that probably few portions of the 

aromatic part of AMB as well as cyclohexyl part have been encapsulated to the αCD 

cavity. 

For AMB+βCD inclusion complex, the aromatic ring proton which appeared at 

3193 cm-1 in pure AMB is also diminished in the IR spectra of the complexes (Fig. 5). 

The vibration of aromatic C-N in NH2 group observed at 1284 cm-1 has been shifted 

to 1206 cm-1 whereas, C-N in -NH- group observed at 1458 cm-1 has been shifted to 

1447 cm-1 possibly due to formation of encapsulation. Therefore, it suggests that 

probably few portions of the aromatic part of AMB as well as cyclohexyl part have 

been encapsulated to the cyclodextrin cavity. 

3.5. 1H-NMR Spectra analysis. 

The molecular interactions between Host-Guest molecules in inclusion 

complexes are investigated using 1H NMR [33]. Normally, 1H NMR is used for 

obtaining the molecular interaction information regarding selective line broadening 

or chemical shift displacement of host and guest molecules. These chemical shifts 

are easily observable for protons located at the inner surface (H-3 and H-5) of the 

cyclodextrins, but it is very difficult to observe the chemical shifts of protons (H-1, 

H-2 & H-4) located at the outer surface of the Cyclodextrin [34]. It can be observed 

that these chemical shifts appeared due to inclusion complex development due to 

the inclusion of Guest into the Host molecule and not because of non-specific 

correlation between host-guest molecules. 

The possible interaction between AMB and αCD for inclusion complex 

formation was investigated by comparing the 1H NMR spectra of AMB, αCD and the 

AMB+αCD inclusion complex in D2O (Fig S9). The chemical shifts of βCD protons 

with or without AMB were compared in (Table 3a). The chemical shift variations 
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were calculated by the equation: ∆(difference)=∆(complex)-∆(free). The positive 

and negative signs indicate a downfield and upfield shifts, In (Table 3a), upfield 

shifts are quite evident (-0.04 ppm and -0.01 ppm) observed for the H3’ and H5’ 

respectively i.e Protons that are located inside the cavity of βCD. But very little to 

none upfield shifts can be observed of H4’ and H1’ protons could be observed for the 

protons of βCD that are located outside the cavity.                                                                                             

Inclusion mode of AMB+αCD complex can also be characterized by the 

chemical shift variation of proton of AMB. Aromatic protons which are designated as 

H4, H6 when form inclusion complexes chemical shift values have been shifted to 

downfield (Δδ: H4 0.02, H6 0.03) which indicated that they tend to appear outside 

the cavity. Whereas, H8, H9 protons belong to the benzyl and secondary NH protons 

shows significant upfield shift as well as cyclohexane ring protons also show quite 

good upfield shift (Table 3b). This concludes that apart from aromatic part, rest of 

the part has been totally inserted into the cavity. 

Similarly, 1H NMR spectra of AMB, βCD and the AMB+βCD inclusion complex 

in D2O were taken to verify the possible interaction between AMB and βCD for 

inclusion complex (Fig. S10). The chemical shifts of βCD protons with or without 

AMB were compared in (Table 4a). Upfield shifts are quite obvious observed for the 

H3’ and H5’ respectively i.e Protons that are located inside the cavity of βCD. But 

very little to none upfield shifts can be observed of H4’ and H1’ protons could be 

observed for the protons of βCD that are located outside the cavity. 

It is known that H5’ protons are near the narrow side of the cavity while H3’ 

protons are near the wide side of the cavity of βCD. In our study of AMB+βCD 

inclusion complex formation, H3’ possessed reasonably larger chemical shift 

variation (-0.03 ppm) than H5’ (-0.01 ppm). So it could be proposed that AMB got 

inserted from wide side of βCD cavity. Moreover, the upfield shifts of H3’ and H5’ 

protons signify the masking in presence of dense electronic clouds which results in 

shielding of protons. But in case of protons which are present outside the cavity such 

as H1’, H4’ H2’ the variation of chemical shifts are little or none. 
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In Table 4b, the inclusion mode of the AMB+βCD can be further investigated 

by comparing the 1H NMR spectrum of Ambroxol in the absence and in presence of 

βCD. As showed in Fig. S10, mostly AMB signals appeared at 1.23-7.70 ppm, which 

was almost in similar with the βCD protons (2.13-4.98 ppm).Therefore, few AMB 

protons signals were overlapped specially around (3.4-5.0 ppm) region in the 

spectra of AMB+βCD complex. It was observed that AMB protons signals were much 

weaker as compared to βCD due to the less percentage of AMB (Guest) in the 

inclusion complex with βCD. Moreover, after inclusion in βCD chemical shift changes 

were also reported for AMB protons signals between free and complexed state 

(Table 4b). we observed that βCD induced variations in chemical shift occurred in 

case of few protons but pretty much significant differences as compared to αCD 

were reported in case of H4, H6 protons (Δδ: H4 -0.03; H6 -0.01), which were 

characterized by aromatic protons of benzene ring (Fig. S10). However, H12, H14 

proton of AMB shows significant variations (Δδ: H12, H14 -0.03). From these 

findings it can also be proposed that probably the Aromatic ring of Ambroxol.HCl get 

stabilize outside the βCD cavity. 

3.6. 2D-ROESY NMR spectral analysis. 

Two-dimensional (2D) NMR spectroscopy provides significant information 

and conclusive evidence about the spatial proximity between the atoms of host and 

guest via observations of the intermolecular dipolar cross-correlations [35]. The two 

protons that are closely located in space within 0.4 nm can produce a nuclear 

Overhauser effect (NOE) cross-correlation in rotating-frame NOE spectroscopy 

(ROESY). Here we obtained 2D ROESY spectra of the inclusion complexes of AMB 

with αCD and βCD to procure more conformational information and encapsulation 

mechanism. The 2D-ROESY spectrum of the AMB+αCD complex (Fig. S11) showed 

considerable correlation of the aromatic H-6 and alicyclic H-11/H-15 protons of 

AMB with the H-5 and H-3 protons of αCD respectively. These results recommends 

that the AMB molecule was encapsulated within the cavity of  αCD via the narrower 

rim, suggesting half of the aromatic ring containing bulky Br atoms outside the 

narrower rim and half of the alicyclic ring containing –OH group outside the wider 



C H A P T E R  I V  

 

Chemical Physics Letters | 748 (2020) 137372 

60 

rim. The ROESY spectrum of the AMB+βCD complex (Fig. S12) also showed 

significant correlations between the aromatic H-6 and alicyclic H-12/H-14 protons 

of AMB with the H-3 and H-5 protons of βCD respectively. These outcomes, however, 

suggest that the AMB molecule was included in the βCD cavity via the wider rim, 

indicating half of the aromatic ring containing bulky Br atoms outside the wider rim. 

Based on the observation from 1H-NMR and 2D-NMR, a plausible mechanism have 

been drawn and shown in scheme 2. 

3.7. ESI-MS of the inclusion complex analysis: 

The formation of the inclusion complexes of AMB with αCD and βCD were 

examined by ESI-mass spectrometry [36]. The spectra are shown in the Fig. S13 & 

S14 and the m/z values for the observed peaks are enlisted in Table 5. The peaks 

appeared at m/z 1388.58 and 1410.36 corresponds to the [AMB+αCD+H]+ and 

[AMB+αCD+Na]+ respectively, and the peaks at 1550.65 and 1572.44 corresponds to 

the [AMB+βCD+H]+ and [AMB+βCD+Na]+ respectively. These observed peaks in the 

spectra recommends that AMB is encapsulated inside the cyclodextrin cavity, and 

the stoichiometric ratio of the host-guest is 1:1. 

3.8. Scanning Electron Microscope (SEM) analysis.  

Scanning electron microscopy (SEM) is a very suitable qualitative analysis 

technique to visualize the surface texture of different materials [37]. SEM 

photographs of αCD, βCD, AMB and their inclusion complexes are shown in Fig. 6. 

Pure AMB shows its amorphous characteristics. The micrographs of βCD presented 

homogeneous morphology and polyhedral flake like crystals whereas αCD shows its 

well defined prismatic shape as reported in other literatures [38]. In contrast, the 

inclusion complex appeared as regular particles in which the original morphology of 

both components disappeared in both cases and homogeneous plate-like structures 

with crystal particles were present and it is quite different from the sizes and shapes 

of αCD, βCD and AMB, which confirms the formation of the inclusion complex. 
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3.9. Molecular Docking Results. 

3.9.1 Prediction of AMB+αCD and AMB+βCD inclusion complexes binding 

mode. 

Molecular modelling techniques, such as molecular docking, have been well 

recognised in predicting the binding modes [39] and interaction profiles of inclusion 

complexes with different receptor like structures including CDs [40]. Previous 

studies [41] have confirmed that the most of the guest molecules are usually 

inserted into CDs via the larger outer rim than that of the smaller one. But in our 

case, AMB+αCD showed different results (Fig. 7a & 7b) i.e, AMB has been inserted 

through narrow rim and aromatic ring was present almost outside, whereas 

cyclohexane ring was present at wider side of the ring. However, aromatic N-H were 

connected with CH2-OH group of αCD through bond which make whole complex 

stabilized and the distance between these two group was found to be 2.13 Å (Table 

6). The snapshots of AMB+βCD complexes illustrated in Fig. 7c & 7d show that AMB 

enters the nanocavity of the host in such a way that the both the bromine atoms of 

aromatic part was present outside of the wider rim of the cavity but benzyl carbon 

i.e, carbon next to the phenyl group attached with secondary group (-NH2-) and 

whole cyclohexane ring were inserted into the cavity and stabilized at the norrower 

rim. The distance of secondary N-H group of AMB with the oxygen atom that 

attached with two glucopyranose rings of βCD was 2.36 Å, which connected by 

hydrogen bond (Table 6). In most of the previous studies show[42] that if both 

aromatic part and aliphatic part are present in a molecule, then most of the cases 

aromatic part got inserted but here, anomalous behaviour happen that may be due 

to the present of two bulky bromine atoms that present in the aromatic ring.  

Moreover, the binding energy (ΔG⁰) for the best docking pose of the 

complexes was also calculated at room temperature (Table 7). The ΔG⁰ values of 

modes AMB+αCD and AMB+βCD in the 1:1 stoichiometry were -3.68 and -4.57 

kcal/mol, respectively obtained from the S dock score of MOE database viewer. The 

results indicated that the complex were stable by good binding energy and drug 

were completely embedded into the CD cavities and the computational data is quite 
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comparable with our experimental data which is in the range of -4.86 kcal/mol to -

6.01 kcal/mol and -5.96 to -6.91 kcal/mol for AMB+αCD and AMB+βCD inclusion 

complex respectively (Table 2). The findings of this theoretical study are consistent 

with the results of UV-vis titration, FT-IR, NMR and ESI-MS study. 

3.9.2. Potential energy calculations of two different inclusion complexes 

(AMB+αCD and AMB+βCD). 

Changes in Potential energy (ΔE) for both the complexes were also calculated 

in order to obtain some profound information about the geometry of the host–guest 

complexes and to find the intermolecular interaction in between host and guest 

inclusion complexation [43]. ΔE of the complexation was calculated for the 

minimum energy mode of docked complex according to Eq. (1) and the data of 

Ecomplex, Ehost + Eguest, ΔE were listed in Table 8. Solvation energy is zero because the 

modeling was carried out in gas phase.  

ΔE = EComplex-(EHost+EGuest)………. (1) 

The results show that the potential energies for the complexes of AMB with 

αCD and βCD were -174.886 kcal mol-1 and -213.260 kcal mol-1, respectively, 

indicating that AMB has stronger affinity for βCD than that for Αcd [44]. Electrostatic 

potential energy surfaces of both the complex show the charge distribution of 

molecule three dimensionally (Fig. 8). Sherje et al., [45] in their work, beautifully 

showed that various potential energy components have overall effect on forming 

stable inclusion complex. In our case of AMB+αCD inclusion complex (Table S8), Van 

der walls energy (vdw) was found to be 170.84 kcal/mol and electrostatic 

interaction energy (ele) was about 172.20 kcal/mol.  So, the differential (Del) van 

der Waals energy was 44.88 kcal/mol, and the Del electrostatic energy was −12.51 

kcal/mol. It is the van der Waals energy that makes the inclusion complex stable. 

However, in case of AMB+βCD inclusion complex (Table S9), Van der walls energy 

(vdw) was found to be 175.33 kcal/mol and electrostatic interaction energy (ele) 

was about 268.75 kcal/mol.  So, the differential (Del) van der Waals energy was 9.45 
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kcal/mol, and the Del electrostatic energy was 42.85 kcal/mol. It is the electrostatic 

interaction energy that makes the inclusion complex stable [46,47].  

3.9.3. Change in the dihedral angle and bond length of AMB after forming 

inclusion complexes. 

To establish the modification of the structural conformation of AMB upon 

insertion into αCD and βCD, we have once used MD docking. Sancho et al., [48] 

showed that change in dihedral angle and bond length could give us strong evidence 

of conformational changes. After getting the docked pose of all the inclusion 

complexes, we have measured the dihedral angle of free AMB and the complex 

encapsulated AMB. The calculated dihedral angles of pure AMB between the carbon 

atoms labeled as a-b-c-d, b-c-d-e and   b-c-d-f were found to be 172.1⁰, 66.4⁰, and -

168.5⁰ respectively (Scheme 1). However, for inclusion complex AMB+αCD, the 

dihedral angles for the same labelling were found to be -174.9⁰, -70.9⁰ and 172.7⁰. It 

is clear evidence that all the planes were rotated to their opposite direction after 

forming complex. But in case of AMB+βCD complex, the dihedral angles were found 

to be 81.8⁰, 152.6⁰ and -86.8⁰. It suggests that all the planes were getting shifted to 

get the stability of the complex. Docking poses all supports the conclusion as in 

encapsulated form, AMB got deformed structure. Change in bond length of guest 

AMB also confirms structural changes in both the inclusion complexes. In free AMB, 

Bond length of aromatic amine N-H bond is around 0.86Å. Whereas, aliphatic Nc-

CH2, Ph-Cb-H is about 1.45Å and 0.97Å respectively. When it forms inclusion 

complex, aromatic amine N-H bond slightly shifted from 0.86Å to 1.03Å in case of 

AMB+αCD due to hydrogen bonding with hydroxyl group of αCD and 0.86Å to 1.01Å 

in case of AMB+βCD due to van der Waals force of attraction. While, aliphatic Nc-CH2 

gets increased from 1.45Å to 1.47Å in AMB+αCD and 1.50Å in case of AMB+βCD. In 

addition, Ph-Cb-H bond length is also increased from 0.97Å to 1.08Å in case of 

AMB+αCD and 1.10Å in case of AMB+βCD respectively possibly due to the 

hydrophobic interaction of inner cavity protons. 
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3.9.4 Molecular dynamics (MD) simulations. 

Molecular dynamics and simulations (MD/MS) study was performed on both 

of the inclusion complexes to check the stability of the host-guest complex with 

respect to time [49,50]. Optimized Inclusion complexes obtained after docking were 

simulated in gas phase from 0 picoseconds to 600 picoseconds (100ps of 

equilibrium and 500ps of production) with respect to temperature, potential energy 

and kinetic energy. Before simulation process, whole complex systems were energy 

minimized. Simulation study of AMB+αCD inclusion complex revealed that initially 

potential energy of the complex was found to be 283.90 kcal/mol, with the increase 

in time energy get decreasing and a mild break point found after 150ps the whole 

assemble get stabilized after 150ps and it stayed stabilised up to 600ps with 333.81 

kcal/mol energy respect to temperature, potential energy and kinetic energy, as 

shown in Figure 9(a–c), respectively [51,52]. In case of AMB+βCD complex, initial 

potential energy was found to be 349.53 kcal/mol. At around 120ps, potential 

energy was 454.85 kcal/mol, then, a sharp break in the curve was observed and 

potential energy drop down to 432.29 kcal/mol and with increase in time potential 

energy getting decrease and stabilized upto 371.30 kcal/mol at 600ps Figure 10(a–

c). 

4. CONCLUSIONS: 

In this paper, we report structural and conformational changes after 

inclusion of AMB with two different host molecules. The thermodynamic data for 

two inclusion complexes (AMB+αCD and AMB+βCD) make us understand that AMB 

has been encapsulated with ease. Despite the structural similarity between these 

two hosts, their inclusion complexes show interesting differences with respect to 

their dihedral angle changes and potential energy changes. Inclusion mechanism has 

been outlined from various spectroscopic methods, e.g, Job’s plot, 1H-NMR, 2D-NMR, 

ESI-MS. Then, it is finally confirmed by molecular docking method and theoretically 

predicts their binding modes. Potential energy calculation indicates that after 

inclusion complexation of AMB in β-cyclodextrin give more stabilization than that of 
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in α-cyclodextrin. Molecular docking poses of both the complexes confirm that 

conformational changes occur after encapsulation. Dynamic simulation also 

confirms that β-CD-complex after a certain time gives more stabilization than α-CD-

complex and their dynamic behaviour with respect to time (ps).  

Supporting Information: 

Detailed descriptions of all the chemicals used, job plots, association 

constants data, van’t Hoff plot of lnKa vs 1/T, 2D-NMR and ESI-MS spectra of 

inclusion complexes are given. Potential energy calculations of both inclusion 

complexes by computational studies are shown. Three dimensional linkage of 

inclusion complex with protein has been obtained. 
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TABLES 

System Temperature (K) Slope Intercept Association 

constant (Ka)/(M-1) 

 293.15 0.000725 3.06391 4226±1195 

AMB+αCD 303.15 0.000456 4.10125 8993±1765 

 313.15 0.000447 7.08252 15799±172 

     

 293.15 0.000283 7.86202 27780±2570 

AMB+βCD 303.15 0.000242 9.03459 37333±1036 

 313.15 0.000239 10.84575 45379±821 

Table 1: Association constant of the Inclusion complex between AMB, αCD & βCD at 

three different Temperatures; ± sign indicates the standard deviation 

 

 

 

System 
Temp(K) Ka/M-1 

ΔH⁰/KJ mol-

1 

ΔS⁰/KJ mol-

1 K-1 ΔG KJ mol-1 

 

ΔG KCal 

mol-1 

 293.15 4226   -20.3649 -4.86 

AMB+αCD 303.15 8993 50.3166 0.2411 -22.7760 -5.44 

 313.15 15799   -25.1871 -6.01 

       

 293.15 27780   -24.9483 -5.96 

AMB+βCD 303.15 37333 18.7543 0.1490 -26.4391 -6.31 

 313.15 45379   -28.9299 -6.91 

Table 2: Various thermodynamic parameters of AMB+αCD and AMB+βCD complex 

system  (1 cal= 4.184 J) 

 

Protons Of 

αCD 

∆δ (Free) 

(ppm) 

        ∆δ (Complex)  

(ppm) 

        ∆δ (Difference)   

(ppm) 

            H1’ 4.97-4.96 (d, J=4Hz) 4.96 (d, J=4Hz)  -0.01  

            H4’ 3.50-3.47 (t, J=12Hz) 3.50-3.47 (t, J=12Hz)  0.00  

            H3’ 3.91-3.80 (dd, J=8Hz) 3.87-3.81 (t, J=8Hz) -0.04  

            H5’ 3.79-3.74 (m, J=8Hz) 3.79-3.75 (t, J=8Hz) -0.01 

          H2’ 3.56-3.52 (dd, J=4Hz) 3.56-3.52 (dd ,J=4Hz)                   0.00 
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Table 3a: Chemical shift data (in ppm) of protons of free αCD and of AMB+αCD 

complex and their differences 

PROTONS OF 

AMB 

δ(Free) 

(ppm) 

δ(Complex) 

(ppm) 

      δ(Difference) 

(ppm) 

H4 7.70 (1H, s) 7.72 (1H, s) 0.02 

H6 7.33 (1H, s) 7.36 (1H, s) 0.03  

H8 2.00-1.97 (1H, d, 

J=12Hz) 

2.01-1.97 (1H, d, 

J=12Hz) 

0.01  

H9 2.14-2.12 (1H, d, 

J=12Hz) 

2.18-2.16 (1H, d, 

J=12Hz) 

0.04  

H10 3.18-3.12 (1H, t, 

J=12Hz) 

- 0 

H13 3.61-3.56 (1H, m, 

J=4Hz) 

_ _ 

H12, H14 1.49-1.40 (4H, q, 

J=12Hz) 

1.44 (4H, q, J=12Hz) -0.05 

H11, H15 1.32-1.23 (4H, q, 

J=12Hz) 

1.30 (4H, q, J=12Hz) -0.02  

H16 4.15 (2H, s) 4.17 (1H, s) 0.02  

Table 3b: Chemical shift Data (in ppm) of protons of AMB in Free State and during 

Inclusion Complexation with αCD 

 

 

PROTONS OF  

βCD 

δ(Free) 

(ppm) 

δ(Complex) 

(ppm) 

∆δ(Difference) 

(ppm) 

H1’ 4.98-4.97 (d, J=4Hz) 4.98-4.97 (d, J=4Hz) 0  

H4’ 3.49-3.47 (t, J=12Hz) 3.49-3.47 (t, J=12Hz) 0.00  

H3’ 3.90-3.86 (t, J=8Hz) 3.87-3.83 (t, J=8Hz) -0.03  

H5’ 3.79-3.75 (t, J=8Hz) 3.78-3.75 (t, J=8Hz) -0.01 

            H2’ 3.57-3.54 (dd, J=4Hz) 3.57-3.51 (dd ,J=4Hz) 0.00  

Table 4a: Chemical shift Data (in ppm) of protons of βCD in Free State and during 

Inclusion Complexation with AMB 
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PROTONS OF 

AMB 

δ(Free) 

(ppm) 

δ(Complex) 

(ppm) 

      δ(Difference) 

(ppm) 

H4 7.70 (1H, s) 7.67 (1H, s) -0.03 

H6 7.33 (1H, s) 7.32 (1H, s) -0.01  

H8 2.00-1.97 (1H, d, 

J=12Hz) 

2.03-1.99 (1H, d, 

J=12Hz) 

0.03  

H9 2.14-2.12 (1H, d, 

J=12Hz) 

2.17-2.14 (1H, d, 

J=12Hz) 

0.03 

H10 3.18-3.12 (1H, t, 

J=12Hz) 

- 0 

H13 3.61-3.56 (1H, m, 

J=4Hz) 

- - 

H12, H14 1.49-1.40 (4H, q, 

J=12Hz) 

1.46-1.43 (4H, q, 

J=12Hz) 

-0.03 

H11, H15 1.32-1.23 (4H, q, 

J=12Hz) 

1.32-1.25 (4H, q, 

J=12Hz) 

0 

H16 4.15 (2H, s) 4.15 (1H, s) 0  

Table 4b: Chemical shift Data (in ppm) of protons of AMB in Free State and during 

Inclusion Complexation with βCD 

 

Name of the complexes Calculated mass (a.u) Experimental mass (a.u) 

[AMB+αCD+H]+ 1388.41 1388.58 

[AMB+αCD+Na]+ 1410.41 1410.36 

[AMB+βCD+H]+ 1550.53 1550.65 

[AMB+βCD+Na]+ 1572.53 1572.44 

Table 5: ESI-MS mass spectra of different inclusion complex. 

 

Receptor atoms AMB atoms Distance (Å) 

αCD (CH2-O) N(aromatic)-H 2.13 

βCD (pyranoseCH2-O-

CH2pyranose)    

N(SP3)-H 2.36 

Table 6: Hydrogen bonding distance in AMB+αCD and AMB+βCD Complex from 

Molecular Docking 
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Ligand with receptor Binding affinity(ΔG)  

in kcal.mol-1 

rmsd_refine 

AMB+αCD -3.68 3.95 

AMB+βCD -4.57 2.31 

Table 7: Binding affinity of AMB+αCD and AMB+βCD obtained from Molecular 

Docking 
 

Inclusion 

Complex 

EHost 

(Kcal/mol) 

EGuest 

(Kcal/mol) 

EComplex 

(Kcal/mol) 

ΔE 

(Kcal/mol) 

AMB+αCD 511.134 254.702 590.950 -174.886 

AMB+βCD 1253.700 254.702 1295.142 -213.260 

Table 8: potential energy calculation of the docked complex without energy 

minimization 
 

Compound  

name 

Molecular 

formula 

Molecular 

weight 

CAS 

number 

Purity Purchased from 

Ambroxol  

Hydrochloride 

C13H18Br2N2O.HCl 414.57 23828-92-4 >98.0% From TCI Chemicals 

(India) Pvt. Ltd 

αCD C36H60O30 972.84 10016-20-3 >97.0% SIGMA- ALDRICH 

India 

βCD C42H70O35 1134.98 7585-39-9 >98.0% SIGMA- ALDRICH 

India 

Table S1: Description of the Materials purchased for the Study 
 

AMB 
(ml) 

αCD 
(ml) AMB (μM) 

αCD 
(μM) 

[AMB] 
/([AMB]+[αCD]) Absorbance(A) ΔA 

ΔA*[AMB] 
/([AMB]+[αCD]) 

4 0 100 0 1 0.944749069 0 0 

3.6 0.4 90 10 0.9 0.886510836 0.058238233 0.05241441 

3.2 0.8 80 20 0.8 0.789445711 0.155303358 0.124242686 

2.8 1.2 70 30 0.7 0.683141762 0.261607307 0.183125115 

2.4 1.6 60 40 0.6 0.589171968 0.355577101 0.213346261 

2 2 50 50 0.5 0.470462244 0.474286825 0.237143412 

1.6 2.4 40 60 0.4 0.426916412 0.517832658 0.207133063 

1.2 2.8 30 70 0.3 0.371819527 0.572929542 0.171878863 

0.8 3.2 20 80 0.2 0.297813262 0.646935807 0.129387161 

0.4 3.6 10 90 0.1 0.255634679 0.689114390 0.068911439 

0 4 0 100 0 0.000000000 0.944749069 0 

Table S2: Datasheet for plotting Job’s Plot in case of AMB+αCD system 
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AMB 

(ml) 

βCD 

(ml) 

AMB 

(μM) 

βCD 

(μM) 

[AMB]/ 

([AMB]+[βCD]) Absorbance(A) ΔA ΔA*[AMB]/([AMB]+[βCD]) 

4 0 100 0 1 1.044322491 0000000000 0000000000 

3.6 0.4 90 10 0.9 0.856930733 0.187391758 0.168652582 

3.2 0.8 80 20 0.8 0.768405914 0.275916576 0.220733261 

2.8 1.2 70 30 0.7 0.686136742 0.358185749 0.250730024 

2.4 1.6 60 40 0.6 0.587579975 0.456742516 0.274045509 

2 2 50 50 0.5 0.490162849 0.554159641 0.277079821 

1.6 2.4 40 60 0.4 0.446716309 0.597606182 0.239042473 

1.2 2.8 30 70 0.3 0.321279526 0.723042965 0.216912889 

0.8 3.2 20 80 0.2 0.306833267 0.737489223 0.147497845 

0.4 3.6 10 90 0.1 0.298838615 0.745483875 0.074548388 

0 4 0 100 0 0.000000000 1.044322491 0000000000 

Table S3: Datasheet for plotting Job’s Plot in case of AMB+βCD system 

 

 

temp/k 
[AMB] 
/μM 

[αCD] 
/μM A˳ A ∆A 1/[αCD]/M-1 1/∆A Intercept Slope Ka/M-1 

 
50 10 0.37445 0.38771 0.01326 100000 75.41478 

   

 
50 20 0.37445 0.39509 0.02064 50000 48.44961 

   293.15 50 30 0.37445 0.41353 0.03908 33333 25.58854 3.06391 0.000725 4226 

 
50 40 0.37445 0.42117 0.04672 25000 21.40411 

   

 
50 50 0.37445 0.43218 0.05773 20000 17.32202 

   

           

           

 
50 10 0.3682 0.38848 0.02028 100000 49.30966 

   

 
50 20 0.3682 0.40114 0.03294 50000 30.35823 

   303.15 50 30 0.3682 0.41172 0.04352 33333 22.97794 4.10125 0.000456 8993 

 
50 40 0.3682 0.43314 0.06494 25000 15.39883 

   

 
50 50 0.3682 0.46980 0.10160 20000 9.84252 

   

           

           

 
50 10 0.39789 0.41724 0.01935 100000 51.67959 

   

 
50 20 0.39789 0.43045 0.03256 50000 30.71253 

   313.15 50 30 0.39789 0.44132 0.04343 33333 23.02556 7.06252 0.000447 15799 

 
50 40 0.39789 0.45261 0.05472 25000 18.27485 

   

 
50 50 0.39789 0.46710 0.06921 20000 14.44878 

   
Table S4: Changes in the absorption intensity of the AMB at different temperature as a 

function of the αCD’s concentration. 
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Temp 
(K) 

Ka 
/M-1 1/T lnKa intercept slope 

ΔH⁰ 
/J mol-1 

ΔS⁰ 
/J mol-1 K-1 

ΔG⁰= 
(ΔH⁰-TΔS⁰) 

Jmol-1 
ΔG KJ  
mol-1 

293.15 4226 0.003411 8.34901 
    

-20364.9319 -20.3649 

303.15 8993 0.003298 9.10420 28.99881 -6051.67364 50316.6405 241.1106 -22776.0379 -22.7760 

313.15 15799 0.003193 9.66770 
    

-25187.1439 -25.1871 

Table S5: Thermodynamic parameters calculated from Van’t Hoff equation for 

AMB+αCD system. 
 

Temp 
/k 

[AMB] 
/Μm 

[βCD] 
/μM A˳ A ∆A 

1/[βCD] 
/M─1 1/∆A Intercept Slope 

Ka 
/M-1 

 
50 10 0.473750948 0.501577377 0.027826430 100000 35.93706 

   

 
50 20 0.473750948 0.514558563 0.040807615 50000 24.50523 

   293.15 50 30 0.473750948 0.525943719 0.052192771 33333 19.15974 7.86202 0.000283 27780 

 
50 40 0.473750948 0.544928169 0.071177221 25000 14.04944 

   

 
50 50 0.473750948 0.553185902 0.079434954 20000 12.58892 

   

           

 
50 10 0.498450277 0.528552834 0.030102557 100000 33.21977 

   

 
50 20 0.498450277 0.543729450 0.045279173 50000 22.08521 

   303.15 50 30 0.498450277 0.558877945 0.060427668 33333 16.54871 9.03459 0.000242 37333 

 
50 40 0.498450277 0.563250542 0.064800265 25000 15.43204 

   

 
50 50 0.498450277 0.571950893 0.073500616 20000 13.60533 

   

           

 
50 10 0.503956196 0.533198120 0.029241924 100000 34.19748 

   

 
50 20 0.503956196 0.540121608 0.036165411 50000 27.65073 

   313.15 50 30 0.503956196 0.548247859 0.044291663 33333 22.57761 10.84575 0.000239 45379 

 
50 40 0.503956196 0.563841820 0.059885623 25000 16.69850 

   

 
50 50 0.503956196 0.589945619 0.085989423 20000 11.62934 

   
Table S6: Changes in the absorption intensity of the AMB at different temperature as a 

function of the βCD concentration 

Temp 
(K) Ka/M-1 1/T lnKa intercept slope 

ΔH⁰ 
/J mol-1 

ΔS⁰ 
/J mol-1 K-1 

ΔG⁰= 
(ΔH⁰-TΔS⁰) 

Jmol-1 ΔG KJ mol-1 

293.15 27780 0.003411 10.23207 
    

-24948.3955 -24.9483 

303.15 37333 0.003298 10.52763 17.93009 -2255.61593 18754.3186 149.0797 -26439.1925 -26.4391 

313.15 45379 0.003193 10.72280 
    

-27929.9895 -28.9299 

Table S7: Thermodynamic parameters calculated from Van’t Hoff equation for 

AMB+βCD system. 
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Name Bond 

stretching 

(Str) 

Bond 

angle 

(angle) 

Stretching-

bend 

interaction 

(Stb) 

Out of 

plane 

bending 

(oop) 

Dihedral 

torsional 

(tor) 

Van 

der 

walls 

energy 

(vdw) 

Electrostatic 

interaction 

(ele) 

Solvation 

energy 

(sol) 

Total 

energy 

(E) 

AMB 148.338 7.168 0.154 32.437 6.571 56.240 3.793 00 254.702 

αCD 16.578 60.293 -0.392 00 123.987 125.953 184.715 00 511.134 

AMB+αCD 

IC 

20.801 67.653 -0.298 28.285 131.465 170.842 172.203 00 590.950 

Table S8: Potential energy of AMB, αCD and AMB+αCD inclusion complex and its 

various components 

 

 
Name Bond 

stretching 

(Str) 

Bond 

angle 

(angle) 

Stretching-

bend 

interaction 

(Stb) 

Out of 

plane 

bending 

(oop) 

Dihedral 

torsional 

(tor) 

Van der 

walls 

energy 

(vdw) 

Electrostatic 

interaction 

(ele) 

Solvatio

n energy 

(sol) 

Total 

energy 

(E) 

(Kcal/mol) 

AMB 148.338 7.168 0.154 32.437 6.571 56.240 3.793 00 254.702 

βCD 610.025 89.632 -2.827 00 135.077 165.889 225.909 00 1253.700 

AMB+βCD 

IC 

613.378 98.799 -2.602 0.014 141.468 175.333 268.751 00 1295.142 

Table S9: Potential energy of AMB, βCD and AMB+βCD inclusion complex and its 

various components 
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FIGURES 

 

Fig. 1: Job’s Plot of the (a) AMB+αCD and (b) AMB+βCD system at 298.15K 

 

 

 

Fig. 2: Variation of UV-vis spectra in subsequent addition of αCD in 50µM aqueous 

solution of AMB at 293.15K             
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Fig. 3: Variation of UV-vis spectra in subsequent addition of CD in 50µM aqueous 

solution of AMB at 293.15K 

 

 

Fig. 4: FTIR spectra of (a) pure AMB (b) αCD (c) AMB+αCD inclusion complex 
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Fig. 5: FTIR spectra of (a) pure AMB (b) βCD (c) AMB+βCD inclusion complex 

 

 

Fig. 6: Scanning Electron Microscope microphotograph of AMB, αCD, βCD, AMB+αCD 

complex and AMB+βCD complex 
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Fig. 7: (a) AMB+αCD Side view; (b) AMB+αCD Upper view; (c) AMB+βCD side view;                  

(d) AMB+βCD Upper view; atom designation: gray, carbon; red, oxygen; blue, 

nitrogen; orange, bromine. 

 

 

 

Fig. 8: electrostatic potential energy surface of (a) AMB+αCD (b) AMB+βCD inclusion 

complex 
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Fig 9: Molecular dynamic simulation study of AMB+αCD inclusion complex with 

respect to (a) time versus kinetic energy (b) time versus potential energy (c) time 

versus temperature. 

 

 

 

 

 

 

 

 

Fig 10: Molecular dynamic simulation study of AMB+βCD inclusion complex with 

respect to (a) time versus kinetic energy (b) time versus potential energy (c) time 

versus temperature. 
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Figure S1: Double reciprocal plot using the Benesi–Hildebrand Method to obtain 

Slope and intercept of the straight line at 293.15K Temperature for AMB+αCD system 

 

 

Figure S2: Double reciprocal plot using the Benesi–Hildebrand Method to obtain 

Slope and intercept of the straight line at 303.15K Temperature 
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Figure S3: Double reciprocal plot using the Benesi–Hildebrand Method to obtained 

Slope and intercept of the straight line at 313.15K Temperature 

 

 

Figure S4: Plot of lnKa vs 1/T for the interaction of AMB with αCD 
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Figure S5: Double reciprocal plot using the Benesi–Hildebrand Method to obtained                              

Slope and intercept of the straight line at 293.15K Temperature 

 

 

 

Figure S6: Double reciprocal plot using the Benesi–Hildebrand Method to find out the                                                    

Slope and intercept of the straight line obtained at 303.15K Temperature 
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Figure S7: Double reciprocal plot using the Benesi–Hildebrand Method to find out the                                                    

Slope and intercept of the straight line obtained at 313.15K Temperature 

 

 

 

Figure S8: Plot of lnKa vs 1/T for the interaction of AMB with βCD 
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Fig. S9: 1H-NMR spectra of (a) Free AMB (b) αCD (c) AMB+αCD inclusion complex 
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Fig. S10: 1H-NMR spectral data for (a) Free AMB (b) Free βCD (c) AMB+βCD Inclusion 

Complex 
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Figure S11: 2D-NMR of AMB+αCD inclusion complex 

 

 

 
Figure S12: 2D-NMR of AMB+βCD inclusion complex 
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Figure S13: ESI-MS spectra of AMB+αCD inclusion complex 

 

 

Figure S14: ESI-MS spectra of AMB+βCD inclusion complex 
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SCHEMES 

 

Scheme 1: Two dimensional structures of (a) Ambroxol hydrochloride  

(b) α-cyclodextrin (c) β-cyclodextrin 

 

 

 

Scheme 2: Plausible inclusion mechanism of (a) AMB+αCD inclusion complex (b) 

AMB+βCD inclusion complex predicted by 1H-NMR and 2D-NMR 
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CHAPTER V 

EXPLORING β-CD GRAFTED GO NANOCOMPOSITES WITH AN 

ENCAPSULATED FLUORESCENT DYE DULY OPTIMIZED BY 

MOLECULAR DOCKING FOR INNOVATIVE APPLICATIONS 

_______________________________________________________________________ 

ABSTRACT 

Here, we have designed and synthesized β-cyclodextrin grafted Graphene 

Oxide based fluorescent probe with encapsulated fluorescent dye. The 

nanocomposites were characterized by several spectroscopic methods such as FTIR, 

DLS, zeta potential, UV-vis and fluorescence spectroscopy. Thermal gravimetric 

analysis (TGA) was employed to account for thermal stability of β-CD grafted 

graphene oxide nanocomposites. Nile blue molecules are well encapsulated into the 

cyclodextrin cavity and embedded on the surface of Graphene Oxide sheet. 

Molecular Docking study helps us to understand the feasibility of encapsulation 

process of fluorescent dye inside our synthesized nanocomposites. Various 

physicochemical properties like UV-vis and fluorescence spectra of composite in 

different solvent and photophysical properties like fluorescence quantum yield, 

molar extinction coefficient, stokes shift have been calculated.  

1. INTRODUCTION: 

Now-a-days, cancer has become a major issue throughout the world, 

although, there are numerous diagnostic methods such as magnetic resonance 

imaging (MRI), ultrasound, positron emission tomography (PET) imaging, and 

single-photon emission computed tomography (SPECT) are available [1]. Recently, 

fluorescent probes are widely used for cancer cell imaging in cell biology. When 

photosensitizing dye is being given to a cancer patient, it localizes in the cancerous 

tissue and when light of appropriate wavelength is placed, it is activated and evolves 

strong fluorescent colour [2]. Recently, Polymer nanoparticles as well 

nanocomposites are used extensively in biomedical applications [3].  
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However, one has to be very selective when choosing the photosensitizers 

[4]. An efficient fluorescent probe is based on dye where emission maximum is 

found to be in the far-red end of the visible spectrum i.e, above 600-700 nm to 

minimize background interference [5,6]. In our study, we have chosen Nile blue 

chloride (NB) as our fluorescent dye. It is a cationic dye and is readily soluble in 

water. It is a photostable organic dye from the benzo[a]phenoxazine family, which 

shows strong fluorescence. It has redshifted absorbance spectra and its emission 

maximum falls in the NIR region with high fluorescent quantum yields, making it a 

potential fluorescent probe for biological imaging and photodynamic action [7,8].  

Graphene oxide (GO), the precursor of graphene, being water-soluble has 

attracted tremendous interest in the field of biomedicine in past few years [9]. It 

consists of several functional groups (hydroxyl, epoxy, carbonyl, carboxylic groups) 

and high surface area which makes it potential nano-carriers for drug and gene 

delivery [10]. It has been reported that GO having enormous oxygen rich functional 

group can be modified by many non-toxic functional group to extend biological 

application [11,12].  

Cyclodextrins (CDs) are generally cyclic oligosaccharides of six to eight d-

glucose monomers linked by α-1, 4-glucose bonds [13]. They have the ability to 

encapsulate various drug molecules forming supramolecular host-guest complex 

[14]. They are extensively used as drug carrier [15], enzyme mimics [16], and 

photochemical sensors [17]. They can be used as catalyst [18], separating agent [19] 

and chemosensing [20]. 

In a recent study, Banerjee et al., showed that fluorescent guest encapsulated 

βCD complexes are embedded or adsorbed on the surface of GO nanosheet to 

understand the electron transfer mechanism from complex to GO [21]. Whereas, Ray 

et al., worked with analogous dye Nile red with β-cyclodextrin to investigate various 

spectroscopic properties [22]. In our present study, supramolecular assembly of NB 

with β-cyclodextrin and Graphene oxide (GO), i.e., GO-βCD-NB nanocomposites, was 

designed and synthesized (Scheme 1). In this work, we have been able to prepare NB 
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and GO nanocomposites with βCD host molecules for enhancing applicability in 

biological aspects. 

2. METHODS AND EXPERIMENTAL SECTION: 

2.1 Chemicals and Materials: 

All the materials such as graphite flake, βCD and Nile blue were obtained 

from Sigma Aldrich India PVT. LTD. Deionized water (DW, 18 MΩ cm) was used for 

preparing aqueous solutions. 

2.2 Instruments: 

UV-Vis spectra and Fluorescence spectra were recorded by an Agilent 8453 

spectrophotometer and a PTI Quanta Master fluorescence spectrophotometer 

(Quantamaster-40, USA) respectively. The SEM micrographs of nanocomposites 

were obtained by JEOL JSM-IT 100 Microscope. The zeta potentials and size of 

nanocomposites were measured by a Malvern Nanosizer. Infrared spectra of the 

samples were recorded by a Fourier transform infrared spectrometer (Perkin Elmer 

FT-IR). All TGA spectra were recorded by TA Instrument Q-50 TGA. 

2.3 Preparation of GO: 

GO was synthesized using modified Hummers method from purified natural 

graphite flakes as reported earlier [23]. According to the method, a mixture of 

graphite flakes (3.0 g, 1 wt equiv) and KMnO4 (18.0 g, 6 wt equiv) were added to 9:1 

mixture of concentrated H2SO4/H3PO4 (360:40 mL), the mixture get warmed upto 

40⁰C showed exothermic nature. The reaction was kept at 55⁰C and stirred with 

magnetic stirring for 12 hrs. After cooling at room temperature, the reaction mixture 

was poured into crust ice (~400 mL) with 30% H2O2 (3 mL). The solid material 

obtained after filtration was then wash twice successively with 200 mL of water, 200 

mL of 30% HCl and 200 mL of ethanol. After that, solution was centrifuged at 4000 

rpm for 10 mins and again washed with distilled water so that various chlorides, 
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sulphate ions got free. Finally, the solution was dried by rotary evaporator under 

reduced pressure and obtained 1.7g of product.  

2.4 Preparation of GO-βCD: 

To prepare rGO-βCD composite, a relatively greener approach was chosen 

rather than using highly toxic hydrazine as reducing agent [24]. Prior to the 

experiment, GO was ultrasonicated in distilled water for 10 mins for getting a 

homogenous solution. Then, 200 ml of 1 mg/mL βCD aqueous solution was mixed 

with 200 mL of 0.5 mg/mL GO aqueous suspension. The mixture was stirred at room 

temperature for 12 hrs. Then the pH of the mixture was adjusted to 12 by adding 

aqueous solution of NaOH (1.0 M). Finally, the solution was heated at 75⁰C and 

stirred at 370 rpm for 6 hrs. After the reaction, the stable black dispersion of the 

rGO-βCD mixture was centrifuged at a relative centrifugal force 4000 rpm so that 

unreacted βCD got removed from the solution followed by washing with distilled 

water for three times. After that a solid rGO-βCD nanocomposites was obtained by 

using rotary evaporator under reduced pressure.  

2.5 Preparation of GO-βCD-NB: 

Once, CD was attached on the surface of GO via chemical reaction between 

hydroxyl groups of CD and epoxide groups of GO, rGO-βCD nanocomposites was 

prepared. Then, 1mM of NB was dissolved in 20 mL of water and it was added in 20 

mL of prepared rGO-βCD nanocomposites. The solution was heated at 55⁰C and 

stirred at 370 rpm for 12 hrs for evaporation. 

2.6 Preparation of modified for GO-βCD Molecular Docking: 

The crystal structure of β-cyclodextrin was taken from Chembridge Crystal 

data centre (CCDC) as CIF file (ID: 762697). The two-dimensional structure of 

graphene oxide (PubChem CID: 124202900) was used in the canonical smiles format 

from https://pubchem.ncbi.nlm.nih.gov. The flat 2D structure then converted into a 

three dimensional arrangement using an online server at https://www.mn-

am.com/online_demos/corina_demo. The structures of graphene oxide and 
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cyclodextrin reduced graphene oxide have been modified according to our need and 

hydrogen bonds and formal charges were added to the ligand before optimizing the 

whole structures. Finally, we performed molecular docking studies in MOE 2015 

software to better understand the interaction of NB with the different surface 

modified GO-βCD conjugates. 

3. RESULTS AND DISCUSSION: 

UV-vis spectroscopic study was used to investigate the interaction between 

pure NB with GO-βCD nanocomposites. Although GO exhibits a peak around at 231 

nm which may be due to the π-π* transition of C=C double bond [25] but in our case, 

according to the spectra shown in Figure S1, GO dispersion showed the maximum 

absorption at the wavelength of 264 nm which is somewhat about 30 nm longer. 

After the formation of GO-βCD nanocomposites, the peak got shifted to 258 nm, 

which indicate the grafting of βCD on the Graphene oxide nanosheets. When UV-vis 

spectrum of pure NB was studied, two distinct peaks at 279 nm in far-ultraviolet 

region due to long wavelength π-π* transitions of aromatic ring and 634 nm in 

visible light region due to n-π* transitions of C=N were observed. But when NB was 

encapsulated inside the GO-βCD nanocomposites, the intensity got reduced which 

indicate that encapsulation was taking place during the synthesis [26]. The Figure S2 

shows the digital photograph of GO, GO-βCD, GO-βCD-NB and NB. Typically, GO 

exhibits pale yellow colour whereas GO-βCD dispersion appears dark black colour. 

However, GO-βCD-NB composite showed faded blue colour with aggregated small 

particle possibly due to encapsulation in hydrophobic cavity of βCD obtained from 

DLS study. 

Cushing et al., showed that GO was able to show excellent fluorescence and 

the fluorescence emission spectra of GO is very broad around 400-700 nm [27]. The 

GO sheets exhibited three different fluorescence emission peaks at 455 nm, 567 nm 

and 635 nm as shown in Figure S3 and all the three peaks have different relative 

intensities [28]. Upon 260 nm excitation, graphene oxide showed three emission 

peaks at 455 nm, 567 nm and 635 nm due to σ*→n electronic transition of C-OH, 

π→π* transition of the graphitic C=C double bond and π*→n transition of the C O 
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associated groups respectively, thereby, confirming that GO has been formed which is 

also quite similar as in the previous literatures [29,30]. After the formation of GO-

βCD nanocomposites, the emission peak have been shifted towards the lower region 

i.e., at 450 nm. During the reaction course, βCD molecules were grafted on the 

surface of the graphene oxide.  

GO spectrum shows a peak at around 1723 cm-1 which is basically due to the 

presence of several C=O functional group like aldehyde(-CHO), ketone(-C=O) etc. 

linked on the surface of GO structure. Figure S4 showed all the different 

components. The peaks at 1616 cm-1 and 1118 cm−1 of the GO spectrum were 

ascribed to the functional groups of aromatic C=C and C–O, respectively, whereas 

peak at 1376 cm-1 might be due to the C-OH stretching vibrations [31,32]. After the 

functionalisation by βCD on GO nanosheets, the disappearance of a peak at 1723 cm-

1 and the appearance of C-O/C-C stretching vibrations at 1018 cm-1 and 1125 cm-1, 

O-H/C-H bending vibrations at 1410 cm-1 and aromatic C=C stretching around 1573 

cm-1 ensures that graphene oxide has been reduced resulting in the formation of GO-

βCD composite [33,34]. 

In the spectrum of NB, the C-H stretching frequency of CH/CH2 groups and N-

H bending vibration were observed at 2915 cm-1 and 1587 cm-1 respectively. But 

after the formation of GO-βCD-NB composites, there was disappearance of a peak at 

2915 cm-1 and the characteristic peak at 1587 cm-1 was found to be shifted to lower 

region around 1576 cm-1 which suggest that Nile blue was encapsulated and 

stabilized onto the GO-βCD composite. 

The surface morphology of GO, GO-βCD, GO-βCD-NB and NB are shown in 

Figure S5. It is clearly observed that the GO surface appeared wrinkled, sharp edged 

and irregularly shaped. In GO-βCD nanocomposites, the particles were viewed as an 

aggregated form [35,36]. Free NB appeared to have small ball like shape, while after 

GO-βCD-NB formation, there was an alteration in its size and shape. All these 

observations provide a qualitative idea about the surface morphology of NB 

encapsulated GO-βCD. 
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The size distribution of aqueous dispersion of GO, GO-βCD and GO-βCD-NB 

were studied by DLS technique. The hydrodynamic diameter of GO, GO-βCD and GO-

βCD-NB were found to be 0.576 μm, 0.739 μm and 1.532 μm respectively as shown 

in supporting information (Figure S6). According to Liu et al., [37] the effective size 

of particles in GO and rGO are 0.56 μm and 2.93 μm respectively, which very well 

matches the values of our experimental data [38]. 

Zeta (ξ) potential is also an important parameter to characterize the different 

graphene based materials [39]. According to literature, only those composites are 

considered to be stable whose zeta potential values are either more positive than 

+30 mV zeta values or more negative than −30 mV [40,41]. In our study, we found 

that GO suspension had ξ = −49.1 mV. This is due to the presence of hydroxyl and 

other oxygenated functionalisation on the surface of GO (Figure S7). In case of GO-

βCD, the particle showed a negative zeta potential of –32.7 mV which indicates its 

fair stability in solution. However, in case of GO-βCD-NB, the surface potential 

significantly decreased to −25.4 mV and the decrease of negative zeta potential 

indicates the reduction of graphene oxide via grafting of cyclodextrin on the surface 

of GO and the nanocomposites becomes quite aggregated as can be seen from figure 

S2. However, having low dispersion stability of the nanocomposites, thermal 

stability obtained by TGA analysis (Figure S8) makes the nanocomposites more 

efficient as a guest surface coated nanocomposites.  

Functionalisation of βCD molecules on the surface of graphene oxide was 

determined by thermal gravimetric analysis. The TGA curves for GO, βCD and GO-

βCD are shown in Figure S8. As per the literature, GO has low thermal stability 

around 100⁰C with a moderate weight loss caused due to the removal of adsorbed 

water. The oxygen-containing functional groups such as epoxides, carboxyl and 

hydroxyl groups were decomposed between 100-200⁰C, and more than 99% of GO 

had been reduced when the temperature was raised upto 600⁰C [42]. βCD showed a 

rapid weight loss at 100⁰C and tends to decompose at about 320⁰C, but with the rise 

of temperature to 350⁰C it almost decomposes to about 68%.  
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The decomposition curve of GO-βCD was found to exhibit the combination of 

the curves of GO and raw βCD. The weight loss of 10% at around 100-150⁰C may be 

attributed to the decomposition of βCD while at around 150-250⁰C a weight loss of 

15% emerged. When the temperature was raised upto 600⁰C, only 50% weight 

percentage was reduced indicating that βCD molecules could be functionalized at 

the edges of the reduced GO sheets. These observations showed that functionalized 

graphene oxide showed much higher thermal stability [43]. 

To investigate the encapsulating power of GO-βCD composite with NB, 

fluorescence spectroscopic technique has been used. In this study, for three different 

sets were prepared where, 10 μM of NB was used as pure in each case, in the second 

set, 10 μM βCD was added and finally in the third set, 0.05 mg/mL GO-βCD 

composites were added and shaken for an hour. It can be seen from Figure 1 that the 

fluorescence intensity of NB was quenched by βCD to approximately 38.4%. While 

the quenching of NB by GO-βCD composite was enhanced to about 77.5% which was 

possibly due to the energy transfer from dye to graphene oxide and adsorption of 

some dye on the surface of GO [44].    

A knowledge regarding the binding constant is also significant in terms of 

drug delivery issues. In order to get the value of binding constant, Benesi-

Hildebrand method was employed and titration curve were shown in Figure 1 [45]. 

The double reciprocal plot of 1/(A0–A) versus 1/[βCD] was obtained on titration of 

NB with different concentrations of βCD (Table S1). A good linear relationship 

between 1/(A0–A) and 1/[βCD] suggest the 1:1 stoichiometry of inclusion 

complexes (Figure S9) [43]. The binding constant (Ka) of the 1:1 NB-βCD complexes 

were calculated to be 2.1×104 M−1 [46]. 

To understand the encapsulation mechanism, binding of NB-βCD and GO-

βCD-NB inclusion complex were studied by molecular docking study [47]. Generally, 

if the binding energy is more negative, the interaction between the host and guest 

will be stronger. Before docking all the structures were optimized. From all the 

optimized structures shown in Figure 2, it can be seen that the phenoxazine moiety 

of Nile blue molecule is localized into the cavity with its –N(C2H5)2 group near the 
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narrow rim, oxazine ring near the wider rim and benzene ring inside the 

hydrophobic hollow space of βCD. The Gibbs free energies of the docked optimized 

structures of NB-βCD, two NB with GO grafted one βCD, NB with GO grafted two βCD 

and two NB with GO grafted two βCD were found to be -5.36 kcal/mol, -5.53 

kcal/mol, -5.82 kcal/mol and -4.88 kcal/mol respectively. The negative Gibbs free 

energy values indicate the encapsulation process to be thermodynamically 

favourable. This gives us a strong idea that there is usually strong binding of the 

molecule with GO-βCD nanocomposites rather than pure βCD [48]. 

Figure 3 shows the variation of absorption maximum and fluorescence of GO-

βCD-NB nanocomposites with pH. In strong acidic medium, pH ≤ 2, the absorption 

maximum got diminished. However, absorption peak was observed at 638 nm with ε 

~ 1.58×104 M-1 cm-1 and ~ 1.63×104 M-1 cm-1 respectively at pH = 3 and 4. Then 

again at pH = 5 and 6, such absorption peak got diminished. At neutral region pH = 7, 

a peak at 638 nm dramatically enhanced with ε ~ 1.32×104 M-1 cm-1.  

At moderate alkaline medium, pH= 8 & 9, further no absorption peak was 

found to appear, but in highly alkaline medium, new absorption peaks at 237 nm 

appeared with ε ~ 2.02×104 M-1 cm-1 and ~ 1.20×104 M-1 cm-1 at pH = 10 and 11 

respectively [49,50]. 

When 0.5 mg/mL of GO-βCD-NB composites were taken in different pH 

solutions, fluorescence intensity reached maximum in case of pH at 4. Then, a 

gradual decrease in fluorescence intensity for different pH medium was observed. 

This is possibly due to aggregation of Nile blue loaded inside GO-βCD cavity in 

neutral medium. These kinds of aggregations are most probably due to hydrophobic 

interactions. Generally, Pure NB can act as pH probe due to its high pH sensitivity. 

According to Martinez et al., in aqueous solution the acidic form of Nile blue 

molecules results in H-aggregation which causes disappearance of its fluorescence 

and thereby, effecting photophysical behaviour of Nile blue [51]. In our study, it was 

observed that the GO-βCD-NB nanocomposites showed considerable fluorescence in 

highly acidic medium, pH=2, 3, 4 and in highly basic medium, pH=10. Hence, GO-

βCD-NB composites can be used as pH sensitive probe. 
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In order to characterize the spectral properties of the nanocomposites, we 

first studied its solvent dependency [52]. Out of six different solvents, two polar 

protic and three polar aprotic solvents have been used. As shown in Figure 4, the 

probe exhibits single absorption and emission bands mainly contributed by NB 

moieties and the peaks due to reduced GO have been totally diminished. The peaks 

centred at around 630 nm correspond to the maximum absorption and emission 

wavelengths of NB [53]. The maximum absorption and emission wavelengths of 

nanocomposites have been shown in Table 1 (λabs, 625–634 nm and λem, 652–688 

nm for MeOH to CHCl3). The absorption maxima of our GO-βCD-NB nanocomposites 

have been found to increase linearly. While, the fluorescence intensity gradually 

decreases upto acetonitrile with increasing solvent polarity (owing to the ICT 

process that enables this dye to respond to environmental polarity) and then again 

tends to increase upto chloroform [54].  

The additional red shift of NB in protic solvents, such as alcohols and 

probably chloroform, is associated with the hydrogen-bond formation with the 

carbonyl group of the dye. According to the previous literature [55], NB in  MeOH 

showed its absorption maximum at 625 nm, and emission maximum at 655 nm with 

molar extinction coefficient 80,800 M-1 cm-1. However, for our NB encapsulated 

nanocomposites, the emission maximum, λem, was shifted to 669 nm with highest 

stokes shift of 44 nm followed by reduction of molar extinction coefficient to 35,282 

M-1 cm-1.  

In case of polar aprotic solvents like dichloromethane, irradiation with 624 

nm wavelength showed strong fluorescence with least stokes shift of 28 nm. 

According to previous literature [56], in DMSO, Nile blue showed stokes shift of 

about 33 nm, however, absorption peak of NB in GO-βCD nanocomposites was 

observed at 634 nm and emission maximum at around 688 nm but stokes shift 

increases to 54 nm. This study helps us to know that DMSO is more effective polar 

aprotic solvent for our nanocomposites. Therefore, solvent-dependent spectral 

properties of nanocomposites make them ideal scaffolds for the development of 

improved biological indicators. 
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Fluorescence quantum yield for fluorescent dye as well as fluorescent 

nanocomposites is very vital [57,58]. It measures the efficiency of the conversion of 

absorbed photons into emission photon. A typical fluorescence spectrometer is used 

for the measurement of relative fluorescence quantum yield. For pure NB molecules, 

φ was found to be 0.27 in ethanol as reported in literature [59]. However, in case of 

our nanocomposites, relative fluorescence quantum yield of NB decreased to 0.19 

and when the same experiment were carried out after three days with the same 

solution, it got reduced to 0.03. So, there is an obvious decrease in relative 

fluorescence quantum yield (Table 2). 

4. CONCLUSION: 

In this work, a unique process of encapsulation of NB molecules by βCD 

grafted reduced graphene oxide (GO) in the aqueous medium has been synthesized 

and established emphatically through vivid spectroscopic investigations. The 

experimental results are rationalized by molecular docking studies and showed the 

encapsulation of NB molecules inside free βCD as well as reduced GO-βCD sheets. 

Exploiting the host-guest chemistry of NB with GO-βCD, it was demonstrated that 

encapsulation power of GO-βCD nanocomposites revealed that NB molecules are 

entering inside the cavity of GO-βCD nanocomposites twice than that of pure βCD. 

This study also suggested that how specific cyclodextrin functionalities can help to 

increase biodegradability of GO leading to an efficient biodegradable carriers based 

on graphene nanomaterials, and the thermal stability of nanocomposites have been 

increased. The result demonstrated that the pH responsive characteristic of 

graphene-based nanocomposites is vital in case of fluorescence imaging, designing a 

nanocomposites with improved photophysical performance and better delivery 

system to release the loaded NB molecules to acquire highly efficient biological 

activity. 
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TABLES 

No Solvent Absorbance Fluorescence Stokes 
Shift 
(nm) 

ε Values  
(M-1 cm-1) Wavelength 

(nm) 
A.U Wavelength 

(nm) 
A.U 

1. MeOH 625 1.76410 669 720345 44 35282 

2. EtOH 630 2.17974 671 752811 41 43184 

3. DMSO 634 2.297323 688 355092 54 45946 

4. MeCN 633 1.044811 669 274006 36 20896 

5. DCM 633 0.203392 656 696870 23 4000 

6. CHCl3 624 1.096071 652 1826493 28 21921 

Table 1: Photophysical properties of the composites where 50 μM of NB solution 

were taken in 0.5 mg/mL of GO-βCD was taken in different solvent 

 

Sample Integrated 

emission 

intensity (I) 

Absorbance at 

~ 636 nm (A) 

Refractive 

Index of 

solvent (ɳ) 

PLQY (ɸ) 

GO-βCD-NB 187918 1.60213565 1.3605 0.19683 

GO-βCD-NB 

After Three days 

 

32724 

 

1.57810974 

 

1.3606 

 

0.03480 

Table 2: Relative fluorescence quantum yield calculation of GO-βCD-NB and after 

three days 

[NB] 
/μM 

[βCD] 
/μM A˳ A ∆A 

1/[βCD] 
/M─1 1/∆A Intercept Slope Ka/M-1 

50 5 0.849308 0.884011 0.034703 200000 28.81576 
   50 10 0.849308 0.917808 0.0685 100000 14.59854 
   50 15 0.849308 0.941678 0.09237 66666 10.826 
   50 20 0.849308 0.954901 0.105593 50000 9.470306 
   50 25 0.849308 0.965287 0.11598 40000 8.622201 2.75252 0.0001285 21,420 

50 30 0.849308 0.975467 0.126159 33333 7.926493 
   50 35 0.849308 0.986621 0.137313 28571 7.282612 
   50 40 0.849308 1.034042 0.184735 25000 5.413165 
   50 45 0.849308 1.03831 0.189003 22222 5.290935 
   50 50 0.849308 1.068188 0.21888 20000 4.56871 
   

Table S1: Calculation for association constant at 293.15K by applying Benesi-

Hildebrand equation 



C H A P T E R  V  

 

Journal of Molecular Liquids | (2021)  

100 

FIGURES 

 

Figure 1: (a) Fluorescence intensity of 10 μM NB (black), 10 μM NB + 10 μM β-CD 

(red) and 10 μM NB + 0.05 mg/mL GO-βCD nanocomposites (blue) (b) Spectral 

titration of NB with βCD solution to calculate association constant 

 

Figure 2: Molecular docking images of (a) NB-βCD (b) two NB with GO grafted one 

βCD (c) NB with GO grafted two βCD (d) two NB with GO grafted two βCD 
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Figure 3: UV-vis and fluorescence spectra of 0.5 mg/mL GO-βCD-NB 

nanocomposites at different pH from 1 to 11 

 

Figure 4: UV-Vis spectra (left) and fluorescence emission spectra (right) in 

different solvents 

 

Figure S1: UV-vis spectra of aqueous solution of 0.05 mg/mL GO, GO-βCD, GO-βCD-NB 

and NB 
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Figure S2: Photograph of different composites (1) GO, (2) GO-βCD (3) GO-βCD-NB (4) 

NB 

 

 

 

Figure S3: Fluorescence emission spectra of GO, GO-βCD composites  
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Figure S4: Infrared spectra of GO, GO-βCD, GO-βCD-NB, NB 

 

 

Figure S5: Scanning electron microphotograph of GO, GO-βCD, GO-βCD-NB and NB 

 



C H A P T E R  V  

 

Journal of Molecular Liquids | (2021)  

104 

 

Figure S6: Dynamic Light Scattering spectra of GO, GO-βCD, GO-βCD-NB in aqueous 
dispersions (Samples were taken at 50μg.mL-1) 
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Figure S7: Zeta potential value obtained by dynamic light scattering method for GO 

and GO+βCD 

 

Figure S8: Thermo Gravimetric analysis of GO, βCD and GO-βCD 
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Figure S9: Double reciprocal Linear plot of 1/ΔA vs 1/[βCD]/M-1 

 

SCHEMES 

 

Scheme 1: Schematic diagram for the synthesis of rGO-βCD composites and the 
interaction between the guest (Nile blue) and the host (βCD) moiety linked up to 

rGO nanosheet 
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CHAPTER VI 

STUDY TO SYNTHESIZE AND CHARACTERIZE HOST-GUEST 

ENCAPSULATION OF ANTIDIABETIC DRUG (TGC) AND HYDROXY 

PROPYL-β-CYCLODEXTRIN AUGMENTING THE   ANTIDIABETIC 

APPLICABILITY IN BIOLOGICAL SYSTEM 

 

ABSTRACT 

An inclusion complex of a biologically active alkaloid Trigonelline 

hydrochloride (TgC) and hydroxypropyl-β-cyclodextrin (HP-β-CD) was prepared 

and characterized by several physicochemical and spectroscopic methods. The 

Trigonelline/HP-β-CD inclusion complex was confirmed by UV-vis Job’s plot, 

fluorescence, conductance and SEM. Here, the inclusion mode is described with 

regard to structural aspect using 1H NMR, FTIR spectroscopy. Trigonelline 

hydrochloride (TgC) being an anti diabetic natural product, its inclusion complex 

was precisely checked for its sustained release by fluorescence spectroscopy. 

Keywords: Trigonelline Hydrochloride (TgC), hydroxypropyl-β-Cyclodextrin (HP-

β-CD), Scanning Electron Microscope (SEM), Encapsulation, NMR, Fluorescence. 

1. Introduction: 

Fenugreek (Trigonella foenum graecum) is one of the most widely used 

medicinal plants in medicine. Trigonelline hydrochloride (TgC), one of the major 

alkaloid of fenugreek, has been reported to be responsible for showing immense 

potential pharmacological activities. It has the ability to reduce blood glucose 

concentration in rats [1, 2] and in human [3,4] which indicate that it has a potential 

antidiabetic activity. It helps to reduce the total cholesterol (TC) and triglyceride 

(TG) levels. TgC has antioxidant activities in cell-free systems as well as human colon 

cell lines [5].The anti diabetic activity of the fenugreek seeds have been reported [6]. 

It protects ß-cells of the pancreas and increases insulin sensitivity index as well as 

insulin content [7].  
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Cyclodextrins (CDs) are cyclic oligo saccharides of α-d-glucose that are 

formed through glycosidic α-1, 4 bonds [8]. Cyclodextrins (CDs) have been used 

extensively as additives that can increase the solubility of poorly water-soluble 

organic compounds, by forming an inclusion complex between the host cyclodextrin 

and the guest molecules [9]. The resulting inclusion or host–guest complexes having 

unusual physical, chemical and biological properties can greatly increase the 

interest in scientific and technological aspect, e.g, inner cavity of Cyclodextrins are 

hydrophobic whereas outer cavity is hydrophilic in nature [10]. Such noncovalent 

interactions can actually improve the guest’s water solubility, bioavailability as well 

as stability [11]; they can also be used for controlled release of the guest molecules 

[12]. Hydroxypropyl-beta-cyclodextrin (HP-β-CD), a hydroxy alkyl derivative, is an 

alternative to parent CDs, having higher water solubility and may have slightly more 

toxicologically benign [13]. 2-hydroxy propyl-β-cyclodextrin is commercialised 

under the trade name of MolecusolTM and EncapsinTM [14]. It does not have any 

nephrotoxicity in human body just like beta-cyclodextrin. As the first approved CD 

derivative by FDA, HP-β-CD has wide applications in food, pharmaceuticals and 

agriculture etc [15]. 

In order to show some therapeutic affect on biological system, a drug has to 

be released from their carrier. Here, cyclodextrin has been used as the drug carrier. 

From the literature, it is reported that hydroxy propyl-β-cyclodextrin can be used 

modified or controlled release carrier. 

In the present study, HP-β-CD has been used as the host molecule whereas 

TgC as guest molecule. HP-β-CD can increase the water solubility of pure TgC 

(50mg/mL) to up to four times after formation of the inclusion complex 

(196mg/mL) and hence increase the bio availability of the drug. It will also be 

studied that whether the inclusion complex show sustained release or not. In this 

aspect, fluorescence spectroscopy will be involved as the measurement. 
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2. Materials and Methods: 

2.1. Materials: 

Trigonelline hydrochloride (Molecular weight = 173.60 g/mol, Purity> 98%) 

used in this work was purchased from Sigma Aldrich. 2-Hydroxypropyl-β-

cyclodextrin (HP-β-CD, average molecular weight = 1541.54 g/mol) was obtained 

from TCI chemicals India PVT. LTD and used without further purification. Other 

reagents and chemicals were of analytical reagent grade. All experiments were done 

using double distilled water. 

2.2. Methods: 

2.2.1 Preparation of TgC/HP-β-CD inclusion complex: 

An inclusion complex of TgC/HP-β-CD was prepared in 1:1 molar ratio by 

simple co-precipitation method [16]. First, TgC (25 mg) and HP-β-CD (225.89 mg) 

were dissolved in minimum volume of pure distilled water, then the two solutions 

were mixed in a 50 ml beaker and kept at 50⁰C with stirring of 350 rpm/min for 24 

hours. Finally, the sample was evaporated under reduced pressure in a rotary 

evaporator at 40 to produce a solid inclusion complex. 

2.2.2 Preparation of physical Mixture: 

A physical mixture of TgC and HP-β-CD with a 1:1 molar ratio was also 

prepared by mixing solid TgC and HP-β-CD thoroughly for 10 min in a ceramic 

mortar unless a homogeneous mixture was obtained. [17] 

2.3 Inclusion Complex characterization: 

2.3.1 UV measurement: 

UV spectra of the inclusion complex, TgC and HP-β-CD were obtained by 

Agilent 8453 UV-vis spectrophotometer with uncertainty ±2 nm. A conventional 1 
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cm path (1 cm ×1 cm × 4 cm) quartz cell has been used. UV instrument was attached 

with a digital thermostat. The scans were taken within range from 190 to 1200 nm. 

As the compound TgC was water soluble, double distilled H2O had been used 

for the spectral measurements [18]. 

2.3.2 Conductance: 

Conductance measurements were taken in SYSTRONICS CONDUCTIVITY-TDS 

METER 308 instrument [19]. Prior to the experiment, cell constant and specific 

conductance of the solvent (H2O) were measured. Cell constant was found to be 0.10 

cm-1. Specific Conductance of 10 mM, 10 mL pure TgC was 18.2 mScm-1. 

2.3.3 Fourier Transform Infrared Spectroscopy (FT-IR): 

The FT-IR analysis was performed on a Perkin Elmer Spectrum FT-IR 

spectrometer, using KBr pellets [20]. The samples of TgC, HP-β-CD, physical mixture, 

and their inclusion complex were previously ground and mixed thoroughly with 

KBr. The KBr disks were prepared by compressing the powder .The scans were done 

with a resolution of 4 cm−1, from 4000 to 500 cm−1. The concentration of the sample 

in pellets was 1 mg/100 mg KBr [20]. 

2.3.4 1H NMR: 

One-dimensional 1H NMR spectra were recorded at room temperature on 

Bruker AVANCE III 400 NMR spectrometer. TgC, HP-β-CD and the complex TgC/HP-

β-CD were respectively dissolved in D2O (Aldrich). The signal at 4.67 ppm of HOD 

was used as an internal reference [21]. 

2.3.5 Scanning electron microscope (SEM): 

The surface morphologies of TgC, HP-β-CD, TgC/ HP-β-CD physical mixture 

and TgC/ HP-β-CD inclusion complex were determined by JEOL JSM-IT 100 scanning 

electron microscope [22]. The pictures were taken at an excitation voltage of 15, 20 

or 30 kV and a magnification of 425, 500, 1000 or 2000×. 
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2.3.6 Sustained release by Fluorescence: 

Release kinetics was studied with the help of fluorescence spectroscopy to 

determine the variation in maximum emission intensity with time [23]. First, 100 

μM solution of inclusion complex (TgC/HP-β-CD) was prepared in Double distilled 

water. Excitation of the fluorescence spectrometer was set at 265 nm, emission scan 

was adjusted in the range of 275-650 with slit width at 2 nm and spectra were 

recorded with time gap of 0, 10, 20, 30, 40, 60, 75, 90, 105, 150, 210mins. 

3. Results and discussion:    

3.1 Job-plot by UV-vis determination: 

The stoichiometry of inclusion complex was determined by the continuous 

variation Job’s method [24]. First, 100 μM solution of both TgC and HP-β-CD were 

prepared and them they were mixed by varying the molar ratio (4 mL:0 mL, 

3.6mL:0.4mL, 3.2 mL:0.8 mL and so on) but the total concentration of the species 

were kept constant. After 1 hour, the absorbance at λmax was determined for all the 

solutions and the difference in absorbance in the presence and in absence of HP-β-

CD was plotted against R (R = [TgC]/{[TgC]+[HP-β-CD]}. The shift of λmax around 265 

nm of the UV-spectrum of TgC was observed to prepare the Job’s plot. The 

absorption peak observed at 265 nm for TgC in water was due to the Π-Π* transition 

of the pyridinium moiety. The Fig. 1 shows a maximum value at r = 0.50, 

corresponding to 1:1 (TgC: HP-β-CD) stoichiometry. 

3.2 Association constant calculation by UV-vis measurement: 

Association constant and stoichiometric ratio of the inclusion complex 

TgC/HP-β-CD can be calculated according to the Benesi-Hindebrand double 

reciprocal plot assuming the formation of a 1:1 host–guest complex [25]. 

 

𝟏

∆𝑨
=

𝟏

𝑲[𝑻𝒈𝑪]∆∈
 ×

𝟏

[𝑯𝑷𝜷𝑪𝑫]
  +

𝟏

[𝑻𝒈𝑪]
  .... (1) 



C H A P T E R  V I  

 

Journal of Molecular Structure | 1179 (2019) 642-650 

112 

Where, ΔA is the difference of absorbance between the TgC in the absence 

and presence of the HP-β-CD at a particular wavelength, Δε is the difference in the 

molar absorptivities between guest (TgC) and inclusion complex. The Fig. 2 showed 

the variation in UV-vis spectral changes of TgC on addition of different strength of 

solution.     

Plot of 1/ΔA versus 1/ [HP-β-CD] for three different temperatures (293K, 

298K, 303K) had been taken and was found to be straight lines (Fig S1 in supporting 

information). Linear correlation was satisfactory (R2= 0.661 at 293k, R2= 0.891 at 

298k, R2= 0.999 at 303k), which is less than 1, it’s also confirm that the formation of 

a 1:1 encapsulation complex.   

From the intercept and slope of these plot, association constant (Ka) was 

found to be -141005 M-1 at 293K , -69976 M-1 at 289K, -8416 M-1 at 303K. Decrease 

in the negative Ka value with temperature was likely due to the weakening of the 

intermolecular forces such as van der Waals or hydrogen bonding forces and as the 

temperature was raising binding between guest (TgC) and host (HP-β-CD) became 

more powerful. 

The change in Gibbs’ free energy (ΔG) for the inclusion process was 

calculated according to the given equation. 

ΔG = ΔH – TΔS ...    (2) 

From the Van’t Hoff equation, enthalpy Change (ΔH) and entropy Change (ΔS) 

can be easily obtained [26]. 

𝐥𝐧 𝐊 =  −
∆𝐇

𝐑𝐓
 +  

∆𝐒

𝐑
   ....     (3) 

Parameters have been shown in the Table 1. There are various binding forces 

involved during the inclusion phenomena such as hydrogen bonds, electrostatic 

interactions, hydrophobic forces and van der Waals interactions.  
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According to Ross and Subramanian [27], various thermodynamic rules can 

be used to interpret the type of binding mode which is summarized below:   

(a) ΔH > 0 and ΔS > 0 i.e., hydrophobic forces;  

(b) ΔH < 0 and ΔS > 0 i.e., electrostatic interactions;  

(c) ΔH < 0 and ΔS < 0 i.e., van der Waals interactions and hydrogen bonds. 

In our case, we got positive ΔH and ΔS suggest that inclusion process was 

endothermic in nature and hydrophobic forces played an important role to favour 

the inclusion complex, again, slight negative ΔG value suggest that interaction 

between TgC and HP-β-CD was spontaneous [28].  

3.3 Association Constant measurement by fluorescence measurement: 

The association constant can also be determined by monitoring the Changes 

in fluorescence emission due to the interaction between any guest and host 

molecules [29, 30]. In case of fluorescence measurement to calculate the association 

constant, modified Stern–Volmer equation has been used. 

𝐅𝐨

∆𝐅
=

𝟏

𝐟∗𝐊𝐚
 ×

𝟏

[𝐐]
 +

𝟏

𝐟
 .... (4) 

Where, ΔF is the difference in fluorescence in the absence and presence of the 

cyclodextrin at a concentration [Q], f is the fraction of accessible fluorescence, and 

Ka is the effective quenching constant for the accessible fluorophores, which are 

analogous to the associative binding constants for the host-guest system. According 

to the above equation, the binding constants Ka can be obtained by plotting Fo/ΔF 

vs. 1/[Q]  and the results are shown below. TgC showed a linear fit curve when 

complexed with HP-β-CD that indicates 1:1 binding stoichiometry. 

The variation in the fluorescence emission spectra were given in the Fig. 3 

and the plot were given in Fig. S3 in supporting information. The spectra were 

scanned in the UV–VIS spectral range (275–650 nm) by exciting at 265 nm with 

scanned speed at 1 nm/sec and slit width at 2 nm. The fluorescence emission 
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maxima were found at four different bands located in the spectral ranges 275-300, 

375-500, 515-550 and 550-600 nm. The fluorescence emission peak found at 433 

nm was due to the corresponding emission of the  𝜋 → 𝜋 ∗ transition of the 

pyridinium moiety [31]. The other peaks were probably due to the solvent and host 

molecules present in the solution. The association constant have been calculated 

with different concentration of solution at 433 nm. 

According to the Benesi-Hildebrand (B-H) method, it was found to be 1:1 

stoichiometric ratio. Further, to verify the association constant values, a modified 

Stern–Volmer equation can be used to determine the value of Ka and it was found to 

be around -5000 M-1 which was quite comparable with the data obtained in UV-vis 

spectroscopy at 30⁰C.  

3.4 Conductance Measurements: 

Conductometric method is one of the older but precious methods used to 

validate not only the inclusion process between guests and the host but also 

stoichiometry of the inclusion complex [32]. The conductivity curve has been shown 

in the Fig. 4 and the conductance values have been provided in table 5 of supporting 

information. Prior to the experiment, 10 mM of the guest (TgC) as well as host (HP-

β-CD) were prepared using H2O as solvent. Then, 10 ml pure TgC aliquot was taken 

and its conductivity was measured, it was found to be 18.2 mSm-1. When, 1 ml of the 

HP-β-CD was added to the 10 ml of the guest solution, conductivity was found to be 

decreased gradually. The decreasing conductivity with adding HP-β-CD 

concentration, demonstrating the inclusion-complex formation between HP-β-CD 

and the TgC. After a certain concentration, the linearly decreasing tendency was 

going slow down with the addition of HP-β-CD. A distinct breakpoint was found out 

in the conductivity curve at a concentration of about 6 mM suggesting that the 

Complexation was equimolar as concentration ratio between HP-β-CD and TgC was 

1.5. This indicates that either TgC was almost totally bounded in the cavity of the 

HP-β-CD or TgC was completely encapsulated by HP-β-CD by means of non-covalent 

interactions. 
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3.5 IR analysis: 

Fourier Transform Infrared spectroscopy (FT-IR) is an important method 

used to validate the formation of an inclusion complex [33]. The FT-IR spectra of 

TgC, HP-b-CD, TgC/ HP-β-CD physical mixture, TgC/HP-β-CD inclusion complex are 

shown in Fig. 5. The variations in stretching frequency after inclusion complex 

formation were shown in Table 3. The FT-IR spectrum of TgC consisted of the 

absorption bands of O-H group of –COOH (3410 cm-1). In the region of 3084- 3040 

cm-1, the stretching frequency of C-H from –CH3 and Csp2-H from aromatic ring 

appeared. C=O group of the –COOH appears at 1711 cm-1. 

A strong absorption at 2357 cm-1 is may be due to the presence of C=N bond 

in pyridinium moiety. The absorption peak in 1469 cm-1 is corresponding to the C=C 

stretching vibration in the aromatic ring.  

The FT-IR spectrum of HP-β-CD showed significant  absorption bands at 3410 

cm-1 (for O–H stretching vibrations), 2928 cm-1 (for Csp3–H stretching vibrations) 

and 1373 cm-1 (C–H stretching vibration from CH3). 

However, in case of both the physical mixture and inclusion complex, the 

absorption band between 3084-3040 cm-1 disappears which indicate that C-H from –

CH3 and Csp2-H from aromatic ring may be inserted into the cavity of the cyclodextrin 

moiety. O-H stretching frequency from –COOH in TgC is 3414 cm-1 which is shifted 

towards lower region at 3410 cm-1 and 3400 cm-1 for TgC/HP-β-CD inclusion 

complex and physical mixture respectively, this is may be due to the formation of H-

bonding with host moiety. A peak appeared at 1711 cm-1 for –COOH in pure TgC had 

shifted to 1723 cm-1 in case of inclusion complex may be due to intermolecular 

hydrogen bond between OH of –COOH and terminal secondary hydroxyl group of the 

HP-β-CD. However, the peak appeared at 1701 cm-1 in case of physical mixture 

which indicates that guest molecule was present outside the cavity of cyclodextrin 

molecules. The band at 1469 and 1391 cm-1 which is generally due to C=C double 

bond from pyridine moiety diminished after formation of the encapsulated complex. 
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According to these changes, we might suggest that the pyridinium ring of TgC was 

committed.  

3.6 1H-NMR analysis: 

NMR (Nuclear Magnetic Resonance) is one the most powerful instrument in 

the study of CD complexes which provides quantitative information on spatial 

arrangement in case of 2D-NMR as well as detailed information on the possible 

inclusion mode in case of 1H-NMR of CD with guest molecules [34]. 

Fig. 6 shows the change in chemical shift of the TgC after the formation of 

inclusion complex. Fig. 7 shows the chemical shifts of TgC, HP-β-CD, TgC/HP-β-CD 

inclusion complex and their variation in the chemical shift (Δδ) of the complex. After 

the formation of inclusion complex with TgC, the H-3 proton of HP-β-CD shifted 0.04 

ppm and the H-5 proton of HP-β-CD shifted 0.01 ppm (Table 4). In case of the 1H-

NMR, if the guest moiety TgC enters into the cavity of the HP-β-CD molecules, 

electron density over the H-3, H-5 proton will be increased as both H-3 and H-5 

protons are located in the inner part  of the HP-β-CD cavity and consequently it will 

shield the protons and induce upfield shift. Again, chemical shift of the pyridinium 

moiety after inclusion has been shifted to lower (upfield) region that may be due to 

the van der Waals interaction. All these data leads to the confirmation that TgC had 

an interaction with the cyclodextrin cavity. 

3.7 SEM analysis: 

Scanning electron microscope (SEM) is a qualitative technique used to study 

the change in the surface morphology of different materials like other high 

resolution microscopic technique [35, 36]. SEM photographs of (a) TgC, (b) HP-β-CD, 

(c) TgC/HP-β-CD inclusion complex and (d) TgC/HP-β-CD physical mixture are 

shown in Fig. 8. Pure TgC appeared as irregular-shaped nanostructures with small 

dimensions, whereas HP-β-CD showed typical amorphous spherical particles with 

cavity structures. The physical mixture of TgC/HP-β-CD revealed some similarities 

with the Guest (TgC) and Host (HP-β-CD) molecules and both crystalline and 
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amorphous nature are quite visible. However, for the inclusion complex, the original 

morphology of TgC had completely disappeared, and it was impossible to 

differentiate the two components of TgC and HP-β-CD, which lead to the conclusion 

of the formation of encapsulation complex. 

3.8 Controlled release by fluorescence measurement: 

In order to investigate the controlled release behaviour of the inclusion 

complex of the drug molecule, fluorescence experiment was done. Prior to the 

experiment, exact 100 μM solution was prepared in distilled water and spectra were 

taken with different time. The result showed that the intensity of the solution was 

found to be decreasing up to 75 mins, then gradual increase in the intensity up to 

150 mins. All the spectra were shown in Fig. S3 in supporting information. Fig. 9 

showed a very good nature of the release profile and it suggested that HP-β-CD can 

be used as sustained release drug carrier. 

4. Conclusion:  

In this present study, 1:1 inclusion complex of TgC and HP-β-CD was 

prepared and various analytical techniques such as UV, NMR, and IR had been 

employed to Characterized the complex. 1HNMR and IR showed the mode of 

inclusion that N-methylated part of the pyridine ring was incorporated. Association 

constant value of the TgC/HP-β-CD obtained by UV measurement was found to be -

8416 M-1 at 303K which indicate that interactions was very much negligible between 

guest and host and it was well matched with the value of -5000 M-1 that obtained by 

fluorescence spectroscopy. It was the hydrogen bonding that was responsible for 

forming the encapsulation complex. Fluorescence measurement showed a well 

defined curve in intensity vs time kinetics and it gave us an idea about sustained 

release of the drug molecule from the encapsulated complex. 

 

 



C H A P T E R  V I  

 

Journal of Molecular Structure | 1179 (2019) 642-650 

118 

Acknowledgements:  

This work is highly appreciated by UGC SAP (special Assistant Programme) 

for giving us financial support for the completion of the work. Prof. M.N. Roy is very 

thankful to UGC-BSR (Basic Scientific Research) for awarding ‘One Time Grant’. We 

would like to acknowledge Mr. Gautam Sarkar, USIC, Head, In-charge for taking SEM 

photograph and NEHU-SAIF for the NMR 400 MHz data acquisition. 

Conflict of Interest:  

The authors declare no conflict of interest. 

 

 

 

 

 

 

 

 

 

 

 

  



C H A P T E R  V I  

Journal of Molecular Structure | 1179 (2019) 642-650 

 
119 

TABLES 

Temp(K)     Ka/M-1 
ΔH⁰  

(KJ mol-1) 
ΔS⁰ 

(J mol-1 K-1) ΔG KJ mol-1 

293 -141005.4     -0.197 

298 -69976.75 1.933 0.00727 -0.234 

303 -8416.58     -0.270 

Table 1: Data of the Van’t Hoff equation for the calculation of thermodynamic 
parameters 

 

Temp/K Modified Stern–Volmer method 

 Ka(M-1) Correlation Coefficient (R2) 

308 -5000 0.923 

Table 2: Thermodynamic parameters for TgC and HP-β-CD at 35 ⁰C 

 

TgC HP-β-CD TgC/HP-β-CD 
inclusion 

TgC/HP-β-CD 
PHY MIX 

 
(I)3414 cm-1: 
O-H from –COOH 
 
(II)3084- 3040 cm-1: 
Csp2-H from aromatic  
Ring. 
 
(III)2357 cm-1:  
C=N from aromatic 
ring. 
 
(IV)1711 cm-1:  
-C=O from –COOH. 
 
(V)1469 and 1391  
cm-1: 
C=C double bond 
from pyridine 
moiety. 

 
(I)3410 cm-1: ν(O-H) 
 
(II)2928 cm-1: ν(Csp3-H) 
 
 
(III)1635 cm-1: The OH groups in 
the glucose moieties of HP-β-CD  
 
(IV)1373 cm-1: 
C-H from CH3 
 
(V)1152 cm-1: 
Stretching frequency of C-O, C-C, 
C-O-C. 
 
(VI)1033 cm-1: 
Bending frequency of 
O-C-H, C-C-H, C-C-O.       
 
 

 
(I)3410 cm-1: 
O-H from –COOH 
 
(II)2915 cm-1: 
 ν(Csp3-H) 
 
(III)2354 cm-1: 
C=N from aromatic 
ring. 
 
(IV)1723 cm-1: 
-C=O from –COOH. 
 

 
(I)3400 cm-1: 
O-H from –COOH 
 
(II)2927 cm-1: 
ν(Csp3-H) 
 
(IV)2356 cm-1: 
C=N from 
aromatic ring. 
 
(IV) 1701 cm-1: 
-C=O from –
COOH. 
 
(V)1033 cm-1: 
Bending 
frequency of 
O-C-H, C-C-H, C-
C-O. 
 

Table 3: Variation of the stretching frequencies (cm-1) of TgC and HP-β-CD protons 

in free and complex states determined in KBr pellet 
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Trigonelline Hydrochloride 
 

HP-β-CD Inclusion Complex Shift in HP-β-CD 
proton 

 
(+)N-CH3: δ 4.321 ( S, 3H) 
 
C2-H : δ 9.219 ( S, 1H) 
 
C4-H: δ 8.857 - 8.814 
      ( t, 1H, J   ̴7.2 Hz )                                
 
C5-H: δ 8.035 - 8.001                       
      ( t, 1H, J   ̴6.8 Hz )  
 
 C6-H: δ 8.857- 8.814 
      ( t, 1H, J   ̴7.2 Hz)  
   
 

 
H-1: 5.14 

 
H-2: 3.50 

 
H-3: 3.90 

 
H-4: 3.39 

 
H-5: 3.75 

 
H-6: 3.77 

 
Me: 1.03 

 
H-1: 5.09 

 
H-2: 3.56 

 
H-3: 3.86 

 
H-4: 3.43 

 
H-5: 3.76 

 
H-6: 3.76 

 
Me: 1.00 

 
-0.05 

 
0.02 

 
-0.04 

 
-0.04 

 
0.01 

 
-0.01 

 
-0.03 

Table 4: Variation of the 1H NMR chemical shifts (δ/ppm) of TgC and HP-β-CD 

protons in free and complex states determined in D2O 

 

TgC(ml) 
HP-β-

CD (ml) TgC(μM) 

HP-β-
CD      

(μM) 

[TgC]/  
([TgC]+[HP-

β-CD]) 

Absorbance 

(A) ΔA 

ΔA*[TgC] 

/([TgC]+[HP-
β-CD]) 

4 0 100 0 1 0.64151 0 0 

3.6 0.4 90 10 0.9 0.58662 0.05489 0.049401 

3.2 0.8 80 20 0.8 0.5481 0.09341 0.074728 

2.8 1.2 70 30 0.7 0.50675 0.13476 0.094332 

2.4 1.6 60 40 0.6 0.47725 0.16426 0.098556 

2 2 50 50 0.5 0.44421 0.1973 0.09865 

1.6 2.4 40 60 0.4 0.4168 0.22471 0.089884 

1.2 2.8 30 70 0.3 0.3736 0.26791 0.080373 

0.8 3.2 20 80 0.2 0.39424 0.24727 0.049454 

0.4 3.6 10 90 0.1 0.26131 0.3802 0.03802 

0 4 0 100 0 0.37138 0.27013 0 

Table S1. UV Job’s plot 
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Temp 
/k 

[TgC] 
(μM) 

[HP-β-CD] 
(μM) A˳ A ∆A 

1/[HPβCD] 
(M─1) 1/∆A Intercept Slope Ka/M-1 

 
50 20 0.1033 0.0934 0.0099 50000 101.0101 

   
 

50 30 0.1033 0.0969 0.0064 33333.33333 156.25 
   293 50 50 0.1033 0.0966 0.0067 20000 149.2537 174.8467 0.00124 -141005.4 

 
50 70 0.1033 0.0965 0.0068 14285.71429 147.0588 

   

 
50 80 0.1033 0.1096 0.0063 12500 158.7302 

   

           
           

           

 
50 20 0.0968 0.1147 0.0179 50000 55.86592 

   
 

50 30 0.0968 0.1108 0.014 33333.33333 71.42857 
   298 50 50 0.0968 0.1102 0.0134 20000 74.62687 83.9721 0.0012 -69976.75 

 
50 70 0.0968 0.1101 0.0133 14285.71429 75.18797 

   

 
50 80 0.0968 0.1099 0.0131 12500 76.33588 

   

           
           
           

 
50 20 0.0953 0.0964 0.0011 50000 909.0909 

   
 

50 30 0.0953 0.0934 0.0019 33333.33 526.3158 
   303 50 50 0.0953 0.0915 0.0038 20000 263.1579 181.7983 0.0216 -8416.588 

 
50 70 0.0953 0.1033 0.008 14285.71 125 

   
 

50 80 0.0953 0.1064 0.0111 12500 90.09009 
   

Table S2. Association constant measurement by UV-vis measurement 

 

[TgC] 
/µM 

[HP-β-
CD] Ao A ΔA 

1/[β-CD] 
(M-1) 1/ΔA Intercept Slope Ka /M-1 

50 20 456540.356 507886.8552 51346.49916 50000 1.94755E-05 

   

50 30 456540.356 553580.1462 97039.79018 33333.33 1.03051E-05 

   

50 50 456540.356 754072.4198 297532.0638 20000 3.36098E-06 2.00E-06 4.00E-10 

-

5000 

50 70 456540.356 638707.4866 182167.1306 14285.71 5.48946E-06 

   

50 80 456540.356 719868.4535 263328.0975 12500 3.79754E-06 

   
Table S3: Association constant measurement by fluorescence measurement 

(303K) 
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Temp 
(K) Ka/M-1 1/T lnKa Intercept slope 

ΔH⁰/ 
J mol-1 

ΔS⁰/ 
J mol-1 K-1 

ΔG⁰=(ΔH⁰-TΔS⁰) 
Jkmol-1 

 
ΔG KJ mol-1 

293 -141005.4 0.00341297 0.08434 
    

-197.6772375 -0.197 

298 -69976.75 0.0033557 0.08963 0.875 -232.6 1933.9527 7.2751875 -234.053175 -0.234 

303 -8416.58 0.00330033 0.11064 
    

-270.4291125 -0.27 

Table S4. Van’t Hoff Plot Measurement 

 

Vol. of  

HP-β-

CD(ml) 

Total 

Vol.(ml) 

conc. Of TgC 

(mM) 

Conc. Of 

HP-β-CD 

(mM) 

Conc. Ratio of TgC & HP-

β-CD 

Conductivi

ty 

(mSmˉ1) 

0 10 10 0 0 18.2 

1 11 9.909 0.0909 0.009173479 17.6 

2 12 8.333 1.667 0.200048002 16 

3 13 7.692 2.308 0.300052002 15.3 

4 14 7.142 2.857 0.400028003 14.4 

5 15 6.666 3.333 0.5 13.6 

6 16 6.25 3.75 0.6 12.9 

7 17 5.882 4.118 0.700102006 12.3 

8 18 5.555 4.444 0.8 11.7 

9 19 5.263 4.737 0.900057002 11.3 

10 20 5 5 1 10.8 

11 21 4.761 5.239 1.100399076 10.4 

12 22 4.545 5.455 1.200220022 10 

13 23 4.347 5.653 1.300437083 9.7 

14 24 4.166 5.834 1.400384061 9.42 

15 25 4 6 1.5 9.07 

16 26 3.846 6.154 1.600104004 8.96 

17 27 3.7 6.3 1.702702703 8.85 

18 28 3.571 6.429 1.80033604 8.7 

19 29 3.448 6.552 1.900232019 8.65 

20 30 3.333 6.667 2.00030003 8.63 

21 31 3.225 6.775 2.100775194 8.61 

Table S5. Conductance Measurement 
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Time (mins) intensity 

0 53110.88 

10 55688.60 

20 51901.98 

30 51628.77 

40 49454.05 

60 48544.78 

75 45993.86 

90 46122.63 

105 47300.01 

150 49666.18 

210 44024.45 

Table S6. Release kinetics by fluorescence measurement 
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FIGURES 

 

 

Fig. 1:  Job’s plot of TgC/HP-β-CD 

 

Fig. 2: UV-vis spectral changes on addition of HP-β-CD where, different strength of 

the solution having 20 μM, 30 μM, 50 μM, 60 μM, 70 μM respectively were taken at 

30⁰C 
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Fig. 3: Variation in Fluorescence emission spectra of TgC and HP-β-CD in different 

molar concentration 

 

 

 

Fig. 4: Plot of Specific conductivity vs conc. of HP-β-CD  
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Fig. 5: FT-IR spectra of (a) TgC, (b) HP-β-CD (c) inclusion complex TgC/HP-β-CD 

(d) Physical mixture TgC/HP-β-CD 

 

 

Fig. 6: Chemical Shift in NMR data of Free Trigonelline Hydrochloride (left) and 

after formation of encapsulation (right) 
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Fig. 7: NMR plot of (a) HP-β-CD (b) TgC (C) Inclusion complex TgC/HP-β-CD 
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Fig. 8: Scanning electron photograph for (a) TgC (b) HP-β-CD (c) TgC/ HP-β-CD 

inclusion complex (d) physical mixture 

 

 

 

Fig. 9: Schematic Drug release of TgC from Hydroxy propyl-β-Cyclodextrin 
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Fig. S1: Benesi-Hildebrand double reciprocal plot of TgC/HP-β-CD at three 

different temperatures 
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Fig S2: Van’t Hoff plot for the calculation of thermodynamic parameters  

(1/lnKa versus 1/T) 

  

Fig S3: Stern-Volmer plot for the effect of HP-β-CD on the absorption of TgC  

 

Fig S4: Fluorescence spectra of inclusion complex with several time intervals  

y = -232.69x + 0.8758
R² = 0.8875

0.04

0.07

0.1

0.13

0.00325 0.0033 0.00335 0.0034 0.00345

1
/l

n
K

a

1/T

y = 4E-10x - 2E-06
R² = 0.9238

0.00E+00

5.00E-06

1.00E-05

1.50E-05

2.00E-05

2.50E-05

0 20000 40000 60000

1
/Δ

T

1/[HP-β-CD]



C H A P T E R  V I  

Journal of Molecular Structure | 1179 (2019) 642-650 

 
131 

SCHEMES 

 

 

Scheme 1: The molecular structures of Hydroxypropyl beta cyclodextrin and 

Trigonelline hydrochloride.  

 

 

 

Scheme 2: Schematic Representation for encapsulation 
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CHAPTER VII 

EXPLORING INCLUSION COMPLEXES OF CYCLODEXTRINS WITH 

QUINOLINONE BASED GASTRO PROTECTIVE DRUG FOR 

ENHANCING BIOAVAILABILITY AND SUSTAINED DISCHARGEMENT 

_______________________________________________________________________________ 

ABSTRACT 

Solid rebamipide based inclusion complexes were achieved by freeze-dry 

method and characterized by FTIR, UV-vis, 1H-NMR, 2D-ROESY, fluorescence 

spectroscopy, SEM and conductance.  The enzyme substituted emission spectrum of 

the two comparative inclusion complexes with -CD and HP--CD in the diverse 

solvent systems determined the controlled release of the drug were the mid of 

interest. Amylase increased the stability of the inclusion complexation, proved that if 

it is taken together with the inclusion complex, the effectiveness and impact of the 

inclusion complexes will have a prolonged effect in the body. It could significantly 

improve the bioavailability of rebamipide. 

Keywords: β-Cyclodextrin; Hydroxypropyl-β-Cyclodextrin; Drug release assay; 

Molecular recognition; Supramolecular Chemistry.  

1. INTRODUCTION: 

In recent ages, supramolecular chemistry has become a major influence in the 

field of macrocyclic chemistry. Although low solubility is a common issue for various 

drug molecules but encapsulation process makes the host-guest complexes more 

soluble in water. This study basically focuses on the host–guest inclusion 

phenomena of low water soluble rebamipide (RB) in comparison with two types of 

cyclodextrin for the prevention of different types of diseases like gastric cancer [1], 

mucosal protection against gastro duodenal ulcers [2], treatment of gastritis [3], 

inflammatory disorder [4], analgesic activity, antinociceptive activity, dry eye 

disease, allergic conjunctival diseases, attenuated cartilage degeneration [5]. In our 

present exertion, we have taken rebamipide (RB) as the guest molecule, β-
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cyclodextrin (β-CD) and Hydroxypropyl-β-cyclodextrin (HP-β-CD) as the two 

analogous host molecules as the articles about the study on selecting inclusion 

materials of mucosal drug are few (Scheme 1). 

Rebamipide is chosen as the guest molecule having various impact which is 

still to be explored in the fields of supramolecular chemistry for it’s sustain release 

of drug delivery in the body. Rebamipide (C19H15ClN2O4) belongs to the class of 

quinolinone family. (±)-2-(4-chlorobenzoylamino)-3-(2-oxo-1H-quinolinon-4-yl) 

propionic acid (MW: 370.786 g/mol) is the IUPAC name of the compound [6]. 

Historical facts tell that RB was known by the trade name of Mucosta, a gastro 

protective drug, developed in Japan, Rebagen in South Korea (Republic of Korea), 

China and India, Rebagit in Russia. 

Cyclodextrins (CDs) are the category of cyclic oligosaccharides which have in 

recent times been recognized as useful matrices. Owing to its hydrophobic cavity, CD 

can interact with suitably sized molecules to result in the formation of inclusion 

complexes. This polysaccharide is a sort of novel functional macromolecule which 

possesses the cumulative effects of inclusion, size specificity, controlled release 

capability and transport properties of CD over and above the biocompatibility, non-

toxicity and biodegradability of it. Recently, encapsulation of various cyclic 

oligosaccharides such as cyclodextrins having good cavity size with organic 

molecule have been carried out to validate its inclusion phenomena and it’s various 

thermodynamic stabilities [7]. 

Apart from cyclodextrins, other several host molecules can also be used e.g, 

18-crown-6, Calixarenes, cucurbit[n]urils such as, 18-crown-6, cucurbit[6]uril have 

been used as a host and drug molecules are encapsulated within their cavity to 

assort various interactions and emphasize the inclusion process [8, 9]. However, in 

this work, among the various types of cyclodextrin, β-CD and HP-β-CD are taken as 

the host molecules for both the size and solubility factor matching with the model 

drug molecule. In support to various physicochemical, spectroscopic techniques for 

the two complexes in solution phase in both pure (DMSO) and mixed solvent (1:1–
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C2H5OH:H2O) have been investigated for their potential use in controlled drug 

delivery applications (Scheme 2). 

2. EXPERIMENTAL SECTION: 

2.1 Materials 

Rebamipide was bought from TCI Chemicals (India) Pvt. Ltd. Both the 

Cyclodextrins (i. e., -CD and HP--CD) was bought from Sigma Aldrich Germany and 

used as purchased. The mass fraction purities of RB, -CD and HP-β-CD were ≥0.99, 

0.98 and 0.98, respectively. 

2.2 Instruments 

All the Stock solutions of rebamipide, -CD and HP-β-CD were prepared by 

weighing (Mettler Toledo AG-285 with uncertainty 0.0001 g) and dilution and kept 

in a slightly heating water bath. 

Conductivities of both the solutions were studied by Mettler Toledo Seven 

Multi conductivity meter having uncertainty 1.0 μSm−1. It was carried out in a 

thermostated water bath at 298.15 K with uncertainty ±0.01 K. Double distilled 

water was used with specific conductance 6.0 μSm−1. Moreover, the conductivity cell 

was calibrated using 0.01 M aqueous KCl solution. 

UV–visible spectra were recorded by Agilent 8453 Spectrophotometer. The 

temperatures were controlled with a digital thermostat. All the absorption spectra 

were recorded at 298± 0.1K, 303± 0.1K, 308± 0.1K. 

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin Elmer 

FT-IR spectrometer by means of the KBr disk technique. Samples were prepared as 

KBr disks with 1 mg of solid inclusion complex and 100 mg of KBr. FTIR 

measurements were performed in the scanning range of (4000–400 cm−1) with 

resolution of 4 cm-1 at room temperature. 
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Differential Scanning Calorimetry (DSC) spectra were recorded by Perkin 

Elmer Pyris 6 DSC calibrated by pyris manager software. The samples were heated 

in the temperature range 30-300⁰C in an inert nitrogen atmosphere at a heating rate 

of 10⁰C/min. The samples were taken in an aluminum container at about 1.2 mg in 

all cases. 

Steady state fluorescence Spectra were recorded on spectrofluorimeter from 

photon Technology International (PTI, U.S.). The measurements were done at an 

excitation of 230 nm by using quartz cuvette having 1 cm path length. 

1H-NMR and 2D-Rotating-frame Overhauser Effect Spectroscopy (ROESY) 

spectra were recorded at 400 MHz Bruker AVANCE at 298.15 K in d6-DMSO using a 

5mm probe. Signals are quoted as δ values in ppm by means of residual protonated 

solvent signals as an internal standard (δ 2.50 ppm). Acquisition parameters 

consisting of spectral width of 2000 MHz, number of scan 8, acquisition time 3.27 

sec. Data were reported as chemical shift. 

Scanning electron microscopy (SEM) morphological images were obtained 

using JEOL JSM IT 100 scanning electron microscope (SEM). The images were 

captured at an excitation voltage of 2.5kV, 3.0kV, 5kV, 2.5kV and 4.0kV whereas 

magnification of 6000, 1400, 1400, 5500, 2700× for RB, β-CD, HP-β-CD, IC-1 and IC-2 

respectively. 

2.3 Sample preparation of Solid Inclusion Complex of Rebamipide with 

Cyclodextrins: 

To prepare a complex between Cyclodextrins (i.e., β-CD and HP--CD) and 

drug, freeze drying method is the most popular method to form the inclusion 

complex in a solution of cyclodextrin. In this method, the guest is dissolved into a 

solvent solution of cyclodextrin to form the inclusion complex in a crystalline form. 

However, since the chosen pharmaceutical drugs have a very low solubility in 

water, we investigated the preparation of inclusion complexes between 

Cyclodextrins and the guest (RB) in organic solvent, DMSO. As reported, 1mM 
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solution of 25 ml RB (9.26 mg) and 1mM of 25ml β-CD (28.37 mg) as well as HP-β-

CD (38.53 mg) were prepared. Then the solutions were mixed (added drop wise) 

in two different beaker and stirred for 12 hrs at 55⁰C. Finally, the solution was 

freeze dried for 24 h to obtain inclusion complex. 

3. RESULTS AND DISCUSSION:  

Rebamipide, the guest molecule selected in these assay is moderately soluble 

in organic solvent (i.e., DMSO) and partially in the binary solvent of C2H5OH and 

water. As our aim is to prepare a host-guest inclusion complex which have sustain 

release in the body, therefore all the measurements were done by slightly increasing 

the temperature. Thereby increasing the temperature it was noted that all the 

physicochemical and spectroscopic evidences deep-rooted the formation of the 

various types (1:1 or 2:1 or 2:2) inclusion complexes in stable equilibrium.  

Two types of solvents were used in order to show compare their stability 

and specificity during the formation of inclusion Complexation in various 

aforementioned ratios. Slightly increased temperature was used to totally dissolve 

both the host and the guest molecule. 

Rebamipide is an insoluble drug in water and in most common organic 

solvents due to intermolecular electrostatic attraction between ammonium and 

carboxyl group. Therefore in order to increase its applicability we have tried diverse 

solvents to increase its solubility two fold. There are various publications based on 

amino acid based surfactants [10] which has increased the worth of amino acids. 

Here in these work we have tried an innovative way to work on derivative amino 

acid (i.e., rebamipide) based cyclodextrins in pure DMSO and mixed solvent of 

C2H5OH and water. In various previous publications [11, 12] we found that after 

inclusion in cyclodextrin there is a chance of aggregation or vesicle formation with 

various imperative guest molecule. Here as we have taken aromatic amino acids, 

therefore, there is much probability of it to behave as a surfactant. Therefore we 

have performed the surface tension and conductivity experiments. Different 
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concentrations of rebamipide based cyclodextrin solutions were prepared and 

measured respectively. 

3.1 Conductance study: 

Ion mobility increases as the temperature is raised, which leads to an 

increase in the limiting conductance. As the solubilization is precise at high 

temperature, therefore we had studied the inclusion Complexation by conductance 

method at the higher temperature. With the adding of cyclodextrin appears an 

extreme point on the dependence, which becomes more harshly when the 

temperature increases. At high concentrations of cyclodextrin (>1.60 mM), 

cyclodextrin-rebamipide–DMSO interaction becomes more intensive, which leads to 

the formation of bulky solvate shell affecting negatively on the ion mobility, thereby 

forming an inclusion complex.  

From the previous publications, we have studied appearance of the extreme 

point on these curves indicates the presence of competing interactions in the 

system. We have examined two systems i.e., (HP--CD+RB+DMSO) and (-CD+ 

RB+DMSO), where the prominent results were observed. Thereby, over viewing the 

fact of encapsulation with the formation of break point, Sharp break point is 

prominent for -CD-Rebamipide solution in DMSO (Fig. 1a) which shows the 

formation of 1:1 complex and in HP--CD-Rebamipide-DMSO solution (Fig. 1b), 

there is the uniformity in the values which shows that if we increase the 

cyclodextrin concentration, a linear increase in the specific conductance up to the 

HP--CD concentration at which “micelle like” formation began, i.e., up to the break 

point (i.e., CAC in case of surfactant) (Table S1 and S2 of supporting information). 

After the CAC was attained, conductance further increased linearly, but with a lower 

slope than before the CAC and the break in the conductance-concentration titration 

curve provides the CAC of the HP--CD [13-19]. 
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3.2 Job Plot: Elucidation of Stoichiometry Behaviour of Cyclodextrins: 

Rebamipide Inclusion Complex: 

Job’s method, commonly known as the continuous variation method, is a very 

proficient and successful method to determine stoichiometry of any host-guest 

inclusion complexes. So, due to this reason this method was applied here by using 

UV-visible spectroscopy [20]. Here, two sets of solutions were prepared of RB with 

β-CD and HP-β-CD in 50% ethanolic solution, respectively, by varying the mole 

fractions of the guest (RB) in the range 0-1 (Tables S3, S4, S5 and S6, supplementary 

data). Job’s plots of the mentioned sets were plotted of using ∆A×R against R, where 

∆A  means the difference in absorbance of RB without and with CD and 

R=[RB]/[RB]+[CD]).The whole process of taking absorbance values  was done at 

respective λmax by maintaining 298.15 K temperature. The stoichiometry of an IC is 

obtained by taking the value of R at the maximum point on the curve, for example, if 

the ratio of guest to host is 1:2 for R∽0.33, 1:1 for R∽0.5, 2:1 for R∽0.66 and so on. 

Here, in this work we got R∽0.5 as maximum in each plot, indicating a 1:1 

stoichiometry of the corresponding inclusion complexes (Fig. 2).  

3.3 Determination of binding constant of RB/β-CD in aqueous ethanol by 

UV–Vis spectroscopy: 

The binding constant between β-CD, HP-β-CD and each RB has been 

evaluated via UV–Vis spectroscopy [21]. The Benesi–Hildebrand technique 

represents one of the most common strategies to determine binding constants based 

on absorption spectra for inclusion complex. In order to have an accurate estimation 

of binding constants of the inclusion complexes under investigation, changes in the 

absorption intensity of the RB at different wavelength, were monitored as a function 

of the CD’s concentration and non-linear regression estimation of the Ka (Fig. 3a) 

was chosen.  

From the UV-vis titration, Association constant value for RB/β-CD was found 

to be 2.03 × 104 M-1, 3.34 × 104 M-1, 1.39 × 104 M-1, at 298.15K, 303.15K, and 308.15K, 
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respectively (Table S7 & Fig. S1). The increase in association constant values (Ka) 

with increasing temperature indicated the increasing nature of interaction for 

inclusion complexation but then again association constant value went to decrease 

sharply indicating weakest interaction between guest and host [22]. 

3.4 Determination of binding constant of RB/HP-β-CD in aqueous 

ethanol solution by UV–Vis spectroscopy: 

The evaluation of Ka by direct spectroscopic methods relies on analytical 

differences between the free and complexed amino acid. The binding constant 

between HP-β-CD and RB also has been evaluated via UV–vis spectroscopy. The 

Benesi–Hildebrand technique represents one of the most common strategies to 

determine binding constants based on absorption spectra for inclusion complex. In 

order to have an accurate estimation of binding constants of the inclusion complexes 

under investigation, changes in the absorption intensity of the RB at different 

wavelength, were monitored as a function of the CD’s concentration and non-linear 

regression estimation of the Ka (Fig. 3b) was chosen.  

Here, the association constant was found to be 2.73 ×104 M-1, 5.72 × 104 M-1, 

1.18 × 104 M-1, at 298.15K, 303.15K, and 308.15K, respectively (Table S8 & Fig. S2). 

However, similar nature of association constant value is observed in case of RB/HP-

β-CD system but interesting fact is that interaction between RB and HP-β-CD is 

greater than RB and β-CD system (Fig. 4).  

3.5 Evaluation of Thermodynamic Parameters:  

The thermodynamic and structural characteristics during Complexation 

could be used to estimate the solubilizing and mode of action of cyclodextrin. To 

calculate the basic thermodynamic parameters, the enthalpy and entropy values, we 

have used the van’t Hoff’s equation as follows [23], 

𝐥𝐧𝐊𝐚 = −
∆𝐇°

𝐑𝐓
+
∆𝐒°

𝐑
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Where H⁰ and S⁰ are the enthalpy and entropy during complex formation, 

respectively, T is the temperature, and R is the gas constant. 

The Gibbs energy change was calculated by equation given below [24], 

∆𝐆° = −𝐑𝐓𝐥𝐧𝐊𝐚 

The thermodynamic parameters obtained from the van’t Hoff plot using the 

above-mentioned equations were shown in Table 1a & 1b. From the given tables, the 

negative values in the Gibbs energy change (ΔG) and the enthalpy change (ΔH) 

indicated that the interaction of RB and β-CD, HP-β-CD were spontaneous and 

exothermic. Greater negative enthalpy change (ΔH) for RB/ HP-β-CD was usually an 

indication of quite strong molecular interactions caused by both van der Waals 

forces and formation of hydrogen bonds between host and guest than that of RB/β-

CD system. These interactions were may be due to incorporation hydrophobic guest 

into the cyclodextrin cavity host [25]. Similarly, higher negative entropy change (ΔS) 

for RB/HP-β-CD indicates that inclusion process is more entropy favored for RB/HP-

β-CD than that of RB/β-CD system.  

3.6 Fourier Transform Infrared Spectroscopy (FTIR) Study: 

FT-IR is a prominent technique used to confirm the formation of an inclusion 

complex as there will be variation of the shape, shift and intensity of the FT-IR 

absorption peak before and after the formation of inclusion complex [26]. The FT-IR 

spectra of RB, β-CD, HP-β-CD, IC-1, IC-2 are presented in Fig. 5. The FT-IR spectrum 

of RB consisted of the sharp absorption bands appear in the 3416 cm-1 for O-H 

stretching from –COOH, 3269 cm-1 (N-H) stretching of CONH group stretch, (-C=O) 

stretching of CONH appear in the region 1646  cm-1 and  aromatic ring appear in the 

region 1539 cm-1. In both cases of β-CD and HP-β-CD, the IR spectra can be 

characterized by the intense band at 3397 and 3410 cm-1 for O-H stretching 

frequencies and C-H stretching appears at 2922 and 2928 cm-1 respectively. No 

characteristic peak is observed from 1500 cm-1 to 400 cm-1 for the two Host 

molecules. After the formation of the inclusion complex, in both cases of   β-CD and 
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HP-β-CD, the peak assigned for absorption of N-H stretching of CONH group has 

been disappeared. However, the spectra of the IC-1 i.e., inclusion complex of RB and 

β-CD correspond simply to the superposition of the spectra of the β-CD. All these 

phenomena indicate that only amide group and the acid group attached with tertiary 

carbon atom has been inserted into the cavity of cyclodextrin ring.  

3.7 Differential Scanning Calorimetry (DSC) Analysis: 

The pure drug RB and its Inclusion complexes with β-CD and HP-β-CD i.e, IC-

1 and IC-2 were analyzed by DSC method as it can be used as recognition tool. 

According to the theory, if guest molecules are encapsulated into the cyclodextrin 

host cavities, their physical characteristics such as melting point, boiling point 

should be shifted to a different temperature or may get disappeared [27]. As shown 

in Fig. 6, RB showed a sharp characteristic endothermic melting peak at 305⁰C, 

according to the previous literature. β-CD and HP-β-CD showed a single endothermic 

peak at about 88⁰C and 60⁰C which is due to the release of water from the β-CD and 

HP-β-CD respectively. However, when the guest molecules formed inclusion 

complex with β-CD i.e, IC-1, the endothermic peaks were shifted to 271⁰C (RB) and 

81⁰C (β-CD). In case of IC-2, endothermic peaks were shifted to 259⁰C (RB) and 70⁰C 

(HP-β-CD). This Phenomena gave a strong evidence that inclusion complex has been 

formed. 

3.8 1H-NMR and 2D-NMR Study: 

The formation of IC can be explained on the light of the 1H NMR spectroscopy 

study. This method based on the changes of chemical shifts of protons due to 

encapsulation of guest molecule into the Cyclodextrin cavity [28]. In both β-CD and 

HP-β-CD structure, the H3 (near to wider opening side) and H5 (close to narrow rim 

side) are located inner part of the Cyclodextrin cavity and it is expected that when a 

hydrophobic moiety entered into the cyclodextrin cavity, there will be an upfield 

shift for those protons. It is clearly observed from Table 2a & 2b (in case of HP-β-CD) 

that for H3 and H5, a large upfield shift has been occurred than that of β-CD. The 

considerable changes of chemical shifts (Δδ) suggested that the RB monomer 
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entered into the nano hydrophobic hole of CD. Spectra are shown in Fig. 7a & 7b, For 

HP-β-CD, The upfield shift of H3 (Δδ=-0.07 ppm) is much greater than the H5 

shifting (Δδ=-0.04 ppm) whereas, in case of β-CD, downfield shift in both cases of 

H3 (Δδ=0.09 ppm) and the H5 (Δδ=0.04 ppm) was observed, where, Δδ= δcomplex-

δfree. On the other hand, minor chemical shifts are observed for H1, H2, H4, H6 and 

H7 that are not part of the interior hydrophobic hole of β-CD and HP-β-CD. This 

observation also confirmed that encapsulation of the guest moiety into 

hydroxypropyl derivative of cyclodextrin moiety was more prominent than that of 

the beta-cyclodextrin and the association constant values in solution phase for both 

the cases agreed with this report.  

Similarly, further support for Complexation, 1H NMR of RB has also been 

performed in Complexed form (Table. 2c). A significant upfield shift of Quinolone 

moiety rather than aromatic (holding –Cl) Protons has been observed in case of IC-2 

as most of the aromatic peaks got disappeared which tells that Quinolone part are 

situated in hydrophobic hollow space. However, In case of IC-1, Here also upfield 

shift of Quinolone moiety rather than aromatic ring (holding –Cl) Protons has been 

observed but not that extent as in IC-2.  Considering all these experimental data, one 

can conclude that the extent of formation of IC using RB is much more prominent in 

case of HP-β-CD over β-CD. 

Two-dimensional (2D) NMR spectroscopy now-a-days has been extensively 

used to get some important information about the spatial proximity between host 

and guest molecule since two protons located closer than 4Å in space are expected 

to produce cross-peaks in ROESY spectra [29]. The 2D ROESY spectrum for the 

inclusion complex RB/β-CD (Fig. 8) showed the aromatic protons of RB have cross 

peaks to the H-3, and H-5 protons of β-CD, indicating the deep insertion of the 

benzene ring into the host cavity. Similarly, in case of RB/HP-β-CD also (Fig. 8), a 

cross peak has been observed between aromatic protons of RB and H-3 and H-5 

proton of the HP-β-CD as well as two distinct cross peaks with methine proton at δ 

4.92-4.93 (ppm) and methylene proton appeared at δ4.39-4.43 (ppm) which 



C H A P T E R  V I I                                                         

 

Zeitschrift für Physikalische Chemie | 2020, 1 (ahead-of-print)   

143 

indicate the insertion of aromatic ring and interaction of those protons with H-3 and 

H-5 proton of the host molecules.  

3.9 Scanning Electron Microscope (SEM) Study: 

SEM is an ideal method to visualize significant changes in the surface 

morphology of various substances such as host, guest as well as inclusion complex 

[30]. The SEM images of the samples are presented in Fig. 9. Pure Rebamipide 

appeared as needle shape crystal with small dimensions. The morphology revealed 

that β-CD appeared as rectangular shaped whereas HP-β-CD was appeared as spherical 

particles. After the formation of the RB/β-CD inclusion complex i.e, IC-1, surface 

morphology had been changed in different irregular shape in which the original 

morphology of both components disappeared and this comparison indicate the 

formation of the inclusion complex. However, when RB/HP-β-CD inclusion complex 

i.e, IC-2 was formed, some of the characteristic RB crystals were still present in the 

surface but shape of the surface morphology has been changed which indicate that 

inclusion complex was formed. 

3.10 Release behavior in different solvents and an enzyme: 

In case of IC-1, as simple hydrophobic interaction rather inclusion 

phenomena took place, fluorescence intensity was relatively high than IC-2 in Fig. 

10(a). And it was largest when EtOH+H2O used as a solvent may be due to formation 

of hydrogen bond between EtOH+H2O with β-CD and Guest (RB) was relatively free. 

But upon addition of enzyme, it started to interact with guest and consequently 

intensity got weaker (red line). However, when DMSO was used as a solvent, 

intensity went to decrease which possibly due to polar aprotic nature of the solvent 

(green line) as DMSO is not hydrogen bond donor. Again it was decrease more when 

enzyme was used in the solution mixture. 

Another important observation was that solvent as well as enzyme had a 

great impact on the binding capacity between host and guest in inclusion complex. 

When DMSO was used in case of IC-2 showing in Fig. 10(b), it has the largest 

fluorescence intensity (blue line) but when enzyme was added intensity got 



C H A P T E R  V I I  

Zeitschrift für Physikalische Chemie | 2020, 1 (ahead-of-print) 

 
144 

decreased. It may be due to binding of the enzyme with HP-β-CD so that guest 

molecule was unable to come out of the cavity (orange line). However, when same 

IC-2 was taken in EtOH+H2O co-solvent, intensity was also lower than that using 

DMSO solvent (grey line). Fluorescent intensity was lowest when enzyme was added 

in the same co-solvent (yellow line).Therefore, in all cases, it was found that DMSO 

was much more effective solvent that EtOH+H2O co-solvent. For higher soluble 

guest such as HP-β-CD, enzyme can be used for better binding availability. 

3.11 Sustained release nature of inclusion complexes: 

Just like other experiment in this research work, biological assessment has 

also been done in two different solvent. One is ethanol-water mixture (1:1) and the 

other one is DMSO. This work has been carried out with human salivary which 

contains α-amylase as an enzyme. It has been reported that α-amylase has the ability 

to hydrolyze water-soluble beta cyclodextrin at a slower rate compared with the 

corresponding unsubstituted beta cyclodextrin [31].  

The release of RB from the inclusion complexes were determined by 

fluorescence emission spectroscopy where excitation was done at 230 nm [32]. IC-1 

i.e. inclusion complex of RB/β-CD when dissolved in DMSO, its fluorescence intensity 

shown in Fig. 11, was gradually decreasing up to 3 hrs but 3 to 4 hrs there was a 

sharp increase which indicate that the guest molecule was released very quickly. 

However, with increase in time, intensity was again decreasing gradually. When 

enzyme was used in the same solution, similar nature of fluorescence curve was 

obtained but here intensity in that time gap 3 to 4 hrs was quite lower which may be 

due to interaction between enzyme and the host cyclodextrin molecules that inhibits 

to release from the host cavity. 

Similarly, when IC-1 dissolved in EtOH and water solvent mixture, there was 

a gradual decrease in the fluorescence intensity shown in Fig. 11, which probably 

due to the non release of the part of the guest molecule. All the spectra were shown 

in Fig. S3 of supporting information. It should be noted that solvent is highly polar in 
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nature where as aromatic part of the guest molecule is hydrophobic in nature. 

Hence, it preferred to stay inside the host. Again, same process had been carried out 

with ethanol-water with enzyme mixture. Result showed that there was a steep rise 

in the 1st hr but then intensity went down gradually which indicate that part of the 

RB guest molecule was still in the cavity of β-CD. So, all these facts suggest that 

RB/β-CD inclusion complex showed controlled release nature in DMSO solvent and 

DMSO with enzyme as well ethanol-water mixture with enzyme but not in case of 

ethanol-water mixture alone.  

In case of IC-2 i.e. inclusion complex of RB/HP-β-CD when dissolved in DMSO, 

somewhat similar release profile was observed as in case of IC-1. When enzyme was 

used in the same solution, similar nature of fluorescence curve was obtained which 

indicate that enzyme did not affect its release nature. 

Similarly, when IC-2 dissolved in EtOH and water solvent mixture, there was 

a gradual increase in the fluorescence intensity which probably due to the high 

release of the part of the guest molecule (Fig. 12). The spectra were shown in Fig. S4 

of supporting information. Although It should be noted that solvent is highly polar in 

nature where as aromatic part of the guest molecule is hydrophobic in nature but it 

may happen that when inclusion complex was adding in co-solvent, EtOH and H2O 

molecules got attached with Hydroxy propyl chain of the HP-β-CD and it open up its 

wider part of HP-β-CD.  Hence, it preferred to go outside the host. Again, same 

process had been carried out with ethanol-water with enzyme mixture. Result 

showed that there was no change in intensity which indicates that part of the RB 

guest molecule was still in the cavity of β-CD. So, all these facts suggest that RB/HP-

β-CD inclusion complex showed controlled release nature in DMSO solvent and 

DMSO with enzyme as well ethanol-water mixture but not in case of ethanol-water 

mixture with enzyme.  

4. CONCLUSIONS:  

In the present work, RB/β-CD and RB/HP-β-CD complexes with greater 

water solubility were successfully prepared. The FT-IR, DSC, 1H NMR, and SEM 
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results confirmed the formation of the RB/β-CD and RB/HP-β-CD inclusion 

complexes. Job’s plot confirmed the 1:1 stoichiometry of the guest and host 

molecules. The high association constant (Ka) value obtained by RB/HP-β-CD 

complex suggests that the inclusion complexes formed between RB and HP-β-CD 

showed greater interaction than RB/β-CD inclusion complex. 1H-NMR confirmed the 

above statement by revealing the greater upfield shift of H3 & H5 proton in case of 

HP-β-CD. Conductance study revealed that Rebamipide molecules tend to aggregate 

in presence of β-CD and HP-β-CD in different solvents. 2D-NMR indicates that 

aromatic nucleus has been inserted into the cavity of β-CD and aromatic rings as 

well as methine and methylene group have been inserted into the cavity of HP-β-CD 

molecules. Finally, from the released kinetics study, it revealed that both β-CD and 

HP-β-CD inclusion complexes are a promising strategy for making it sustained 

release of the guest molecule. This study enriches the field the supramolecular 

construct and may find various applications in biology as well as therapeutic and 

analytical chemistry. 

AUTHOR INFORMATION 

Corresponding Author 

E-mail: mahendraroy2002@yahoo.co.in 

Notes 

The authors declare no conflict of interest 

Acknowledgements: 

This work was supported by the University of North Bengal, Department of 

Chemistry. The authors are grateful to UGC SAP, INDIA as well as State fellowship, 

Ref. No. 600/R-2018 for funding support. We would also like to acknowledge Mr. 

Gautam Sarkar, Head, In-charge, USIC, NBU for taking SEM photograph. 

  



C H A P T E R  V I I                                                         

 

Zeitschrift für Physikalische Chemie | 2020, 1 (ahead-of-print)   

147 

TABLES 

Complex T(K) ΔG KJ mol-1 ΔH⁰/kJ mol-1 ΔS⁰/J mol-1 K-1 

 
298.15 -25.141 

  
RB/β-CD 303.15 -25.087 -28.344 -10.742 

 
308.15 -25.033 

  
Table 1a: Energy values of RB/β-CD inclusion Complexation  

 

 

Complex T(K) ΔG KJ mol-1 ΔH⁰/kJ mol-1 ΔS⁰/J mol-1 K-1 

 
298.15 -26.277 

  
RB/HP-β-CD 303.15 -25.660 -63.09 -123.47 

 
308.15 -25.043 

  
Table 1b: Energy values of RB/HP-β-CD inclusion Complexation 

 

 

β-CD protons Free β-CD δ (ppm) IC-1 δ (ppm) Δδ (ppm) 

H1 5.71-5.78 5.71-5.78 0.00 

H2 3.29-3.32 3.34 - 

H3 3.65 3.74 0.09 

H4 3.33-3.37 3.29-3.31 - 

H5 3.61 3.65 0.04 

H6 3.63 3.62 -0.01 

Table 2a: 1H-NMR Chemical shift data of free β-CD and its variation in complex 

  

HP-β-CD protons Free HP-β-CD  
δ (ppm) 

IC-2 δ(ppm) Δδ (ppm) 

H1 5.01 4.93 0.08 
H2 3.23 - - 
H3 3.78 3.71 -0.07 
H4 3.13 - - 
H5 3.55 3.51 -0.04 
H6 3.49 3.48 0.01 
Me 0.99 1.12                 -0.13 

Table 2b: 1H-NMR Chemical shift data of free HP-β-CD and its variation in complex  
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Pure Rebamipide 
 

RB In IC-1 RB in IC-2 

8.94-8.96 (d, 1H, J = 8Hz, 
aliphatic −NH−CO)  

8.81-8.83 (d, 2H, J = 8Hz, 
aliphatic −NH−CO) 

8.50-8.52 (d, 2H, J = 8Hz, 
aliphatic NH-CO)  

7.80-7.82 (d, J = 8Hz, 2H, 
Arm H of benzene moiety)  

7.82-7.84 (2H, J = 8Hz, Arm 
H of benzene moiety) 
 

7.72-7.74 (d, 2H, J = 8Hz, 
Arm H of benzene moiety)  

7.65-7.67 (d, J = 8Hz, 2H, 
Arm H of benzene moiety)  

7.75-7.77 (2H, J = 8Hz, Arm 
H of benzene moiety) 

__ 

7.43-7.46 (d, 2H, Arm H of 
quinolone moiety) 

7.47-7.51 (2H, Arm H of 
quinolone moiety) 

__ 

7.49-7.53 (t, Arm H of 
quinolone moiety) 

7.31-7.29(d, Arm H of 
quinolone moiety) 

__ 

7.24-7.32 (m, 2H, Arm H of 
quinolone moiety)  

7.21-7.25 (2H, Arm H of 
quinolone moiety) 

__ 

6.47 (d, 1H, H adjacent to 
C=O group)  

6.43 (1H, H adjacent to C=O 
group) 

__ 

4.68-4.74 (m, methine H)  
  

4.63 (S, methine H) 4.92-4.93 (m, methine H)  

4.24 (S, 1H, -CH2-)  
 

__ 4.39-4.43 (S, 1H, -CH2-) 

3.47-3.51 (d, 1H, -CH(H)-, 
geminal)  

__ __ 

3.17-3.23 (t, 1H, -CH(H)-, 
geminal)  

__ __ 

Table 2c: 1H-NMR Chemical shift data of free RB and its variation in complex  

 

Vol. of  
β-CD 
(ml) 

Total 
Vol.(ml) 

Conc. Of 
Rebamipide(mM) 

Conc. Of β-
CD(mM) 

Conc. Ratio of 
RB 

& β-CD 
Conductivity 

(μS/ppm) 

0 10 10 0 0 1.58 
1 11 9.0909 0.9091 0.1000011 1.6 
2 12 8.333 1.667 0.200048002 1.62 
3 13 7.692 2.308 0.300052002 1.64 
4 14 7.142 2.858 0.40016802 1.67 
5 15 6.666 3.334 0.500150015 1.69 
6 16 6.25 3.75 0.6 1.7 
7 17 5.882 4.118 0.700102006 1.73 
8 18 5.555 4.445 0.800180018 1.75 
9 19 5.263 4.737 0.900057002 1.76 

10 20 5 5 1 1.77 
11 21 4.761 5.239 1.100399076 1.77 
12 22 4.545 5.455 1.200220022 1.77 

Table S1. Conductance of RB with β-CD in DMSO 
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Vol. of  
HP-β-CD(ml) Total Vol.(ml) Conc. Of Rebamipide(mM) 

Conc. Of  
HP-β-CD(mM) 

Conc. Ratio of 
RB & HP-β-CD Conductance(μS/ppm) 

0 10 10 0 0 1.58 

1 11 9.0909 0.9091 0.1000011 2.57 

2 12 8.333 1.667 0.200048002 3.18 

3 13 7.692 2.308 0.300052002 3.8 

4 14 7.142 2.858 0.40016802 4.24 

5 15 6.666 3.334 0.500150015 4.46 

6 16 6.25 3.75 0.6 4.87 

7 17 5.882 4.118 0.700102006 5.14 

8 18 5.555 4.445 0.800180018 5.3 

9 19 5.263 4.737 0.900057002 5.56 

10 20 5 5 1 5.72 

11 21 4.761 5.239 1.100399076 5.9 

12 22 4.545 5.455 1.200220022 6.04 

13 23 4.347 5.653 1.300437083 6.17 

14 24 4.166 5.834 1.400384061 6.34 

15 25 4 6 1.5 6.43 

16 26 3.846 6.154 1.600104004 6.54 

17 27 3.7 6.3 1.702702703 6.58 

18 28 3.5714 6.4286 1.8000224 6.59 

Table S2. Conductance of RB with HP-β-CD in DMSO 

 

 

RB 
(ml) 

β-CD 
(ml) 

RB 
(μM) 

β-CD 
(μM) 

[RB] 
/([RB]+[ β-CD]) Absorbance(A) ΔA ΔA*[RB]/([RB]+[ β-CD]) 

4 0 100 0 1 2.0966506 0 0 

3.6 0.4 90 10 0.9 1.89721632 0.19943428 0.179490852 

3.2 0.8 80 20 0.8 1.686665535 0.409985065 0.327988052 

2.8 1.2 70 30 0.7 1.486929359 0.609721241 0.426804869 

2.4 1.6 60 40 0.6 1.218173504 0.878477097 0.527086258 

2 2 50 50 0.5 1.065342903 1.031307697 0.515653849 

1.6 2.4 40 60 0.4 0.842918396 1.253732204 0.501492882 

1.2 2.8 30 70 0.3 0.631968498 1.464682102 0.439404631 

0.8 3.2 20 80 0.2 0.408406258 1.688244343 0.337648869 

0.4 3.6 10 90 0.1 0.187841415 1.908809185 0.190880919 

0 4 0 100 0 0.096532165 2.000118435 0 

Table S3. Job plot of RB with β-CD in 50% aqueous ethanol 
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RB 
(ml) 

HP-β-CD 
(ml) RB (μM) HP-β-CD (μM) 

[RB]/ 
([RB]+[HP-β-CD]) 

Absorbance 
(A) ΔA 

ΔA* 
[RB]/([RB]+[HP-β-CD]) 

4 0 100 0 1 2.137899876 0 0 

3.6 0.4 90 10 0.9 1.840091705 0.29780817 0.268027353 

3.2 0.8 80 20 0.8 1.671793938 0.466105938 0.37288475 

2.8 1.2 70 30 0.7 1.445265293 0.692634583 0.484844208 

2.4 1.6 60 40 0.6 1.229182243 0.908717632 0.545230579 

2 2 50 50 0.5 1.007203579 1.130696297 0.565348148 

1.6 2.4 40 60 0.4 0.805520058 1.332379818 0.532951927 

1.2 2.8 30 70 0.3 0.635123253 1.502776623 0.450832987 

0.8 3.2 20 80 0.2 0.403303146 1.734596729 0.346919346 

0.4 3.6 10 90 0.1 0.19769001 1.940209866 0.194020987 

0 4 0 100 0 0.3713801 1.766519776 0 

Table S4. Job plot of RB with HP-β-CD in 50% aqueous ethanol 

 

 

RB 
(ml) 

β-CD 
(ml) 

RB 
(μM) 

β-CD 
(μM) 

[RB] 
/([RB]+[ β-CD]) Absorbance(A) ΔA 

ΔA*[RB] 
/([RB]+[ β-CD]) 

4 0 100 0 1 1.194057941 0 0 

3.6 0.4 90 10 0.9 1.085681915 0.108376026 0.097538424 

3.2 0.8 80 20 0.8 1.020839863 0.173218079 0.138574463 

2.8 1.2 70 30 0.7 0.986588001 0.20746994 0.145228958 

2.4 1.6 60 40 0.6 0.943848133 0.250209808 0.150125885 

2 2 50 50 0.5 0.882666645 0.311391296 0.155695648 

1.6 2.4 40 60 0.4 0.848176346 0.345881596 0.138352638 

1.2 2.8 30 70 0.3 0.770879688 0.423178253 0.126953476 

0.8 3.2 20 80 0.2 0.707821369 0.486236572 0.097247314 

0.4 3.6 10 90 0.1 0.730592728 0.463465214 0.046346521 

0 4 0 100 0 0.810363293 0.383694649 0 

Table S5. Job plot of RB with β-CD in DMSO 
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RB 
(ml) 

β-CD 
(ml) 

RB 
(μM) 

β-CD 
(μM) 

[RB] 
/([RB]+[β-CD]) Absorbance(A) ΔA 

ΔA* 
[RB]/([RB]+[β-CD]) 

4 0 100 0 1 0.949682236 0 0 

3.6 0.4 90 10 0.9 0.880939331 0.068742905 0.061868614 

3.2 0.8 80 20 0.8 0.846073151 0.103609085 0.082887268 

2.8 1.2 70 30 0.7 0.764143639 0.185538597 0.129877018 

2.4 1.6 60 40 0.6 0.620417118 0.329265118 0.197559071 

2 2 50 50 0.5 0.532864571 0.416817665 0.208408833 

1.6 2.4 40 60 0.4 0.451699257 0.497982979 0.199193192 

1.2 2.8 30 70 0.3 0.426976852 0.522705383 0.156811615 

0.8 3.2 20 80 0.2 0.359044075 0.590638161 0.118127632 

0.4 3.6 10 90 0.1 0.305735111 0.643947124 0.064394712 

0 4 0 100 0 0.37138 0.578302236 0 

Table S6. Job plot of RB with HP-β-CD in DMSO 

 

 

temp 
/K 

[RB] 
/μM 

[β-CD] 
/μM A˳ A ∆A 1/[β-CD]/M-1 1/∆A 

Intercept Slope Association 
Constant(Ka) 

 
50 30 1.0614 1.1122 0.0508 33333.33 19.68504    

 
50 40 1.0614 1.1259 0.0645 25000 15.50388    

298.15 50 50 1.0614 1.1318 0.0704 20000 14.20455 7.2887 0.0003574 2.03 × 104 

 
50 60 1.0614 1.1372 0.0758 16666.67 13.19261    

 
50 70 1.0614 1.1388 0.0774 14285.71 12.9199    

        

   

 
50 30 1.0561 1.0864 0.0303 33333.33 33.0033    

 
50 40 1.0561 1.0892 0.0331 25000 30.21148    

303.15 50 50 1.0561 1.0936 0.0375 20000 26.66667 16.7536 0.0005015 3.34 × 104 

 
50 60 1.0561 1.0961 0.04 16666.67 25    

 
50 70 1.0561 1.0983 0.0422 14285.71 23.69668    

        

   

 
50 30 1.0418 1.0584 0.0166 33333.33 60.24096    

 
50 40 1.0418 1.0597 0.0179 25000 55.86592    

308.15 50 50 1.0418 1.0645 0.0227 20000 44.05286 18.4714 0.00132 1.39  × 104 

 
50 60 1.0418 1.0674 0.0256 16666.67 39.0625    

 
50 70 1.0418 1.0688 0.027 14285.71 37.03704    

Table S7. Calculation of Association of RB/β-CD in ethanolic solution 

 

 



C H A P T E R  V I I  

Zeitschrift für Physikalische Chemie | 2020, 1 (ahead-of-print) 

 
152 

 

[RB] 
/μM 

[HPβCD] 
/μM A˳ A ∆A 

1/[HPβCD] 
/M-1 1/∆A 

Intercept Slope Association 
Constant(Ka) 

50 30 1.0561 1.0819 0.0258 33333.33 38.7596899    

50 40 1.0561 1.0852 0.0291 25000 34.3642612    

50 50 1.0561 1.0875 0.0314 20000 31.8471338 17.6995 0.000648 2.73 ×104 

50 60 1.0561 1.0916 0.0355 16666.66 28.1690141    

50 70 1.0561 1.0942 0.0381 14285.71 26.2467192    

       
   

50 30 1.0614 1.0735 0.0121 33333.33 82.6446281    

50 40 1.0614 1.0747 0.0133 25000 75.1879699    

50 50 1.0614 1.0752 0.0138 20000 72.4637681 52.4352 0.000916 5.72 × 104 

50 60 1.0614 1.0763 0.0149 16666.66 67.114094    

50 70 1.0614 1.0768 0.0154 14285.71 64.9350649    

       
   

       
   

50 30 1.0718 1.0811 0.0093 33333.33 107.526882    

50 40 1.0718 1.0827 0.0109 25000 91.7431193    
50 50 1.0718 1.0843 0.0125 20000 80 28.6933 0.00243 1.18 × 104 
50 60 1.0718 1.0864 0.0146 16666.66 68.4931507    
50 70 1.0718 1.0882 0.0164 14285.71 60.9756098    

Table S8. Calculation of Association of RB/HP-β-CD in ethanolic solution 
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FIGURES 

 

Figure1. Plot of Molar Conductance ( ) against concentration of (a) β-

Cyclodextrin added in 10mM for Rebamipide in DMSO solution at 308.15K and (b) 

HP-β-Cyclodextrin in 10mM for Rebamipide in DMSO at 308.15K. 

 

 

Figure2: Job plot of RB/β-CD and RB/HP-β-CD systems in 50% ethanol at 298.15K 

(above) RB/β-CD and RB/HP-β-CD systems in pure DMSO at 298.15K (below) 
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Figure 3a: Variation of UV-vis spectra in different micromolar concentration of -

CD and RB in 50% ethanolic solution at 298.15K 

 
 
 

 

 
 

Figure 3b: Variation of UV-vis spectra in different micromolar concentration of 

HP--CD and RB in 50% ethanolic solution at 298.15K 
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Figure 4: 3D graphical representation of association constant value of (a) RB/β-CD  

and (b) RB/HP-β-CD in aqueous ethanolic solution at three different 

temperatures 
 

  

Figure 5: FT-IR spectra of (a) RB, (b) β-CD, (c) HP-β-CD, (d) inclusion complex of 

RB/ β-CD and (e) inclusion complex of RB/ HP-β-CD.  
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Figure 6: DSC thermograms of (a) β-CD, (b) HP-β-CD, (c) RB, (d) IC-1 and (e) IC-2. 
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Figure 7a: 1H-NMR spectra of (a) RB (b) β-CD and (c) RB/ β-CD (IC-1) inclusion 

complex 
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Figure 7b: 1H-NMR spectra of (a) RB (b) HP-β-CD and (c) RB/ HP-β-CD (IC-2) 

inclusion complex.  
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Figure 8: 2D ROESY spectra of IC-1 (left) & IC-2 (Right) 

 

 

 

Figure 9: SEM microphotograph of RB, β-CD, HP-β-CD, IC-1 and IC-2 respectively. 
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Figure 10: variation in fluorescence intensity of (a) RB in β-CD in EtOH+H2O 

without enzyme (blue) and with enzyme (red) and in DMSO without enzyme 

(green) and with enzyme (yellow) 

(b) RB in HP-β-CD in EtOH+H2O without enzyme (blue) and with enzyme (red) and 
in DMSO without enzyme (green) and with enzyme (yellow) 

 

  

Figure 11: Variation in fluorescence intensity versus time of IC-1 in various 

solvent systems 
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Figure 12: Variation in fluorescence intensity versus time of IC-1 in various 

solvent systems 

 

 

Figure S1: Plot of association constant for RB/β-CD in ethanolic solution at 

three different temperatures 
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Figure S2: Plot of association constant for RB/HP-β-CD in ethanolic solution at 

three different temperatures 

 

 

 

Figure S3: Variation in fluorescence intensity versus wavelength (nm) of IC-1 in 

various solvent systems 
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Figure S4: Variation in fluorescence intensity versus wavelength (nm) of IC-2 in 

various solvent systems 
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SCHEMES 

 

Scheme 1: Structures of rebamipide, β-CD and HP-β-CD 

 

 

Scheme 2: Schematic representation of cyclodextrin molecules forming inclusion 

complex with rebamipide guest 
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CHAPTER VIII 

EXPLORING THE INCLUSION COMPLEX OF A DRUG 

(UMBELLIFERONE) WITH α-CYCLODEXTRIN OPTIMIZED BY 

MOLECULAR DOCKING AND INCREASING BIO-AVAILABILITY WITH 

MINIMIZING THE DOSES IN HUMAN BODY 
________________________________________________________________ 

ABSTRACT 

In this study, umbelliferone and α-cyclodextrin host molecules have been 

mixed up through a coprecipitation method to prepare a supramolecular complex to 

provide physical insight into the formation and stability of the inclusion complex 

(IC). The prepared hybrid was characterized by 1H nuclear magnetic resonance (1H 

NMR), Fourier transform Infrared (FTIR) spectroscopy, electrospray ionization (ESI) 

mass spectrometry, DSC and fluorescence spectroscopic studies. Job’s plot provides 

a stoichiometric ratio of 1:1 and the Benesi-Hildebrand double reciprocal plot gives 

binding constant values using fluorescence spectroscopic titrations and the 

electrospray ionization (ESI) mass data supports the experimental observation. The 

results of molecular modeling were systematically analyzed to validate the inclusion 

complexation. In preliminary computational screening, α-cyclodextrin IC of 

umbelliferone was found to be quite stable based on docking score, binding free 

energies and dynamic simulations. In addition, the results obtained from 1H NMR 

and FTIR spectroscopy studies supported the inclusion complexation phenomenon. 

The results obtained from computational studies were found to be consistent with 

the experimental data to ascertain the encapsulation of umbelliferone into α-

cyclodextrin. 

1. INTRODUCTION: 

In recent years, skin allergy and different carcinogenesis, such as basal and 

squamous cell carcinomas and malignant melanoma have become some of the most 

important health issues because of extensive exposure to sunlight as well as 

ultraviolet (UV) radiation [1,2]. To tackle this problem, various UV-absorbing agents 
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have been introduced as the formulation in cosmetics industries [3]. It is important 

to keep in mind that the overall impact of biologically active ingredients through 

cosmetics with multiple product usage over a day in the skin has to be sufficiently 

low with a minimum side effect. Nowadays, sunscreen ingredients are produced by 

various metal nanoparticles (predominantly ZnO and TiO2 nanoparticles) for active 

UVA and UVB protection of skin, which absorb, reflect, and scatter UV radiation, 

along with other organic molecules as UV absorbers, for example, avobenzone and 

sulisobenzone [4,5]. However, there is an increasing concern regarding the adverse 

health and environmental effects of these sunscreen ingredients and therefore, 

various researchers already have started to find safer alternatives, for example, by 

surface coating of hazardous nanomaterials with silica layers or by enclosing 

different organic UV absorbers within the framework of organosilica nanoparticles 

[6]. The loaded UV filter molecules encapsulated in a supramolecular matrix could 

be easily synthesized and dispersed so that they can be shielded from constant 

damage by an external mechanical force [7]. 

Owing to their wide range of photostability, excellent photosensitivity, and 

high color strength, organic dyes have attracted significant interest and been widely 

used in textiles, paints, inks, electronic devices and metal oxide (TiO2) photocatalysis 

[8,9]. Coumarin belongs to a chemical class of benzopyrones, which includes further 

naturally occurring derivatives, such as umbelliferone (7-hydroxy coumarin), 

aesculetin (6, 7-dihydroxycoumarin), or herniarin (7-methoxy coumarin), showing a 

wide variety of potential biological activities, for example, lipid-lowering ability, 

anticarcinogenic agents, and HIV-inhibition activity [10,11]. The odor-fixing 

properties and sweet, warm, vanilla-like scent of coumarin making it a promising 

synthetic fragrance component or a natural ingredient of various essential oils and 

plant extracts, such as sweet woodruff, Tonka, or lavender, in a large number of 

cosmetic products [12,13]. 

UMB, a coumarin based molecule, has been extensively used as a sunscreen 

agent in cosmetics and optical brighteners in textiles [14]. UMB is a 7-

hydroxycoumarin that is a pharmacologically active agent and shows antidiabetic, 
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antihyperlipidemic, antioxidant, anti-inflammatory and free radical scavenging 

activities [15,16]. UMB has been generally introduced as the initial starting material 

for the preparation of more complex coumarin derivatives and is widely used as a 

synthon for a wider variety of coumarin-heterocycles with potential biological 

activity [17]. 

Cyclodextrins are well known cyclic oligosaccharides consisting of six, seven, 

or eight α-(1–›4)-D-glucoside moieties, giving rise to α-, β-, and γ-CDs, respectively 

[18-20]. Owing to their non-toxic nature and complexation ability, CDs are generally 

regarded as safe and have received widespread attention for application in food, 

agriculture, cosmetics, and pharmaceutical industries [21-23]. Recently, various 

works have been carried out with different organic UV-absorbing agent with 

cyclodextrins, for example, Mori et al. [24] shown that octylmethoxy cinnamate 

(OMC) and avobenzone have been formulated with different cyclodextrins into 

cosmetic sunscreens. These kind of chemical modifications through supramolecular 

complexation possibly will enhance the substance concentration in the upper skin 

layers by reducing its percutaneous penetration. Previously, a similar kind of 

inclusion complexation studies has been done by Meltida and Kumari and Wang et 

al. with UMB and βCD as well as HP-α-CD [25,26]. Herein, we have designed three 

different inclusion complexes and thereafter, different kinds of characterization 

techniques have been applied to check the formation of the inclusion complex. In 

this study, we report the synthesis and characterization of UMB+αCD inclusion 

complex and our main objective was to determine the influence of complexation 

with αCD in improving thermal stability as well as photostability (Scheme 1). 

2. EXPERIMENTAL SECTION: 

2.1 Materials: 

Both UMB and α-cyclodextrin were obtained from Sigma-Aldrich Pvt. Ltd 

(India). All reagents were of analytical-reagent grade and were used without further 

purification (Table S1). Doubly distilled water was used in all experiments. 
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2.2 Instruments: 

All the fluorescence titrations were carried out on a bench top 

spectrofluorimeter from Photon Technologies International (PTI) Quanta master-

40, USA. Solution state NMR experiments were performed on a Bruker Avance DRX 

400 NMR spectrometer operating at 400 MHz for obtaining 1H-NMR spectra. Fourier 

transform infrared (FTIR) spectra were obtained using a PerkinElmer spectrometer 

with a resolution of 4 cm−1. All DSC spectra were recorded using a PerkinElmer Pyris 

DSC 6 with 1.2 mg of sample in all cases by heating in the range of 30–300°C at a rate 

of 10°C/min under a N2 gas flow of 40 mL/min. All samples were prepared with 

spectroscopic grade KBr, which constituted a 100:1 ratio with respect to the total 

sample. 

2.3 Sample preparation: 

The inclusion complexation of UMB with αCD was prepared by applying 

coprecipitation method [27]. A solution of αCD (1.38 g) and UMB (0.2 g) prepared in 

25 mL of double distilled water in 1:1 molar ratio and stirred at 55⁰C temperature 

for 48 hrs. The resulting clear solution was evaporated to dryness and it was 

collected. Then, the white precipitate was filtered cautiously and washed with 

minimum amount ethanol and water to eliminate uncomplexed UMB and αCD. The 

resulting precipitate was then dried in a hot air oven at 50 °C for 12 hrs. The 

obtained inclusion complex was kept in a desiccator prior to analysis. 

2.4 Preparation of 3D-structures of Umbelliferone and α-cyclodextrin: 

The crystal structures of UMB (CCDC code: 1139276) and αCD (CCDC code: 

125105) were collected from Cambridge Crystallographic Data Centre (CCDC). The 

missing hydrogen atoms and atomic charges to CDs as well as UMB were added and 

energy minimization was carried out with force field MMFF94x and gradient 0.05 

Kcal.mol-1.Å-1 using MOE.2015 software [28]. These structures were used as a 

starting point to perform the computational studies. 
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2.5 Molecular Docking and simulation: 

In supramolecular chemistry, molecular docking is a computational process 

of searching for a guest that is able to fit both geometrically and energetically in the 

cavity of host moiety [28, 29]. This is a process by which two molecules fit together 

in 3D space. The aim of docking is to predict the predominant binding mode for a 

guest with a host of known three-dimensional structure. An established docking 

protocol for host-guest system implemented in MOE was applied. The docking was 

carried out with the default parameters i.e., with the triangle matcher method and 

ordered with the London ΔG scoring function. The top five produced poses were 

ranked as per their docking scores and saved in a separate database file in a .mdb 

format. The build-in scoring function of MOE, S-score, was used to predict the 

binding affinity (kcal.mol-1) of the optimized structure of inclusion complex. 

3. RESULTS AND DISCUSSION: 

3.1 Job’s Plot: 

A very reliable continuous variation method also known as Job’s plot was 

performed in order to validate the stoichiometry of the inclusion complex [30]. The 

sum of the concentrations of both components was kept constant ([UMB]+[αCD] = 

1.0 × 10−4 M) and the molar fraction of UMB (R = [UMB]/([UMB]+[αCD])) varied 

from 0.0 to 1.0 (Table S2). In order to calculate the stoichiometry, the fluorescence 

emission intensity variations (F) of UMB were plotted versus the molar fraction (R) 

[31]. Figure 1 illustrates the continuous variation spectra for the αCD/umbelliferone 

system examined by fluorescence titrations. 

The plot observed in Figure 2 showed the maximum at a molar fraction of 

about 0.5, indicating that the stoichiometry of the complex UMB+αCD was 1:1 in 

agreement with the linear plot obtained from Benesi-Hildebrand method. 
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3.2 Association Constant Calculations: 

The stoichiometry and formation constant of UMB and αCD complex was 

studied by using fluorescence emission titration [32]. Association constants (Ka) of 

host-guest inclusion complexes were calculated using the modified Benesi-

Hildebrand equation (eq. 1) from fluorescence experimental data. The addition of α-

cyclodextrin to an aqueous solution of UMB resulted in decrease of the measured 

fluorescence intensity. The fluorescence signal of UMB is highly sensitive to the 

addition of the αCD solution. 

𝟏

𝑭𝑶−𝑭
=  

𝟏

(𝑭𝑶−𝑭𝒎𝒂𝒙)×𝑲𝒂×[𝑪𝑫]𝒏 +  
𝟏

𝑭𝑶−𝑭𝒎𝒂𝒙
             ...... (1) 

Where F and Fo denote the fluorescence intensity of UMB on adding αCD and 

pure UMB, respectively. Fmax is the saturation fluorescence intensity. Ka is the 

association constant obtained by dividing intercept by slope. n is the binding 

stoichiometry between αCD and UMB. 

The binding constant of the complexes assumed with the use of eq. 1 can be 

verified by plotting the double reciprocal plot of 1/(Fo−F) versus 1/[αCD] (Table 

S3); this plot will be linear in the case of 1:1 complexation, but will be curved if 

higher order complexes occur [33]. Figure 3 shows the double reciprocal plot, 

demonstrating the highly linear plot, with R2 = 0.9992, confirming 1:1 complexation 

for this αCD. 

Figure 4 depicts the fluorescence spectra of UMB with increasing 

concentration of αCD. There is a decrease in the fluorescence intensity of UMB with 

αCD addition, indicating the formation of an inclusion complex between UMB and 

αCD. From this fluorescence titration, we had estimated the binding constant shown 

in Table 1, using the intercept and slope, it was found to be 6.86×103 M-1 at 298.15 K 

and Gibbs free energy was 5.21 Kcal.mol-1. 
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3.3 FTIR Spectral Analysis: 

The solid inclusion complex formation is analyzed by FTIR spectroscopy. 

FTIR spectroscopy is used to confirm the formation of the solid inclusion complex by 

considering the deviation of peak shape position and intensity [34]. The figure 5 

depicts all the spectra of pure UMB, αCD and the UMB+αCD inclusion complex. The 

FTIR spectrum of pure UMB disclosed typical absorption bands at 3177 cm-1 for 

phenolic (-O-H stretching), 1603 cm-1 for (C=O stretching), 1684, 1567 and 1510 cm-

1 for (aromatic C=C stretching), and 1319 cm-1 and 1135 cm-1 for (C-O-C stretching) 

[35]. In case of αCD, stretching vibration of O-H at 3398 cm-1, stretching vibration of 

–C-H from –CH2 at 2926 cm-1, bending vibration of –C-H from –CH2 and bending 

vibration of O-H and C-O-C at 1416 and 1154 cm-1, respectively, were found. 

Stretching of C-C-O and skeletal vibration involving α-1,4 linkage at 949 cm-1 

appeared at 1129 cm-1 [36]. When, the UMB+αCD inclusion complex is formed, -O-H 

bond-stretching frequency observed of the hydroxyl group of cyclodextrin was 

observed at 3394 cm-1, the C=0 group of lactone moiety got shifted to 1706 cm-1, the 

phenolic O-H part of UMB observed in pure guest at 3177 cm-1 has been diminished, 

and aromatic C=C stretching vibrations that appeared at 1684, 1567 and 1510 cm-1 

in pure UMB are absent after inclusion complexation (Table S4). From the above 

data, it can be concluded that aromatic part of umbelliferone has been inserted into 

the cavity of α-cyclodextrin. 

3.4 1H-NMR Studies: 

The 1H NMR spectra of UMB, αCD and the inclusion complex (in D2O) were 

shown in Figure 6. In the spectrum of the UMB+αCD inclusion complex, appreciable 

chemical shift changes were observed for protons of UMB as well as αCD in inclusion 

complex with respect to the spectra of the free UMB and αCD, respectively. The 

chemical shifts of the αCD protons in the absence and presence of UMB are listed in 

Table 2. From the spectra, it is observed that changes in the signals of H-1, H-2 and 

H-4 protons on the outer surface of αCD are negligible with Δδ values of −0.00, −0.03 

and −0.04 respectively. However, complexation of a hydrophobic guest causes 
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significant chemical shift changes of H-3 and H-5 protons that are present in the 

inner cavity of αCD [37, 38] and in this case it was found to be an upfield shift of -

0.10 and -0.06 ppm for H-3 and H-5 protons, respectively. It is to be mentioned that 

the chemical shift variation for H-3 was higher than that for H-5 after the formation 

of the inclusion complex. 

To further explore the possible inclusion mode of UMB+αCD, we compared 

the 1H NMR spectrum of UMB in the absence and presence of αCD [39]. Chemical 

shift changes for different protons in UMB with the inclusion complex are listed in 

Table 2. Here it is observed that aromatic protons such that H-5, H-6 and H-8 are 

highly upfield shifted and found to be -0.09, -0.011 and -0.07 respectively. Based on 

these 1H-NMR results, we deduced the aromatic group of UMB deeply inserted into 

the cavity of αCD and the possible inclusion modes for the UMB+αCD complex are 

illustrated in scheme 2. 

3.5 DSC Analysis: 

A further insight into the interaction of host, guest and complexed state can 

be assigned via the DSC study [40]. A shift or change in the intensity of peak or 

disappearance of melting, boiling, and sublimation points is observed in DSC curves 

because of the inclusion of a drug in cyclodextrin. Thermogram for pure UMB 

{Figure 7a} exhibited a single endothermic peak in the temperature range of 30⁰C to 

300⁰C [41, 42]. The peak appeared at around 233°C was sharp and strong. 

Formation of this peak indicates the purity as well as crystalline character of UMB. 

Whereas, in case of αCD, an endothermic peak appeared at around 108⁰C, which 

corresponding to the release of water molecules bound with different energy in the 

cavity of cyclodextrin {Figure 7b}. When inclusion complex was formed, the peak 

appeared at 233⁰C in pure UMB got slightly shifted to the higher temperature of 

244⁰C {Figure 7c}. Therefore, from the comparison of the above three thermograms 

and their shifted peaks, it was elucidated that some weak interactions, which could 

be hydrogen bonding, van der Waals, or electrostatic interactions, occurred between 

UMB and αCD. 
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3.5 ESI-MS Studies: 

A suitable estimation of the relative gas phase stabilities of the inclusion 

complex was evaluated by electrospray ionization mass spectrometry ESI-MS [43]. 

In Figure S1, the peaks observed at m/z 681.56 and 1135.96 and 1157.99 are related 

to molecular ion peak and [UMB+αCD+H]+ and [UMB+αCD+Na]+ respectively [44]. 

As can be seen from this figure, in the positive mode there are peaks centered at m/z 

1157.99 (Table 3, Figure S1) which clearly denote the formation of the singly 

charged ions of the [UMB+αCD+Na]+ complex. 

3.6 Molecular Docking Studies: 

In recent years, the molecular docking has been extensively used to predict 

the bound conformations of CD and various drug molecules [45]. The docking has 

been carried out for five different poses as shown in Figure 8. Docking results 

revealed the structural orientation of UMB inside the cavity of αCD as well as the 

lowest energy structure of UMB+αCD inclusion complex [46]. 

The computationally calculated binding affinity of the first five energy 

conformers of the UMB+αCD inclusion complex were −3.60, −3.59, −3.47, -3.42, and -

3.42 Kcal.mol-1 respectively, which were very near to the experimentally measured 

values (Table 4). Docking results demonstrate that the UMB is not completely 

embedded into the αCD cavities in all poses because of its small cavity size. For the 

first two poses i.e, Figure 9a,b, the binding affinity was quite similar and the change 

was about 0.01 kcal.mol-1. In the first pose, lactone moiety was located at the wider 

side of the αCD cavities but in the second case, aromatic part came closer to the 

wider side of αCD cavity, which was also supported by various spectroscopic 

methods, such as, 1H-NMR, FTIR and so forth. However, in this work, only five 

conformations of optimized inclusion complexes based on their binding affinity have 

been studied and showed. If someone closely looks at the five conformations, it can 

be observed that Figure 8d,e are the conformations with least binding affinity and 

subsequently are not being encapsulated in the cavity of αCD. Therefore, the 
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molecular docking and free energy calculation results suggested that UMB bound to 

αCD through both hydrophobic and electrostatic interactions. 

3.7 Potential Energy Calculation of the Inclusion Complex: 

Potential energy calculations were carried out in order to obtain some 

information about the geometry and stability of the host–guest complex and to find 

the intermolecular interaction in αCD and UMB inclusion complexation [47]. ΔE of 

the complexation was calculated for the minimum energy mode according to eq. (2) 

and the data of EComplex, EHost + EGuest, ΔE were listed in Table 4. This potential energy 

term (E) is actually a summation of various different energy terms and can be stated 

as eq. (3). 

ΔE = EComplex-(EHost + EGuest).......................... (2) 

E= Estr+Eang+Estb+Eoop+Etor+Evdw+Eele+Esol..................... (3) 

Where, Estr, Eang, Estb, Eoop, Etor, Evdw, Eele, Esol are potential energy components 

for bond stretching, bond angle, stretching bending, out of plane bending, dihedral 

torsional, van der Waals, electrostatic, and solvation energies, respectively [48]. 

The energies of the complex and its different components are summarized in 

Table 5 and S5. As seen from the table, all the other energy components are 

unaltered but it is the van der Waals (∆EvdW) and electrostatic (∆Eele) energies that 

are responsible for the complexation. The host-guest complexation in gas phase is 

driven predominantly by vdW interactions. When inclusion complex is formed, 

change in vdW energy i.e, ∆EvdW= -12.186 kcal/mol is much lower than ∆Eele= -7.839 

kcal/mol, indicating the vdW forces play a pivotal role in the formation of UMB/αCD 

in an aqueous environment. 

3.9 Dynamic Simulations: 

In this study, we used molecular dynamics to calculate the stability of the 

UMB and αCD inclusion complex equilibrium [49]. The rigidity microenvironment of 
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the guest inside host cavity and stability of the complexes have been discussed using 

MD simulations based on the potential energy change with time. 

Figure 9 shows the plot of potential energy vs time (ps) through MD 

simulations for the complex structure in the gas phase as well as in the solvent 

phase. For complex UMB+αCD in the gas phase, we noticed a potential energy 

change from 586.201 to 385.245 kcal.mol-1 during first 100 ps; it also showed a 

slight variation of potential energy: 385.245 to 387.618 kcal.mol-1 in the second part 

of interval between 100 and 600 ps. The binary inclusion complex of UMB in the gas 

phase showed an initial potential energy value and high fluctuations in the potential 

energy, but latter got stabilized after 100 ps of time. In solvent phase, we noted that 

UMB+αCD complex has potential energy change from -5021.233 to -6190.101 

kcal.mol-1 during first 100 ps, we also notice a variation of potential energy: -

6190.101 to -6122.078 kcal.mol-1 in the second part of interval between 100 and 

600 Picoseconds [50]. Therefore, we observed that the complex becomes stable after 

100 ps in both phases. The potential energy deviance of the complex was less for 

inclusion complex in the solvent phase compared to inclusion complex in the gas 

phase indicating the better stability of the supramolecular inclusion complex in the 

solvent phase. 

4. CONCLUSIONS: 

In the present study, UMB+αCD was designed, synthesized, and characterized 

by using 1H NMR, FTIR and ESI-MS. Job’s plot was used to confirm the stoichiometry 

of the inclusion complex. From FTIR and NMR data, it is confirmed that aromatic 

part has been inserted into the α-cyclodextrin cavity. Differential scanning 

calorimetric value for inclusion complex confirms that it is thermally stable upto 

244⁰C. Thermodynamic parameters like binding constant have been found to be 

favourable for stable inclusion complexation. From the molecular docking study, it is 

observed that when UMB inserted through the aromatic part, it showed the highest 

binding affinity compared to the rest of the four poses, which confirmed the 

preferential encapsulation and the geometry of the inclusion complex obtained from 

1H NMR experiments. Thus, the molecular docking as well as dynamic simulation 
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also supports the experimental evidences. Thus, the overall study concluded that 

UMB-α-cyclodextrin supramolecular hybrid could act as a hit lead for further 

developments of sunscreen agent. 
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TABLES 

 

Host Guest Ka (M-1) LogKa ΔG⁰/Kcal mol-1 

αCD UMB 6860 3.83 5.21 

Table 1: The stability constant (Ka and logKa) and Gibbs free energy change (ΔG) for 

the inclusion complexation of CDs with umbelliferone guest in distilled water 

 

 

 

Guest Position of 

protons  

Pure Guest 

Chemical shift (ppm) 

Inclusion complex 

Chemical shift (ppm) 

(IC) 

Change in 

chemical Shift 

Δδ=( δIC- δpure) 

 H-3 6.18-6.20 6.17-6.19 -0.01 

 H-4 7.86-7.90 7.82-7.86 -0.04 

UMB H-5 7.52-7.54 7.43-7.45 -0.09 

 H-6 6.85-6.87 6.74-6.76 -0.11 

 H-8 6.76 6.69 -0.07 

     

αCD H-3’ 3.90-3.92 3.80-3.84 -0.10 

 H-5’ 3.76-3.80 3.70-3.74 -0.06 

Table 2: 1H-NMR data for umbelliferone in UMB+αCD complex in D2O 

 

 

 

Name of the complexes Calculated mass (a.u) Experimental mass (a.u) 

[UMB+αCD+H]+ 1134.98 1135.96 

[UMB+αCD+Na]+ 1157.98 1157.99 

Table 3: ESI-MS analysis of the complexes with calculated as well as experimental 

mass 
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Ligand with receptor 

(UMB+αCD) 

Binding affinity(ΔG)  

in kcal.mol-1 

rmsd_refine 

Pose 1 -3.60 1.96 

Pose 2 -3.59 0.73 

Pose 3 -3.47 1.60 

Pose 4 -3.42 1.80 

Pose 5 -3.42 1.07 

Table 4: Binding affinity of UMB+αCD in different pose obtained from Molecular 

Docking 

Inclusion 

Complex 

EHost 

(kcal/mol) 

EGuest 

(kcal/mol) 

EComplex 

(kcal/mol) 

ΔE 

(kcal/mol) 

UMB+αCD 602.083 46.778 605.615 -43.246 

Table 5: Potential energy of αCD (EHost), UMB (EGuest), inclusion complex (EComplex) 

and change in potential energy (ΔE) 

Compound  

name 

Molecular 

formula 

Molecular 

weight 

CAS number Purity Purchased from 

Umbelliferone 

(UMB) 

C9H6O3 162.14 93-35-6 >98.0% SIGMA-ALDRICH 

India 

αCD C36H60O30 972.84 10016-20-3 >97.0% SIGMA-ALDRICH 

India 

Table S1: Description of the materials purchased for the study 
 

UMB 
(ml) 

αCD 
(ml) 

UMB 
(μM) 

αCD 
(μM) 

[UMB] 
/([UMB]+[ αCD]) Absorbance(A) ΔA 

ΔA*[UMB] 
/([UMB]+[ αCD]) 

4 0 100 0 1 678677 0 0 

3.6 0.4 90 10 0.9 667005 11672 10504.8 

3.2 0.8 80 20 0.8 655329 23348 18678.4 

2.8 1.2 70 30 0.7 642500 36177 25323.9 

2.4 1.6 60 40 0.6 615965 62712 37627.2 

2 2 50 50 0.5 587543 91134 45567 

1.6 2.4 40 60 0.4 570980 107697 43078.8 

1.2 2.8 30 70 0.3 558854 119823 35946.9 

0.8 3.2 20 80 0.2 519519 159158 31831.6 

0.4 3.6 10 90 0.1 494339 184338 18433.8 

0 4 0 100 0 0 678677 0 

Table S2: Datasheet for plotting Job’s Plot in case of UMB+αCD system 
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[UMB] 
/µM 

[αCD] 
/µM Fo F ΔF 

1/[αCD] 
M-1 1/ΔF Intercept Slope Ka /M-1 

10 10 691119.7 687162.9 3956.8 100000 0.000252729 
   10 20 691119.7 683570.2 7549.5 50000 0.000132459 
   10 30 691119.7 681153.6 9966.1 33333 0.00010034 
   10 40 691119.7 678632.4 12487.3 25000 8.00814E-05 
   10 50 691119.7 676721.9 14397.8 20000 6.94551E-05 1.63E-05 2.38E-09 6.86E+03 

10 60 691119.7 674764.8 16354.9 16666 6.11438E-05 
   10 70 691119.7 672926.3 18193.4 14285 5.4965E-05 
   10 80 691119.7 668465.2 22654.5 12500 4.41413E-05 
   10 90 691119.7 666504.4 24615.3 11111 4.06251E-05 
   10 100 691119.7 650904.1 40215.6 10000 2.4866E-05 
   

Table S3: Changes in the fluorescence intensity of the AMB at room temperature as a 

function of the αCD’s concentration 

 

 

Name Bond 

stretching 

(str) 

Bond 

angle 

(angle) 

Stretching-

bend 

interaction 

(stb) 

Out of 

plane 

bending 

(oop) 

Dihedral 

torsional 

(tor) 

van der 

waals 

energy 

(vdw) 

Electrostatic 

interaction 

(ele) 

Solvation 

energy 

(sol) 

Total 

energy 

(E) 

AMB 21.130 15.770 -0.862 0.076 0.962 24.602 -14.900 00 46.778 

αCD 16.578 60.293 -0.392 00 123.987 125.953 275.664 00 602.083 

AMB+αCD 

IC 

18.439 72.798 -0.868 0.002 123.951 138.369 252.925 00 605.615 

Table S4: Potential energy of UMB, αCD and UMB+αCD inclusion complex and its 

various components 
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FIGURES 

 

Figure 1: Fluorescence emission spectra of UMB by varying both host and guest such 

that the sum of the concentrations of both components was kept constant 

([UMB]+[αCD] = 1.0 × 10−4 M) 

 

 

 

Figure 2: Job’s plot of UMB+αCD inclusion complex by fluorescence emission 

spectroscopy 
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Figure 3: Double reciprocal Benesi-Hildebrand plot of 1/(Fo-F) versus 1/[αCD] at 

298.15 K  

 

 

 

 

Figure 4: Fluorescence spectra of UMB in the absence and presence of various 

concentrations of αCD at 298.2 K; where, Initial concentration of UMB was 10 μM and 

variations of concentration of αCD started from 10 μM, 20 μM, 30 μM upto 100 μM. 
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Figure 5: FT-IR spectra of UMB, αCD and UMB+αCD inclusion complex 
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Figure 6: 1H-NMR spectra of (a) UMB (b) αCD (c) UMB+αCD inclusion complex. 
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Figure 7: DSC thermograms of (a) UMB (b) αCD (c) UMB+αCD inclusion complex. 

 

 

Figure 8: Top best five conformational model of UMB+αCD inclusion complex from 

(a) to (e) based on their binding affinity performed by MOE.2015 molecular docking 

software. 
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Figure 9: The evaluation of potential energy of complex as a function of time where 

(a) in gas phase (b) in solvent phase. 

 

 

Figure S1: ESI mass spectra of UMB+αCD inclusion complex 
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SCHEMES 

 

  

Scheme 1: The two dimensional structure of (a) umbelliferone (b) α-Cyclodextrin 

 

 

 

 

Scheme 2: Schematic illustration of UMB+αCD inclusion complex  
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CHAPTER IX 

CONCLUDING REMARKS 

This thesis explores the synthesis of supramolecular assembly as well as a 

detailed study of the characterization, and a comparison of the structure and dynamic 

properties of the inclusion complexes formed between cyclodextrins and a variety of 

biologically active guest compounds (i.e., TgC, RB, AMB, and UMB) in aqueous phase 

and in the solid state with experimental as well as computational based methods and 

graphene based nanomaterials and their characterization by different methodologies. 

The main contributions of this thesis are (1) synthesis and characterization of 

inclusion complexation of biologically potent molecules with different cyclodextrins 

derivatives; (2) synthesis and characterization of GO-βCD-NB nanocomposites by 

covalent grafting technique and its various photophysical properties; (3) Comparison 

of traditional experimental approach through computational methodologies; (4) 

Enhancement of solubility as well as oral bioavailability of Guest molecules by 

cyclodextrin derivatives through complexation. 

1. Significant contribution of the work: 

An overall review on supramolecular chemistry, different biologically potent 

guest and supramolecular host, graphene and graphene based materials, carbon 

nanotube, etc. is given in chapter I. Structural properties and important applications 

of these subjects are also elaborated in this chapter. The materials used and 

experimental methods adopted for the thesis work is included in chapter II along 

with an overall idea about the principle and working of various characterization 

tools.  

In chapter IV, the synthesis and characterization of ambroxol hydrochloride 

(AMB) with two different cyclodextrins using co-precipitation method is described. 

The inclusion complexes have been characterized using FTIR, UV-visible absorption 

spectrum, 1H and 2D-NMR, ESI-MS and SEM. The mechanism for the formation of 

inclusion complexes proposed based on experimental evidences has been confirmed 

by computational simulations. Our findings are significant in such way that when 
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inclusion complexes are being formed, physiochemical properties as well as 

structure and dynamic properties of host-guest systems are getting improved.  

In chapter V, we have designed a strategy to synthesize cyclodextrin 

functionalized graphene oxide based nanocomposites. The structure and 

photophysical properties of the whole nanocomposites were further characterized 

by using UV-vis, fluorescence, DLS, zeta potential and FT-IR spectroscopic, thermal 

analyses (TGA) methods. Study showed that fluorescence quantum yield, molar 

extinction coefficient, stokes shift of the nanocomposites can help to use in different 

biomedical applications. 

 

Scheme 1: Research outline and organization of the PhD thesis 

In chapter VI to VIII, trigonelline hydrochloride (TgC), rebamipide (RB), 

Umbelliferone (RB) and different host molecules (αCD, βCD, HP-β-CD) have been 

used to prepare supramolecular complexes. The prepared inclusion complex was 

characterized by 1H-NMR, FTIR spectroscopy, ESI-MS, DSC, fluorescence 

spectroscopy and different computational methods. All the ICs are well 

characterized by experimental as well as optimized by molecular docking methods. 

Due to the increased aqueous solubility and bio-availability, they can be used for 

further biological as well as pharmaceutical applications. 
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2. Scope for future work: 

Enough scope is available in both experimental and modeling of 

nanocomposites with this work as basis. The possibilities of future explorations with 

this work as a platform are discussed in this section. 

The graphene based model developed in this work can be extended to 

biological field as this nanocomposite has all the respective properties of the 

materials. The synthetic strategy of nanocomposites has been carried out with an 

eco-friendly method. Functionalization on graphene oxide with β-cyclodextrin 

followed by encapsulation with nile blue can be used as sensors, imaging probes and 

therapeutic agents. It is known that graphene-based nanocomposites are the most 

widely used materials due to chemically susceptible structures. For drug delivery or 

therapeutics, cyclodextrin based inclusion complexes are widely used materials. 

Therefore, inclusion complexes that are already characterized could be extended to 

formulate for different clinical purposes such as targeted drug delivery, imaging, 

nanocarrier and therapeutics. Therefore, inclusion complexes as well as graphene 

based materials provide a platform for the fabrication of different supramolecular-

nanomaterials with tunable chemical and photophysical properties for targeted 

applications in biomedical research prior to that their toxicity, availability, 

biocompatibility, and biodegradation need to be further investigated before proceed 

to future clinical uses. 

3. Closures: 

The comprehension of this investigation provides the insight into comparison 

between experimental observations with theoretical as well as computational data 

in a very simplified method. This thesis also depicted the scenario of cyclodextrin 

based supramolecular chemistry with graphene based nanocomposites and helps to 

correlate these two different fields. This approach can be used to create novel 

materials with superior properties for predicting different purposes such as sensing, 

drug discovery, cell imaging, which can help to broader the band of biological 

applications. 
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ABSTRACT: In this study, umbelliferone and α-cyclodextrin host
molecules have been mixed up through a coprecipitation method to
prepare a supramolecular complex to provide physical insights into the
formation and stability of the inclusion complex (IC). The prepared
hybrid was characterized by 1H nuclear magnetic resonance (1H
NMR), Fourier transform infrared (FTIR) spectroscopy, electrospray
ionization (ESI) mass spectrometry, DSC, and fluorescence
spectroscopic studies. Job’s plot provides a stoichiometric ratio of
1:1 and the Benesi−Hildebrand double reciprocal plot gives binding
constant values using fluorescence spectroscopic titrations and the ESI
mass data support the experimental observations. The results of
molecular modeling were systematically analyzed to validate the
inclusion complexation. In preliminary computational screening, α-
cyclodextrin IC of umbelliferone was found to be quite stable based
on the docking score, binding free energies, and dynamic simulations. In addition, the results obtained from 1H NMR and FTIR
spectroscopy studies supported the inclusion complexation phenomenon. The results obtained from computational studies were
found to be consistent with the experimental data to ascertain the encapsulation of umbelliferone into α-cyclodextrin.

1. INTRODUCTION

In recent years, skin allergy and different cancers, such as basal
and squamous cell carcinomas and malignant melanoma have
become some of the most important health issues because of
extensive exposure to sunlight as well as ultraviolet (UV)
radiation.1,2 To tackle this problem, various UV-absorbing
agents have been introduced as the formulations in cosmetic
industries.3 It is important to keep in mind that the overall
impact of biologically active ingredients through cosmetics
with multiple product usage over a day in the skin has to be
sufficiently low with a minimum side effect. Nowadays,
sunscreen ingredients are produced by various metal nano-
particles (predominantly ZnO and TiO2 nanoparticles) for
active UVA and UVB protection of skin, which absorb, reflect,
and scatter UV radiation, along with other organic molecules
as UV absorbers, for example, avobenzone and sulisoben-
zone.4,5 However, there is an increasing concern regarding the
adverse health and environmental effects of these sunscreen
ingredients and, therefore, various researchers already have
started to find safer alternatives, for example, by surface coating
of hazardous nanomaterials with silica layers or by enclosing
different organic UV absorbers within the framework of
organosilica nanoparticles.6 The loaded UV filter molecules
encapsulated in a supramolecular matrix could easily be

synthesized and dispersed so that they can be shielded from
constant damage by an external mechanical force.7

Owing to their wide range of photostability, excellent
photosensitivity, and high color strength, organic dyes have
attracted significant interest and been widely used in textiles,
paints, inks, electronic devices, and metal oxide (TiO2)
photocatalysis.8,9 Coumarin belongs to a chemical class of
benzopyrones, which include further naturally occurring
derivatives, such as umbelliferone (UMB) (7-hydroxycoumar-
in), aesculetin (6,7-dihydroxycoumarin), or herniarin (7-
methoxycoumarin), showing a wide variety of potential
biological activities, for example, lipid-lowering ability,
anticarcinogenic activity, and HIV-inhibition activity.10,11 The
odor-fixing properties and sweet, warm, and vanilla-like scent
of coumarin make it a promising synthetic fragrance
component or a natural ingredient of various essential oils
and plant extracts, such as sweet woodruff, Tonka, or lavender,
in a large number of cosmetic products.12,13
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UMB, a coumarin-based molecule, has been extensively used
as a sunscreen agent in cosmetics and optical brighteners in
textiles.14 UMB is a 7-hydroxycoumarin that is a pharmaco-
logically active agent and shows antidiabetic, antihyperlipi-
demic, antioxidant, anti-inflammatory, and free radical-
scavenging activities.15,16 UMB has been generally introduced
as the initial starting material for the preparation of more
complex coumarin derivatives and is widely used as a synthon
for a wider variety of coumarin-heterocycles with potential
biological activity.17

Cyclodextrins are well-known cyclic oligosaccharides con-
sisting of six, seven, or eight α-(1 → 4)-D-glucoside moieties,
giving rise to α-, β-, and γ-CDs, respectively.18−20 Owing to
their nontoxic nature and complexation ability, CDs are
generally regarded as safe and have received widespread
attention for application in food, agriculture, cosmetics, and
pharmaceutical industries.21−23 Recently, various works have
been carried out with different organic UV-absorbing agents
with cyclodextrins, for example, Mori et al.24 shown that
octylmethoxy cinnamate and avobenzone have been formu-
lated with different cyclodextrins into cosmetic sunscreens.
These kinds of chemical modifications through supramolecular
complexation possibly will enhance the substance concen-
tration in the upper skin layers by reducing its percutaneous
penetration. Previously, a similar kind of inclusion complex-
ation studies has been done by Meltida and Kumari and Wang
et al. with UMB and βCD as well as HP-α-CD.25,26 Herein, we
have designed three different inclusion complexes and,
thereafter, different kinds of characterization techniques have
been applied to check the formation of the inclusion complex.
In this study, we report the synthesis and characterization of
the UMB + αCD inclusion complex and our main objective
was to determine the influence of complexation with αCD in
improving thermal stability as well as photostability (Scheme
1).

2. EXPERIMENTAL SECTION

2.1. Materials. Both UMB and α-cyclodextrin were
obtained from Sigma-Aldrich Pvt. Ltd. (India). All reagents
were of analytical reagent grade and were used without further
purification (Table S1). Doubly distilled water was used in all
experiments.
2.2. Instruments. All the fluorescence titrations were

carried out on a bench top spectrofluorimeter from Photon
Technologies International (PTI) QuantaMaster-40, USA.
Solution-state nuclear magnetic resonance (NMR) experi-
ments were performed on a Bruker AVANCE DRX 400 NMR
spectrometer operating at 400 MHz for obtaining the 1H NMR

spectra. Fourier transform infrared (FTIR) spectra were
obtained using a PerkinElmer spectrometer with a resolution
of 4 cm−1. All DSC spectra were recorded using a PerkinElmer
Pyris DSC 6 with 1.2 mg of the sample in all cases by heating
in the range of 30−300 °C at a rate of 10 °C/min under a N2
gas flow of 40 mL/min. All samples were prepared with
spectroscopic grade KBr, which constituted a 100:1 ratio with
respect to the total sample.

2.3. Sample Preparation. The inclusion complexation of
UMB with αCD was prepared by applying the coprecipitation
method.27 A solution of αCD (1.38 g) and UMB (0.2 g) was
prepared in 25 mL of double-distilled water in a 1:1 molar ratio
and stirred at 55 °C for 48 h. The resulting clear solution was
evaporated to dryness. Then, the white precipitate was filtered
cautiously and washed with ethanol and water four times to
eliminate uncomplexed UMB and αCD. The resulting
precipitate was then dried in a hot air oven at 50 °C for 12
h. The obtained inclusion complex was kept in a desiccator
prior to analysis.

2.4. Preparation of 3D-Structures of UMB and α-
Cyclodextrin. The crystal structures of UMB (CCDC code:
1139276) and αCD (CCDC code: 125105) were collected
from Cambridge Crystallographic Data Center (CCDC). The
missing hydrogen atoms and atomic charges to CDs as well as
UMB were added and energy minimization was carried out
with force field MMFF94x and gradient 0.05 kcal·mol−1·Å−1

using MOE.2015 software.28 These structures were used as a
starting point to perform the computational studies.

2.5. Molecular Docking and Simulations. In supra-
molecular chemistry, molecular docking is a computational
process of searching for a guest that is able to fit both
geometrically and energetically in the cavity of the host
moiety.28,29 This is a process by which two molecules fit
together in 3D space. The aim of docking is to predict the
predominant binding mode for a guest with a host of a known
three-dimensional structure. An established docking protocol
for host−guest system implemented in MOE was applied. The
docking was carried out with the default parameters, that is,
with the triangle matcher method and ordered with the
London ΔG scoring function. The top five produced poses
were ranked as per their docking scores and saved in a separate
database file in a .mdb format. The build-in scoring function of
MOE, S-score, was used to predict the binding affinity (kcal·
mol−1) of the optimized structure of the inclusion complex.

3. RESULTS AND DISCUSSION

3.1. Job’s Plot. A very reliable continuous variation
method also known as Job’s plot was performed in order to

Scheme 1. Two-Dimensional Structure of (a) UMB and (b) α-Cyclodextrin
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validate the stoichiometry of the inclusion complex.30 The sum
of the concentrations of both components was kept constant
([UMB] + [αCD] = 1.0 × 10−4 M) and the molar fraction of
UMB (R = [UMB]/([UMB] + [αCD])) varied from 0.0 to 1.0
(Table S2). In order to calculate the stoichiometry, the
fluorescence emission intensity variations (F) of UMB were
plotted versus the molar fraction (R).31 Figure 1 illustrates the
continuous variation spectra of the αCD/UMB system
examined by fluorescence titrations.

The plot observed in Figure 2 showed the maximum at a
molar fraction of about 0.5, indicating that the stoichiometry of

the complex UMB + αCD was 1:1 in agreement with the linear
plot obtained from the Benesi−Hildebrand method.
3.2. Association Constant Calculations. The stoichi-

ometry and formation constant of the UMB and αCD complex
was studied by using fluorescence emission titration.32

Association constants (Ka) of host−guest inclusion complexes
were calculated using the modified Benesi−Hildebrand

equation (eq 1) from the fluorescence experimental data.
The addition of α-cyclodextrin to an aqueous solution of UMB
resulted in a decrease of the measured fluorescence intensity.
The fluorescence signal of UMB is highly sensitive to the
addition of the αCD solution.

F F F F K F F
1 1

( ) CD
1

n
o o max a o max−

=
− × × [ ]

+
− (1)

where F and Fo denote the fluorescence intensity of UMB on
adding αCD and pure UMB, respectively. Fmax is the saturation
fluorescence intensity. Ka is the association constant obtained
by dividing the intercept by the slope. n is the binding
stoichiometry between αCD and UMB.
The binding constant of the complexes assumed with the use

of eq 1 can be verified by plotting the double reciprocal plot of
1/(Fo − F) versus 1/[αCD] (Table S3); this plot will be linear
in the case of 1:1 complexation, but will be curved if higher-
order complexes occur.33 Figure 3 shows the double reciprocal
plot, demonstrating the highly linear plot, with R2 = 0.9992,
confirming 1:1 complexation for this αCD.

Figure 4 depicts the fluorescence spectra of UMB with
increasing concentration of αCD. There is a decrease in the
fluorescence intensity of UMB with αCD addition, indicating
the formation of an inclusion complex between UMB and
αCD. From this fluorescence titration, we had estimated the
binding constant shown in Table 1, using the intercept and
slope, it was found to be 6.86 × 103 M−1 at 298.15 K and
Gibbs free energy was −5.21 kcal·mol−1.

3.3. FTIR Spectral Analysis. The solid inclusion complex
formation is analyzed by FTIR spectroscopy. FTIR spectros-
copy is used to confirm the formation of the solid inclusion
complex by considering the deviation of the peak shape
position and intensity.34 Figure 5 depicts all the spectra of pure
UMB, αCD, and the UMB + αCD inclusion complex. The
FTIR spectrum of pure UMB disclosed typical absorption
bands at 3177 cm−1 for phenolic (−O−H stretching), 1603
cm−1 for (CO stretching), 1684, 1567, and 1510 cm−1 for
(aromatic CC stretching), and 1319 and 1135 cm−1 for (C−
O−C stretching).35 In the case of αCD, stretching vibration of
O−H at 3398 cm−1, stretching vibration of −C−H from −CH2
at 2926 cm−1, bending vibration of −C−H from −CH2, and

Figure 1. Fluorescence emission spectra of UMB by varying both host
and guest such that the sum of the concentrations of both
components was kept constant ([UMB] + [αCD] = 1.0 × 10−4 M).

Figure 2. Job’s plot of the UMB/αCD inclusion complex using
fluorescence emission spectroscopy.

Figure 3. Double reciprocal Benesi−Hildebrand plot of 1/(Fo − F) vs
1/[αCD] at 298.15 K.
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bending vibration of O−H and C−O−C at 1416 and 1154
cm−1, respectively, were found. Stretching vibration of C−C−
O and skeletal vibration involving α-1,4 linkage at 949 cm−1

appeared at 1129 cm−1.36 When, the UMB + αCD inclusion
complex is formed, −O−H bond-stretching frequency of the
hydroxyl group of cyclodextrin was observed at 3394 cm−1, the
CO group of lactone moiety got shifted to 1706 cm−1, the
phenolic O−H part of UMB observed in pure guest at 3177

cm−1 has been diminished, and aromatic CC stretching
vibrations that appeared at 1684, 1567, and 1510 cm−1 in pure
UMB are absent after inclusion complexation (Table S4).
From the above data, it can be concluded that the aromatic
part of UMB has been inserted into the cavity of α-
cyclodextrin.

3.4. 1H NMR Studies. The 1H NMR spectra of UMB,
αCD, and the inclusion complex (in D2O) are shown in Figure
6. In the spectrum of the UMB + αCD inclusion complex,
appreciable chemical shift changes were observed for protons
of UMB as well as αCD in the inclusion complex with respect
to the spectra of the free UMB and αCD, respectively. The
chemical shifts of the αCD protons in the absence and
presence of UMB are listed in Table 2. From the spectra, it is
observed that changes in the signals of H-1, H-2, and H-4
protons on the outer surface of αCD are negligible with Δδ
values of −0.00, −0.03, and −0.04, respectively. However,
complexation of a hydrophobic guest causes significant
chemical shift changes of H-3 and H-5 protons that are
present in the inner cavity of αCD,37,38 and in this case it was
found to be an upfield shift of −0.10 and −0.06 ppm for H-3
and H-5 protons, respectively. It is to be mentioned that the
chemical shift variation for H-3 was higher than that for H-5
after the formation of the inclusion complex.
To further explore the possible inclusion mode of UMB +

αCD, we compared the 1H NMR spectrum of UMB in the
absence and presence of αCD.39 Chemical shift changes for
different protons in UMB with the inclusion complex are listed
in Table 2. Here, it is observed that aromatic protons such as
H-5, H-6, and H-8 are highly upfield shifted and found to be
−0.09, −0.011, and −0.07 respectively. Based on these 1H
NMR results, we deduced the aromatic group of UMB deeply
inserted into the cavity of αCD and the possible inclusion
modes for the UMB + αCD complex are illustrated in Scheme
2.

3.5. DSC Analysis. A further insight into the interaction of
host, guest, and complexed state can be assigned via the DSC
study.40 A shift or change in the intensity of the peak or
disappearance of melting, boiling, and sublimation points is
observed in DSC curves because of the inclusion of a drug in
cyclodextrin. Thermogram of pure UMB {Figure 7a} exhibited
a single endothermic peak in the temperature range of 30−300
°C.41,42 The peak appeared at around 233 °C was sharp and
strong. Formation of this peak indicates the purity as well as
crystalline character of UMB. Whereas, in the case of αCD, an
endothermic peak appeared at around 108 °C, which
corresponds to the release of water molecules bound with
different energy in the cavity of cyclodextrin {Figure 7b}.
When the inclusion complex was formed, the peak appeared at
233 °C in pure UMB got slightly shifted to a higher
temperature of 244 °C {Figure 7c}. Therefore, from the
comparison of the above three thermograms and their shifted
peaks, it was elucidated that some weak interactions, which
could be hydrogen bonding, van der Waals, or electrostatic
interactions, occurred between UMB and αCD.

3.6. ESI-MS Studies. A suitable estimation of the relative
gas-phase stabilities of the inclusion complex was evaluated by
electrospray ionization mass spectrometry (ESI-MS).43 In
Figure S1, the peaks observed at m/z 681.56, 1135.96, and
1157.99 are related to the molecular ions, [UMB + αCD +
H]+, and [UMB + αCD + Na]+, respectively.44 As can be seen
from this figure, in the positive mode there are peaks centered
at m/z 1157.99 (Table 3, Figure S1), which clearly denote the

Figure 4. Fluorescence spectra of UMB in the absence and presence
of various concentrations of αCD at 298.2 K, where the initial
concentration of UMB was 10 μM and the concentration of αCD was
varied from 10, 20, 30 μM upto 100 μM.

Table 1. Stability Constant (Ka and log Ka) and Gibbs Free
Energy Change (ΔG) at 298.15 K for the Inclusion
Complexation of CDs with UMB Guest in Water (1 kcal =
4.2 kJ)

host guest Ka (M
−1) log Ka ΔG°/kcal mol−1

αCD UMB 6860 3.83 −5.21

Figure 5. FTIR spectra of (a) UMB, (b) αCD, and (c) UMB + αCD
inclusion complex.
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formation of the singly charged ions of the [UMB + αCD +
Na]+ complex.

3.7. Molecular Docking Studies. In recent years, the
molecular docking has been extensively used to predict the

Figure 6. 1H NMR spectra of (a) UMB, (b) αCD, and (c) UMB + αCD inclusion complex.

Table 2. 1H NMR Data for UMB in the UMB + αCD Complex in D2O

pure guest inclusion complex change in chemical shift

guest position of protons chemical shift (ppm) chemical shift (ppm) (IC) Δδ = (δIC − δpure)

H-3 6.18−6.20 (1H, d, J = 8 Hz) 6.17−6.19 (1H, d, J = 8 Hz) −0.01
H-4 7.86−7.90 (1H, d, J = 16 Hz) 7.82−7.86 (1H, d, J = 16 Hz) −0.04

UMB H-5 7.52−7.54 (1H, d, J = 8 Hz) 7.43−7.45 (1H, d, J = 8 Hz) −0.09
H-6 6.85−6.87 (1H, d, J = 8 Hz) 6.74−6.76 (1H, d, J = 8 Hz) −0.11
H-8 6.76 (1H, s) 6.69 (1H, s) −0.07

αCD H-3′ 3.90−3.92 (6H, m) 3.80−3.84 (6H, m) −0.10
H-5′ 3.76−3.80 (6H, m) 3.70−3.74 (6H, m) −0.06
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bound conformations of CD and various drug molecules.45

The docking has been carried out for five different poses as
shown in Figure 8. Docking results revealed the structural
orientation of UMB inside the cavity of αCD as well as the
lowest energy structure of the UMB + αCD inclusion
complex.46

The computationally calculated binding affinities of the first
five energy conformers of the UMB + αCD inclusion complex
were −3.60, −3.59, −3.47, −3.42, and −3.42 kcal·mol−1,
respectively, which were very near to the experimentally
measured values (Table 4). Docking results demonstrate that
the UMB was not completely embedded into the αCD cavities
in all poses because of its small cavity size. For the first two
poses, that is, Figure 9a,b, the binding affinity was quite similar
and the change was about 0.01 kcal·mol−1. However, their
structural orientation was totally different. In the first pose, the
lactone moiety was located at the wider side of the αCD

cavities but in the second case, the aromatic part came closer
to the wider side of the αCD cavity, which was also supported
by various spectroscopic methods, such as 1H NMR, FTIR,
and so forth. However, in this work, only five conformations of
optimized inclusion complexes based on their binding affinity
have been studied and showed. If someone closely looks at the
five conformations, it can be observed that Figure 8d,e are the
conformations with least binding affinity and subsequently are
not being encapsulated in the cavity of αCD. Therefore, the
molecular docking and free energy calculation results suggested
that UMB bound to αCD with both hydrophobic and
electrostatic interactions.

3.8. Potential Energy Calculations of the Inclusion
Complex. Potential energy calculations were carried out in
order to obtain some information about the geometry and
stability of the host−guest complex and to find the
intermolecular interaction in αCD and UMB inclusion
complexation.47 ΔE of the complexation was calculated for
the minimum energy mode according to eq 2 and the data of
EComplex, EHost + EGuest, and ΔE are listed in Table 4. This
potential energy term (E) is actually a summation of various
different energy terms and can be stated as eq 3.

E E E E( )Complex Host GuestΔ = − + (2)

E E E E E E E E Estr ang stb oop tor vdW ele sol= + + + + + + +
(3)

where, Estr, Eang, Estb, Eoop, Etor, EvdW, Eele, and Esol are potential
energy components for bond stretching, bond angle, stretching
bending, out of plane bending, dihedral torsional, van der
Waals, electrostatic, and solvation energies, respectively.48

The energies of the complex and its different components
are summarized in Tables 5 and S5. As seen from the table, all
the other energy components are unaltered but it is the van der
Waals (ΔEvdW) and electrostatic (ΔEele) energies that are
responsible for the complexation. The host−guest complex-
ation in the gas phase is driven predominantly by vdW
interactions. When the inclusion complex is formed, change in
vdW energy, that is, ΔEvdW = −12.186 kcal·mol−1 is much
lower than ΔEele = −7.839 kcal·mol−1, indicating the vdW
forces play a pivotal role in the formation of UMB/αCD in an
aqueous environment.

3.9. Dynamic Simulations. In this study, we used
molecular dynamics to calculate the stability of the UMB
and αCD inclusion complex equilibrium.49 The rigid micro-
environment of the guest inside the host cavity and the stability
of the complexes have been discussed using MD simulations
based on the potential energy change with time.
Figure 9 shows the plot of potential energy versus time (ps)

obtained through MD simulations for the complex structure in
the gas phase as well as in the solvent phase. For complex
UMB + αCD in the gas phase, we noticed a potential energy
change from 586.201 to 385.245 kcal·mol−1 during first 100 ps;
it also showed a slight variation of potential energy: 385.245 to
387.618 kcal·mol−1 in the second part of the interval between
100 and 600 ps. The binary inclusion complex of UMB in the
gas phase showed an initial potential energy value and high
fluctuations in the potential energy, but latter got stabilized
after 100 ps of time. In the solvent phase, we noted that the
UMB + αCD complex has a potential energy change from
−5021.233 to −6190.101 kcal·mol−1 during first 100 ps, we
also noticed a variation of potential energy: −6190.101 to
−6122.078 kcal·mol−1 in the second part of the interval

Scheme 2. Schematic Illustration of the UMB + αCD
Inclusion Complex

Figure 7. DSC thermograms of (a) UMB, (b) αCD, and (c) UMB +
αCD inclusion complex.

Table 3. ESI-MS Analysis of the Complexes with Calculated
as Well as Experimental Mass Values

name of the complexes calculated mass (a.u.) experimental mass (a.u.)

[UMB + αCD + H]+ 1134.98 1135.96
[UMB + αCD + Na]+ 1157.98 1157.99
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between 100 and 600 ps.50 Therefore, we observed that the
complex becomes stable after 100 ps in both phases. The
potential energy deviance of the complex was less for the
inclusion complex in the solvent phase compared to the
inclusion complex in the gas phase indicating the better
stability of the supramolecular inclusion complex in the solvent
phase.

4. CONCLUSIONS
In the present study, UMB + αCD was designed, synthesized,
and characterized by using 1H NMR, FTIR, and ESI-MS. Job’s
plot was used to confirm the stoichiometry of the inclusion
complex. From the FTIR and NMR data, it is confirmed that
the aromatic part has been inserted into the α-cyclodextrin
cavity. Differential scanning calorimetric value for the inclusion
complex confirms that it is thermally stable upto 244 °C.
Thermodynamic parameters like the binding constant have
been found to be favorable for stable inclusion complexation.
From the molecular docking study, it is observed that when
UMB inserted through the aromatic part, it showed the highest
binding affinity compared to the rest of the four poses, which
confirmed the preferential encapsulation and the geometry of
the inclusion complex obtained from 1H NMR experiments.
Thus, molecular docking as well as dynamic simulations also
support the experimental evidence. Thus, the overall study
concluded that the UMB-α−cyclodextrin supramolecular
hybrid could lead to further developments of sunscreen agents.
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H I G H L I G H T S

• Complexes are well characterized by experimentally as well as theoretically in depth.

• Bond length, dihedral angle changes confirm conformational changes of guest molecules.

• Molecular modeling and dynamic simulations predict inclusion phenomena.

• Spectroscopic methods were used to evaluate various thermodynamic parameters.
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A B S T R A C T

Herein, we report the inclusion of AMB in cyclodextrins leading to host-guest assemblies. The inclusion com-
plexes comprised of Ambroxol Hydrochloride (AMB) with α-cyclodextrin (αCD) and β-cyclodextrin (βCD) have
been confirmed by experimental (UV–vis titration, FTIR, ESI-MS, 1NMR, 2D-NMR) and computational studies
(molecular docking, molecular mechanics calculation). The molecular docking studies demonstrate a better
insight into geometry and inclusion mode of AMB inside αCD as well as βCD cavity. Formation of inclusion
complexes with different cyclodextrins causes some structural changes of guest molecules during the en-
capsulation process confirmed by bond length, dihedral angle changes and dynamic simulations.

1. Introduction

Now-a-days, site specific formulation of a potential drug is very
much important for the betterment of the drug in pharmaceutical in-
dustry [1]. Although, Ambroxol Hydrochloride (AMB) is a mucolytic
drug that reduces the thickness of the sputum [2] and also used to treat
conditions with abnormal mucus secretion [3] allowing the patient to
breathe freely and deeply by promoting mucus clearance, facilating
expectoration and easing productive cough [4,5]. But being soluble in
hot water and practically insoluble in dichloro methane and soluble in
Methanol [6], a supramolecular assemble of pure Ambroxol Hydro-
chloride (AMB) with cyclodextrin molecules tagged with a protein or
enzyme could make it a potent mucolytic and mucokinetic agent. Some
recent studies include the drugs having a role in treatment of Gaucher’s
disease [7], Parkinson disease [8] and other aging-associated diseases
involving dysfunction of autophagy [9].

AMB is a mucolytic drug as a salt form of Ambroxol (Scheme 1), a
metabolite of bromohexine [10]. Ambroxol can also be used as a

pharmacological chaperone therapy (PCT) for the treatment of Guacher
Disease (GD) [11]. Ambroxol Hydrochloride occurs as a white crystal-
line powder [12]. Due to its poor water solubility, AMB has been used
as an oral suspension. The aqueous solubility and dissolution of these
drugs are key factors in determining the bioavailability of its oral pre-
paration [13].

Cyclodextrins (CD) are cyclic oligosaccharides widely used for the
recognition of various guest molecules give rise to inclusion complex
(IC) [14]. CDs are non toxic, biodegradable and biocompatible along
with the collective effects of inclusion, size-specificity, controlled re-
lease capability and transport properties make it suitable as a host
molecule [15,16]. Supramolecular complexation can increase the water
solubility as well as bio availability [17,18]. Among different types of
cyclodextrins, αCD and βCD (Scheme 1) are taken as host molecules
due to both size and solubility matching with the Ambroxol Hydro-
chloride i.e the guest molecule. Now-a-days, apart from experiments,
researchers also perform different molecular simulation studies with
guest, host and their inclusion complexes to gather information at a
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molecular level e.g, quantum mechanics, molecular dynamics (MD) and
molecular mechanics (MM) approximations [19,20].

The aim of the present study is to evaluate whether host–guest in-
clusion complex has been formed between the guest Ambroxol
Hydrochloride and the two types of hosts cyclodextrins αCD and βCD
and also to investigate the different interactions between host and the
guest molecules in the inclusion complex. Additionally, molecular
modeling study by MOE.2015 software from chemical computing group
was performed to validate the change in geometrical configuration of
the complex obtained from experimental results [21]. Different phy-
siochemical, spectroscopic techniques for the two inclusion complexes
in aqueous solution have been performed to investigate whether the IC
formation has taken place as well as to study different interactive forces
occurring in the two inclusion complexes.

2. Experimental section

2.1. Materials and materials

Ambroxol Hydrochloride (M.W = 414.57, Purity > 98.0%) which
was used as the guest molecule in our study was purchased from TCI
Chemicals (India) Pvt. Ltd & the two hosts required that is βCD
(M.W = 1134.98, Purity > 97.0%) and αCD (M.W = 972.84,
Purity > 98.0%) were bought from SIGMA- ALDRICH India (Table
S1). Double distilled water has been used throughout the experiment.

2.2. Methods

Stock solutions of Ambroxol Hydrochloride, βCD and αCD were
prepared by mass (Mettler Toledo AG-285 with uncertainty 0.0001 g)
and by dilution. The solution of αCD and βCD were prepared by heating
it slightly in a water bath. All the 1H NMR and 2D-NMR data were
plotted with the help of Mestrenova 12. Origin 2018 software has been
used for the plotting the entire graphs. All the spectroscopic experi-
ments were carried out in a solution of ethanol/water mixture (3:7, v/
v).

2.3. UV–visible spectroscopy

UV–vis titration was performed by using Agilent 8453
Spectrophotometer. The temperatures were regulated with a digital
thermostat for the association constant measurement. The absorption
spectra were recorded at 293 ± 0.15 K, 303 ± 0.15 K, 313 ± 0.15 K
respectively.

2.4. Fourier transform infrared (FTIR)

FTIR spectra were recorded by a Perkin Elmer FTIR spectrometer by
the solid KBr disk technique. KBr disks with 1 mg of solid inclusion
complex and 100 mg of KBr were prepared. Measurements were per-
formed in the scanning range of (4000–400 cm−1) at the room tem-
perature to record the FT-IR spectral data.

2.5. 1H NMR and 2D-NMR spectroscopy

All NMR spectra were recorded on a Bruker AVANCE spectrometer
at 400 MHz and 25 ⁰C in D2O. The residual HDO line had a line width at
a half-height of 2.59 Hz. Two-dimensional (2D) ROESY spectra were
acquired at 25 ⁰C with number of scan 8, and a 2048 K time domain in
F2 (FID resolution 5.87 Hz) and 460 experiments in F1.

2.6. ESI-MS spectrometry

ESI-MS spectra for the both complexes were collected using Agilent,
6460 Triple quad LC/MS, 1200 Infinity series equipped with electro-
spray ionization (ESI) interface. The gas temperature was 300 ⁰C with
flow rate of 5 L min−1. The capillary voltage was calibrated at 3.5 kV
and injection volume was about 5.00 ml.

2.7. Molecular modeling studies

Molecular modeling studies were performed to predict the forma-
tion of AMB + αCD and AMB + βCD inclusion complexes and to
measure their binding affinity by utilizing MOE.2015 software, which
are available in the Chemical Computing Group (CCG). The 3D opti-
mized structure of AMB (ID: 234307), αCD (ID: 125105), βCD (ID:
762697) were taken from Chembridge Crystal data centre (CCDC) as
CIF file and used as received. Hydrogen atoms and partial charges were
added to the protein. Molecular modeling calculations were carried out
with molecular mechanics MMFF94x force field. The hydrogens and
charges were fixed, and the RMS gradient was set to 0.005 kcal/mol.
Conformations of ligand (CDs) were fitted in the position with the
Triangle Matcher method and ordered with the London ΔG scoring
function. A maximum of 5 conformations of each guest were allowed to
be saved in a separate database file as .mdb format. The produced poses
were ranked based on their docking scores. Finally, we choose the best
energy pose [22,23].

2.8 Dynamic simulation

Molecular dynamics and simulations studies are generally per-
formed to obtain the stable structure of inclusion complexes with re-
spect to time, temperature, kinetic energy and potential energy. The
forcefield was taken to be MMFF94x. MOE dynamics simulation uses
the Nosé-Poincaré-Andersen (NPA) equations of motion. Default steps
and protocols of the MD were selected to optimize the systems equili-
brium 100 ps and production run was carried out for 500 ps.

2.9 Sample preparation of Solid Inclusion Complex of Ambroxol
Hydrochloride with Cyclodextrins

To prepare 1:1 a solid Inclusion Complex between Ambroxol
Hydrochloride and αCD as well as with βCD, at first, 30 mg of solid
guest compound of AMB (which is also pretty much soluble in hot
water) was taken in a beaker and amount 40 ml of distilled water was

Scheme 1. Two dimensional structures of (a) Ambroxol hydrochloride (b) α-cyclodextrin (c) β-cyclodextrin.
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added to it and placing it in a thermostated water bath at temperature
set at 323.15 K with constant stirring in a magnetic stirrer. Next, ac-
curately measured 70.39 mg of αCD and 82.13 mg of βCD were added
in solid form in two different beakers slowly in presence of the constant
stirring. It was kept in the thermostated water bath for 24–48 h.
Thereafter, it was collected and dried in a hot oven & after that inclu-
sion complexes in the solid form were obtained.

3. Results and discussions

Ambroxol Hydrochloride guest molecule selected in this investiga-
tion was moderately soluble in water. Our aim was to study the for-
mation of inclusion complex between the host and the guest and also to
evaluate the interactions and different thermodynamic parameters of
the inclusion complex, so all the measurements were done in room
temperature and in aqueous-ethanolic solution such as UV–vis Studies
etc. However, FTIR Spectroscopy, NMR, SEM analysis were performed
by the prepared solid inclusion complex between Ambroxol
Hydrochloride and CDs.

3.1. Job’s plot: Determination of stoichiometry behaviour of cyclodextrins
inclusion complex with Ambroxol Hydrochloride

Job’s plot method which is also known as the continuous variation
method is a very efficient and successful way to recognize stoichiometry
of any host–guest inclusion complexes [24]. So, due to this reason the
Job’s Plot was applied here by using UV–visible spectroscopy. Here, two
sets of solutions were prepared of Ambroxol Hydrochloride with αCD
and βCD respectively in 30% ethanolic-aqueous (3:7, v/v) solution, by
varying the mole fractions of the guest (Ambroxol) in the range of 0–1.
Job’s plots of the mentioned sets of solutions were plotted as ΔA × R
against R, where ΔA means the difference in absorbance of AMB (Guest)
without and with CD and R = [AMB]/([AMB] + [CD]). The absor-
bance values were obtained at respective λmax for each solution by
maintaining 298.15 K temperature. The stoichiometry of an inclusion
complex is obtained by taking the corresponding value of R at the
maximum point on the Job’s Plot curve, for example, if the ratio of
guest to host is 1:2 for R∽0.33, 1:1 for R∽0.5 and 2:1 for R∽0.66 and so
on. Here, in this work we got R∽0.5 as maxima in the plot (Fig. 1),
reflecting a 1:1 stoichiometry (Guest:Host) for both the inclusion
complexes (Table S2 & S3).

3.2. Determination of binding constant of both complexes in aqueous
ethanol by UV–vis spectroscopy.

The binding constant between αCD, βCD and the guest molecule
Ambroxol has been calculated via UV–Vis spectroscopy with the help of

Benesi–Hildebrand technique which represents one of the most well-
known strategies to determine binding constants of the Inclusion
Complexes based on absorption spectra of the inclusion complex [25].
Accurate estimation of binding (association) constants of the inclusion
complexes under investigation can be obtained by observing changes in
the absorption intensity of the AMB at different temperature as a
function of the CD’s concentration (Table 2) and according to method
for 1:1 Inclusion complex between guest and host, the double reciprocal
plots have been drawn using equation (1).

= × +
−A A K AMB ε CD ε
1

[ ]
1

[ ] Δ
1

[ ]
1

Δo a o o
……….. (1)

For AMB + αCD, Association constant of 1:1 host and guest was
found to be 4226 M−1, 8993 M−1, and 15799 M−1 at 293.15 K,
303.15 K and 313.15 K respectively with good correlation factors
(Table 1 & Table S4). Double reciprocal plot was calculated using
Benesi-Hildebrand to obtain the slope and intercept (Fig. S1, S2 & S3).

Association constant (ka) value for AMB + βCD was calculated by
dividing the intercept by the slope of the straight line (Table S6), which
was found from the double reciprocal plot (Figure S5, S6, S7) at three
different temperatures 293.15 K, 303.15 K & 313.15 K have been found
to be 27780 M−1, 37333 M−1 & 45379 M−1 respectively (Table 1 and
Figs. 2 and 3 ).

From Table 1, we observe that with the increase in temperature
association constant values (Ka) increases for both the system and the
Ka values for AMB with βCD system were found to be higher in all three
temperatures than the AMB with αCD system. The linear increase in ka
value when increasing the temperature from 293.15 K to 313.15 K
clearly indicated the endothermic nature of Inclusion Complexation
between Ambroxol Hydrochloride and αCD and βCD and also suggests
that βCD forms the complex with better stability.

3.3. Thermodynamic parameters:

The thermodynamic parameters of the analyzed inclusion processes,
enthalpy change (ΔH°) and entropy change (ΔS°) and Gibbs free energy

Fig. 1. Job’s Plot of the (a) AMB + αCD and (b) AMB + βCD system at 298.15 K.

Table 1
Association constant of the Inclusion complex between AMB, αCD & βCD at
three different Temperatures;± sign indicates the standard deviation.

System Temperature (K) Slope Intercept Association constant
(Ka)/(M−1)

293.15 0.000725 3.06391 4226 ± 1195
AMB + αCD 303.15 0.000456 4.10125 8993 ± 1765

313.15 0.000447 7.08252 15799 ± 172
293.15 0.000283 7.86202 27780 ± 2570

AMB + βCD 303.15 0.000242 9.03459 37333 ± 1036
313.15 0.000239 10.84575 45379 ± 821
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change (ΔG°) can be obtained by means of the classical van’t Hoff
equation (Eq. (2)): [26]

= −° ° °ΔG ΔH TΔS (2)

In case of AMB + αCD inclusion complex (Table 2), ΔG° was found
to be −4.86 Kcal/mol, −5.44 Kcal/mol, and −6.01 Kcal/mol at
293.15 K, 303.15 K and 313.15 K respectively (Table S5).

However, in case of AMB + βCD inclusion complex, ΔG° was found

to be −5.96 Kcal/mol, −6.31 Kcal/mol, and −6.91 Kcal/mol at
293.15 K, 303.15 K and 313.15 K respectively (Table 2 & S7). In both
cases, the ΔH° and ΔS° are found to be positive. These values indicate
that the inclusion processes are endothermic in nature (entropically
favored, and with a nonfavorable enthalpic expression). Thus, these
results indicate hydrophobic effects are the main driving forces for the
formation of inclusion complexes. In order to approve the above ex-
perimental results, a molecular modeling study combining MD simu-
lations was performed.

3.4. FTIR spectral analysis

FTIR spectroscopy is an important method to confirm the formation
of inclusion complex from the variation in shape, size, shift and in-
tensity of the absorption peak of Guest and Host moiety [27]. There will
be broadening, widening, disappearance or change in intensity of the
peaks due to complexations [28]. The FTIR spectra of pure AMB, αCD,
βCD and the inclusion complexes AMB + αCD and AMB + βCD were
recorded and all the peaks were assigned and shown in Figs. 4 & 5.

The infrared spectra of the guest molecule (AMB) showed some few
characteristic peaks e.g, a peak at 3193 cm−1 was associated with the
stretching vibration of aromatic C-H bond [29]. The strong C = C
stretching vibrational peak was observed at 1629 cm−1, which belongs
to the benzene ring [30]. Usually, the vibration of aromatic C-N in NH2

group observed at 1284 cm−1. The aliphatic C-N stretching mode was
observed at 1458 cm−1. The N-H of aromatic amine group showed its
stretching vibration at 3300 cm−1. However, symmetric stretching
mode of aliphatic amine N-H appeared at 3284 cm−1 [31].

When inclusion complex is formed, some of the characteristic peaks
got disappeared. There are significant differences in the spectra of the
inclusion complexes in comparison with the individual drugs. Most of
the peaks of the drugs get flattened, indicating a strong intermolecular
interaction between the drugs and CDs [32].

For AMB + αCD inclusion complex, the protons belong to the
aromatic ring which appeared at 3193 cm−1 in pure AMB is diminished
in the IR spectra of the complexes. The vibration of aromatic C-N in
NH2 group observed at 1284 cm−1 and C-N in –NH- group at
1458 cm−1 (Fig. 4) has been disappeared possibly due to formation of
encapsulation. Therefore, it suggests that probably few portions of the

Table 2
Various thermodynamic parameters of AMB + αCD and AMB + βCD complex
system (1 cal = 4.184 J).

System Temp(K) Ka/M−1 ΔH⁰/KJ
mol−1

ΔS⁰/KJ
mol−1

K−1

ΔG KJ mol−1 ΔG
KCal
mol−1

293.15 4226 −20.3649 −4.86
AMB + αCD 303.15 8993 50.3166 0.2411 –22.7760 −5.44

313.15 15,799 −25.1871 −6.01
293.15 27,780 −24.9483 −5.96

AMB + βCD 303.15 37,333 18.7543 0.1490 −26.4391 −6.31
313.15 45,379 −28.9299 −6.91

Fig. 2. Variation of UV–vis spectra in subsequent addition of αCD in 50 µM
aqueous solution of AMB at 293.15 K.

Fig. 3. Variation of UV–vis spectra in subsequent addition of βCD in 50 µM
aqueous solution of AMB at 293.15 K.

Fig. 4. FTIR spectra of (a) pure AMB (b) αCD (c) AMB + αCD inclusion
complex.
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aromatic part of AMB as well as cyclohexyl part have been encapsulated
to the αCD cavity.

For AMB + βCD inclusion complex, the aromatic ring proton which
appeared at 3193 cm−1 in pure AMB is also diminished in the IR spectra
of the complexes (Fig. 5). The vibration of aromatic C-N in NH2 group
observed at 1284 cm−1 has been shifted to 1206 cm−1 whereas, C-N in
–NH- group observed at 1458 cm−1 has been shifted to 1447 cm−1

possibly due to formation of encapsulation. Therefore, it suggests that
probably few portions of the aromatic part of AMB as well as cyclohexyl
part have been encapsulated to the cyclodextrin cavity.

3.5. 1H NMR spectra analysis

The molecular interactions between Host-Guest molecules in in-
clusion complexes are investigated using 1H NMR [33]. Normally, 1H
NMR is used for obtaining the molecular interaction information re-
garding selective line broadening or chemical shift displacement of host
and guest molecules. These chemical shifts are easily observable for
protons located at the inner surface (H-3 and H-5) of the cyclodextrins,
but it is very difficult to observe the chemical shifts of protons (H-1, H-2
& H-4) located at the outer surface of the Cyclodextrin [34]. It can be
observed that these chemical shifts appeared due to inclusion complex
development due to the inclusion of Guest into the Host molecule and
not because of non-specific correlation between host–guest molecules.

The possible interaction between AMB and αCD for inclusion
complex formation was investigated by comparing the 1H NMR spectra
of AMB, αCD and the AMB + αCD inclusion complex in D2O (Fig S9).
The chemical shifts of βCD protons with or without AMB were com-
pared in (Table 3a). The chemical shift variations were calculated by

the equation: Δ(difference) = Δ(complex)-Δ(free). The positive and
negative signs indicate a downfield and upfield shifts, In (Table 3a),
upfield shifts are quite evident (-0.04 ppm and −0.01 ppm) observed
for the H3′ and H5′ respectively i.e Protons that are located inside the
cavity of βCD. But very little to none upfield shifts can be observed of
H4′ and H1′ protons could be observed for the protons of βCD that are
located outside the cavity.

Inclusion mode of AMB + αCD complex can also be characterized
by the chemical shift variation of proton of AMB. Aromatic protons
which are designated as H4, H6 when form inclusion complexes che-
mical shift values have been shifted to downfield (Δδ: H4 0.02, H6 0.03)
which indicated that they tend to appear outside the cavity. Whereas,
H8, H9 protons belong to the benzyl and secondary NH protons shows
significant upfield shift as well as cyclohexane ring protons also show
quite good upfield shift (Table 3b). This concludes that apart from
aromatic part, rest of the part has been totally inserted into the cavity.

Similarly, 1H NMR spectra of AMB, βCD and the AMB + βCD in-
clusion complex in D2O were taken to verify the possible interaction
between AMB and βCD for inclusion complex (Fig. S10). The chemical
shifts of βCD protons with or without AMB were compared in
(Table 4a). Upfield shifts are quite obvious observed for the H3′ and H5′
respectively i.e Protons that are located inside the cavity of βCD. But
very little to none upfield shifts can be observed of H4′ and H1′ protons
could be observed for the protons of βCD that are located outside the
cavity.

It is known that H5′ protons are near the narrow side of the cavity
while H3′ protons are near the wide side of the cavity of βCD. In our
study of AMB + βCD inclusion complex formation, H3′ possessed
reasonably larger chemical shift variation (-0.03 ppm) than H5′
(-0.01 ppm). So it could be proposed that AMB got inserted from wide
side of βCD cavity. Moreover, the upfield shifts of H3′ and H5′ protons
signify the masking in presence of dense electronic clouds which results
in shielding of protons. But in case of protons which are present outside
the cavity such as H1′, H4′ H2′ the variation of chemical shifts are little
or none.

In Table 4b, the inclusion mode of the AMB + βCD can be further
investigated by comparing the 1H NMR spectrum of Ambroxol in the
absence and in presence of βCD. As showed in Fig. S10, mostly AMB
signals appeared at 1.23–7.70 ppm, which was almost in similar with
the βCD protons (2.13–4.98 ppm).Therefore, few AMB protons signals
were overlapped specially around (3.4–5.0 ppm) region in the spectra
of AMB+ βCD complex. It was observed that AMB protons signals were
much weaker as compared to βCD due to the less percentage of AMB
(Guest) in the inclusion complex with βCD. Moreover, after inclusion in
βCD chemical shift changes were also reported for AMB protons signals
between free and complexed state (Table 4b). we observed that βCD
induced variations in chemical shift occurred in case of few protons but
pretty much significant differences as compared to αCD were reported
in case of H4, H6 protons (Δδ: H4 −0.03; H6 −0.01), which were
characterized by aromatic protons of benzene ring (Fig. S10). However,
H12, H14 proton of AMB shows significant variations (Δδ: H12, H14
−0.03). From these findings it can also be proposed that probably the
Aromatic ring of Ambroxol.HCl get stabilize outside the βCD cavity.

Fig. 5. FTIR spectra of (a) pure AMB (b) βCD (c) AMB + βCD inclusion com-
plex.

Table 3a
Chemical shift data (in ppm) of protons of free αCD and of AMB + αCD complex and their differences.

Protons Of αCD Δδ (Free) (ppm) Δδ (Complex) (ppm) Δδ (Difference) (ppm)

H1′ 4.97–4.96 (d, J = 4 Hz) 4.96 (d, J = 4 Hz) −0.01
H4′ 3.50–3.47 (t, J = 12 Hz) 3.50–3.47 (t, J = 12 Hz) 0.00
H3′ 3.91–3.80 (dd, J = 8 Hz) 3.87–3.81 (t, J = 8 Hz) −0.04
H5′ 3.79–3.74 (m, J = 8 Hz) 3.79–3.75 (t, J = 8 Hz) −0.01
H2′ 3.56–3.52 (dd, J = 4 Hz) 3.56–3.52 (dd ,J = 4 Hz) 0.00
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3.6. 2D-ROESY NMR spectral analysis.

Two-dimensional (2D) NMR spectroscopy provides significant in-
formation and conclusive evidence about the spatial proximity between
the atoms of host and guest via observations of the intermolecular di-
polar cross-correlations [35]. The two protons that are closely located
in space within 0.4 nm can produce a nuclear Overhauser effect (NOE)
cross-correlation in rotating-frame NOE spectroscopy (ROESY). Here
we obtained 2D ROESY spectra of the inclusion complexes of AMB with
αCD and βCD to procure more conformational information and en-
capsulation mechanism. The 2D-ROESY spectrum of the AMB + αCD
complex (Fig. S11) showed considerable correlation of the aromatic H-6
and alicyclic H-11/H-15 protons of AMB with the H-5 and H-3 protons
of αCD respectively. These results recommends that the AMB molecule
was encapsulated within the cavity of αCD via the narrower rim, sug-
gesting half of the aromatic ring containing bulky Br atoms outside the
narrower rim and half of the alicyclic ring containing –OH group out-
side the wider rim. The ROESY spectrum of the AMB + βCD complex
(Fig. S12) also showed significant correlations between the aromatic H-
6 and alicyclic H-12/H-14 protons of AMB with the H-3 and H-5 pro-
tons of βCD respectively. These outcomes, however, suggest that the
AMB molecule was included in the βCD cavity via the wider rim, in-
dicating half of the aromatic ring containing bulky Br atoms outside the
wider rim. Based on the observation from 1H NMR and 2D-NMR, a
plausible mechanism have been drawn and shown in Scheme 2.

3.7. ESI-MS of the inclusion complex analysis:

The formation of the inclusion complexes of AMB with αCD and

βCD were examined by ESI-mass spectrometry [36]. The spectra are
shown in the Fig. S13 & S14 and the m/z values for the observed peaks
are enlisted in Table 5. The peaks appeared at m/z 1388.58 and
1410.36 corresponds to the [AMB + αCD + H]+ and
[AMB + αCD + Na]+ respectively, and the peaks at 1550.65 and
1572.44 corresponds to the [AMB + βCD + H]+ and
[AMB+ βCD+ Na]+ respectively. These observed peaks in the spectra
recommends that AMB is encapsulated inside the cyclodextrin cavity,
and the stoichiometric ratio of the host–guest is 1:1.

3.8. Scanning electron microscope (SEM) analysis

Scanning electron microscopy (SEM) is a very suitable qualitative
analysis technique to visualize the surface texture of different materials
[37]. SEM photographs of αCD, βCD, AMB and their inclusion com-
plexes are shown in Fig. 6. Pure AMB shows its amorphous character-
istics. The micrographs of βCD presented homogeneous morphology
and polyhedral flake like crystals whereas αCD shows its well defined
prismatic shape as reported in other literatures [38]. In contrast, the
inclusion complex appeared as regular particles in which the original
morphology of both components disappeared in both cases and
homogeneous plate-like structures with crystal particles were present
and it is quite different from the sizes and shapes of αCD, βCD and
AMB, which confirms the formation of the inclusion complex.

Table 3b
Chemical shift Data (in ppm) of protons of AMB in Free State and during Inclusion Complexation with αCD.

PROTONS OF AMB δ(Free) (ppm) δ(Complex) (ppm) δ(Difference) (ppm)

H4 7.70 (1H, s) 7.72 (1H, s) 0.02
H6 7.33 (1H, s) 7.36 (1H, s) 0.03
H8 2.00–1.97 (1H, d, J = 12 Hz) 2.01–1.97 (1H, d, J = 12 Hz) 0.01
H9 2.14–2.12 (1H, d, J = 12 Hz) 2.18–2.16 (1H, d, J = 12 Hz) 0.04
H10 3.18–3.12 (1H, t, J = 12 Hz) – 0
H13 3.61–3.56 (1H, m, J = 4 Hz) _ _
H12, H14 1.49–1.40 (4H, q, J = 12 Hz) 1.44 (4H, q, J = 12 Hz) −0.05
H11, H15 1.32–1.23 (4H, q, J = 12 Hz) 1.30 (4H, q, J = 12 Hz) −0.02
H16 4.15 (2H, s) 4.17 (1H, s) 0.02

Table 4a
Chemical shift Data (in ppm) of protons of βCD in Free State and during Inclusion Complexation with AMB.

PROTONS OF βCD δ(Free) (ppm) δ(Complex) (ppm) Δδ(Difference) (ppm)

H1′ 4.98–4.97 (d, J = 4 Hz) 4.98–4.97 (d, J = 4 Hz) 0
H4′ 3.49–3.47 (t, J = 12 Hz) 3.49–3.47 (t, J = 12 Hz) 0.00
H3′ 3.90–3.86 (t, J = 8 Hz) 3.87–3.83 (t, J = 8 Hz) −0.03
H5′ 3.79–3.75 (t, J = 8 Hz) 3.78–3.75 (t, J = 8 Hz) −0.01
H2′ 3.57–3.54 (dd, J = 4 Hz) 3.57–3.51 (dd ,J = 4 Hz) 0.00

Table 4b
Chemical shift Data (in ppm) of protons of AMB in Free State and during Inclusion Complexation with βCD.

PROTONS OF AMB δ(Free) (ppm) δ(Complex) (ppm) δ(Difference) (ppm)

H4 7.70 (1H, s) 7.67 (1H, s) −0.03
H6 7.33 (1H, s) 7.32 (1H, s) −0.01
H8 2.00–1.97 (1H, d, J = 12 Hz) 2.03–1.99 (1H, d, J = 12 Hz) 0.03
H9 2.14–2.12 (1H, d, J = 12 Hz) 2.17–2.14 (1H, d, J = 12 Hz) 0.03
H10 3.18–3.12 (1H, t, J = 12 Hz) – 0
H13 3.61–3.56 (1H, m, J = 4 Hz) – –
H12, H14 1.49–1.40 (4H, q, J = 12 Hz) 1.46–1.43 (4H, q, J = 12 Hz) −0.03
H11, H15 1.32–1.23 (4H, q, J = 12 Hz) 1.32–1.25 (4H, q, J = 12 Hz) 0
H16 4.15 (2H, s) 4.15 (1H, s) 0
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3.9. Molecular docking results

3.9.1. Prediction of AMB + αCD and AMB + βCD inclusion complexes
binding mode

Molecular modelling techniques, such as molecular docking, have
been well recognised in predicting the binding modes [39] and inter-
action profiles of inclusion complexes with different receptor like
structures including CDs [40]. Previous studies [41] have confirmed
that the most of the guest molecules are usually inserted into CDs via
the larger outer rim than that of the smaller one. But in our case,
AMB + αCD showed different results (Fig. 7a & b) i.e, AMB has been
inserted through narrow rim and aromatic ring was present almost
outside, whereas cyclohexane ring was present at wider side of the ring.
However, aromatic N-H were connected with CH2-OH group of αCD
through bond which make whole complex stabilized and the distance
between these two group was found to be 2.13 Å (Table 6). The

snapshots of AMB + βCD complexes illustrated in Fig. 7c & d show that
AMB enters the nanocavity of the host in such a way that the both the
bromine atoms of aromatic part was present outside of the wider rim of
the cavity but benzyl carbon i.e, carbon next to the phenyl group at-
tached with secondary group (–NH2-) and whole cyclohexane ring were
inserted into the cavity and stabilized at the norrower rim. The distance
of secondary N-H group of AMB with the oxygen atom that attached
with two glucopyranose rings of βCD was 2.36 Å, which connected by
hydrogen bond (Table 6). In most of the previous studies show[42] that
if both aromatic part and aliphatic part are present in a molecule, then
most of the cases aromatic part got inserted but here, anomalous be-
haviour happen that may be due to the present of two bulky bromine
atoms that present in the aromatic ring.

Moreover, the binding energy (ΔG⁰) for the best docking pose of the
complexes was also calculated at room temperature (Table 7). The ΔG⁰
values of modes AMB + αCD and AMB + βCD in the 1:1 stoichiometry
were −3.68 and −4.57 kcal/mol, respectively obtained from the S
dock score of MOE database viewer. The results indicated that the
complex were stable by good binding energy and drug were completely
embedded into the CD cavities and the computational data is quite
comparable with our experimental data which is in the range of
−4.86 kcal/mol to −6.01 kcal/mol and −5.96 to −6.91 kcal/mol for
AMB+ αCD and AMB+ βCD inclusion complex respectively (Table 2).
The findings of this theoretical study are consistent with the results of
UV–vis titration, FT-IR, NMR and ESI-MS study.

Scheme 2. Plausible inclusion mechanism of (a) AMB + αCD inclusion complex (b) AMB + βCD inclusion complex predicted by 1H NMR and 2D-NMR.

Table 5
ESI-MS mass spectra of different inclusion complex.

Name of the complexes Calculated mass (a.u) Experimental mass (a.u)

[AMB + αCD + H]+ 1388.41 1388.58
[AMB + αCD + Na]+ 1410.41 1410.36
[AMB + βCD + H]+ 1550.53 1550.65
[AMB + βCD + Na]+ 1572.53 1572.44

Fig. 6. Scanning Electron Microscope microphotograph of AMB, αCD, βCD, AMB + αCD complex and AMB + βCD complex.
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3.9.2. Potential energy calculations of two different inclusion complexes
(AMB + αCD and AMB + βCD)

Changes in Potential energy (ΔE) for both the complexes were also
calculated in order to obtain some profound information about the
geometry of the host–guest complexes and to find the intermolecular
interaction in between host and guest inclusion complexation [43]. ΔE
of the complexation was calculated for the minimum energy mode of
docked complex according to Eq. (1) and the data of Ecomplex,
Ehost + Eguest, ΔE were listed in Table 8. Solvation energy is zero be-
cause the modeling was carried out in gas phase.

= − +Δ E E (E E )Complex Host Guest (1)

The results show that the potential energies for the complexes of
AMB with αCD and βCD were −174.886 kcal mol−1 and
−213.260 kcal mol−1, respectively, indicating that AMB has stronger
affinity for βCD than that for Αcd [44]. Electrostatic potential energy
surfaces of both the complex show the charge distribution of molecule

three dimensionally (Fig. 8). Sherje et al., [45] in their work, beauti-
fully showed that various potential energy components have overall
effect on forming stable inclusion complex. In our case of AMB + αCD
inclusion complex (Table S8), Van der walls energy (vdw) was found to
be 170.84 kcal/mol and electrostatic interaction energy (ele) was about
172.20 kcal/mol. So, the differential (Del) van der Waals energy was
44.88 kcal/mol, and the Del electrostatic energy was −12.51 kcal/mol.
It is the van der Waals energy that makes the inclusion complex stable.
However, in case of AMB + βCD inclusion complex (Table S9), Van der
walls energy (vdw) was found to be 175.33 kcal/mol and electrostatic
interaction energy (ele) was about 268.75 kcal/mol. So, the differential
(Del) van der Waals energy was 9.45 kcal/mol, and the Del electrostatic
energy was 42.85 kcal/mol. It is the electrostatic interaction energy
that makes the inclusion complex stable [46,47].

3.9.3. Change in the dihedral angle and bond length of AMB after forming
inclusion complexes.

To establish the modification of the structural conformation of AMB
upon insertion into αCD and βCD, we have once used MD docking.
Sancho et al. [32], showed that change in dihedral angle and bond
length could give us strong evidence of conformational changes. After
getting the docked pose of all the inclusion complexes, we have mea-
sured the dihedral angle of free AMB and the complex encapsulated
AMB. The calculated dihedral angles of pure AMB between the carbon
atoms labeled as a-b-c-d, b-c-d-e and b-c-d-f were found to be 172.1⁰,

Fig. 7. (a) AMB+ αCD Side view; (b) AMB+ αCD Upper view; (c) AMB+ βCD side view; (d) AMB+ βCD Upper view; atom designation: gray, carbon; red, oxygen;
blue, nitrogen; orange, bromine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
Hydrogen bonding distance in AMB + αCD and AMB + βCD Complex from
Molecular Docking.

Receptor atoms AMB atoms Distance (Å)

αCD (CH2-O) N(aromatic)-H 2.13
βCD (pyranoseCH2-O-CH2pyranose) N(SP3)-H 2.36

Table 7
Binding affinity of AMB + αCD and AMB + βCD obtained from Molecular
Docking.

Ligand with receptor Binding affinity(ΔG)in kcal.mol−1 rmsd_refine

AMB + αCD −3.68 3.95
AMB + βCD −4.57 2.31

Table 8
Potential energy calculation of the docked complex without energy minimiza-
tion.

Inclusion Complex EHost (Kcal/
mol)

EGuest
(Kcal/mol)

EComplex

(Kcal/mol)
ΔE (Kcal/mol)

AMB + αCD 511.134 254.702 590.950 −174.886
AMB + βCD 1253.700 254.702 1295.142 −213.260
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66.4⁰, and −168.5⁰ respectively (Scheme 1). However, for inclusion
complex AMB + αCD, the dihedral angles for the same labelling were
found to be −174.9⁰, −70.9⁰ and 172.7⁰. It is clear evidence that all
the planes were rotated to their opposite direction after forming com-
plex. But in case of AMB + βCD complex, the dihedral angles were
found to be 81.8⁰, 152.6⁰ and −86.8⁰. It suggests that all the planes
were getting shifted to get the stability of the complex. Docking poses
all supports the conclusion as in encapsulated form, AMB got deformed
structure. Change in bond length of guest AMB also confirms structural
changes in both the inclusion complexes. In free AMB, Bond length of
aromatic amine N-H bond is around 0.86 Å. Whereas, aliphatic Nc-CH2,
Ph-Cb-H is about 1.45 Å and 0.97 Å respectively. When it forms

inclusion complex, aromatic amine N-H bond slightly shifted from
0.86 Å to 1.03 Å in case of AMB + αCD due to hydrogen bonding with
hydroxyl group of αCD and 0.86 Å to 1.01 Å in case of AMB + βCD due
to van der Waals force of attraction. While, aliphatic Nc-CH2 gets in-
creased from 1.45 Å to 1.47 Å in AMB + αCD and 1.50 Å in case of
AMB + βCD. In addition, Ph-Cb-H bond length is also increased from
0.97 Å to 1.08 Å in case of AMB + αCD and 1.10 Å in case of
AMB+ βCD respectively possibly due to the hydrophobic interaction of
inner cavity protons.

3.9.4. Molecular dynamics (MD) simulations
Molecular dynamics and simulations (MD/MS) study was performed

Fig. 8. electrostatic potential energy surface of (a) AMB + αCD (b) AMB + βCD inclusion complex.

Fig 9. Molecular dynamic simulation study of AMB + αCD inclusion complex with respect to (a) time versus kinetic energy (b) time versus potential energy (c) time
versus temperature.

Fig 10. Molecular dynamic simulation study of AMB+ βCD inclusion complex with respect to (a) time versus kinetic energy (b) time versus potential energy (c) time
versus temperature.
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on both of the inclusion complexes to check the stability of the host–-
guest complex with respect to time [48,49]. Optimized Inclusion
complexes obtained after docking were simulated in gas phase from 0
picoseconds to 600 picoseconds (100 ps of equilibrium and 500 ps of
production) with respect to temperature, potential energy and kinetic
energy. Before simulation process, whole complex systems were energy
minimized. Simulation study of AMB + αCD inclusion complex re-
vealed that initially potential energy of the complex was found to be
283.90 kcal/mol, with the increase in time energy get decreasing and a
mild break point found after 150 ps the whole assemble get stabilized
after 150 ps and it stayed stabilised up to 600 ps with 333.81 kcal/mol
energy respect to temperature, potential energy and kinetic energy, as
shown in Fig. 9(a–c), respectively [50,51]. In case of AMB + βCD
complex, initial potential energy was found to be 349.53 kcal/mol. At
around 120 ps, potential energy was 454.85 kcal/mol, then, a sharp
break in the curve was observed and potential energy drop down to
432.29 kcal/mol and with increase in time potential energy getting
decrease and stabilized upto 371.30 kcal/mol at 600 ps Fig. 10(a–c).

4. Conclusions

In this paper, we report structural and conformational changes after
inclusion of AMB with two different host molecules. The thermo-
dynamic data for two inclusion complexes (AMB + αCD and
AMB + βCD) make us understand that AMB has been encapsulated
with ease. Despite the structural similarity between these two hosts,
their inclusion complexes show interesting differences with respect to
their dihedral angle changes and potential energy changes. Inclusion
mechanism has been outlined from various spectroscopic methods, e.g,
Job’s plot, 1H NMR, 2D-NMR, ESI-MS. Then, it is finally confirmed by
molecular docking method and theoretically predicts their binding
modes. Potential energy calculation indicates that after inclusion
complexation of AMB in β-cyclodextrin give more stabilization than
that of in α-cyclodextrin. Molecular docking poses of both the com-
plexes confirm that conformational changes occur after encapsulation.
Dynamic simulation also confirms that β-CD-complex after a certain
time gives more stabilization than α-CD-complex and their dynamic
behaviour with respect to time (ps).
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a b s t r a c t

An inclusion complex of a biologically active alkaloid Trigonelline hydrochloride (TgC) and hydrox-
ypropyl-b-cyclodextrin (HP-b-CD) was prepared and characterized by several physicochemical and
spectroscopic methods. The Trigonelline/HP-b-CD inclusion complex was confirmed by UVevis Job's plot,
fluorescence, conductance and SEM. Here, the inclusion mode is described with regard to structural
aspect using 1H NMR, FTIR spectroscopy. Trigonelline hydrochloride (TgC) being an anti diabetic natural
product, its inclusion complex was precisely checked for its sustained release by fluorescence
spectroscopy.

© 2018 Published by Elsevier B.V.

1. Introduction

Fenugreek (Trigonella foenum graecum) is one of themost widely
used medicinal plants in medicine. Trigonelline hydrochloride
(TgC), one of the major alkaloid of fenugreek, has been reported to
be responsible for showing immense potential pharmacological
activities. It has the ability to reduce blood glucose concentration in
rats [1,2] and in human [3,4] which indicate that it has a potential
antidiabetic activity. It helps to reduce the total cholesterol (TC) and
triglyceride (TG) levels. TgC has antioxidant activities in cell-free
systems as well as human colon cell lines [5]. The anti diabetic
activity of the fenugreek seeds have been reported [6]. Its protects
b-cells of the pancreas and increases insulin sensitivity index as
well as insulin content [7]. (see Schemes 1 and 2)

Cyclodextrins (CDs) are cyclic oligo saccharides of a-D-glucose
that are formed through glycosidic a-1, 4 bonds [8]. Cyclodextrins
(CDs) have been used extensively as additives that can increase the
solubility of poorly water-soluble organic compounds, by forming
an inclusion complex between the host cyclodextrin and the guest
molecules [9]. The resulting inclusion or hosteguest complexes

having unusual physical, chemical and biological properties can
greatly increase the interest in scientific and technological aspect, e.
g, inner cavity of Cyclodextrins are hydrophobic whereas outer
cavity is hydrophilic in nature [10]. Such noncovalent interactions
can actually improve the guest's water solubility, bioavailability as
well as stability [11]; they can also be used for controlled release of
the guest molecules [12]. Hydroxypropyl-beta-cyclodextrin (HP-b-
CD), a hydroxy alkyl derivative, is an alternative to parent CDs,
having higher water solubility and may have slightly more toxico-
logically benign [13]. 2-Hydroxy propyl-b-cyclodextrin is com-
mercialised under the trade name of Molecusol™ and Encapsin™
[14]. It does not have any nephrotoxicity in human body just like
beta-cyclodextrin. As the first approved CD derivative by FDA, HP-
b-CD has wide applications in food, pharmaceuticals and agricul-
ture etc [15].

In order to show some therapeutic affect on biological system, a
drug has to be released from their carrier. Here, cyclodextrin has
been used as the drug carrier. From the literature, it is reported that
hydroxy propyl-b-cyclodextrin can be used modified or controlled
release carrier.

In the present study, HP-b-CD has been used as the host mole-
cule whereas TgC as guest molecule. HP-b-CD can increase the
water solubility of pure TgC (50mg/mL) to up to four times after* Corresponding author.
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formation of the inclusion complex (196mg/mL) and hence in-
crease the bio availability of the drug. It will also be studied that
whether the inclusion complex show sustained release or not. In
this aspect, fluorescence spectroscopy will be involved as the
measurement.

2. Materials and methods

2.1. Materials

Trigonelline hydrochloride (Molecular weight¼ 173.60 g/mol,
Purity> 98%) used in this work was purchased from Sigma Aldrich.
2-Hydroxypropyl-b-cyclodextrin (HP-b-CD, average molecular
weight¼ 1541.54 g/mol) was obtained from TCI chemicals India
PVT. LTD and used without further purification. Other reagents and
chemicals were of analytical reagent grade. All experiments were
done using double distilled water.

2.2. Methods

2.2.1. Preparation of TgC/HP-b-CD inclusion complex
An inclusion complex of TgC/HP-b-CD was prepared in 1:1M

ratio by simple co-precipitation method [16]. First, TgC (25mg) and
HP-b-CD (225.89mg) were dissolved in minimum volume of pure
distilled water, then the two solutions were mixed in a 50mL
beaker and kept at 50 �C with stirring of 350 rpm/min for 24 h.
Finally, the sample was evaporated under reduced pressure in a
rotary evaporator at 40 �C to produce a solid inclusion complex.

2.2.2. Preparation of physical mixture
A physical mixture of TgC and HP-b-CD with a 1:1M ratio was

also prepared by mixing solid TgC and HP-b-CD thoroughly for
10min in a ceramic mortar unless a homogeneous mixture was
obtained [17].

Scheme 1. The molecular structures of Hydroxypropyl beta cyclodextrin and Trigonelline hydrochloride.

Scheme 2. Schematic Representation for encapsulation.
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2.3. Inclusion complex characterization

2.3.1. UV measurement
UV spectra of the inclusion complex, TgC and HP-b-CD were

obtained by Agilent 8453 UVevis spectrophotometer with uncer-
tainty ±2 nm. A conventional 1 cm path (1 cm� 1 cm� 4 cm)
quartz cell has been used. UV instrument was attached with a
digital thermostat. The scans were taken within range from 190 to
1200 nm.

As the compound TgC was water soluble, double distilled H2O
had been used for the spectral measurements [18].

2.3.2. Conductance
Conductance measurements were taken in SYSTRONICS

CONDUCTIVITY-TDS METER 308 instrument [19]. Prior to the
experiment, cell constant and specific conductance of the solvent
(H2O) were measured. Cell constant was found to be 0.10 cm�1.
Specific Conductance of 10mM, 10mL pure TgC was 18.2mScm�1.

2.3.3. Fourier Transform Infrared spectroscopy (FT-IR)
The FT-IR analysis was performed on a Perkin Elmer Spectrum

FT-IR spectrometer, using KBr pellets [20]. The samples of TgC, HP-
b-CD, physical mixture, and their inclusion complex were previ-
ously ground and mixed thoroughly with KBr. The KBr disks were
prepared by compressing the powder. The scans were done with a
resolution of 4 cm�1, from 4000 to 500 cm�1. The concentration of
the sample in pellets was 1 mg/100mg KBr [20].

2.3.4. 1H NMR
One-dimensional 1H NMR spectra were recorded at room tem-

perature on Bruker AVANCE III 400 NMR spectrometer. TgC, HP-b-
CD and the complex TgC/HP-b-CD were respectively dissolved in
D2O (Aldrich). The signal at 4.67 ppm of HOD was used as an in-
ternal reference [21].

2.3.5. Scanning electron microscope (SEM)
The surface morphologies of TgC, HP-b-CD, TgC/HP-b-CD phys-

ical mixture and TgC/HP-b-CD inclusion complex were determined
by JEOL JSM-IT 100 scanning electron microscope [22]. The pictures
were taken at an excitation voltage of 15, 20 or 30 kV and a
magnification of 425, 500, 1000 or 2000�.

2.3.6. Sustained release by fluorescence
Release kinetics was studied with the help of fluorescence

spectroscopy to determine the variation in maximum emission
intensity with time [23]. First, 100 mM solution of inclusion complex
(TgC/HP-b-CD) was prepared in Double distilled water. Excitation of
the fluorescence spectrometer was set at 265 nm, emission scan
was adjusted in the range of 275e650 with slit width at 2 nm and
spectra were recorded with time gap of 0, 10, 20, 30, 40, 60, 75, 90,
105, 150, 210mins.

3. Results and discussion

3.1. Job-plot by UVevis determination

The stoichiometry of inclusion complex was determined by the
continuous variation Job's method [24]. First, 100 mM solution of
both TgC and HP-b-CD were prepared and them they were mixed
by varying the molar ratio (4mL:0mL, 3.6mL:0.4mL,
3.2mL:0.8mL and so on) but the total concentration of the species
were kept constant (Table S1). After 1 h, the absorbance at lmax was
determined for all the solutions and the difference in absorbance in
the presence and in absence of HP-b-CD was plotted against R
(R ¼ [TgC]/{[TgC]þ[HP-b-CD]}. The shift of lmax around 265 nm of

the UV-spectrum of TgC was observed to prepare the Job's plot. The
absorption peak observed at 265 nm for TgC inwater was due to the
P-P* transition of the pyridinium moiety. The Fig. 1 shows a
maximum value at r¼ 0.50, corresponding to 1:1 (TgC: HP-b-CD)
stoichiometry.

3.2. Association constant calculation by UVevis measurement

Association constant and stoichiometric ratio of the inclusion
complex TgC/HP-b-CD can be calculated according to the Benesi-
Hindebrand double reciprocal plot assuming the formation of a
1:1 hosteguest complex [25].

1
DA

¼ 1
K ½TgC�D2 � 1

½HPbCD� þ 1
½TgC� (1)

Where, DA is the difference of absorbance between the TgC in the
absence and presence of the HP-b-CD at a particular wavelength, Dε
is the difference in the molar absorptivities between guest (TgC)
and inclusion complex. The Fig. 2 showed the variation in UVevis
spectral changes of TgC on addition of different strength of solution.

Plot of 1/DAversus 1/[HP-b-CD] for three different temperatures
(293 K, 298 K, 303 K) had been taken and was found to be straight
lines (Fig S1 in supporting information). Linear correlation was
satisfactory (R2¼ 0.661 at 293 k, R2¼ 0.891 at 298 k, R2¼ 0.999 at
303 k), which is less than 1, it's also confirm that the formation of a
1:1 encapsulation complex.

From the ratio of intercept and slope of these plot, association
constant (Ka) was found to be �141005M�1 at
293 K, �69976M�1 at 298 K, �8416M�1 at 303 K (Table S2).
Decrease in the negative Ka value with temperature was likely due
to the weakening of the intermolecular forces such as van der
Waals or hydrogen bonding forces and as the temperature was
raising binding between guest (TgC) and host (HP-b-CD) became
more powerful.

The change in Gibbs' free energy (DG) for the inclusion process
was calculated according to the given equation.

DG ¼ DH� TDS (2)

From the Van't Hoff equation, enthalpy Change (DH) and en-
tropy Change (DS) can be easily obtained [26].

Fig. 1. Job's plot of TgC/HP-b-CD.
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ln K ¼ �DH
RT

þ DS
R

(3)

Parameters have been shown in the Table 1. There are various
binding forces involved during the inclusion phenomena such as
hydrogen bonds, electrostatic interactions, hydrophobic forces and
van der Waals interactions.

According to Ross and Subramanian [27], various thermody-
namic rules can be used to interpret the type of binding mode
which is summarized below:

(a) DH> 0 and DS> 0 i.e., hydrophobic forces;
(b) DH < 0 and DS > 0 i.e., electrostatic interactions;
(c) DH< 0 and DS< 0 i.e., van der Waals interactions and

hydrogen bonds.

In our case, we got positive DH and DS suggest that inclusion
process was endothermic in nature and hydrophobic forces played
an important role to favour the inclusion complex, again, slight
negative DG value suggest that interaction between TgC and HP-b-
CD was spontaneous (Fig. S2) [28].

3.3. Association constant measurement by fluorescence
measurement

The association constant can also be determined by monitoring
the Changes in fluorescence emission due to the interaction be-
tween any guest and host molecules [29,30]. In case of fluorescence
measurement to calculate the association constant, modified
SterneVolmer equation has been used.

Fo
DF

¼ 1
f*Ka

� 1
½Q � þ 1

f
(4)

Where, DF is the difference in fluorescence in the absence and
presence of the cyclodextrin at a concentration [Q], f is the fraction
of accessible fluorescence, and Ka is the effective quenching con-
stant for the accessible fluorophores, which are analogous to the
associative binding constants for the host-guest system. According
to the above equation, the binding constants Ka can be obtained by
plotting Fo/DF vs. 1/[Q] and the results are shown below. TgC
showed a linear fit curve when complexed with HP-b-CD that in-
dicates 1:1 binding stoichiometry.

The variation in the fluorescence emission spectra were given in
the Fig. 3 and the plot were given in Fig. S3 of supporting
information. The spectra were scanned in the UVeVIS spectral
range (275e650 nm) by exciting at 265 nm with scanned speed at

Fig. 2. UVevis spectral changes on addition of HP-b-CD where, different strength of
the solution having 20 mM, 30 mM, 50 mM, 60 mM, 70 mM respectively were taken at
30 �C.

Table 1
Data of the Van't Hoff equation for the calculation of thermodynamic parameters.

Temp(K) Ka/M�1 DH⁰(KJ mol�1) DS⁰(J mol�1 K�1) DG KJ mol�1

293 �141005.4 �0.197
298 �69976.75 1.933 0.00727 �0.234
303 �8416.58 �0.270

Fig. 3. Variation in Fluorescence emission spectra of TgC and HP-b-CD in different
molar concentration.

Table 2
Thermodynamic parameters for TgC and HP-b-CD at 308 K.

Temp/K Modified SterneVolmer method

Ka(M�1) Correlation Coefficient (R2)

308 �5000 0.923

Fig. 4. Plot of Specific conductance vs Conc. of HP-b-CD.
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1 nm/s (3 slits were at 2, 2 and 3mm respectively from the end of
lamp). The fluorescence emission maxima were found at four
different bands located in the spectral ranges 275e300, 375e500,
515e550 and 550e600 nm. The fluorescence emission peak found
at 433 nm was due to the corresponding emission of the p/p*

transition of the pyridinium moiety [31]. The other peaks were
probably due to the solvent and host molecules present in the so-
lution. The association constant have been calculated with different
concentration of solution at 433 nm.

According to the Benesi-Hildebrand (B-H) method, it was found
to be 1:1 stoichiometric ratio. Further, to verify the association
constant values, a modified SterneVolmer equation can be used to
determine the value of Ka and it was found to be
around �5000M�1 which was quite comparable with the data
obtained in UVevis spectroscopy at 303 K (Table 2 and S3).

3.4. Conductance measurements

Conductometric method is one of the older but precious
methods used to validate not only the inclusion process between
guests and the host but also stoichiometry of the inclusion complex
[32]. The conductivity curve has been shown in the Fig. 4 and the
conductance values have been provided in Table S5 of supporting
information. Prior to the experiment, 10mM of the guest (TgC) as
well as host (HP-b-CD) were prepared using H2O as solvent. Then,
10mL pure TgC aliquot was taken and its conductivity was
measured, it was found to be 18.2mSm�1. When, 1mL of the HP-b-
CD was added to the 10mL of the guest solution, conductivity was
found to be decreased gradually. The decreasing conductivity with
adding HP-b-CD concentration, demonstrating the inclusion-
complex formation between HP-b-CD and the TgC. After a certain
concentration, the linearly decreasing tendency was going slow
down with the addition of HP-b-CD. A distinct breakpoint was
found out in the conductivity curve at a concentration of about
6mM suggesting that the Complexation was equimolar as con-
centration ratio between HP-b-CD and TgC was 1.5. This indicates
that either TgC was almost totally bounded in the cavity of the HP-
b-CD or TgC was completely encapsulated by HP-b-CD by means of

Fig. 5. FT-IR spectra of (a) TgC, (b) HP-b-CD (c) inclusion complex TgC/HP-b-CD (d)
Physical mixture TgC/HP-b-CD.

Table 3
Variation of the stretching frequencies (cm�1) of TgC and HP-b-CD protons in free and complex states determined in KBr pellet.

TgC HP-b-CD TgC/HP-b-CD inclusion TgC/HP-b-CD PHY MIX

(I)3414 cm�1:
OeH from eCOOH
(II)3084- 3040 cm�1:
Csp
2 -H from aromatic

Ring.
(III)2357 cm�1:
C¼N from aromatic ring.
(IV)1711 cm�1:
eC]O from eCOOH.
(V)1469 and 1391 cm�1:
C¼C double bond from pyridine

moiety.

(I)3410 cm�1: n(OeH)
(II)2928 cm�1: n(Csp3 -H)
(III)1635 cm�1: The OH groups in the glucose moieties of HP-
b-CD
(IV)1373 cm�1:
CeH from CH3

(V)1152 cm�1:
Stretching frequency of CeO, CeC, CeOeC.
(VI)1033 cm�1:
Bending frequency of OeCeH, CeCeH, CeCeO.

(I)3410 cm�1:
OeH from eCOOH
(II)2915 cm�1:

n(Csp3 eH)
(III)2354 cm�1:

C¼N from aromatic
ring.

(IV)1723 cm�1:
eC]O from eCOOH.

(I)3400 cm�1:
OeH from eCOOH
(II)2927 cm�1:
n(Csp3 eH)
(IV)2356 cm�1:
C¼N from aromatic ring.
(IV) 1701 cm�1:
eC]O from eCOOH.
(V)1033 cm�1:
Bending frequency of OeCeH, CeCeH,
CeCeO.

Fig. 6. Chemical Shift in NMR data of Free Trigonelline Hydrochloride (left) and after formation of encapsulation (right).
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non-covalent interactions.

3.5. IR analysis

Fourier Transform Infrared spectroscopy (FT-IR) is an important
method used to validate the formation of an inclusion complex
[33]. The FT-IR spectra of TgC, HP-b-CD, TgC/HP-b-CD physical
mixture, TgC/HP-b-CD inclusion complex are shown in Fig. 5. The
variations in stretching frequency after inclusion complex

formation were shown in Table 3. The FT-IR spectrum of TgC con-
sisted of the absorption bands of OeH group of eCOOH
(3410 cm�1). In the region of 3084- 3040 cm�1, the stretching fre-
quency of C-H from eCH3 and Csp2 -H from aromatic ring appeared.
C]O group of the eCOOH appears at 1711 cm�1.

A strong absorption at 2357 cm�1 is may be due to the presence
of C]N bond in pyridinium moiety. The absorption peak in
1469 cm�1 is corresponding to the C]C stretching vibration in the
aromatic ring.

Fig. 7. NMR plot of (a) HP-b-CD (b) TgC (C) Inclusion complex TgC/HP-b-CD.

N. Roy et al. / Journal of Molecular Structure 1179 (2019) 642e650 647



The FT-IR spectrum of HP-b-CD showed significant absorption
bands at 3410 cm�1 (for OeH stretching vibrations), 2928 cm�1 (for
Csp
3 eH stretching vibrations) and 1373 cm�1 (CeH stretching vi-

bration from CH3).
However, in case of both the physical mixture and inclusion

complex, the absorption band between 3084 and 3040 cm�1 dis-
appears which indicate that C-H from eCH3 and Csp

2 -H from aro-
matic ring may be inserted into the cavity of the cyclodextrin
moiety. O-H stretching frequency from eCOOH in TgC is 3414 cm�1

which is shifted towards lower region at 3410 cm�1 and 3400 cm�1

for TgC/HP-b-CD inclusion complex and physical mixture respec-
tively, this is may be due to the formation of H-bonding with host
moiety. A peak appeared at 1711 cm-1 for eCOOH in pure TgC had
shifted to 1723 cm-1 in case of inclusion complex may be due to
intermolecular hydrogen bond between OH of eCOOH and termi-
nal secondary hydroxyl group of the HP-b-CD. However, the peak
appeared at 1701 cm�1 in case of physical mixture which indicates
that guest molecule was present outside the cavity of cyclodextrin
molecules. The band at 1469 and 1391 cm�1 which is generally due
to C]C double bond from pyridine moiety diminished after

Table 4
Variation of the 1H NMR chemical shifts (d/ppm) of TgC and HP-b-CD protons in free and complex states determined in D2O.

Trigonelline Hydrochloride HP-b-CD Inclusion Complex Shift in HP-b-CD proton

(þ)N-CH3: d 4.321 (S, 3H) H-1: 5.14 H-1: 5.09 �0.05
C2-H: d 9.219 (S, 1H) H-2: 3.50 H-2: 3.56 0.02
C4-H: d 8.857e8.814 (t, 1H, J 7.2 Hz) H-3: 3.90 H-3: 3.86 ¡0.04

H-4: 3.39 H-4: 3.43 �0.04
C5-H: d 8.035e8.001 (t, 1H, J 6.8 Hz) H-5: 3.75 H-5: 3.76 0.01
C6-H: d 8.857e8.814 (t, 1H, J 7.2 Hz) H-6: 3.77 H-6: 3.76 �0.01

Me: 1.03 Me: 1.00 �0.03

Bold Values indicated the multiplicity, no of protons and coupling constant for the respective protons.

Fig. 8. Scanning electron photograph for (a) TgC (b) HP-b-CD (c) TgC/HP-b-CD inclusion complex (d) physical mixture.

Fig. 9. Schematic Drug release of TgC from Hydroxy propyl-b-Cyclodextrin.
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formation of the encapsulated complex. According to these
changes, we might suggest that the pyridinium ring of TgC was
committed.

3.6. 1H NMR analysis

NMR (Nuclear Magnetic Resonance) is one the most powerful
instrument in the study of CD complexes which provides quanti-
tative information on spatial arrangement in case of 2D-NMR as
well as detailed information on the possible inclusion mode in case
of.

1H NMR of CD with guest molecules [34].
Fig. 6 shows the change in chemical shift of the TgC after the

formation of inclusion complex. Fig. 7 shows the chemical shifts of
TgC, HP-b-CD, TgC/HP-b-CD inclusion complex and their variation
in the chemical shift (Dd) of the complex. After the formation of
inclusion complex with TgC, the H-3 proton of HP-b-CD shifted
0.04 ppm and the H-5 proton of HP-b-CD shifted 0.01 ppm
(Table 4). In case of the 1H NMR, if the guest moiety TgC enters into
the cavity of the HP-b-CD molecules, electron density over the H-3,
H-5 proton will be increased as both H-3 and H-5 protons are
located in the inner part of the HP-b-CD cavity and consequently it
will shield the protons and induce upfield shift. Again, chemical
shift of the pyridinium moiety after inclusion has been shifted to
lower (upfield) region that may be due to the van der Waals
interaction. All these data leads to the confirmation that TgC had an
interaction with the cyclodextrin cavity.

3.7. SEM analysis

Scanning electron microscope (SEM) is a qualitative technique
used to study the change in the surface morphology of different
materials like other high resolution microscopic technique [35,36].
SEM photographs of (a) TgC, (b) HP-b-CD, (c) TgC/HP-b-CD inclusion
complex and (d) TgC/HP-b-CD physical mixture are shown in Fig. 8.
Pure TgC appeared as irregular-shaped nanostructures with small
dimensions, whereas HP-b-CD showed typical amorphous spher-
ical particles with cavity structures. The physical mixture of TgC/
HP-b-CD revealed some similarities with the Guest (TgC) and Host
(HP-b-CD) molecules and both crystalline and amorphous nature
are quite visible. However, for the inclusion complex, the original
morphology of TgC had completely disappeared, and it was
impossible to differentiate the two components of TgC and HP-b-
CD, which lead to the conclusion of the formation of encapsulation
complex.

3.8. Controlled release by fluorescence measurement

In order to investigate the controlled release behaviour of the
inclusion complex of the drug molecule, fluorescence experiment
was done. Prior to the experiment, exact 100 mM solution was
prepared in distilled water and spectra were taken with different
time. The result showed that the intensity of the solutionwas found
to be decreasing up to 75mins, then gradual increase in the in-
tensity up to 150mins. All the spectra were shown in Fig. S4 of
supporting information. Fig. 9 showed a very good nature of the
release profile and it suggested that HP-b-CD can be used as sus-
tained release drug carrier.

4. Conclusion

In this present study, 1:1 inclusion complex of TgC and HP-b-CD
was prepared and various analytical techniques such as UV, NMR,
and IR had been employed to Characterized the complex. 1HNMR
and IR showed the mode of inclusion that N-methylated part of the

pyridine ring was incorporated. Association constant value of the
TgC/HP-b-CD obtained by UV measurement was found to
be �8416M�1 at 303 K which indicate that interactions was very
much negligible between guest and host and it was well matched
with the value of �5000M�1 that obtained by fluorescence spec-
troscopy. It was the hydrogen bonding that was responsible for
forming the encapsulation complex. Fluorescence measurement
showed awell defined curve in intensity vs time kinetics and it gave
us an idea about sustained release of the drug molecule from the
encapsulated complex.
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Abstract: Solid rebamipide based inclusion complexes were achieved by freeze-
dry method and characterized by FTIR, UV–visible, 1H-NMR, 2D-ROESY, fluores-
cence spectroscopy, SEM and conductance. The enzyme substituted emission
spectrum of the two comparative inclusion complexes with β-cyclodextrin (β-CD)
and HP-β-CD in the diverse solvent systems determined the controlled release of
the drug were the mid of interest. Amylase increased the stability of the inclusion
complexation, proved that if it is taken together with the inclusion complex, the
effectiveness and impact of the inclusion complexeswill have a prolonged effect in
the body. It could significantly improve the bioavailability of rebamipide.

Keywords: β-cyclodextrin; drug release assay; hydroxypropyl-β-cyclodextrin;
molecular recognition; supramolecular chemistry.

1 Introduction

In recent ages, supramolecular chemistry has become a major influence in the
field of macrocyclic chemistry. Although low solubility is a common issue for
various drug molecules but encapsulation process makes the host-guest
complexes more soluble in water. This study basically focuses on the host–
guest inclusion phenomena of low water soluble rebamipide (RB) in compar-
ison with two types of cyclodextrin for the prevention of different types of
diseases like gastric cancer [1], mucosal protection against gastro duodenal
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ulcers [2], treatment of gastritis [3], inflammatory disorder [4], analgesic ac-
tivity, antinociceptive activity, dry eye disease, allergic conjunctival diseases,
attenuated cartilage degeneration [5]. In our present exertion, we have taken
rebamipide (RB) as the guest molecule, β-cyclodextrin (β-CD) and hydrox-
ypropyl-β-cyclodextrin (HP-β-CD) as the two analogous host molecules as the
articles about the study on selecting inclusion materials of mucosal drug are
few (Scheme 1).

Rebamipide is chosen as the guest molecule having various impact which is
still to be explored in the fields of supramolecular chemistry for it’s sustain release
of drug delivery in the body. Rebamipide (C19H15ClN2O4) belongs to the class of
quinolinone family. (±)-2-(4-chlorobenzoylamino)-3-(2-oxo-1H-quinolinon-4-yl)
propionic acid (MW: 370.786 g/mol) is the IUPAC name of the compound [6].
Historical facts tell that RB was known by the trade name of Mucosta, a gastro
protective drug, developed in Japan, Rebagen in South Korea (Republic of Korea),
China and India, Rebagit in Russia.

Cyclodextrins (CDs) are the category of cyclic oligosaccharides which have in
recent times been recognized as useful matrices. Owing to its hydrophobic cavity,
CD can interact with suitably sizedmolecules to result in the formation of inclusion
complexes. This polysaccharide is a sort of novel functional macromolecule which
possesses the cumulative effects of inclusion, size specificity, controlled release
capability and transport properties of CD over and above the biocompatibility,
non-toxicity and biodegradability of it. Recently, encapsulation of various cyclic
oligosaccharides such as cyclodextrins having good cavity size with organic
molecule have been carried out to validate its inclusion phenomena and it’s
various thermodynamic stabilities [7].

Apart from cyclodextrins, other several host molecules can also be used e. g.,
18-crown-6, Calixarenes, cucurbit[n]urils such as, 18-crown-6, cucurbit[6]uril have
been used as a host and drug molecules are encapsulated within their cavity to

Scheme1: Structures of Rebamipide, β-CD and HP-β-CD.
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assort various interactions and emphasize the inclusion process [8, 9]. However, in
this work, among the various types of cyclodextrin, β-CD and HP-β-CD are taken as
the host molecules for both the size and solubility factor matching with the model
drug molecule. In support to various physicochemical, spectroscopic techniques
for the two complexes in solution phase in both pure (DMSO) and mixed solvent
(1:1–C2H5OH:H2O) have been investigated for their potential use in controlled drug
delivery applications (Scheme 2).

2 Experimental section

2.1 Materials

Rebamipide was bought from TCI Chemicals (India) Pvt. Ltd. Both the Cyclodex-
trins (i.e., β-CD andHP-β-CD)was bought fromSigmaAldrichGermany andused as
purchased. The mass fraction purities of RB, β-CD and HP-β-CD were ≥0.99, 0.98,
and 0.98, respectively.

Scheme 2: Schematic representation of Cyclodextrinmolecules forming inclusion complex with
Rebamipide guest.
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2.2 Instruments

All the Stock solutions of rebamipide, β-CD and HP-β-CD were prepared by
weighing (Mettler Toledo AG-285 with uncertainty 0.0001 g) and dilution and kept
in a slightly heating water bath.

Conductivities of both the solutions were studied by Mettler Toledo Seven
Multi conductivity meter having uncertainty 1.0 μSm−1. It was carried out in a
thermostated water bath at 298.15 K with uncertainty ±0.01 K. Double distilled
water was used with specific conductance 6.0 μSm−1. Moreover, the conductivity
cell was calibrated using 0.01 M aqueous KCl solution.

UV–visible spectra were recorded by Agilent 8453 Spectrophotometer. The
temperatures were controlled with a digital thermostat. All the absorption spectra
were recorded at 298 ± 0.1 K, 303 ± 0.1 K, 308 ± 0.1 K.

Fourier transform infrared (FT-IR) spectra were recorded on a Perkin
Elmer FT-IR spectrometer by means of the KBr disk technique. Samples were
prepared as KBr disks with 1 mg of solid inclusion complex and 100 mg of KBr.
Fourier Transform Infrared Spectroscopy measurements were performed in
the scanning range of (4000–400 cm−1) with resolution of 4 cm−1 at room
temperature.

Differential Scanning Calorimetry (DSC) spectra were recorded by Perkin
Elmer Pyris six DSC calibrated by pyris manager software. The samples were
heated in the temperature range 30–300 °C in an inert nitrogen atmosphere at a
heating rate of 10 °C/min. The samples were taken in an aluminum container at
about 1.2 mg in all cases.

Steady state fluorescence Spectra were recorded on spectrofluorimeter
from photon Technology International (PTI, U.S.). The measurements were
done at an excitation of 230 nm by using quartz cuvette having 1 cm path
length.

1H-NMR and 2D-Rotating-frame Overhauser Effect Spectroscopy (ROESY)
spectra were recorded at 400 MHz Bruker AVANCE at 298.15 K in DMSO-d6 using a
5mmprobe. Signals are quoted as δ values in ppmbymeans of residual protonated
solvent signals as an internal standard (δ 2.50 ppm). Acquisition parameters
consisting of spectral width of 2000MHz, number of scan 8, acquisition time 3.27 s.
Data were reported as chemical shift.

Scanning electron microscopy (SEM) morphological images were obtained
using JEOL JSM IT 100 scanning electron microscope (SEM). The images were
captured at an excitation voltage of 2.5, 3.0, 5, 2.5, and 4.0 kV whereas magnifi-
cation of 6000, 1400, 1400, 5500, 2700× for RB, β-CD, HP-β-CD, IC-1 and IC-2
respectively.
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2.3 Sample preparation of solid inclusion complex of
rebamipide with cyclodextrins

To prepare a complex between Cyclodextrins (i.e., β-CD and HP-β-CD) and drug,
freeze dryingmethod is the most popular method to form the inclusion complex in
a solution of cyclodextrin. In this method, the guest is dissolved into a solvent
solution of cyclodextrin to form the inclusion complex in a crystalline form.
However, since the chosen pharmaceutical drugs have a very low solubility in
water, we investigated the preparation of inclusion complexes between Cyclo-
dextrins and the guest (RB) in organic solvent, DMSO. As reported, 1mMsolution of
25ml RB (9.26mg) and 1mMof 25ml β-CD (28.37mg) aswell as HP-β-CD (38.53mg)
were prepared. Then the solutions were mixed (added drop wise) in two different
beaker and stirred for 12 h at 55 °C. Finally, the solution was freeze dried for 24 h to
obtain inclusion complex.

3 Results and discussion

Rebamipide, the guest molecule selected in these assay is moderately soluble in
organic solvent (i.e., DMSO) and partially in the binary solvent of C2H5OH and
water. As our aim is to prepare a host-guest inclusion complex which have sustain
release in the body, therefore all the measurements were done by slightly
increasing the temperature. Thereby increasing the temperature it was noted that
all the physicochemical and spectroscopic evidences deep-rooted the formation of
the various types (1:1 or 2:1 or 2:2) inclusion complexes in stable equilibrium.

Two types of solvents were used in order to show compare their stability and
specificity during the formation of inclusion Complexation in various aforemen-
tioned ratios. Slightly increased temperature was used to totally dissolve both the
host and the guest molecule.

Rebamipide is an insoluble drug in water and in most common organic sol-
vents due to intermolecular electrostatic attraction between ammonium and
carboxyl group. Therefore in order to increase its applicability we have tried
diverse solvents to increase its solubility two fold. There are various publications
based on amino acid based surfactants [10] which has increased the worth of
amino acids. Here in these work we have tried an innovative way to work on
derivative amino acid (i.e., rebamipide) based cyclodextrins in pure DMSO and
mixed solvent of C2H5OH and water. In various previous publications [11, 12] we
found that after inclusion in cyclodextrin there is a chance of aggregation or vesicle
formationwith various imperative guestmolecule. Here aswe have taken aromatic
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amino acids, therefore, there is much probability of it to behave as a surfactant.
Therefore we have performed the surface tension and conductivity experiments.
Different concentrations of rebamipide based cyclodextrin solutions were pre-
pared and measured respectively.

3.1 Conductance study

Ion mobility increases as the temperature is raised, which leads to an increase in
the limiting conductance. As the solubilization is precise at high temperature,
therefore we had studied the inclusion Complexation by conductance method at
the higher temperature. With the adding of cyclodextrin appears an extreme point
on the dependence, which becomesmore harshlywhen the temperature increases.
At high concentrations of cyclodextrin (>1.60 mM), cyclodextrin-rebamipide–
DMSO interaction becomes more intensive, which leads to the formation of bulky
solvate shell affecting negatively on the ionmobility, thereby forming an inclusion
complex.

From the previous publications, we have studied appearance of the extreme
point on these curves indicates the presence of competing interactions in the
system. We have examined two systems i.e., (HP-β-CD + RB + DMSO) and
(β-CD + RB + DMSO), where the prominent results were observed. Thereby, over
viewing the fact of encapsulation with the formation of break point, Sharp break
point is prominent for β-CD-Rebamipide solution in DMSO (Figure 1(a)) which
shows the formation of 1:1 complex and in HP-β-CD-Rebamipide-DMSO solution
(Figure 1(b)), there is the uniformity in the values which shows that if we increase
the cyclodextrin concentration, a linear increase in the specific conductance up to

Figure 1: Plot of Molar Conductance (Λ) against concentration of (a) β-Cyclodextrin added in
10 mM for Rebamipide in DMSO solution at 308.15 K and (b) HP-β-Cyclodextrin in 10 mM for
Rebamipide in DMSO at 308.15 K.
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the HP-β-CD concentration at which “micelle like” formation began, i.e., up to the
break point (i.e., CAC in case of surfactant) (Table S1 and S2 of supporting infor-
mation). After the CAC was attained, conductance further increased linearly, but
with a lower slope than before the CAC and the break in the conductance-con-
centration titration curve provides the CAC of the HP-β-CD [13–19].

3.2 Job plot: elucidation of stoichiometry behavior of
cyclodextrins: rebamipide inclusion complex

Job’s method, commonly known as the continuous variation method, is a very
proficient and successful method to determine stoichiometry of any host-guest
inclusion complexes. So, due to this reason this method was applied here by using
UV–visible spectroscopy [20]. Here, two sets of solutions were prepared of RB with
β-CD and HP-β-CD in 50% ethanolic solution, respectively, by varying the mole
fractions of the guest (RB) in the range 0–1 (Tables S3–S6, supplementary data).
Job’s plots of the mentioned sets were plotted of using ΔA × R against R, where ΔA
means the difference in absorbance of RB without and with CD and R = [RB]/
[RB] + [CD]).The whole process of taking absorbance values was done at respective
λmax by maintaining 298.15 K temperature. The stoichiometry of an IC is obtained
by taking the value of R at themaximumpoint on the curve, for example, if the ratio
of guest to host is 1:2 for R ∽ 0.33, 1:1 for R ∽ 0.5, 2:1 for R ∽ 0.66 and so on. Here, in
this work we got R∽0.5 as maximum in each plot, indicating a 1:1 stoichiometry of
the corresponding inclusion complexes (Figure 2).

3.3 Determination of binding constant of RB/β-CD in aqueous
ethanol by UV–Vis spectroscopy

The binding constant between β-CD, HP-β-CD and each RB has been evaluated via
UV–Vis spectroscopy [21]. The Benesi–Hildebrand technique represents one of the
most common strategies to determine binding constants based on absorption
spectra for inclusion complex. In order to have an accurate estimation of binding
constants of the inclusion complexes under investigation, changes in the ab-
sorption intensity of the RB at different wavelength, were monitored as a function
of the CD’s concentration and non-linear regression estimation of the Ka

(Figure 3(a)) was chosen.
From the UV–Vis titration, Association constant value for RB/β-CD was found

to be 2.03 × 104 M−1, 3.34 × 104 M−1, 1.39 × 104 M−1, at 298.15 K, 303.15 K, and 308.15 K,
respectively (Table S7& Figure S1). The increase in association constant values (Ka)
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with increasing temperature indicated the increasing nature of interaction for
inclusion complexation but then again association constant value went to
decrease sharply indicating weakest interaction between guest and host [22].

3.4 Determination of binding constant of RB/HP-β-CD in
aqueous ethanol solution by UV–Vis spectroscopy

The evaluation of Ka by direct spectroscopic methods relies on analytical differ-
ences between the free and complexed amino acid. The binding constant between
HP-β-CD and RB also has been evaluated via UV–Vis spectroscopy. The Benesi–
Hildebrand technique represents one of the most common strategies to determine
binding constants based on absorption spectra for inclusion complex. In order to
have an accurate estimation of binding constants of the inclusion complexes under
investigation, changes in the absorption intensity of the RB at different wave-
length, were monitored as a function of the CD’s concentration and non-linear
regression estimation of the Ka (Figure 3(b)) was chosen.

Figure 2: Job plot of RB/β-CD and RB/HP-β-CD systems in 50% ethanol at 298.15 K (above) RB/β-CD
and RB/HP-β-CD systems in pure DMSO at 298.15 K (below).
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Here, the association constant was found to be 2.73 × 104 M−1, 5.72 × 104 M−1,
1.18 × 104 M−1, at 298.15 K, 303.15 K, and 308.15 K, respectively (Table S8 &
Figure S2). However, similar nature of association constant value is observed in
case of RB/HP-β-CD system but interesting fact is that interaction between RB and
HP-β-CD is greater than RB and β-CD system (Figure 4).

Figure 3: (a) Variation of UV–Vis spectra in differentmicromolar concentration ofβ-CD and RB in
50% ethanolic solution at 298.15 K. (b) Variation of UV–Vis spectra in different micromolar
concentration of HP-β-CD and RB in 50% ethanolic solution at 298.15 K.
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3.5 Evaluation of thermodynamic parameters

The thermodynamic and structural characteristics during Complexation could be
used to estimate the solubilizing and mode of action of cyclodextrin. To calculate
the basic thermodynamic parameters, the enthalpy and entropy values, we have
used the van’t Hoff’s equation as follows [23],

lnKa � −
ΔH°
RT

+ ΔS°
R

Where H⁰ and S⁰ are the enthalpy and entropy during complex formation,
respectively, T is the temperature, and R is the gas constant.

The Gibbs energy change was calculated by equation given below [24],

ΔG° � −RTlnKa

The thermodynamic parameters obtained from the van’t Hoff plot using the above-
mentioned equations were shown in Table 1a and b. From the given tables, the
negative values in the Gibbs energy change (ΔG) and the enthalpy change (ΔH)
indicated that the interaction of RB and β-CD, HP-β-CD were spontaneous and
exothermic. Greater negative enthalpy change (ΔH) for RB/HP-β-CDwas usually an
indication of quite strong molecular interactions caused by both van der Waals
forces and formation of hydrogen bonds between host and guest than that of RB/β-
CD system. These interactions were may be due to incorporation hydrophobic
guest into the cyclodextrin cavity host [25]. Similarly, higher negative entropy
change (ΔS) for RB/HP-β-CD indicates that inclusion process is more entropy
favored for RB/HP-β-CD than that of RB/β-CD system.

Figure 4: 3D graphical representation of association constant value of (a) RB/β-CD and (b) RB/
HP-β-CD in aqueous ethanolic solution at three different temperatures.
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3.6 Fourier transform infrared spectroscopy (FTIR) study

FT-IR is a prominent technique used to confirm the formation of an inclusion
complex as there will be variation of the shape, shift and intensity of the FT-IR
absorption peak before and after the formation of inclusion complex [26]. The FT-
IR spectra of RB, β-CD, HP-β-CD, IC-1, IC-2 are presented in Figure 5. The FT-IR
spectrum of RB consisted of the sharp absorption bands appear in the 3416 cm−1 for
O–H stretching from –COOH, 3269 cm−1 (N-H) stretching of CONH group stretch,
(–C=O) stretching of CONHappear in the region 1646 cm−1 and aromatic ring appear
in the region 1539 cm−1. In both cases of β-CD and HP-β-CD, the IR spectra can be
characterized by the intense band at 3397 and 3410 cm−1 for O–H stretching fre-
quencies and C–H stretching appears at 2922 and 2928 cm−1 respectively. No
characteristic peak is observed from 1500 cm−1 to 400 cm−1 for the two Host mole-
cules. After the formation of the inclusion complex, in both cases of β-CD andHP-β-
CD, the peak assigned for absorption of N-H stretching of CONH group has been
disappeared. However, the spectra of the IC-1 i.e., inclusion complex of RB and β-
CD correspond simply to the superposition of the spectra of the β-CD. All these
phenomena indicate that only amide group and the acid group attached with
tertiary carbon atom has been inserted into the cavity of cyclodextrin ring.

3.7 Differential scanning calorimetry (DSC) analysis

The pure drug RB and its Inclusion complexes with β-CD and HP-β-CD i.e., IC-1 and
IC-2 were analyzed by DSCmethod as it can be used as recognition tool. According

Table a: Energy values of RB/β-CD inclusion complexation.

Complex T(K) ΔG KJ mol− ΔH⁰/kJ mol− ΔS⁰/J mol- K−

RB/β-CD . −.
. −. −. −.
. −.

Table b: Energy values of RB/HP-β-CD inclusion complexation.

Complex T(K) ΔG kJ mol− ΔH⁰/kJ mol− ΔS⁰/J mol− K−

RB/HP-β-CD . −.
. −. −. −.
. −.
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to the theory, if guest molecules are encapsulated into the cyclodextrin host cav-
ities, their physical characteristics such as melting point, boiling point should be
shifted to a different temperature or may get disappeared [27]. As shown in
Figure 6, RB showed a sharp characteristic endothermic melting peak at 305 °C,
according to the previous literature. β-CD and HP-β-CD showed a single endo-
thermic peak at about 88 and 60 °C which is due to the release of water from the
β-CD and HP-β-CD respectively. However, when the guest molecules formed in-
clusion complex with β-CD i.e., IC-1, the endothermic peaks were shifted to 271 °C
(RB) and 81 °C (β-CD). In case of IC-2, endothermic peakswere shifted to 259 °C (RB)
and 70 °C (HP-β-CD). This Phenomena gave a strong evidence that inclusion
complex has been formed.

3.8 1H-NMR and 2D-NMR study

The formation of IC can be explained on the light of the 1HNMR spectroscopy study.
This method based on the changes of chemical shifts of protons due to encapsu-
lation of guest molecule into the Cyclodextrin cavity [28]. In both β-CD and HP-β-

Figure 5: FT-IR spectra of (a) RB, (b) β-CD, (c) HP-β-CD, (d) inclusion complex of RB/ β-CD and (e)
inclusion complex of RB/HP-β-CD.
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CD structure, the H3 (near to wider opening side) and H5 (close to narrow rim side)
are located inner part of the Cyclodextrin cavity and it is expected that when a
hydrophobic moiety entered into the cyclodextrin cavity, there will be an upfield
shift for those protons. It is clearly observed from Table 2a and b (in case of HP-β-
CD) that for H3 and H5, a large upfield shift has been occurred than that of β-CD.
The considerable changes of chemical shifts (Δδ) suggested that the RB monomer
entered into the nano hydrophobic hole of CD. Spectra are shown in Figure 7(a)
and (b), For HP-β-CD, The upfield shift of H3 (Δδ = −0.07 ppm) is much greater
than the H5 shifting (Δδ = −0.04 ppm) whereas, in case of β-CD, downfield shift in
both cases of H3 (Δδ = 0.09 ppm) and the H5 (Δδ = 0.04 ppm) was observed,
where, Δδ = δcomplex−δfree. On the other hand, minor chemical shifts are observed
for H1, H2, H4, H6, and H7 that are not part of the interior hydrophobic hole of
β-CD and HP-β-CD. This observation also confirmed that encapsulation of the
guest moiety into hydroxypropyl derivative of cyclodextrin moiety was more
prominent than that of the beta-cyclodextrin and the association constant
values in solution phase for both the cases agreed with this report.

Similarly, further support for Complexation, 1H NMR of RB has also been
performed in Complexed form (Table 2c). A significant upfield shift of Quinolone
moiety rather than aromatic (holding –Cl) Protons has been observed in case of IC-
2 asmost of the aromatic peaks got disappearedwhich tells that Quinolone part are

Figure 6: DSC thermograms of (a) β-CD, (b) HP-β-CD, (c) RB, (d) IC-1 and (e) IC-2.
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Table b: H-NMR Chemical shift data of free HP-β-CD and its variation in complex with RB.

HP-β-CD protons Free HP-β-CD δ (ppm) IC-δ(ppm) Δδ(ppm)

H . . .
H . – –
H . . −.
H . – –
H . . −.
H . . .
Me . . −.

Table a: H-NMR Chemical shift data of free β-CD and its variation in complex with RB.

β-CD protons Free β-CD δ (ppm) IC-δ (ppm) Δδ(ppm)

H .–. .–. .
H .–. . –
H . . .
H .–. .–. –
H . . .
H . . −.

Figure 7: (a): 1H-NMR spectra of (a) RB (b) β-CD and (c) RB/ β-CD (IC-1) inclusion complex.
(b): 1H-NMR spectra of (a) RB (b) HP-β-CD and (c) RB/HP-β-CD (IC-2) inclusion complex.
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situated in hydrophobic hollow space. However, In case of IC-1, Here also upfield
shift of Quinolonemoiety rather than aromatic ring (holding –Cl) Protons has been
observed but not that extent as in IC-2. Considering all these experimental data,
one can conclude that the extent of formation of IC using RB is much more
prominent in case of HP-β-CD over β-CD.

Two-dimensional (2D) NMR spectroscopy now-a-days has been extensively
used to get some important information about the spatial proximity between host
and guestmolecule since two protons located closer than 4Å in space are expected
to produce cross-peaks in ROESY spectra [29]. The 2D ROESY spectrum for the
inclusion complex RB/β-CD (Figure 8) showed the aromatic protons of RB have
cross peaks to theH-3, andH-5 protons of β-CD, indicating the deep insertion of the
benzene ring into the host cavity. Similarly, in case of RB/HP-β-CD also (Figure 8),
a cross peak has been observed between aromatic protons of RB and H-3 and H-5
proton of the HP-β-CD as well as two distinct cross peaks with methine proton at δ
4.92–4.93 (ppm) and methylene proton appeared at δ 4.39–4.43 (ppm) which
indicate the insertion of aromatic ring and interaction of those protons with H-3
and H-5 proton of the host molecules.

Table c: H-NMR Chemical shift data of free RB and its variation in complex.

Pure Rebamipide RB In IC- RB in IC-

.–. (d, H, J =  Hz,
aliphatic −NH−CO)

.–. (d, H, J =  Hz,
aliphatic −NH−CO)

.–. (d, H, J =  Hz,
aliphatic NH–CO)

.–. (d, J =  Hz, H, Arm
H of benzene moiety)

.–. (H, J =  Hz, Arm H
of benzene moiety)

.–. (d, H, J =  Hz,
Arm H of benzene moiety)

.–. (d, J =  Hz, H, Arm
H of benzene moiety)

.–. (H, J =  Hz, Arm H
of benzene moiety)

–

.–. (d, H, Arm H of
quinolone moiety)

.–. (H, Arm H of
quinolone moiety)

–

.–. (t, Arm H of
quinolone moiety)

.–.(d, Arm H of
quinolone moiety)

–

.–. (m, H, Arm H of
quinolone moiety)

.–. (H, Arm H of
quinolone moiety)

–

. (d, H, H adjacent to C=O
group)

. (H, H adjacent to C=O
group)

–

.–. (m, methine H) . (S, methine H) .–. (m, methine H)
. (S, H, –CH−) – .–. (S, H, –CH−)
.–. (d, H, −CH(H)-,
geminal)

– –

.–. (t, H, −CH(H)-,
geminal)

– –
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3.9 Scanning electron microscope (SEM) study

SEM is an ideal method to visualize significant changes in the surface morphology of
various substances such as host, guest as well as inclusion complex [30]. The SEM
images of the samples are presented in Figure 9. Pure Rebamipide appeared as needle
shape crystal with small dimensions. Themorphology revealed that β-CD appeared as
rectangular shaped whereas HP-β-CD was appeared as spherical particles. After the
formation of the RB/β-CD inclusion complex i.e., IC-1, surface morphology had been
changed in different irregular shape in which the original morphology of both com-
ponents disappeared and this comparison indicate the formation of the inclusion
complex. However, when RB/HP-β-CD inclusion complex i.e., IC-2 was formed, some
of thecharacteristicRBcrystalswere still present in the surfacebut shapeof the surface
morphology has been changed which indicate that inclusion complex was formed.

3.10 Release behavior in different solvents and an enzyme

In case of IC-1, as simple hydrophobic interaction rather inclusion phenomena
took place, fluorescence intensity was relatively high than IC-2 in Figure 10(a). And
it was largest when EtOH + H2O used as a solvent may be due to formation of
hydrogen bond between EtOH + H2O with β-CD and Guest (RB) was relatively free.
But upon addition of enzyme, it started to interact with guest and consequently
intensity got weaker (red line). However, when DMSO was used as a solvent,
intensity went to decreasewhich possibly due to polar aprotic nature of the solvent

Figure 8: 2D ROESY spectra of IC-1 (left) & IC-2 (Right).
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(green line) as DMSO is not hydrogen bond donor. Again it was decrease more
when enzyme was used in the solution mixture.

Another important observation was that solvent as well as enzyme had a great
impact on the binding capacity between host and guest in inclusion complex.
When DMSO was used in case of IC-2 showing in Figure 10(b), it has the largest
fluorescence intensity (blue line) but when enzyme was added intensity got
decreased. It may be due to binding of the enzyme with HP-β-CD so that guest
molecule was unable to come out of the cavity (orange line). However, when same
IC-2 was taken in EtOH + H2O co-solvent, intensity was also lower than that using
DMSO solvent (gray line). Fluorescent intensity was lowest when enzyme was
added in the same co-solvent (yellow line).Therefore, in all cases, it was found that
DMSO was much more effective solvent that EtOH + H2O co-solvent. For higher
soluble guest such as HP-β-CD, enzyme can be used for better binding availability.

3.11 Sustained release nature of inclusion complexes

Just like other experiment in this research work, biological assessment has also
been done in two different solvent. One is ethanol-watermixture (1:1) and the other

Figure 9: SEM microphotograph of RB, β-CD, HP-β-CD, IC-1 and IC-2 respectively.
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one is DMSO. This work has been carried out with human salivary which contains
α-amylase as an enzyme. It has been reported that α-amylase has the ability to
hydrolyze water-soluble beta cyclodextrin at a slower rate compared with the
corresponding unsubstituted beta cyclodextrin [31].

The release of RB from the inclusion complexes were determined by fluores-
cence emission spectroscopy where excitation was done at 230 nm [32]. IC-1 i.e.,
inclusion complex of RB/β-CD when dissolved in DMSO, its fluorescence intensity
shown in Figure 11, was gradually decreasing up to 3 h but 3–4 h there was a sharp
increase which indicate that the guest molecule was released very quickly. How-
ever, with increase in time, intensity was again decreasing gradually. When
enzyme was used in the same solution, similar nature of fluorescence curve was
obtained but here intensity in that time gap 3–4 h was quite lower which may be
due to interaction between enzyme and the host cyclodextrin molecules that in-
hibits to release from the host cavity.

Similarly, when IC-1 dissolved in EtOH and water solvent mixture, there was a
gradual decrease in the fluorescence intensity shown in Figure 11, which probably
due to the non release of the part of the guest molecule. All the spectra were shown
in Figure 3 of supporting information. It should be noted that solvent is highly
polar in nature whereas aromatic part of the guest molecule is hydrophobic in
nature. Hence, it preferred to stay inside the host. Again, same process had been
carried out with ethanol-water with enzymemixture. Result showed that there was
a steep rise in the first hr but then intensity went down gradually which indicate
that part of the RB guest molecule was still in the cavity of β-CD. So, all these facts
suggest that RB/β-CD inclusion complex showed controlled release nature in

Figure 10: Variation in fluorescence intensity of (a) RB in β-CD in EtOH + H2O without enzyme
(blue) and with enzyme (red) and in DMSOwithout enzyme (green) and with enzyme (yellow). (b)
RB in HP-β-CD in EtOH + H2O without enzyme (blue) and with enzyme (red) and in DMSOwithout
enzyme (green) and with enzyme (yellow).
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DMSO solvent and DMSOwith enzyme as well ethanol-water mixture with enzyme
but not in case of ethanol-water mixture alone.

In case of IC-2 i.e., inclusion complex of RB/HP-β-CDwhen dissolved in DMSO,
somewhat similar release profilewas observed as in case of IC-1.When enzymewas
used in the same solution, similar nature of fluorescence curvewas obtainedwhich
indicate that enzyme did not affect its release nature.

Similarly, when IC-2 dissolved in EtOH and water solvent mixture, there was a
gradual increase in the fluorescence intensity which probably due to the high
release of the part of the guest molecule (Figure 12). The spectra were shown in
Figure 4 of supporting information. Although It should be noted that solvent is
highly polar in nature whereas aromatic part of the guest molecule is hydrophobic
in nature but it may happen that when inclusion complex was adding in co-
solvent, EtOH and H2O molecules got attached with Hydroxypropyl chain of the
HP-β-CD and it open up its wider part of HP-β-CD. Hence, it preferred to go outside
the host. Again, same process had been carried out with ethanol-water with
enzyme mixture. Result showed that there was no change in intensity which in-
dicates that part of the RB guest molecule was still in the cavity of β-CD. So, all
these facts suggest that RB/HP-β-CD inclusion complex showed controlled release

Figure 11: Variation in fluorescence intensity versus time of IC-1 in various solvent systems.
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nature in DMSO solvent and DMSOwith enzyme as well ethanol-water mixture but
not in case of ethanol-water mixture with enzyme.

4 Conclusions

In the present work, RB/β-CD and RB/HP-β-CD complexes with greater water sol-
ubility were successfully prepared. The FT-IR, DSC, 1H NMR, and SEM results
confirmed the formation of the RB/β-CD and RB/HP-β-CD inclusion complexes.
Job’s plot confirmed the 1:1 stoichiometry of the guest andhostmolecules. The high
association constant (Ka) value obtained byRB/HP-β-CD complex suggests that the
inclusion complexes formed between RB and HP-β-CD showed greater interaction
than RB/β-CD inclusion complex. 1H-NMR confirmed the above statement by
revealing the greater upfield shift of H3 & H5 proton in case of HP-β-CD. Conduc-
tance study revealed that Rebamipide molecules tend to aggregate in presence of
β-CD and HP-β-CD in different solvents. 2D-NMR indicates that aromatic nucleus
has been inserted into the cavity of β-CD and aromatic rings as well asmethine and
methylene group have been inserted into the cavity of HP-β-CDmolecules. Finally,

Figure 12: Variation in fluorescence intensity versus time of IC-1 in various solvent systems.
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from the released kinetics study, it revealed that both β-CD and HP-β-CD inclusion
complexes are a promising strategy for making it sustained release of the guest
molecule. This study enriches the field the supramolecular construct andmay find
various applications in biology as well as therapeutic and analytical chemistry.
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Here, we have designed and synthesized β-cyclodextrin grafted Graphene Oxide based fluorescent probe with
encapsulated fluorescent dye. The nanocomposites were characterized by several spectroscopic methods such
as FTIR, DLS, zeta potential, UV–vis and fluorescence spectroscopy. Thermal gravimetric analysis (TGA) was
employed to account for thermal stability of β-CD grafted graphene oxide nanocomposites. Nile blue molecules
arewell encapsulated into the cyclodextrin cavity and embedded on the surface of Graphene Oxide sheet. Molec-
ular Docking study helps us to understand the feasibility of encapsulation process of fluorescent dye inside our
synthesized nanocomposites. Various physicochemical properties like UV–vis and fluorescence spectra of com-
posite in different solvent and photophysical properties like fluorescence quantum yield, molar extinction coef-
ficient, stokes shift have been calculated.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Now-a-days, cancer has become amajor issue throughout theworld,
although, there are numerous diagnosticmethods such asmagnetic res-
onance imaging (MRI), ultrasound, positron emission tomography
(PET) imaging, X-ray imaging and single-photon emission computed
tomography (SPECT) are available [1]. Recently, fluorescent probes are
widely used for cancer cell imaging in cell biology. When
photosensitizing dye is being given to a cancer patient, it localizes in
the cancerous tissue and when light of appropriate wavelength is
placed, it is activated and evolves strongfluorescent colour [2]. Recently,
Polymer nanoparticles as well nanocomposites are used extensively in
biomedical applications [3].

However, one has to be very selective when choosing the photosen-
sitizers [4]. An efficient fluorescent probe is based on dye where emis-
sion maximum is found to be in the far-red end of the visible
spectrum i.e., above 600–700 nm to minimize background interference
[5,6]. In our study, we have chosen Nile blue chloride (NB) as our fluo-
rescent dye. It is a cationic dye and is readily soluble in water. It is a
photostable organic dye from the benzo[a]phenoxazine family, which
shows strong fluorescence. It has redshifted absorbance spectra and
its emission maximum falls in the NIR region with high fluorescent

quantum yields, making it a potential fluorescent probe for biological
imaging and photodynamic action [7,8].

Graphene oxide (GO), the precursor of graphene, being water-
soluble has attracted tremendous interest in the field of biomedicine
in past few years [9]. It consists of several functional groups (hydroxyl,
epoxy, carbonyl, carboxylic groups) and high surface area which
makes it potential nano-carriers for drug and gene delivery [10]. It has
been reported that GO having enormous oxygen rich functional group
can be modified by many non-toxic functional group to extend biologi-
cal application [11,12].

Cyclodextrins (CDs) are generally cyclic oligosaccharides of six to
eight D-glucose monomers linked by α-1, 4-glucose bonds [13]. They
have the ability to encapsulate various drug molecules forming supra-
molecular host-guest complex [14]. They are extensively used as drug
carrier [15], enzyme mimics [16], and photochemical sensors [17].
They can be used as catalyst [18], separating agent [19] and
chemosensing [20].

In a recent study, Banerjee et al. [21], showed that fluorescent guest
encapsulated βCD complexes are embedded or adsorbed on the surface
of GO nanosheet to understand the electron transfer mechanism from
complex to GO. Whereas, Ray et al. [22], worked with analogous dye
Nile red with β-cyclodextrin to investigate various spectroscopic prop-
erties. In our present study, supramolecular assembly of Nile blue
(NB) with β-cyclodextrin and Graphene oxide (GO), i.e., GO-βCD-NB
nanocomposites, was designed and synthesized (Scheme 1). In this
work, we have been able to prepare NB and GO nanocomposites with
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βCD hostmolecules for enhancing applicability in showing fluorescence
imaging.

2. Methods and experimental section

2.1. Chemicals and materials

All the materials such as graphite flake, βCD and Nile blue were ob-
tained from Sigma Aldrich India PVT. LTD. Deionized water (DW,
18 MΩ cm) was used for preparing aqueous solutions.

2.2. Instruments

UV–Vis spectra and Fluorescence spectra were recorded by an
Agilent 8453 spectrophotometer and a PTI Quanta Master fluorescence
spectrophotometer (Quantamaster-40, USA) respectively. The SEMmi-
crographs of nanocomposites were obtained by JEOL JSM-IT 100Micro-
scope. The zeta potentials and size of nanocomposites were measured
by a Malvern Nanosizer. Infrared spectra of the samples were recorded
by a Fourier transform infrared spectrometer (Perkin Elmer FT-IR). All
TGA spectra were recorded by TA Instrument Q-50 TGA.

2.3. Preparation of GO

GOwas synthesized usingmodified Hummersmethod frompurified
natural graphite flakes as reported earlier [23]. According to the
method, a mixture of graphite flakes (3.0 g, 1 wt equiv) and KMnO4

(18.0 g, 6 wt equiv) were added to 9:1 mixture of concentrated
H2SO4/H3PO4 (360:40mL), the mixture get warmed upto 40 °C showed
exothermic nature. The reaction was kept at 55 °C and stirred with

magnetic stirring for 12 h. After cooling at room temperature, the reac-
tionmixturewas poured into crust ice (~400mL)with 30%H2O2 (3mL).
The solid material obtained after filtration was then wash twice succes-
sively with 200 mL of water, 200 mL of 30% HCl and 200 mL of ethanol.
After that, solution was centrifuged at 4000 rpm for 10 min and again
washed with distilled water so that various chlorides, sulphate ions
got free. Finally, the solution was dried by rotary evaporator under re-
duced pressure and obtained 1.7 g of product.

2.4. Preparation of GO-βCD

To prepare rGO-βCD composite, a relatively greener approach was
chosen rather than using highly toxic hydrazine as reducing agent
[24]. Prior to the experiment, GO was ultrasonicated in distilled water
for 10 min for getting a homogenous solution. Then, 200 mL of
1 mg/mL βCD aqueous solution was mixed with 200 mL of 0.5 mg/mL
GO aqueous suspension. The mixture was stirred at room temperature
for 12 h. Then the pH of themixture was adjusted to 12 by adding aque-
ous solution of NaOH (1.0 M). Finally, the solution was heated at 75 °C
and stirred at 370 rpm for 6 h. After the reaction, the stable black disper-
sion of the rGO-βCD mixture was centrifuged at a relative centrifugal
force 4000 rpm so that unreacted βCD got removed from the solution
followed by washing with distilled water for three times. After that a
solid rGO-βCD nanocomposites was obtained by using rotary evapora-
tor under reduced pressure.

2.5. Preparation of GO-βCD-NB

Once, CDwas attached on the surface of GO via chemical reaction be-
tween hydroxyl groups of CD and epoxide groups of GO, rGO-βCD

Scheme 1. Schematic diagram for the synthesis of rGO-βCD composites and the interaction between the guest (Nile blue) and the host (βCD) moiety linked up to rGO nanosheet.
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nanocomposites was prepared. Then, 1 mM of NB was dissolved in
20 mL of water and it was added in 20 mL of prepared rGO-βCD nano-
composites. The solution was heated at 55 °C and stirred at 370 rpm
for 12 h for evaporation.

2.6. Preparation of modified for GO-βCD molecular docking

The crystal structure of β-cyclodextrin was taken from Chembridge
Crystal data centre (CCDC) as CIF file (ID: 762697). The two-
dimensional structure of graphene oxide (PubChem CID: 124202900)
was used in the canonical smiles format from https://pubchem.ncbi.
nlm.nih.gov. The flat 2D structure then converted into a three dimen-
sional arrangement using an online server at https://www.mn-am.
com/online_demos/corina_demo. The structures of graphene oxide
and cyclodextrin reduced graphene oxide have been modified accord-
ing to our need and hydrogen bonds and formal charges were added
to the ligand before optimizing the whole structures. Finally, we
performed molecular docking studies in MOE 2015 software to better
understand the interaction of NB with the different surface modified
GO-βCD conjugates.

3. Results and discussion

3.1. UV-vis spectroscopic study

UV–vis spectroscopic study was used to investigate the interaction
between pure NB with GO-βCD nanocomposites. Although GO exhibits
a peak around at 231 nmwhichmay be due to theπ-π* transition of C=
C double bond [25] but in our case, according to the spectra shown in
Fig. S1, GO dispersion showed the maximum absorption at the wave-
length of 264 nmwhich is somewhat about 30 nm longer. After the for-
mation of GO-βCD nanocomposites, the peak got shifted to 258 nm,
which indicate the grafting of βCD on the Graphene oxide nanosheets.
When UV–vis spectrum of pure Nile blue was studied, two distinct
peaks at 279 nm in far-ultraviolet region due to long wavelength π-π*
transitions of aromatic ring and 634 nm in visible light region due to
n-π* transitions of C=Nwere observed. Butwhen NBwas encapsulated
inside the GO-βCDnanocomposites, the intensity got reducedwhich in-
dicate that encapsulation was taking place during the synthesis [26].
The Fig. S2 shows the digital photograph of GO, GO-βCD, GO-βCD-NB
and NB. Typically, GO exhibits pale yellow colour whereas GO-βCD dis-
persion appears dark black colour. However, GO-βCD-NB composite
showed very good dispersion stability for few months.

3.2. Steady state fluorescence spectroscopic study

Cushing et al. [27], showed that GOwas able to show excellent fluo-
rescence due to electronic energy transition as well as excitation wave-
length dependence possibly due to “giant red-edge effect”. GO generally
consist of aromatic rings (C=C) and various oxygen-containing func-
tional groups such as hydroxyl groups (-OH), carboxyl groups
(COOH), carbonyl (C=O)and epoxy (C-O-C). Thefluorescence emission
spectra of GO is very broad around 400–700 nm. The GO sheets exhib-
ited three different fluorescence emission peaks at 455 nm, 567 nm
and 635 nmas shown in Fig. 1 and all the three peaks have different rel-
ative intensities [28]. Upon 260 nm excitation, graphene oxide showed
three emission peaks at 455 nm, 567nmand635nmdue toσ*→n elec-
tronic transition of C-OH, π→ π* transition of the graphitic C=C double
bond and π* → n transition of the C=O associated groups respectively,
thereby, confirming that GO has been formedwhich is also quite similar
as in the previous literatures [29,30]. After the formation of GO-βCD
nanocomposites, the emission peak have been shifted towards the
lower region i.e., at 450 nm. During the reaction course, βCD molecules
were grafted on the surface of the graphene oxide.

3.3. Infrared spectroscopic study

GO spectrum shows a peak at around 1723 cm−1 which is basically
due to the presence of several C=O functional group like aldehyde
(-CHO), ketone(-C=O) etc. linked on the surface of GO structure.
Fig. 2 showed all the different components. The peaks at 1616 cm−1

and 1118 cm−1 of the GO spectrum were ascribed to the functional
groups of aromatic C=C and C–O, respectively, whereas peak at
1376 cm−1 might be due to the C-OH stretching vibrations [31,32].
After the functionalisation byβCD onGOnanosheets, the disappearance
of a peak at 1723 cm−1 and the appearance of C-O/C-C stretching vibra-
tions at 1018 cm−1 and 1125 cm−1, O-H/C-H bending vibrations at
1410 cm−1 and aromatic C=C stretching around 1573 cm−1 ensures

Fig. 1. Fluorescence emission spectra of GO, GO-βCD composites.

Fig. 2. Infrared spectra of GO, GO-βCD, GO-βCD-NB, NB.
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that graphene oxide has been reduced resulting in the formation of GO-
βCD composite [33,34].

In the spectrum of NB, the C–H stretching frequency of CH/CH2

groups and N–H bending vibration were observed at 2915 cm−1 and
1587 cm−1 respectively. But after the formation of GO-βCD-NB compos-
ites, therewas disappearance of a peak at 2915 cm−1 and the character-
istic peak at 1587 cm−1 was found to be shifted to lower region around
1576 cm−1 which suggest that Nile blue was encapsulated and stabi-
lized onto the GO-βCD composite.

3.4. Scanning electron microscope (SEM) study

The surface morphology of GO, GO-βCD, GO-βCD-NB and NB are
shown in Fig. S3. It is clearly observed that the GO surface appeared
wrinkled, sharp edged and irregularly shaped. In GO-βCD nanocompos-
ites, the particles were viewed as an aggregated form [35,36]. Free NB
appeared to have small ball like shape, while after GO-βCD-NB forma-
tion, there was an alteration in its size and shape. All these observations
provide a qualitative idea about the surface morphology of NB encapsu-
lated GO-βCD.

3.5. DLS size measurement study (particle size distribution)

The size distribution of aqueous dispersion of GO, GO-βCD and GO-
βCD-NB were studied by DLS technique where the standard spherical
particle models were used. The hydrodynamic diameter of GO, GO-
βCD and GO-βCD-NB were found to be 0.576 μm, 0.739 μm and
1.532 μm respectively as shown in supporting information (Fig. S4). Ac-
cording to Liu et al. [37], the effective size of particles in GO and rGO are
0.56 μm and 2.93 μm respectively, which very well matches the values
of our experimental data [38].

3.6. DLS zeta potential measurement

Zeta (ξ) potential is also an important parameter to characterize the
different graphene based materials. It gives the knowledge about the
stability of colloidal dispersionswith valuable information aboutmagni-
tude and effective surface charge around the colloidal particle [39]. Ac-
cording to literature, only those composites are considered to be
stable whose zeta potential values are either more positive than
+30 mV zeta values or more negative than −30 mV [40]. According
to Konkena et al., zeta potential of reduced graphene oxide drops
down below −30 mV having pH > 8 [41]. In our study, we found that
GO suspension had ξ = −49.1 mV. This is due to the presence of hy-
droxyl and other oxygenated functionalisation on the surface of GO
(Fig. S5). In case of GO-βCD, the particle showed a negative zeta poten-
tial of −32.7 mV which indicates its fair stability in solution. However,
in case of GO-βCD-NB, the surface potential significantly decreased to
−25.4 mV and the decrease of negative zeta potential indicates the re-
duction of graphene oxide via grafting of cyclodextrin on the surface
of GO and the nanocomposites becomes quite aggregated as can be
seen from fig. S2. However, having low dispersion stability of the nano-
composites, thermal stability obtained by TGA analysismakes the nano-
composites more efficient as a guest surface coated nanocomposites.

3.7. Thermal gravimetric analysis (TGA)

Functionalisation of βCDmolecules on the surface of graphene oxide
was determined by thermal gravimetric analysis. The TGA curves for
GO, βCD and GO-βCD are shown in Fig. 3. As per the literature, GO has
low thermal stability around 100 °Cwith amoderateweight loss caused
due to the removal of adsorbed water. The oxygen-containing func-
tional groups such as epoxides, carboxyl and hydroxyl groups were
decomposed between 100 and 200 °C, and more than 99% of GO had
been reduced when the temperature was raised upto 600 °C [42]. βCD
showed a rapid weight loss at 100 °C and tends to decompose at

about 320 °C, but with the rise of temperature to 350 °C it almost de-
composes to about 68%.

The decomposition curve of GO-βCD was found to exhibit the com-
bination of the curves of GO and raw βCD. The weight loss of 10% at
around 100-150 °C may be attributed to the decomposition of βCD
while at around 150-250 °C a weight loss of 15% emerged. When the
temperature was raised upto 600 °C, only 50% weight percentage was
reduced indicating that βCD molecules could be functionalized at the
edges of the reduced GO sheets. These observations showed that func-
tionalized graphene oxide showed much higher thermal stability [43].

3.8. Encapsulation capacity of GO-βCD composites by fluorescence
spectroscopic study

To investigate the encapsulating power of GO-βCD composite with
Nile blue, fluorescence spectroscopic technique has been used. In this
study, for three different sets were prepared where, 10 μM of NB was
used as pure in each case, in the second set, 10 μM βCD was added
and finally in the third set, 0.05 mg/mL GO-βCD composites were
added and shaken for an hour. It can be seen from Fig. 4 that the

Fig. 3. TGA of GO, βCD and GO-βCD.

Fig. 4. Fluorescence intensity of 10 μM NB (black), 10 μM NB + 10 μM β-CD (red) and
10 μM NB + 0.05 mg/mL βCD-GO nanocomposites (blue).
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fluorescence intensity of NB was quenched by βCD to approximately
38.4%. While the quenching of NB by GO-βCD composite was enhanced
to about 77.5% which was possibly due to the energy transfer from dye
to graphene oxide and adsorption of somedye on the surface of GO [44].

3.9. Association constant determination by UV-vis method

A knowledge regarding the binding constant is also significant in
terms of drug delivery issues. In order to get the value of binding

constant, Benesi-Hildebrand method was employed and titration
curve were shown in Fig. 5. The double reciprocal plot of 1/(A0–A) ver-
sus 1/[βCD] was obtained on titration of NB with different concentra-
tions of βCD (Table S1). A good linear relationship between 1/(A0–A)
and 1/[βCD] suggest the 1:1 stoichiometry of inclusion complexes
(Fig. S6) [45]. The binding constant (Ka) of the 1:1 NB-βCD complexes
were calculated to be 2.1 × 104 M−1. According to the previous litera-
ture, NB has better binding constant value for its interaction with vari-
ous enzymes, proteins, and such high binding constant facilates the
release of Nile blue molecules from CD cavity to the specific tumor
sites in cancer cells [46].

3.10. Molecular docking study

To understand the encapsulation mechanism, binding of NB + βCD
and NB + GO-βCD inclusion complex were studied by molecular
docking study [47]. Generally, if the binding energy is more negative,
the interaction between the host and guest will be stronger. Before
docking all the structureswere optimized. From all the optimized struc-
tures shown in Fig. 6, it can be seen that the phenoxazinemoiety of Nile
blue molecule is localized into the cavity with its –N(C2H5)2 group near
the narrow rim, oxazine ring near thewider rim and benzene ring inside
the hydrophobic hollow space of βCD. The Gibbs free energies of the
docked optimized structures of NB + βCD, two NB with GO grafted
one βCD, NB with GO grafted two βCD and two NB with GO grafted
two βCD were found to be −5.36 kcal/mol,

−5.53 kcal/mol, −5.82 kcal/mol and − 4.88 kcal/mol respectively.
The negative Gibbs free energy values indicate the encapsulation pro-
cess to be thermodynamically favourable. This gives us a strong idea
that there is usually strong binding of the molecule with GO-βCD nano-
composites rather than pure βCD [48].

Fig. 5. Spectral titration of NB with βCD solution to calculate association constant.

Fig. 6. Molecular docking images of (a) NB + βCD (b) two NB with GO grafted one βCD (c) NB with GO grafted two βCD (d) two NB with GO grafted two βCD.
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4. Different photophysical properties

4.1. Physicochemical properties of NB-βCD-GO Nanocomposites

Fig. 7 shows the variation of absorption maximum and fluorescence
of GO-βCD-NB nanocomposites with pH. In strong acidic medium,
pH ≤ 2, the absorption maximum got diminished. However, absorption
peak was observed at 638 nm with ε ~ 1.58 × 104 M−1 cm−1

and ~ 1.63 × 104 M−1 cm−1 respectively at pH = 3 and 4. Then again
at pH=5 and 6, such absorption peak got diminished. At neutral region
pH = 7, a peak at 638 nm dramatically enhanced with
ε ~ 1.32 × 104 M−1 cm−1.

At moderate alkaline medium, pH = 8 & 9, further no absorption
peak was found to appear, but in highly alkaline medium, new absorp-
tion peaks at 237 nm appeared with ε ~ 2.02 × 104 M−1 cm−1

and ~ 1.20 × 104 M−1 cm−1 at pH = 10 and 11 respectively [49,50].
In the similarway, when 0.5mg/mL of GO-βCD-NB compositeswere

taken in different pH solutions, fluorescence intensity reached maxi-
mum in case of pH at 4. Then, a gradual decrease in fluorescence inten-
sity for different pH medium was observed. This is possibly due to
aggregation of Nile blue loaded inside GO-βCD cavity in neutral

medium. These kinds of aggregations are most probably due to hydro-
phobic interactions. Generally, Pure NB can act as pH probe due to its
high pH sensitivity. According to Martinez et al., in aqueous solution
the acidic form of Nile blue molecules results in H-aggregation which
causes disappearance of its fluorescence and thereby, effecting
photophysical behaviour of Nile blue [51]]. In our study, it was observed
that the GO-βCD-NB nanocomposites showed considerable fluores-
cence in highly acidicmedium, pH=2, 3, 4 and in highly basicmedium,
pH = 10.

4.2. Photophysical properties of the composites in different solvents: UV-vis
absorption and fluorescence emission behaviour

In order to characterize the spectral properties of the nanocompos-
ites,we first studied its solvent dependency [52]. Out of six different sol-
vents, three polar protic and three polar aprotic solvents have been
used. As shown in Fig. 8, the probe exhibits single absorption and emis-
sion bands mainly contributed by NBmoieties and the peaks due to re-
duced GO have been totally diminished. The peaks centred at around
630 nm correspond to the maximum absorption and emission wave-
lengths of NB [53]. Themaximumabsorption and emissionwavelengths

Fig. 7. UV-vis and fluorescence spectra of 0.5 mg/mL NB-βCD-GO nanocomposites at different pH from 1 to 11.

Fig. 8. UV–Vis spectra (left) and fluorescence emission spectra (right) in different solvents.
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of nanocomposites have been shown in Table 1 (λabs, 625–634 nm and
λem, 652–688 nm for MeOH to CHCl3). The absorption maxima of our
GO-βCD-NB nanocomposites have been found to increase linearly.
While, the fluorescence intensity gradually decreases upto acetonitrile
with increasing solvent polarity (owing to the ICT process that enables
this dye to respond to environmental polarity) and then again tends
to increase upto chloroform [54].

The additional red shift of NB in protic solvents, such as alcohols and
probably chloroform, is associated with the hydrogen-bond formation
with the carbonyl group of the dye. According to the previous literature
[55], NB in MeOH showed its absorption maximum at 625 nm, and
emission maximum at 655 nm with molar extinction coefficient
80,800 M−1 cm−1. However, for our NB encapsulated nanocomposites,
the emissionmaximum,λem, was shifted to 669 nmwith highest stokes
shift of 44 nm followed by reduction of molar extinction coefficient to
35,282 M−1 cm−1.

In case of polar aprotic solvents like dichloromethane, irradiation
with 624 nmwavelength showed strong fluorescence with least stokes
shift of 28 nm. According to previous literature [56], in DMSO, Nile blue
showed stokes shift of about 33 nm, however, absorption peak of NB in
GO-βCD nanocomposites was observed at 634 nm and emission maxi-
mum at around 688 nm but stokes shift increases to 54 nm. This study
helps us to know that DMSO is more effective polar aprotic solvent for
our nanocomposites. Therefore, solvent-dependent spectral properties
of nanocomposites make them ideal scaffolds for the development of
improved biological indicators.

4.3. Relative fluorescence quantum yield calculation of the composites

Considering the absorbance (A) and integrated fluorescence inten-
sity (I) at a specific concentration and the excitation wavelength at
636 nm, fluorescence quantum yields (ɸ) were calculated using the
following equation:

QYx ¼ QYref �
η2
xη2
ref

� Ix
Ax

� Aref

Iref

where, the subscript x and ref stands for sample and reference dye re-
spectively, η is the refractive index of the solvent. Anthracene is taken
as the reference dye whose quantum yield is 0.27 in ethanol [57,58].

Fluorescence quantum yield for fluorescent dye as well as fluores-
cent nanocomposites is very vital. It measures the efficiency of the
conversion of absorbed photons into emission photon. A typical
fluorescence spectrometer is used for the measurement of relative

fluorescence quantum yield. For pure NB molecules, φ was found to be
0.27 in ethanol as reported in literature [59]. However, in case of our
nanocomposites, relative fluorescence quantum yield of NB decreased
to 0.19 and when the same experiment were carried out after three
days with the same solution, it got reduced to 0.03. So, there is an obvi-
ous decrease in relative fluorescence quantum yield (Table 2).

5. Conclusion

For cyclodextrin grafted graphene-based nanocomposites, graphene
oxide was mainly considered to have common as well as important
functions, such as, trapping and shielding of dye from degradation, en-
hancing both pH response of dye and pollutant adsorptivity. In this
work, a unique process of encapsulation of NB molecules by βCD
grafted reduced graphene oxide (GO) in the aqueous medium has
been synthesized and established emphatically through vivid spectro-
scopic investigations. The experimental results are rationalized by mo-
lecular docking studies and showed the encapsulation of NB molecules
inside free βCD as well as reduced GO-βCD sheets. Exploiting the host-
guest chemistry of NB with GO-βCD, it was demonstrated that encap-
sulation power of GO-βCD nanocomposites revealed that NB molecules
are entering inside the cavity of GO-βCD nanocomposites twice than
that of pure βCD. Graphene functionalized with cyclodextrin coated
nanocomposites can be used as bio mimic for Nile blue fluorescent
probe for various cell imaging experiments. This study also suggested
that how specific cyclodextrin functionalities can help to increase bio-
degradability of GO leading to the design of efficient biodegradable car-
riers based on graphene nanomaterials, and the thermal stability of
nanocomposites have been increased. The result demonstrated that
the pH responsive characteristic of graphene-based nanocomposites
is vital in case of fluorescence imaging, designing a nanocomposites
with improved photophysical performance and better delivery system
to release the loaded NB molecules to acquire highly efficient biological
activity.
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Wavelength (nm) A.U Wavelength (nm) A.U
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Table 2
Relative fluorescence quantum yield calculation of GO-βCD-NB and after three days.

Sample Integrated
emission
intensity (I)

Absorbance at
~ 636 nm (A)

Refractive
Index of
solvent (ɳ)

PLQY
(ɸ)

GO-βCD-NB 187,918 1.60213565 1.3605 0.19683
GO-βCD-NB
After Three days 32,724 1.57810974 1.3606 0.03480
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India for giving one time grant (Ref. No. F.4-10/2010) augmenting the
research works in the field of chemical science.

Appendix A. Supplementary data

UV-vis spectra, Photograph of different composites, DLS, Zeta poten-
tial measurements, SEMmicrophotograph, Table for Benesi-Hildebrand
plot for association constant, Linear plot of 1/ΔA vs 1/[βCD] (M−1). Sup-
plementary data to this article can be found online at [https://doi.org/
10.1016/j.molliq.2021.115481].
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