
 

 

 

 Study to Explore Inclusion Complexes of Some 

Imperative Compounds for Advanced Applications 
 

Highlights  The present work adds a dimension in the field of contemporary science of 

controlled delivery of Tertiary-Leucine by using suitable host molecule like α- and -CD. 

 

GRAPHICAL ABSTRACT 

 

Abstract 

Qualitative and quantitative analysis of molecular interaction prevailing in L-Tert-leucine and 

aqueous solution of α- and - cyclodextrin have been probed by thermophysical properties. 

Surface tension and conductivity studies establish the formation of inclusion complexes with 

1:1 stoichiometry. The interactions of cyclodextrins with L-Tert-leucine have been supported 

by density, viscosity, refractive index, hydration and solvation number measurements 

indicating higher degree of inclusion in case of -cyclodextrin. The extent of interaction 

(solute–solvent interaction) is articulated in terms of limiting apparent molar volume (0
V), 

viscosity B-coefficient. With the help of stability constant by NMR titration, Flourescence, 

CHAPTER-IX 



HRMS, SEM, HRTEM, Cell viability and Cytotoxicity, hydrophobic effect, H-bonds and 

structural effects the formations of inclusion complexes have been explained. 

 

1. Introduction 

The amino acid residues in protein molecules are entirely L stereoisomers. Cells are capable 

to specifically synthesize L isomers of amino acids because the active sites of   enzymes are 

asymmetric; causing the reactions they catalyze to be stereospecific.  

 L-Tert-leucine (2-Amino-3,3-dimethylbutanoic acid) is an important not naturally occurring, 

so-called non-proteinogenic amino acids have till now not been prepared by enzymatic 

biotransformation. L-Tert-leucine (Tle) is an important intermediate for an array of 

pharmaceutical classes. L-Tert-Leucine is an attractive building block essential amino acid and 

makes up one third of our muscle protein.  Owing to its bulky, inflexible and hydrophobic tert-

butyl side chain, enantiopure (Tle) has been extensively used in the synthesis of a variety of 

pharmaceutically active compounds and chiral auxiliaries.  

Aim of this work is to explore the formation, carrying and controlled release of the essential 

enantiopure (Tle) amino acids by forming IC with host CDs without chemical & biological 

modification of the guests is of great interest. 

Supramolecular chemistry is a discipline of chemistry which has been attracting much 

attention recently, particularly the host-guest type interaction. Among all the potential hosts, 

Cyclodextrin (CD) is the most significant one. Cyclodextrins (CDs) are indigenous water-

soluble macro cyclic molecules that contain six (α-CD), seven (β-CDs) glucopyranose units1. 

The primary hydroxyl groups of cyclodextrins form hydrophobic core and secondary hydroxyl 

groups originate on the hydrophilic rims2. Due to their inbuilt structure, CDs can operate as 

molecular host for various biological, pharmaceutical, organic and inorganic guest molecules 

by forming host-guest inclusion complexes3. Their truncated form and hydrophobic cavity 

impart them the ability to form inclusion complexes (ICs) through non-covalent interaction 

with a broad variety of guest molecules that can fit either partially of fully inside their cavity, 

including amino acid, ILs, surfactants, drugs and polymers4. Cyclodextrins (α- and β-CDs), in 

particular, are widely used as solubilizing agents in diverse fields, such as, bio-sensing, drug 

and gene delivery, energy protection and cosmetics5. 

Inclusion complex formation between amino acid and cyclodextrins is a topic of immense 

importance due to the wide-spread application potential associated with these species6. 



Understanding the interaction between non-proteinogenic amino acid and CDs is important 

to analytical chemistry and material synthesis7. It was found that (Tle)   could solubilize a 

number of complex organic molecules such as CDs which is very useful in separation 

community. Therefore study of inclusion complex between CDs and (Tle) is very important to 

investigate the actual nature of the interaction. There are several reports on CDs with 

essential amino acids32. The interaction of N-dansyl-L-leucine-modified and N-dansyl-D-

leucine   with β-, and γ- cyclodextrins were studied by Hiroshi Ikeda et al.33 using fluorescence 

intensity   and 1D and 2D NMR spectroscopy.   Jin HL et al.34 studied the Interaction of dansyl- 

leucine, dansyl-isoleucine, dansyl- norleucine, dansyl- phenylalanine with  and  

cyclodextrins in aqueous solution with optical enrichment.  Yu.  A. Borisov et al.35 have 

synthesized the solid inclusion complex between β- and γ- cyclodextrin with amino acid 

enantiomers (Ala, Leu, His, Phe) and characterized them by DFT study. Previous works have 

determined the Inclusion Complexation of Modified â-Cyclodextrins with Amino Acids: 

Enhanced Enantio selectivity for L/D-Leucine. The inclusion behavior of guest molecules, i.e., 

ILs, amino acids, drugs and RNA nucleoside into the host cavity of cyclodextrins in aqueous 

solution has been studied1 using surface tension, conductivity, UV-Visible and 1H-NMR, 2D-

NMR, XRD,  Flourescence measurements. It was shown that 1:1 host guest inclusion 

complexes was formed. 

To the best of our knowledge, studies on the inclusion complexation of non-proteinogenic 

essential amino acid with α-CD and β-CD in the scientific literature are scarce. Hence in this 

study, the binding nature of the chiral amino acid (Tle) with α-CD and β-CD is analysed and 

compared with other isomers of it36, 37. 

2. Experimental 

2.1. Source and purity of samples 

The above mentioned amino acid (Tle) and CDs of puriss grade were purchased from Sigma-

Aldrich, Germany and used as it was. The mass fraction purity of (Tle),   α-CD and -CD were 

≥0.98, 0.98 and 0.98 respectively. 

 

2.2. Apparatus and procedure 

Solubilities of the two CDs and that of the amino acid (Tle) in aqueous CDs have been verified 

in triply distilled, deionized and degassed water. It was detected these were quite soluble in 

aqueous CDs. All the stock solutions of (Tle) were prepared by mass Mettler Toledo AG-285 

http://pubs.acs.org/author/Ikeda%2C+Hiroshi


with uncertainty 0.0001 g) and the functioning solutions were got by mass dilution at 298.15 

K, 303.15 K, 308.15 K. Changes of molarity to molality were done by means of the densities of 

the solutions 24. Sufficient precautions were made to reduce the evaporation during mixing.  

            pH values were calculated by Mettler Toledo Seven Multi pH meter having uncertainty 

±0.001. It was studied in a water bath with thermostat maintaining the temperature at 

298.15 K, having uncertainty in temperature ±0.01 K9. 

          Surface tensions of the solutions were determined via platinum ring detachment 

technique using a Tensiometer (K9, KR˝USS; Germany) at 298.15 K, 303.15 K, 308.15 K. 

Accuracy of study was ±0.1 mNm−1. Temperature of the scheme was maintained by 

circulating thermostated water through a double-wall glass vessel holding the solution9. 

        Conductivities of the solutions were studied by means of Mettler Toledo Seven Multi 

conductivity meter having uncertainty 1.0 Sm−1. The study was carried out in a thermostated 

water bath at 298.15 K, 303.15 K, and 308.15 K with uncertainty ±0.01 K.  

HPLC grade water was used with specific conductance 6.0 S m−1. The conductivity cell was 

calibrated by 0.01 M aqueous KCl solution8. 

           The Densities () of the solutions were calculated by vibrating U-tube Anton Paar digital 

density meter (DMA 4500 M) having precision ±0.00005 g cm−3 and uncertainty in 

temperature was ±0.01 K. The density meter was calibrated using standard method 23. 

         Solution viscosity () was measured through suspended Ubbelohde type viscometer, 

calibrated with triply distilled water, purified methanol, and dry air with dryer. A thoroughly 

cleaned and perfectly dried viscometer filled with experimental solution was positioned 

vertically in a glass walled thermostat (Bose Panda Instruments Pvt. Ltd.) maintained to ±0.01 

K of the desired temperature. After attaining thermal equilibrium, efflux times of flow were 

recorded with the help of stop watch.  Flow times were accurate to ±0.1 s. In every case three 

repetitions of each data reproducible to ±0.1 s were taken to average the flow times23. 

       Refractive Indexes were studied using Digital Refractometer from Mettler Toledo having 

uncertainty ±0.0002 units. The detail about the experiment has already been described 

before 13, 24.  

         NMR spectra were taken in D2O using Bruker AV-300 spectrometer operating for 1H at 

300 MHz. Splitting patterns of protons were described as singlet, doublet, triplet, broad and 



multiplet peaks. The chemical shifts (δ) were reported in parts per million (ppm) relative to 

TMS as internal standard (D2O: δ 4.79 ppm) 14.  

In each titration initially 0.5 mL 1.0 mM amino acid solution was taken and then 10µL 10 mM 

CD solution was added into it at five several times. 

           Fluorescence spectra were noted via JASCO V-530 UV/VIS Spectrophotometer, at 25°C 

in a Hellma quartz cuvette (230-650 nm spectral range, 3.5 Ml volume, 10 mm pathlength) 

equipped with a magnetic stir bar. To a solution of [Tle] (2 Mm, 1.5 Ml) in deionised water 

(Millipore, 18.2 MΏ. Cm) was prepared with α-CD and -CD. (100 Mm) in the stock 

fluorescence spectra were recorded after 1 hr of mixing time. The output range of the 

machine was nearly about 2 analog (+/- 10 volts) 23. 

        Infrared spectra were studied in Perkin-Elmer FT-IR spectrometer according to the KBr 

disk method. KBr disks were made in 1:100 ratios of sample and KBr. FT-IR studies were 

carried out in the scanning range of 4000-400 cm-1 at room temperature25. 

 Each of the two solid inclusion complexes ([Tle] + α), and ([Tle] + β-CD) has been prepared in 

a 1: 1 molar ratio. In each case 1.0 mmol of α and  cyclodextrin was dissolved in 20 mL of 

water and 1.0 m mol of [Tle] was dissolved in 20 mL of H2O and stirred separately for 3 h. 

Then the aqueous solution of the [Tle] was added drop by drop to the aqueous CD solution. 

The mixture was allowed to stir for 48 h at 50–550C. It was filtered at this temperature, 

cooled to 50C and kept for 12 h. The resulting suspension was filtered, white polycrystalline 

powder was obtained. It was then purified and dried in air. 

                HRMS analyses were executed with a Q-TOF high resolution instrument by positive 

mode electro spray ionization dissolving the solid ICs in methanol26.   

               Antimicrobial activity assay: In this experiment gram negative E.coli and gram positive 

B.subtilis were taken as the model organism. This experiment was done according to the Agar 

cup method30, 31. In short, spread plate technique was applied to inoculate the organisms in 

Muller-Hinton agar and the compounds were applied in agar cup at 1mg/ml concentration in 

separate plates and incubated at 37°C for 24 hrs.  Double distilled water was taken as the 

control. Antimicrobial activity was determined by the zone of inhibition surroundings agar 

cup. All the experiment was done in triplicate. 

        Cell viability assay: In this experiment {α + (Tle)} and { + (Tle)} were added in the 

nutrient agar broth and E. coli and B. subtilis were inoculated. After 24hrs of incubation at 



37°C cells were plated and colony count was done. Growth in nutrient broth without the ICs 

was taken as the control. All the experiment was done in triplicate. Level of significance (p) 

for all experiment was set to 0.0531. 

 

 

3. Result and discussion 

3.1. pH measurement predicts ionic states of the studied amino acid 

Existence of zwitterionic forms of amino acid in aqueous solution can be stated with the help 

of pH measurement1, 2. The values of pH for (Tle) in aqueous   α -CD ranges from [8.49 to 

7.64] respectively at 298.15 K, 303.15K, 308.15K while for (Tle) in aqueous -CD it ranges 

from [9.95 to 6.96] respectively at the room temperature Tables S1, S2, S3, S4. The pH value 

decreases with the increasing concentration of the respective amino acid and also with the 

increase of concentration of α-CD and -CD for the amino acid. These values clearly show the 

variation in their zwitterionic forms, i.e., the amine and carboxylic acid groups exist in ionic 

forms NH3
+ and COO− respectively. 

 

3.2. Surface tension study exemplify the inclusion and stoichiometric ratio of the inclusion 

complexes 

Surface tension () measurement can be used to obtain valuable information concerning the 

formation of inclusion complex in CDs3, 4. It is known that () for aqueous solutions of pure α- 

and –CD doesn’t show remarkable change with increasing concentrations1, 2. The pH data of 

this amino acid show the existence of NH3
+ and COO− in zwitterionic forms. Thus side groups 

being apolar, the amino acid show surfactant like activities, i.e., there is substantial decrease 

in surface tension of their aqueous solutions. Therefore while amino acid makes ICs with CDs 

remarkable change in surface tension should be observed 1, 2.  

Here  () of aqueous amino acid   has been measured with increasing concentration of α- and 

-CD at 298.15 K Tables S5, S6. (Tle) showed increasing trend of  () with increasing 

concentration of α- and  -CD (Figure. 2) may be owing to removal of the amino acid 

molecules (surface active) from surface of the solution into the hydrophobic cavity of  α- and  

-CD forming  inclusion complexes (Figure. S1)5. Each plot indicates there is single break point 

at definite concentrations. Finding of break point in surface tension curve not only indicates 



formation of IC but also provides sequence about its stoichiometry, i.e., appearance of single, 

double and so on break point in the plot indicates 1:1, 1:2 and so on stoichiometry of host : 

guest ICs (Figure. S2) 6. 

The values of () with corresponding concentrations of α- and -CD and the concentration of 

amino acid at each break have been listed in (Table 1) and overall variation of  () value is 

shown in (Tables S5, S6), which clearly reveal that the breaks have been found at certain 

concentrations of amino acid and CD where their concentration ratio in the solution medium 

was almost 1:1, consequently this study proves formation of 1:1 ICs of the studied amino acid 

(Tle) with both α- and -CD. 

 

3.3. Challenges of ionic conductivity and Conductance studies to explain the inclusion 

progression and their stoichiometric ratio 

With assistance to the conductivity () study of inclusion phenomenon can be confirmed 7, 8. 

It also suggests stoichiometry of the inclusion complex formed9. As found from pH data the 

studied amino acid exist in ionic form in aqueous solution, as a result shows considerable 

value of (). As aqueous CD solution was added to the aqueous solution of an amino acid 

(Tables S5, S6), () was observed to demonstrate decreasing trend probably due to insertion 

of the amino acid molecules inside the cavity of CD (Figure. S1).  At certain concentrations of 

α- and -CD and amino acid single break was initiated in each of the conductivity curve 

(Figure. 3), which indicates the formation of ICs. The values of () and corresponding 

concentrations of both α- and   -CD with the concentration of the studied amino acid at each 

break point have been listed in (Table 1), which reveal that the ratio of concentrations of 

amino acid and CD at the break point was found to be approximately 1:1, suggesting the host-

guest ratio to be 1:11.  In this study of all the two cases of (Tle) with  α- and  -CD similar 

results are found, but the conductivity near the break is found to be a little lower for  -CD 

than  α-CD, which is might be due to the former is better host for the studied guests than the 

later. 

 

3.4. Densitometry: group contributions and interactions between amino acid and cyclodextrins.  

The interactions among amino acid and cyclodextrins can be studied from apparent molar 

volume (v) and limiting apparent molar volume (v
o). The apparent molar volume is the 



measure of sum of geometric volume of the central solute molecule and changes in the 

solvent volume owing to the interactions with solute around the co-sphere10, 11.  (v) can be 

calculated from density of the solutions at diverse temperatures (Table S1, S2, S3, S4) using 

the provided equation. The magnitude of v is found to be positive for the amino acid in both 

aqueous α- and -CD moreover this suggests strong solute–solvent interactions. v varies 

linearly with the square root of molal concentration (√m) and is fitted to Masson equation, 

from which v
o has been determined (Table S10, S11, S12 Figure. 4a, 4b, 4c)12. The values of 

v
o increase with the increase of mass fractions of α- and -CD for (Tle) indicating that the 

ion-hydrophilic group interactions are stronger than ion-hydrophobic group interactions. In 

the present ternary system (amino acid + aq. CD) the interactions of the charged groups 

(COO−and NH3
+) of the amino acid is localized with –OH groups of cyclodextrins. Due to this 

interaction the electrostriction of water results an increase in volume. In this study the v
o are 

measured for (Tle) at 298.15 K, 303.15K, 308.15K for different mass fractions (0.001, 0.003, 

0.005 M) of α- and -CD. From (Figure. 4a, 4b, 4c) it can be observed that v
o for (Tle) is 

greater with -CD. This can be explained on the basis of their structures. The side group of 

(Tle) is relatively less spherical, creating more surface area. Thus, because of more surface 

area of the side hydrophobic group of (Tle), it interacts better with the hydrophobic cavity of 

CD, which is reflected in the v
o values in (Figure 4a, 4b, 4c). The structures of (Tle) can be 

obtained by replacing of the H atom of glycine by   guests that the 

interaction of the zwitterionic groups of the amino acid is more with -CD than α-CD, 

probably because of more number of OH groups in -CD than α-CD. The contribution of the 

hydrophobic side group I of (Tle) is found greater for   -CD than that for α-CD, which 

suggests that the inclusion phenomenon is better in -CD than that in α-CD. This may be 

explained on the basis of more compact structure of the IC in case of   α-CD than that of -CD 

due to smaller cavity size of the former than the later9. 

 

3.5. Viscosity measurement: group contributions 

The viscosity of aqueous cyclodextrin solution increases with increasing mass fraction of α- or 

-CD (Table S1) attributable to structure making contribution of cyclodextrins with water 

molecules. For the ternary system (amino acid + aq. CD) the viscosity of the solution increases 



with the increasing molarity of amino acid (Table S2, S3, and S4). The viscosity B-coefficient 

indicates solute-solvent interactions, which are found to be positive and increases with the 

increasing concentrations of   α- and   -CD (Table S10, 11, 12, Figure. 5a, 5b). This is 

considered to arise because of the increasing amino acid–CD interaction3. Thus the viscosity 

B-coefficients for (Tle) is higher with -CD because in this case the solute solvent interaction 

is more than α-CD. In the present study the contributions of the zwitterionic groups and the 

side groups towards the viscosity B-coefficient for the amino acid (Tle) of different mass 

fractions of   α- and   -CD have been determined (Table 2)11. The contributions of the 

zwitterionic  group (NH3
+, COO = ) increase with increasing mass fractions of  α- and  -CD, 

signifying the greater solvation of the ionic groups with the OH groups of cyclodextrin 

molecules, while that of the hydrophobic  

 groups are found as increasing demonstrating the increased 

solvation of the hydrophobic part of the amino acids inside the hydrophobic cavity of   α-   

and  -CD. The contribution of viscosity B-coefficient for the side group (R) is found to be 

greater for (Tle) with -CD, than that for (Tle) with α-CD, which may be explained on the basis 

of more surface area, thereby making greater hydrophobic interactions with the hydrophobic 

inner surface of CD.  

 

3.6. Hydration number and solvation number: solvation via cyclodextrin molecule 

 In the present ternary system, effect of the solvent plays a crucial feature. Here, water 

operates as the only medium for the amino acid and CDs to interact between them. Thus, CDs 

have vital role and it is termed as the co-solvent. The consequence of this co-solvent is 

calculated in terms of solvation number (Sn), which is the measure of the solvation taking 

place between primary or secondary hydroxyl groups of cyclodextrins and zwitterionic groups 

of amino acid; and order of the encapsulation of the side group by CD molecule3, 1. Hydration 

number (nH) is the order of hydration by water molecules surrounding the amino acid in the 

free state. It can be observed from (Table 3) that the values of hydration number decreases 

whereas the solvation number increases with increasing mass fraction of α- and -CD for 

(Tle). The trend in (Sn) and (nH) value suggests that in ternary solution system the 

electrostriction of water diminishes with increasing mass fraction of CD11. In this study the 



solvation number is maximum for the amino acid due to more hydrophobic part, i.e., the 

encapsulation of hydrophobic part inside the cavity of CD is greater. Lower hydration 

numbers as well as higher the solvation numbers in -CD than α-CD for the studied amino 

acid further suggests that -CD is more fascinated for solvation than α-CD. 

3.7. Refractive index illustrate the compactness of the inclusion complexes 

 The molecular interactions taking place in solution systems can be calculated with the help of 

refractive index (nD) and molar refraction (RM) 3. The higher value of (RM) and limiting molar 

refraction (Ro
M) specify that medium is more compact and dense (Table S1-S4, S7-S12)9. In 

this study the (Ro
M) value increases with increasing concentration of   α- and -CD. It is 

evident from (Figure 6) that the ICs of (Tle) with -CD are denser or closely packed than those 

of α-CD, may be due to greater hydrophobic interaction between (Tle) and the -cyclodextrin. 

Moreover from the experimental facts we find that the value of the refractive index 

decreases with the rise in temperature. Since the density of the solutions usually decreases 

with temperature, it is not surprising that the speed of the light in a solution will normally 

increase temperature increases. Thus, the index of refraction normally decreases as the 

temperature increases for the solutions13. These data obtained from refractive index study 

are in good agreement which have been found from density and viscosity measurements. 

 

3.8.1H NMR titration: determination of binding constant.  

The most informative technique in most situations is 1H NMR spectroscopy. Apart from the 

quantitative information that an NMR titration can yield, the relative shifts and changes in 

symmetry can often give valuable information about how the host(s) and guest are 

interacting and also about the stoichiometry of interaction. This information can be of 

significant benefit even in situations where complete quantitative facts cannot be obtained 

from the NMR titration as shown in our work on the binding of oligosaccharide host to amino 

acid where symmetry changes were indicative of 1: 1 complex formation. 

Classical approaches for data analysis of NMR titrations assume that the resonance (Δδ) of 

interest is the weighted average of free host and the bound host in the complex in the 

experiment according to equation (1) in the case of a simple 1: 1 system. 

 Inclusion of a guest molecule in the interior the cavity of CD results in the chemical shift of 

the guest and CD in the 1H NMR spectra due to the interaction of the CD with the guest 14. In 



the structure of  α- and -CD the H3,  H5 hydrogens are situated inside the conical cavity, 

particularly, the H3 are placed near the wider rim while H5 are sited near the narrower rim, 

the other H1, H2 and H4  hydrogens  are located at the exterior of both the CD molecule 17, 18. 

Here, we have titrated the studied amino acid molecules by adding CD and observed that the 

chemical shift changes (Δδ) for the concerned protons19.   To find binding constant with the 

help of reliable Benesi–Hildebrand method for 1:1 host-guest ICs equation (1),15, 14  we used 

the Δδ of the groups which are situated at the terminal of the 

hydrophobic moiety of the derivatized amino acid (Figure. 1).  

                                   1/Δδ = 1/k’ [AA] Kb· 1/ [CD] +1/k’ [AA]                                                (1) 

(Figure 7(a), 7(b)) shows the titration spectra of [Tle] with α-CD and - CD respectively 

(Figure. S3 (a), S3 (b), S4(a), S4(b) for α-CD, -CD). Each titration spectra clearly shows the 

shift of signals arising from H3 of CD and that of the amino 

acid. Details of the titration and finding out of binding constant (Kb) are shown in (Table S13, 

S14).  Values of Kb for each of the ICs were evaluated by dividing intercept by the slope of the 

straight line of the double reciprocal plot16. The binding constants indicate that (Tle) forms 

stronger IC with -CD than α-CD. 

 

3.9. Steady state fluorescence measurements 

Fluorescence has been extensively studied for static and dynamic properties of the 

aggregated system such as the derivatives of amino acids23. In the amphiphile molecules, -

CD (quencher) is preferentially solubilized in their interior hydrophobic regions. The change in 

the microenvironment of solution is experienced by the probe (Tle), hence is used to asses 

aggregated properties in the form of inclusion. Vibronic band spectra undergo significant 

perturbation on transferring from a non-polar to a polar environment. Fluorescence 

measurements can be used to calculate the binding constants, of the complex and also in 

understanding the interaction between the host-guest inclusion processes (ICs) 20. Steady-

state fluorescence measurements were performed at 298.15K. The concentration of solutions 

used in all the system was approximately up to 10-6 mol dm-3.  



 

3.10 Determination of solution binding constants by Stern-Volmer Constant 

The data was analyzed with a 1:1 binding model taken from22 utilizing the Origin 8.0 software 

package. For high pressure fluorescence experiments, samples were loaded into a square-

bottom quartz cuvette (custom-designed for high pressure studies) ensuring no air bubbles. 

This was then installed into a high-pressure fluorescence cell. The high-pressure cell was 

installed into the Fluorometer. The fluorometer uses a Xenon arc lamp, and double excitation 

and emission monochromators.  

For both the samples the excitation was affected at 230 nm and the emission spectra were 

observed at 415 nm for the [Tle + α-CD] and 400 nm for   the [Tle + -CD] slide widths of   

both set as 5 nm. The measurements were performed in order to determine the binding 

constant of the samples. 

The Stern-Volmer constants20, 21 were the equilibrium constants determine for the interaction 

between the (-CD) quencher and (Tle). The strength of the hydrophobic environment of IL 

can be evaluated by the Stern-Volmer quenching constant (Ksv) known as the first-order 

quenching rate constant), specified by; 

                                                                F0/F = 1+ Ksv [Q]                                                 (2)                                                                 

The Stern-Volmer quenching constant (Ksv) were evaluated from the obtained slope values of 

the plots   F0/F versus [Q] and the Ksv values are given in (Table S15, S16). (Tle) and their 

mixture with CDs are different which compressive that the hydrophobicity of complexation 

environment and efficiency of (Tle) to quench the fluorophore vary with interacting species 

(Figure 8(a), 8(b)) 20. The value of Ksv for the pure (Tle) is found to be lesser than their 

respective mixture which suggests that the environment becomes more suitable for an 

effective quencher in the high concentration of CDs. Further, Ksv value for [Tle] and [Tle] +β-

CD are found to be higher than [Tle] +α-CD, respectively, which suggest more hydrophobic 

environment for [Tle] +β-CD(Figure S5(a), S5(b), S6(a), S6(b))21, 22. 

 

 

3.11. Fourier Transform Infrared (FT-IR) Spectroscopy 

The formation of inclusion complex of (Tle) with α and β-CD in solid state is supported   by FT-

IR study. There are many changes in the FT-IR spectra of solid inclusion complexes due to the 



loss of bending and vibrating peaks of the guest molecule after complexation. The various 

frequencies of (Tle), α-CD, β-CD, [(Tle) +α-CD] and [(Tle) +β-CD] are reported in (Table S17, 

S18). We can identify the spectra of (Tle) from the characteristic peaks of –C (CH3)3, -NH3
+, -

COO- groups at 2970.12, 1520.16, 1620.23 cm-1 respectively (Figure 9). Broad characteristic 

peaks of –OH at about 3412.10 cm−1 and 3349.84 cm−1 are detected in the spectrum for α 

and β-CD. But if we examine the spectra of the two ICs, we can see that many peaks of the 

amino acid are either absent or shifted. The reason may be that after inclusion in the cavity of 

CD the environment of the guest (amino acid) is changed. Frequencies of aforesaid groups in 

both inclusion complex spectra are shifted. The –O-H frequency of both α and β-CD are 

shifted to lower region possibly due to involvement of the –O-H groups of the host molecules 

in hydrogen bonding with the guest molecule. Moreover spectra of the two inclusion 

complexes are similar to CD. No additional peaks are recognized in the solid inclusion 

complexes which mean no chemical reaction occurred between the guest and CD. Only the 

guest was inserted in the hydrophobic core of the host molecules. 

 
3.12. Explanation for HRMS 
 
ESI-mass spectrometric analysis were also used to identify the formation of IC synthesized by 

the technique described above in the solid state of Experimental procedure section26 and 

have been shown in (Figure. 10(a), Figure. 10(b)). The observed peaks have been put into 

(Table S17), which confirms that in all cases the desired IC have been formed in solid state 

and stoichiometric ratio of the host and guest is 1 : 1. Positive electrospray ionization mass 

spectrometry (ESI-MS) is very valuable method that has been used to examine the host guest 

complexation with cyclodextrins2. The mass spectrum of 1:1 stoichiometry of α-CD: [Tertiary 

Leucine] and   : [Tertiary Leucine] system is analyzed by ESI-MS in (Figure. 10(a), Figure. 

10(b)) (Table S17) represents all the preferred mass that one can expect. These experimental 

facts of the selected [Tle]/α-CD and [Tle]/-CD complexes suggested that the [Tle] + cation 

simultaneously inserted in the cyclodextrin cavity with 1:1 stoichiometry. 

 

 

3.13. Scanning Electron Microscopy (SEM) 
 



Electron microscopy (SEM) is a very well-known technique for analyzing the surface texture 

and particle size of solid materials 27, 28. The surface morphological structures of α-CD and β-

CD and the solid IC (Tle: α-CD, Tle: β-CD) are shown in (Figure. 11) respectively. From (Figure. 

11) it is clear that the morphological structures of (Figure 11(a) relating to Figure 11(b)) and 

(Figure 11(c) relating to Figure 11(d)) are totally different from each other. Moreover as the 

complexation by -CD can be viewed distinctly. This gives clear evidence that [Tle] fits enough 

into the hydrophobic cavity of β-CD to form of solid IC. 

 

3.14. High resolution transmission electron microscopy (HRTEM) 

TEM is a reliable method for studying aggregation was employed to investigate the 

complexation of the oligosaccharides and the amino acid formed in aqueous solution29. The 

morphology of the obtained supramolecular assembly is reflected in TEM images (Figure. 12).  

 

3.15. Cytotoxic activity of the Inclusion complexes 

No zone of inhibition was seen in case of both the gram positive and gram negative 

organisms. There was no growth inhibition compare to control. These results suggest that ICs 

doesn’t have any antimicrobial activity. So it is nontoxic for the cells. After that cell viability 

assay was done. Here we have found that the cell viability of E. coli was 4.6% and 9% 

increased in the presence of {α + [Tle]} and { + [Tle]} respectively whereas the cell viability of 

B. subtilis was 3.2% and 8% increased in the presence of {α + [Tle]} and { + [Tle]} 

respectively(Figure 13(a), 13(b))30. These results indicated that cell viability was positively 

regulated in the presence of these ICs (Figure 14(a), 14(b), 14(c), 14(d))31. But there was only 

significant increase in growth when the samples were treated with { + [Tle]}. So this { + 

[Tle]} is more suitable for the pharmaceutically active compounds. The results showed that 

both inclusion complexes increased the Tertiary Leucine capability of inhibiting cell growth. In 

particular, Tertiary Leucine complexed with beta-cyclodextrin had the highest cytotoxic 

activity on E. coli and B. subtilis; with alpha-cyclodextrin the cytotoxic activity was rather low. 

Conclusion 

The non-proteogenic amino acid viz., (Tle) form host-guest inclusion complexes with both α- 

and -CD with 1:1 stoichiometry which is confirmed by NMR, surface tension, conductivity 

measurement, Steady state Flourescence, SEM, HRTEM suggest that the selected guest 



molecule (Tle) monomer, formed IC with nano hydrophobic core of β-CD effectively. Different 

pH environment shows that IC has great influence on association constant. The amino acid-

CD interactions in the solution have been interpreted by density, viscosity, refractive index 

and solvation number measurements. Cytotoxicity and Cell viability also accounts for the non-

toxic behaviour of the ICs. Thus the present work adds a dimension in the field of 

contemporary science of controlled delivery of Tertiary-Leucine by using suitable host 

molecule like α- and -CD. 

  
Abbreviation: Tertiary Leucine = Tle, Fluorescence intensity = Fl intensity, Inclusion complex = 

IC, Cyclodextrin = CD, Aminoacid = AA. 
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TABLES 

Table S1. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of different mass 

fractions of aqueous α, β-cyclodextrin mixtures in tertiary leucine at 298.15 Ka 

 

Aqueous solvent 
mixture 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 
nD pH 

aq. α-CD 

w1 = 0.001 0.99734 1.26 1.3308 8.49 

w1 = 0.003 0.99801 1.28 1.3310 8.06 

w1 = 0.005 0.99867 1.29 1.3312 7.64 

aq. β-CD 

w2 = 0.001 0.99756 1.21 1.3312 9.95 

w2 = 0.003 0.99820 1.25 1.3317 8.55 

w2 = 0.005 0.99896 1.27 1.3319 6.96 
a Standard uncertainties u are: u(ρ) = 5×10-5 g∙cm-3, u(η) = 0.003 mP∙s, 

u(nD) =0.0002, u(pH) =0.01, and u(T) = ±0.01K. 

 

Table S2. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acid in different mass fractions of aqueous α and β-cyclodextrin mixtures at 

298.15 Ka. 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

 

/mP∙s 

nD pH molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD pH 

Tle-Leucine 

w1 = 0.001b w2 = 0.001b 

0.010038 0.99777 1.328 1.3306 8.49 0.010035 0.99776 1.282 1.3312 9.95 

0.025122 0.99808 1.335 1.3307 8.33 0.025131 0.99857 1.291 1.3314 9.83 

0.040242 0.99845 1.355 1.3308 8.21 0.040273 0.99937 1.305 1.3316 9.72 

0.055385 0.99878 1.368 1.3309 8.11 0.055466 1.00039 1.309 1.3316 8.61 

https://link.springer.com/journal/11504


aStandard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3,  u(η) =0.003 mP∙s, u(nD) =0.0002,  u(pH) =0.01 and  u(T) 

=0.01K. 
bw1 and bw2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

Table S3. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acid in different mass fractions of aqueous α and β-cyclodextrin mixtures at 

303.15 Ka. 

0.070560 0.99917 1.384 1.3311 8.02 0.070710 1.00239 1.312 1.3317 8.51 

0.085741 0.99953 1.406 1.3312 7.91 0.086001 1.00351 1.319 1.3319 7.41 

w1 = 0.003b w2 = 0.003b 

0.010031 0.99837 1.339 1.3309 8.19 0.010031 0.99931 1.318 1.3316 7.96 

0.025106 0.99867 1.363 1.3311 8.15 0.025117 0.99951 1.326 1.3318 7.61 

0.040202 0.99901 1.388 1.3312 8.03 0.040252 1.00051 1.348 1.3319 7.56 

0.055335 0.99938 1.389 1.3313 7.96 0.055435 1.00219 1.359 1.3319 7.41 

0.070483 0.99975 1.405 1.3314 7.83 0.070668 1.00336 1.366 1.3321 6.67 

0.085661 1.00012 1.437 1.3316 7.78 0.085949 1.00446 1.378 1.3322 6.32 

w1 = 0.005b w2 = 0.005b 

0.010025 0.99918 1.359 1.3315 8.08 0.010022 0.99995 1.303 1.3320 6.68 

0.025090 0.99965 1.372 1.3316 7.97 0.025092 0.99998 1.318 1.3321 6.72 

0.040183 1.00021 1.391 1.3317 7.85 0.040204 1.00086 1.326 1.3324 6.83 

0.055314 1.00103 1.414 1.3318 7.78 0.055345 1.00257 1.338 1.3326 6.90 

0.070454 1.00183 1.440 1.3319 7.70 0.070520 1.00377 1.345 1.3327 6.94 

0.085617 1.00271 1.456 1.3321 7.64 0.085725 1.00498 1.357 1.3329 6.96 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

 

/mP∙s 

nD pH molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD pH 

Tle-Leucine 

w1 = 0.001b w2 = 0.001b 

0.010038 0.99727 1.326 1.3304 8.42 0.010035 0.99766 1.276 1.3310 9.90 

0.025122 0.99708 1.334 1.3306 8.28 0.025131 0.99827 1.283 1.3313 9.77 

0.040242 0.99545 1.353 1.3307 8.16 0.040273 0.99917 1.292 1.3315 9.68 

0.055385 0.99778 1.365 1.3306 8.03 0.055466 1.00019 1.301 1.3314 8.56 

0.070560 0.99817 1.382 1.3309 7.96 0.070710 1.00139 1.308 1.3315 8.47 

0.085741 0.99853 1.401 1.3311 7.84 0.086001 1.00251 1.311 1.3317 7.36 

w1 = 0.003b w2 = 0.003b 



aStandard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3,  u(η) =0.003 mP∙s, u(nD) =0.0002,  u(pH) =0.01 and  u(T) 

=0.01K. 
bw1 and bw2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S4. Experimental values of density (ρ), viscosity (η), refractive index (nD) and pH of 

selected amino acid in different mass fractions of aqueous α and β-cyclodextrin mixtures at 

308.15 Ka. 

0.010031 0.99817 1.335 1.3306 8.13 0.010031 0.99929 1.315 1.3314 7.91 

0.025106 0.99827 1.361 1.3310 8.10 0.025117 0.99941 1.320 1.3315 7.54 

0.040202 0.99890 1.384 1.3311 8.00 0.040252 1.00021 1.345 1.3317 7.50 

0.055335 0.99920 1.386 1.3312 7.92 0.055435 1.00217 1.353 1.3318 7.36 

0.070483 0.99955 1.403 1.3313 7.81 0.070668 1.00330 1.361 1.3319 6.61 

0.085661 1.00001 1.434 1.3314 7.73 0.085949 1.00440 1.373 1.3321 6.22 

w1 = 0.005b w2 = 0.005b 

0.010025 0.99916 1.355 1.3314 8.01 0.010022 0.99985 1.302 1.3319 6.62 

0.025090 0.99960 1.370 1.3313 7.93 0.025092 0.99988 1.316 1.3317 6.71 

0.040183 1.00020 1.386 1.3315 7.81 0.040204 1.00056 1.322 1.3322 6.74 

0.055314 1.00100 1.412 1.3316 7.72 0.055345 1.00227 1.335 1.3324 6.83 

0.070454 1.00173 1.426 1.3317 7.63 0.070520 1.00357 1.335 1.3325 6.90 

0.085617 1.00261 1.459 1.3318 7.60 0.085725 1.00448 1.352 1.3327 6.92 

molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

 

/mP∙s 

nD pH molality 

/mol∙kg-1 

ρ×10-3 

/kg∙m-3 

η 

/mP∙s 

nD pH 

Tle-Leucine 

w1 = 0.001b w2 = 0.001b 

0.010038 0.99698 1.322 1.3303 8.40 0.010035 0.99760 1.274 1.3309 9.83 

0.025122 0.99701 1.331 1.3305 8.25 0.025131 0.99823 1.281 1.3311 9.72 

0.040242 0.99540 1.348 1.3304 8.12 0.040273 0.99911 1.287 1.3314 9.64 

0.055385 0.99770 1.362 1.3305 8.00 0.055466 1.00013 1.297 1.3312 8.52 

0.070560 0.99811 1.376 1.3307 7.91 0.070710 1.00138 1.302 1.3314 8.42 

0.085741 0.99848 1.397 1.3310 7.80 0.086001 1.00243 1.308 1.3315 7.34 

w1 = 0.003b w2 = 0.003b 

0.010031 0.99813 1.331 1.3304 8.10 0.010031 0.99925 1.312 1.3312 7.85 

0.025106 0.99825 1.354 1.3309 8.03 0.025117 0.99936 1.322 1.3313 7.51 



aStandard uncertainties u are: u(ρ) = 5×10-5 kg∙m-3,  u(η) =0.003 mP∙s, u(nD) =0.0002,  u(pH) =0.01 and  u(T) 

=0.01K. 
bw1 and bw2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S5. Data for surface tension and conductivity study of aqueous Tert-Leucine ─ α-CD system at 

298.15Ka 

Volm of 

α-CD 

(mL) 

Total volm 

(mL) 

Conc of 

Tert-Leucine 

(mM) 

Conc of α-CD 

(mM) 

Surface tension 

(mN m-1) 

Conductivity 

(µS m-1) 

0 10 10.000 0.000 58.4 170.1 

1 11 9.091 0.909 58.7 169.5 

2 12 8.333 1.667 63.6 167.7 

3 13 7.692 2.308 66.7 165.6 

4 14 7.143 2.857 67.9 163.1 

5 15 6.667 3.333           70.2 161.3 

6 16 6.250 3.750 70.3 158.7 

7 17 5.882 4.118 70.3 156.8 

8 18 5.556 4.444 70.4 154.5 

9 19 5.263 4.737 70.7 151.8 

10 20 5.000 5.000 70.7 150.9 

11 21 4.762 5.238 71.0 150.7 

12 22 4.545 5.455 71.7 149.8 

13 23 4.348 5.652 71.8 148.7 

0.040202 0.99887 1.381 1.3310 7.95 0.040252 1.00014 1.341 1.3315 7.46 

0.055335 0.99917 1.382 1.3311 7.91 0.055435 1.00213 1.352 1.3317 7.33 

0.070483 0.99945 1.400 1.3312 7.75 0.070668 1.00328 1.357 1.3319 6.58 

0.085661 1.00000 1.431 1.3313 7.67 0.085949 1.00438 1.371 1.3320 6.20 

w1 = 0.005b w2 = 0.005b 

0.010025 0.99912 1.351 1.3311 8.00 0.010022 0.99976 1.296 1.3315 6.57 

0.025090 0.99955 1.365 1.3312 7.91 0.025092 0.99981 1.306 1.3316 6.67 

0.040183 1.00014 1.382 1.3314 7.80 0.040204 1.00048 1.312 1.3321 6.71 

0.055314 1.00091 1.410 1.3315 7.70 0.055345 1.00221 1.323 1.3322 6.80 

0.070454 1.00153 1.424 1.3315 7.61 0.070520 1.00347 1.331 1.3323 6.83 

0.085617 1.00231 1.452 1.3317 7.54 0.085725 1.00437 1.348 1.3325 6.88 



14 24 4.167 5.833 71.8 147.2 

15 25 4.000 6.000 71.9 146.5 

16 26 3.846 6.154 72.2 145.3 

17 27 3.704 6.296 72.3 144.9 

18 28 3.571 6.429 72.4 143.4 

19 29 3.448 6.552 72.4 142.5 

20 30 3.333 6.667 72.4 141.6 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

   

  



Table S6. Data for surface tension and conductivity study of aqueous Tert-Leucine ─ -CD system at 

298.15Ka 

Volm of 

-CD 

(mL) 

Total volm 

(mL) 

Conc of 

Tert-Leucine 

(mM) 

Conc of -CD 

(mM) 

Surface tension 

(mN m-1) 

Conductivity 

(µS m-1) 

0 10 10.000 0.000 58.4 170.0 

1 11 9.091 0.909 58.8 168.7 

2 12 8.333 1.667 56.9 167.9 

3 13 7.692 2.308 60.2 165.2 

4 14 7.143 2.857 60.4 163.6 

5 15 6.667 3.333 60.7 161.8 

6 16 6.250 3.750 60.8 158.7 

7 17 5.882 4.118 63.2 153.2 

8 18 5.556 4.444 64.0 147.9 

9 19 5.263 4.737           65.3 145.7 

10 20 5.000 5.000 66.4 145.6 

11 21 4.762 5.238 67.0 145.5 

12 22 4.545 5.455           67.3 142.1 

13 23 4.348 5.652 67.3 140.6 

14 24 4.167 5.833 67.3 139.3 

15 25 4.000 6.000 67.4 138.5 

16 26 3.846 6.154 68.0 137.2 

17 27 3.704 6.296 68.1 136.9 

18 28 3.571 6.429 68.2 135.4 

19 29 3.448 6.552 68.2 134.7 

20 30 3.333 6.667 68.2 132.2 

a Standard uncertainties in temperature u are: u(T) = ±0.01 K. 

Table S7. Apparent molar volume (ϕV), (ηr-1)/√m, molar refraction (RM) of selected amino acid   in 

different mass fractions of aqueous α and β-cyclodextrin mixtures at 298.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

Tert-Leucine 

w1 = 0.001b w2 = 0.001b 

0.015817 116.98 0.159 26.8654 0.015816 117.23 0.072 27.0278 

0.021212 115.38 0.148 26.8646 0.021213 116.18 0.091 27.0207 



0.023451 114.48 0.196 26.8644 0.023456 115.51 0.111 27.0139 

0.025538 113.76 0.199 26.8623 0.025506 115.17 0.160 26.9863 

0.027550 112.86 0.237 26.8618 0.027390 114.59 0.170 26.9399 

0.029152 112.08 0.265 26.8603 0.029150 114.22 0.182 26.9245 

w1 = 0.003b w2 = 0.003b 

0.015816 120.93 0.160 26.8780 0.015832 121.13 0.152 27.0575 

0.021213 118.65 0.251 26.8762 0.021271 119.08 0.141 27.0503 

0.023462 117.71 0.268 26.8759 0.023542 118.25 0.183 27.0361 

0.025501 116.60 0.237 26.8737 0.025622 117.37 0.192 26.9546 

0.027397 115.63 0.259 26.8713 0.027754 116.59 0.255 26.9694 

0.029154 114.52 0.322 26.8711 0.029341 115.82 0.259 26.9466 

w1 = 0.005b w2 = 0.005b 

0.015800 123.64 0.233 26.8938 0.015800 125.53 0.145 27.0344 

0.021232 120.22 0.245 26.8885 0.021253 123.88 0.165 27.0328 

0.023502 118.33 0.269 26.8808 0.023501 122.85 0.170 27.0278 

0.025573 117.05 0.296 26.8661 0.025572 122.07 0.187 
27.0014 

0.027493 115.19 0.346 26.8576 0.027494 121.29 0.209 26.9765 

0.029290 113.59 0.338 26.8520 0.029290 120.42 0.221 26.9587 

 

 

Table S8. Apparent molar volume (ϕV), (ηr-1)/√m, molar refraction (RM) of selected amino acid in 

different mass fractions of aqueous α and β-cyclodextrin mixtures at 303.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

Tert-Leucine 

w1 = 0.001b w2 = 0.001b 

0.015817 118.94 0.163 26.9873 0.015816 119.28 0.076 27.0214 

0.021212 117.09 0.156 26.8840 0.021213 118.01 0.095 27.0157 

0.023451 116.27 0.198 26.8818 0.023456 117.49 0.113 27.0119 

0.025538 115.22 0.200 26.8767 0.025506 116.89 0.165 26.977 

0.027550 114.31 0.239 26.8651 0.027390 116.28 0.172 26.952 

0.029152 113.49 0.269 26.8641 0.029150 115.81 0.186 26.9366 

w1 = 0.003b w2 = 0.003b 

0.015816 122.97 0.165 26.9993 0.015832 123.28 0.154 27.0054 

0.021213 120.66 0.255 26.9896 0.021271 121.16 0.148 27.0012 

0.023462 119.55 0.269 26.9889 0.023542 120.01 0.187 26.9986 



0.025501 118.52 0.239 26.9869 0.025622 119.19 0.196 26.9532 

0.027397 117.36 0.263 26.9819 0.027754 118.25 0.259 26.9302 

0.029154 116.36 0.326 26.9723 0.029341 117.57 0.263 26.9154 

w1 = 0.005b w2 = 0.005b 

0.015800 127.74 0.238 27.0048 0.015800 128.14 0.147 27.0261 

0.021232 124.43 0.249 26.9974 0.021253 125.86 0.169 
27.0231 

0.023502 123.40 0.273 26.9841 0.023501 124.89 0.177 
27.0075 

0.025573 122.53 0.298 26.9699 0.025572 124.09 0.189 26.9947 

0.027493 121.56 0.348 26.9577 0.027494 123.05 0.219 26.9671 

0.029290 120.43 0.348 26.9414 0.029290 122.17 0.228 26.9574 

 

 

Table S9. Apparent molar volume (ϕV), (ηr-1)/√m, molar refraction (RM) of selected amino acid in 

different mass fractions of aqueous α and β-cyclodextrin mixtures at 308.15 Ka 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

molality 

/mol∙kg-1 

ϕV ×106 

/ m3 mol-1 

(ηr-1)/√m 

/kg1/2mol-1/2 

RM 

/m3 mol-1 

Tert-Leucine 

w1 = 0.001b w2 = 0.001b 

0.015817 121.63 0.167 27.0325 0.015816 122.03 0.079 27.0099 

0.021212 119.88 0.158 26.9963 0.021213 120.13 0.097 27.0077 

0.023451 119.05 0.204 26.9936 0.023456 119.24 0.116 27.0061 

0.025538 118.15 0.208 26.9822 0.025506 118.63 0.169 26.9638 

0.027550 117.29 0.249 26.9813 0.027390 117.77 0.178 26.9449 

0.029152 116.28 0.259 26.9776 0.029150 117.15 0.189 26.9240 

w1 = 0.003b w2 = 0.003b 

0.015816 124.98 0.169 26.9924 0.015832 125.26 0.158 26.992 

0.021213 122.28 0.259 26.9830 0.021271 123.13 0.149 26.9875 

0.023462 121.18 0.273 26.9823 0.023542 121.84 0.189 26.9857 

0.025501 119.80 0.245 26.9822 0.025622 121.03 0.199 26.9469 

0.027397 118.74 0.269 26.9747 0.027754 119.87 0.264 26.9307 

0.029154 117.80 0.329 26.9586 0.029341 119.25 0.269 26.9086 

w1 = 0.005b w2 = 0.005b 

0.015800 128.97 0.244 26.9421 0.015800 129.26 0.154 27.0209 

0.021232 125.85 0.256 26.9483 0.021253 126.63 0.173 27.002 

0.023502 124.46 0.279 26.9650 0.023501 125.24 0.179 26.9959 

0.025573 123.53 0.308 26.9837 0.025572 124.23 0.192 26.9816 



0.027493 122.43 0.368 26.9795 0.027494 123.07 0.229 26.9551 

0.029290 120.85 0.388 26.9783 0.029290 122.05 0.234 26.9456 

 

Table S10. Limiting apparent molar volume (ϕV
o), experimental slope (SV*), viscosity A and B-coefficient 

and limiting molar refraction (RM
o) of amino acid in different mass fractions of aqueous α and β-

cyclodextrin mixtures at 298.15 Ka 

Aq. solvent 

mixture 

ϕ0
V 106

 

/ m3 mol-1 

S*
V 106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O 

/m3 mol-1 

Tertiary-Leucine 

w1 = 0.001b 120.9 -22.83 0.571 0.0759 26.85 

w1 = 0.003b 123.4 -25.80 0.619 0.1116 26.86 

w1 = 0.005b 127.7 -36.21 0.628 0.1483 26.92 

Tertiary-Leucine 

w2 = 0.001b 122.9 -36.72 0.633 0.0065 27.08 

w2 = 0.003b 125.5 -40.57 0.661 0.0651 27.10 

w2 = 0.005b 128 -39.15 0.688 0.0633 27.13 

aStandard uncertainties u are: u(T) =0.01K. 
bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

 

Table S11. Limiting apparent molar volume (ϕV
o), experimental slope (SV*), viscosity A and B-coefficient 

and limiting molar refraction (RM
o) of amino acid in different mass fractions of aqueous α and β-

cyclodextrin mixtures at 303.15 Ka 

Aq. solvent 

mixture 

ϕ0
V 106

 

/ m3 mol-1 

S*
V 106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O 

/m3 mol-1 

Tertiary-Leucine 

w1 = 0.001b 127.4 -39.70 0.577 0.0761 26.87 

w1 = 0.003b 130.1 -42.83 0.622 0.1119 26.98 

w1 = 0.005b 132.5 -45.57 0.636 0.1488 27.04 

Tertiary-Leucine 

w2 = 0.001b 128.6 -47.54 0.639 0.0069 27.06 

w2 = 0.003b 130.9 -48.90 0.667 0.0656 27.07 

w2 = 0.005b 133.6 -53.74 0.695 0.0638 27.08 



aStandard uncertainties u are: u(T) =0.01K. 
bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S12. Limiting apparent molar volume (ϕV
o), experimental slope (SV*), viscosity A and B-coefficient 

and limiting molar refraction (RM
o) of amino acid in different mass fractions of aqueous α and β-

cyclodextrin mixtures at 308.15 Ka 

Aq. solvent 

mixture 

ϕ0
V 106

 

/ m3 mol-1 

S*
V 106

 

/m3mol- 3/2kg1/2 

B 

/kg mol-1 

A 

/kg1/2 mol-1/2 

RM
O 

/m3 mol-1 

Tertiary-Leucine 

w1 = 0.001b 131.7 -38.29 0.582 0.0766 26.96 

w1 = 0.003b 135.1 -43.82 0.628 0.1122 26.99 

w1 = 0.005b 137.8 -53.60 0.639 0.1492 27.01 

Tertiary-Leucine 

w2 = 0.001b 135.8 -74.95 0.645 0.0071 27.04 

w2 = 0.003b 135.9 -52.64 0.672 0.0658 27.05 

w2 = 0.005b 138.2 -58.34 0.707 0.0644 27.07 

aStandard uncertainties u are: u(T) =0.01K. 
bw1 and w2 are mass fractions of α and β-cyclodextrin in aqueous mixture respectively. 

 

 

 

Table S13:  Data for the Benesi-Hildebrand double reciprocal plot performed by 1H NMR 

spectroscopy for aqueous Tert –Leucine-α-CD system at 298 K (concentration of Tert-Leucine = 

500 µM) 

 

 

E Mean error in Kb = ±0.01 M-1 

 

[α-CD] 

/Mm 
δo Δ Δδ 

1/[α-CD] 

/M-1 

1/Δδ Intercept Slope 

KbE 

/M-1 

0.1 

0.9472 

0.9595 0.0123 5000 81.34 

5.963 0.015 397.53 

0.4 0.9698 0.0226 2500 44.23 

0.5 0.9755 0.0283       2000 35.30 

0.8 0.9871 0.0399 1250 25.02 

1.0 0.9948 0.0476 1000 21.00 



 

 

Table S14:  Data for the Benesi-Hildebrand double reciprocal plot performed by 1H NMR  

spectroscopy  for aqueous Tert –Leucine--CD system at 298 K (concentration of Tert-Leucine 

= 500 µM) 

 

[β-CD] 

/Mm 
δo Δ Δδ 

1/[β-CD] 

/M-1 

1/Δδ Intercept Slope 

KbE 

/M-1 

0.1 

0.9472 

0.9548 0.0076 5000 130.6 

14.10 0.023 613.04 

0.4 0.9606 0.0134 2500 74.72 

0.5 0.9636 0.0164 2000 60.8 

0.8 0.9707 0.0235 1250 42.45 

1.0 0.9740 0.0268 1000 37.28 

E Mean error in Kb = ±0.01 M-1 

 
 
 
Table S15:  Stern-Volmer constants (Ksv) of various concentrations of α-CD in [Tle]  

 
Conc.(Mm) F0 (A.U) F (A.U) F0/F Slope KSV

E 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

1911608 1877621 

1806285 

1736812 

1646968 

1598998 

1552425 

1507209 

1463309 

1434617 

1424091 

1.020 

1.060 

1.102 

1.162 

1.198 

1.234 

1.270 

1.308 

1.334 

1.344 

0.378 0.378 

EMean error in KSV = ±0.01 M-1 

 
 
 
 
 
 
 
Table S16:  Stern-Volmer constants (Ksv) of various concentrations of -CD in [Tle]  

Conc.(Mm) F0 (A.U) F (A.U) F0/F Slope KSV
E 



0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

1911608 1885162 

1812656 

1643058 

1528426 

1413806 

1297070 

1204447 

1087046 

1006524 

956558 

1.014 

1.054 

1.163 

1.250 

1.352 

1.473 

1.587 

1.758 

1.899 

1.998 

1.144 1.144 

E Mean error in KSV = ±0.01 M-1 

 
 
 
 
 
Table S17:  Estimated vibrational frequencies for [β – CD ׃ Tertiary Leucine] Complex 
formation 

Tertiary Leucine 
wave number 

/ cm-1 
Group 

3000-2800 –C-H from various –CH3 and methylene groups 
1700 Streching for C=O 
1560 Symmetrical Stretching of –COO- 

β-CD 
wave number 

/ cm-1 
Group 

3349.23 stretching of O-H 
2919.12 stretching of –C-H from –CH2 
1409.18 bending of –C-H from –CH2 and bending of O-H 
1153.17 bending of C-O-C 
1033.02 stretching of C-C-O 
938.64 skeletal vibration involving α-1,4linkage 

β-CD +[Tertiary Leucine] 
wave number 

/ cm-1 
                                                    Group 

3326.18 stretching of O-H of β-CD 
2998.89 Symmetrical stretching of–C-H from –C(CH3)3 and –CH2 of Tert Leucine 

1610.36 Stretching of –COO- in the zwitterionic form of Tert Leucine 

1518.32 Stretching of –NH3+ ion of Tert-Leucine 

1158.05 bending of C-O-C Of β-CD 
1072.56 stretching of C-C-O Of β-CD 

Table S18:  Estimated vibrational frequencies for [α─CD: Tertiary Leucine] Complex formation 
Tertiary Leucine 

wave number 
/ cm-1 

Group 

2970.12 Streching  vibrations for –C(CH3)3  

1620.23 Anti-symmetrical stretching  of –COO-  

1520.16 Symmetrical Stretching of –NH3
+ ion 



α-CD 

wave number 
/ cm-1 

Group 

3412.10 stretching of -O-H 

2930.79 stretching of –C-H from –CH2 

1406.76 bending of –C-H from –CH2 and bending of O-H 

1154.39 bending of -C-O-C 

1030.39 stretching of -C-C-O 

952.36 skeletal vibration involving α-1,4linkage 

α-CD +[Tertiary Leucine] 

wave number 
/ cm-1 

Group 

3366.45 stretching of -O-H of α-CD 

2978.35 Symmetrical stretching of –C-H from –C(CH3)3  and –CH2 of Tert Leucine 

1615.47 Stretching of –COO- in the zwitterionic form of Tert Leucine 

1519.23 Stretching of –NH3+ ion of Tert-Leucine 

1046.03 Bending  of C-C-O Of α-CD 

984.46 stretching of C-C-O of α-CD 

Table 1: Values of surface tension () at the break point with corresponding 

concentrations of cyclodextrins and amino acid and values of conductivity (k) at the 

break point with corresponding concentrations of cyclodextrins and amino acids at 

298.15 Ka. 

 

Tert-Leucine Conc of  α-CD/mM Conc of amino acid/mM a/mN m−1 

5.09 4.89 71.7 

Conc of  -CD/mM  a/mN m−1 

5.03 4.97 71.5 

Conc of  α-CD/mM  ka/ µS m−1 

4.86 5.25 150 

Conc of  -CD/mM  ka/ µS m−1 

4.92 5.15 146 

 

Table 2: Contributions of zwitter ionic group (NH3
+), (COO = ); (CH) and side group (R) to the limiting 

apparent molar volume (o
V ) and viscosity B-coefficient for the amino acid  in different mass fraction of 

aqueous  α and  -cyclodextrin respectively at 298.15Ka, 303.15Ka, 308.15Ka. 

 

 

Temperature 

Variation 

Groups 
o

V × 106/m3 mol−1 Groups 
o

V × 106/m3 mol−1 

 

α-CD 

 

w1 = 

0.001b  

 

w1 = 

0.003b 

 

w1 = 

0.005b 

 

β-CD 

 

w2 = 

0.001b 

 

w2 = 

0.003b 

 

w2 = 

0.005b 



 

 

      298.15Ka 

(NH3+), 

(COO = ) 

25.92 

 
26.22 26.64 (NH3+), 

(COO = ) 

26.32 26.64 26.92 

CH 
 

8.16 

 
7.85 

 
7.64 

 
CH 

 
8.05 7.83 7.64 

R 

 
86.42 92.91 97.13 R 

 
88.93 94.55 99.42 

 

 

303.15Ka 

(NH3+), 

(COO = ) 

27.76 28.56 28.68 (NH3+), 

(COO = ) 

28.19 28.96 29.08 

CH 
 

7.85 7.69 7.54 CH 
 

7.94 7.71 7.58 

R 

 
87.27 93.43 98.44 R 

 
89.99 94.55 99.78 

 

 

308.15Ka 

 (NH3+), 

(COO = ) 

29.01 29.84 30.33   (NH3+), 

(COO = ) 

29.86 30.84 31.33 

CH 
 

7.62 7.41 7.22 CH 
 

7.62 7.41 7.22 

R 

 
91.07 95.25 100.25 R 

 
91.57 96.45 100.75 

 

Temperature 

Variation 

Groups  B/kg mol−1 Groups  B/kg mol−1 

 

α-CD 

 

w1 = 

0.001b 

 

w1 = 

0.003b 

 

w1 = 

0.005b 

 

β-CD 

 

w2 = 

0.001b 

 

w2 = 

0.003b 

 

w2 = 

0.005b 

 

298.15Ka 

(NH3+), 

(COO = ) 

0.104 0.109 0.113 (NH3+), 

(COO = ) 

0.102 0.106 0.110 

CH 
 

0.032 0.035 0.038 CH 
 

0.029 0.032 0.035 

R 

 
0.482 0.510 0.539 R 

 
0.508 0.531 0.549 

 

303.15Ka 

(NH3+), 

(COO = ) 

0.111 0.116 0.120 (NH3+), 

(COO = ) 

0.108 0.112 0.116 

CH 
 

0.036 0.040 0.043 CH 
 

0.034 0.037 0.040 

R 

 
0.492 0.521 0.553 R 

 
0.531 0.552 0.569 

 

308.15Ka 

(NH3+), 

(COO = ) 

0.115 0.119 0.124 (NH3+), 

(COO = ) 

0.113 0.116 0.120 

CH 
 

0.039 0.042 0.046 CH 
 

0.038 0.041 0.044 

R 
 

0.512 0.540 0.564 R 
 

0.554 0.573 0.584 

 



 

a   Standard uncertainties u are: u (T) = 0.01 K.  

b   w1   and w2   are mass fractions of   α-   and   β-cyclodextrin in aqueous mixture respectively. 

 

Table 3   Hydration number (nH), solvation number (Sn) of the amino acid   at different 

mass fraction of aqueous α- and -cyclodextrin respectively and binding constant (Kb) of 

amino acid-cyclodextrin inclusion complexes at 298.15 Ka, 303.15Ka, 308.15Ka. 

 

hydration no. (nH) solvation no. (Sn) KbE×10−3/M−1 

 
0.001 0.003 0.005 

 
0.001 0.003 0.005 

 

298.15K 298.15K  

α-CD+ Tle 5.53 5.44 5.26 α-CD+ Tle 5.07 5.12 5.19 
0.47 

-CD+Tle 5.41 5.24 5.02 -CD+Tle 5.3 5.33 5.37 
0.52 

303.15K 303.15K  

α-CD+ Tle 5.21 5.11 4.96 α-CD+ Tle 5.23 5.27 5.32 
0.45 

-CD+Tle 5.11 4.93 4.79 -CD+Tle 5.46 5.49 5.52 
0.49 

308.15K 
308.15K  

α-CD+ Tle 4.97 4.81 4.66 α-CD+ Tle 5.64 5.66 5.35 
0.44 

-CD+Tle 4.86 4.64 4.82 -CD+Tle 5.38 5.42 5.68 
0.48 

a Standard uncertainties u are: u(T) = 0.01 K.  
b w1 and w2 are mass fractions of  α- and  -cyclodextrin in aqueous mixture respectively. 
 E Mean error in Kb = ±0.01×10−3M−1. 

 

FIGURES 

 



Figure 1. Molecular structure of [Tle] in aqueous solution and cyclodextrin molecule with interior and 

exterior protons. 

 

Figure.2. Variation of surface tension of aqueous Tert -Leucine- α-CD, Tert -Leucine- β-CD systems 

respectively at 298.15 K. 

 

 

Figure.3. Plot for variation of Conductivity aqueous [Tle - α-CD], [Tle- β-CD] systems respectively at 298.15 

K. 

 



 

Figure. 4(a). Limiting apparent molar volume (0v) of Tertiary Leucine in 0.001 mass fraction of β- and α- 

CD respectively [for (β-CD + Tle)  : yellow, (α-CD + Tle) : blue.] 

 

 

Figure. 4(b). Limiting apparent molar volume (0v) of Tertiary Leucine in 0.003 mass fraction of β- and α- 

CD respectively [for (β-CD + Tle)  : pink, (α-CD + Tle) : green.] 

 

 



 

Figure. 4(c). Limiting apparent molar volume (0v) of Tertiary Leucine in 0.005 mass fraction of β- and α- 

CD respectively [for (β-CD + Tle)  : red, (α-CD + Tle) : blue.] 

 

 

Figure. 5(a). Viscosity B-coefficient (B) of Tertiary Leucine in 0.001, 0.003, 0.005 mass fraction of α- CD at 

298.15K, 303.15K, 308.15K respectively. 

 



 

Figure. 5(b). Viscosity B-coefficient (B) of Tertiary Leucine in 0.001, 0.003, 0.005 mass fraction of  -CD 

at 298.15K, 303.15K, 308.15K respectively. 

 

 

Figure. 6. Plot of limiting molar refraction (RoM) for Tert-Leucine in different mass fractions (w1) of 

aqueous  α-CD (green, red, olive) and (w2) of aqueous  -CD (yellow, pink, blue)  respectively at 298.15K, 

303.15K, 308.15K. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article). 



 
Figure.7 (a).1H NMR titration spectra of Tert - Leucine with α-CD in D2O at 300 MHz at 298 K. 

 

 

Figure.7 (b). 1H NMR titration spectra of Tert -Leucine with -CD in D2O at 300 MHz at 298 K. 

 



 

Figure. 8(a). Fluorescence emission spectra of aqueous α-CD in the presence of 0.1mM─1.0 mM of Tert-

Leucine (ex =230 nm, slit =5/5) 

 

 

Figure.  8(b). Fluorescence emission spectra of aqueous -CD in the presence of 0.1mM─1.0 mM of Tert-

Leucine (ex =230 nm, slit =5/5). 

 



 

Figure 9 FTIR spectra of [Tertiary leucine] (olive green), [α-CD + Tertiary Leucine] (red) and the 

[Tertiary leucine]–-CD inclusion complex (blue). 

 

 

Figure 10.(a)   ESI mass spectra of [Tertiary Leucine]–α-CD inclusion complex. 
 
 



 

Figure10. (b)   ESI mass spectra of [Tertiary Leucine]–-CD inclusion complex. 
 

.  

Figure 11. Scanning electron microscope (SEM) morphology of (a) α-CD, (b) [Tle]: α-CD, (c) β-CD, (d) [Tle]: β-CD 

(1:1 M ratio) inclusion complex 

 



 

Figure 12. High resolution transmission electron microscopy (HRTEM) images formed by (a) α-CD, (b) [Tle]: α-CD, (c) β-CD, (d) [Tle]: β-CD (1:1 

M ratio) inclusion complex 

 

Figure 13. (a) Cell viability analysis of Gram negative E.coli by Pour plate method. Cells grown in medium without the ICs taken as the control. 

Experiments were done in triplicates with 0.05 level of significance. (b) Cell viability analysis of Gram positive B. subtilis by Pour plate 

method. Cells grown in medium without the ICs taken as the control. Experiments were done in triplicates with 0.05 level of significance. 



 

Figure14. (a) Antimicrobial activity analysis α-CD on Gram-positive B. subtilis by AgarCup method. No zone of inhibition was observed. 

Double distilled water was taken as the control. (b) Antimicrobial activity analysis α-CD on Gram-negative E. coli by Agar Cup method. No 

zone of inhibition was observed. Double distilled water was taken as the control. (c) Antimicrobial activity analysis -CD on Gram-positive B. 

subtilis by Agar Cup method. No zone of inhibition was observed. Double distilled water was taken as the control. (d) Antimicrobial activity 

analysis -CD on Gram-negative E. coli by Agar Cup method. No zone of inhibition was observed. Double distilled water was taken as the 

control. 

 



 

Fig.15(a). Benesi-Hildebrand double reciprocal plot for effect of α-CD on the chemical shift of Tert-    

Leucine. 

 

 

Fig. 15 (b). Benesi-Hildebrand double reciprocal plot for the effect of β-CD on the chemical shift of   Tert-

Leucine 



 

Figure. 16(a.)  Plots of   lnF0/F vs. [α-CD] at different concentrations (0.05mM). 

 

 

Figure. 16(b.) Plots of lnF0/F vs. [-CD] at different concentrations (0.05mM). 

 

 



 

Fig. 17. Schematic representation of method for the formation of 1 : 1 inclusion complex of Tertiary-

Leucine with both α and β-cyclodextrin. 

 

Fig. 18. (a) Proposed schemes of different possibilities of host-guest ratio for inclusion complex. (b) 

Proposed schemes of feasible and restricted inclusion of guest molecule   into the host molecule. 
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