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a b s t r a c t 

We investigated the encapsulation of indole-3-methanol(IM) within the nanocage of β-cyclodextrin( β- 

CD) and hydroxypropyl- β-cyclodextrin(HP- β-CD). The formation of encapsulated complexes have been 

confirmed by the experimental studies such as UV-Visible, Fluorescence, 1 H NMR, DSC, SEM, surface ten- 

sion, FT-IR and mass spectrometry. DSC study revealed that the inclusion into CDs can enhance the ther- 

mal stability of IM. Molecular docking studies provided useful insight on the encapsulation mode of IM 

molecule into the cavity of CDs. The antimicrobial activity of IM was considerably improved after encap- 

sulation. Further, the encapsulated complexes expressed low cytotoxic effect than free IM on the normal 

liver cell line WRL-68. 

© 2020 Elsevier B.V. All rights reserved. 

1. Introduction 

In supramolecular chemistry, cyclodextrins (CDs) are interesting 
ideal host molecules [1] . They are cyclic oligosaccharides composed 
of six ( α-CD), seven ( β-CD & HP- β-CD) and eight ( γ -CD) glucopy- 
ranose units linked by α−1,4-linkages with a hydrophobic cavity 
and a hydrophilic external surface [2,3] . They can form host–guest 
complexes by encapsulation of various organic, biological and phar- 
macological guest molecules into their internal hydrophobic cavity 
[4,5] . This usually enhances the chemical stability, solubility and 
bioavailability of the drug molecule [6–11] . Due to this interesting 
property, CDs have been used as drug carriers [12–14] , photochem- 
ical sensors [15] , enzyme mimics [16] , and separation reagents [17] , 
etc. CDs have been extensively exploited as excellent receptors and 
also applied to build stimuli-responsive supramolecular materials 
[18] . Inclusion with CD is the best way for the advancement of 
drug molecule’s physicochemical properties [19] . The discharge of 
guest molecules from the ICs can be achieved by applying different 
external stimuli, such as, temperature, competitive binding, photo- 
sensing, enzyme activation and changes in pH [20–23] . 

Indole-3-methanol (IM) is a phytochemical compound obtained 
from hydrolysis of glucosinolate glucobrassicin catalyzed by my- 
rosinase. A comparatively high level of IM can be found in veg- 
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etables of the Brassica genus [24] . IM has been examined con- 
cerning important role in cancer management [24–26] . In human 
melanoma cells, IM result in proliferation arrest and apoptosis 
[27] . In situ and in vivo studies identifies a role of IM in breast 
and prostate cancer as a chemoprotective agent [28] . The anti- 
inflammatory effect of IM was also described [29,30] . These find- 
ings have showed that IM exhibits significant potential for biologi- 
cal purpose. However, in spite of its potential in pharmacology, IM 

is unstable to acidic environment, light and temperature changes 
[31,32] , which may restrict its broader applications in pharmaceu- 
tical science. Therefore, in order to retain or facilitate the biological 
activity of IM and enhance its stability from harsh environmental 
conditions, IM should be encapsulated in CDs forming host-guest 
ICs. Thus, CD can act as an encapsulating vehicle by forming IC for 
delivering the drug at the targeted site retaining its bioactivity [11] . 

In our present work, we have studied the encapsulation of IM 

within the nanocage of β-CD and HP- β-CD. Job’s plot and surface 
tension study have been used to explain the 1:1 encapsulation. We 
have employed the spectroscopic method to evaluate association 
constant along with thermodynamic parameters. The ICs have been 
prepared and characterized by Fourier Transform Infrared (FTIR) 
spectroscopy, High-Resolution Mass spectrometry (HRMS), 1 H Nu- 
clear Magnetic Resonance (NMR) spectroscopy, Differential Scan- 
ning Calorimetry and Scanning Electron Microscopy (SEM). Molec- 
ular modeling technique was utilized to get an insight into the 
possible interaction between IM and β-CD or HP- β-CD. Moreover, 
the antimicrobial activity against some pathogenic bacteria and in 

https://doi.org/10.1016/j.molstruc.2020.129093 
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vitro cytotoxic activity on normal liver cell line were tested out to 
investigate the benefits of IM encapsulation. 

2. Experimental section 

2.1. Materials 

Indole-3-methanol with purity > 98% and 2-Hydroxypropyl- β- 
cyclodextrin were procured from TCI chemicals India Pvt. Ltd. β- 
Cyclodextrin with purity 98% was purchased from Sigma-Aldrich, 
India and used as received. 

2.2. Methods 

UV–visible spectra were obtained by Agilent 8453 UV–VIS spec- 
trophotometer. The temperature of the cell was kept fixed by an 
automated thermostat. 

Surface tension experiments were performed using a digital K9 
Tensiometer (Kruss, Germany) at 298.15 K with the accuracy of 
±0.1 mNm −1 . 

Fluorescence spectra were taken by Agilent 8453 Spectropho- 
tometer, at 298 K in a Hellma quartz cuvette. 

1 H NMR measurements were carried out in DMSO–d 6 using 
Bruker Avance 300 MHz NMR spectrometer at 298.15 K. 

HRMS spectra were recorded with positive-mode electrospray 
ionization in high-resolution Q-TOF instrument. 

IR spectra were obtained by KBr disk method at room temper- 
ature on a Perkin-Elmer FTIR spectrometer. 

Thermal analysis was performed in the temperature range of 
30–300 0 C under nitrogen gas atmosphere (1.5 atm.) on Perkin 
Elmer DSC-6 thermal analyzer. 

Microscopic morphological structure analysis was carried out 
with JSM-6360 Scanning Electron Microscope (SEM). 

2.3. Molecular modeling study 

The possible binding mode as well as binding affinity of IM 

with β-CD and HP- β-CD was simulated by employing MOE2015 
software. The 3D optimized structures of IM and β-CD were ex- 
tracted from Chembridge Crystal data centre (CCDC) as CIF file 
and used as received. The structure of HP- β-CD was constructed 
by MOE Builder function by attaching seven hydroxypropyl sub- 
stituents in 2-position of β-CD. Energy minimization of HP- β-CD 

was performed using MOE QuickPrep protocol. The MOE2015 soft- 
ware available in the Chemical Computing Group (CCG) was used 
to dock the guest molecule IM into the cavity of β-CD and HP- β- 
CD. Molecular modelling calculations were performed with molec- 
ular mechanics MMFF94x force field. The charges and hydrogens 
were kept fixed, and the root mean square (RMS) gradient was put 
to 0.005 kcal/mol. The Triangle Matcher method and the London 
�G scoring function were used respectively for fitting and rank- 
ing the ligand (cyclodextrins) conformations. Based on the docking 
scores, the produced poses were given rank. Finally, the inclusion 
complex was opted according to the optimum scoring pose and 
docking energy [33,34] . 

2.4. Antimicrobial activity assay 

The antimicrobial activity of pure IM along with its inclusion 
complexes [IM- β-CD (IC1) and IM-HP- β-CD (IC2)] has been stud- 
ied using the agar well diffusion technique. Bacterial cultures of 
Bacillus subtilis, Bacillus amyloliquefaciens, Pseudomonas sp. and Pro- 

teus vulgaris , grown overnight at 37 
0 
C were spread over the nutri- 

ent agar plates. Using a sterile cork-borer, wells were made in the 
plates. To these wells, 40 μl of DMSO as a control and 40 μl 5 mM 

DMSO solutions of IM and its complexes were added. The plates 

were incubated at 24 hrs at 37 
0 
C. The solvent DMSO used to dis- 

solve IM and its complexes, was kept as a control. Following the 
incubation, the zone of inhibition was computed [35,36] . 

2.5. In vitro cytotoxicity assay with normal cell line WRL-68 

The cytotoxic activity of the compound IM and its inclusion 
complexes [IM- β-CD (IC1), IM-HP- β-CD (IC2)], against the normal 
cell line were resolved by employing the 3-(4,5-dimethylthiazol-2- 
yl) −2,5-diphenyl tetrazolium bromide (MTT) based colorimetric as- 
say. To initiate the assay, sterilized Dulbecco’s Modified Eagle me- 
dia was taken in a 100 mm petridish and inoculated with the nor- 
mal liver cell line (WRL-68). This media was also enriched by the 
addition of 5% fetal bovine serum (FBS), antibiotics such as peni- 
cillin (100 IU/ml) and streptomycin (100 μg/ml) and incubated at 
37 °C in a CO 2 (5%) humidified incubator. To a 96 welled microtiter 
plates, 100 μl each of the cell culture at a concentration of 1 × 10 5 

cells/ml were added and incubated in a CO 2 humidified incubator, 
temperature set to 37 

0 
C for 24 h. Following incubation, the cells 

in each wells were subjected to treatment with varying concentra- 
tions of 5 μl DMSO solutions of IM and its complexes. Past 24 h 

of incubation in a 37 
0 
C set CO 2 incubator, the media in the wells 

of the microtiter plate was replaced with fresh medium and there- 
after 10 μl from the working solution of MTT (5 mg/ml in phos- 
phate buffer) was introduced to the wells. This was followed by 
the incubation of the microplate for 4 h at 37 

0 
C set CO 2 incubator. 

The medium was subjected to aspiration and the formazan crys- 
tals formed in each wells of the microplate were dissolved using 
50 μl isopropanol. The degree to which the MTT was reduced to 
formazan crystals was assessed by computing the absorbance at 
540 nm with the help of a microplate reader (Spectrostar nano, 
BMG Labtech). Lastly, the percentage of inhibition was computed 
by the formula; (A u -A t /A u ) × 100, where A u means the control’s 
(cells subjected to DMSO treatment) average absorbance value and 
A t means the average absorbance value of the cells subjected to 
the treatment with IM and its inclusion complexes. The stock solu- 
tions of IM and its inclusion complexes were prepared using DMSO 

and also the final dilutions (to the desired concentrations) were 
made in DMSO. 

2.6. Preparation of inclusion complex 

The two solid ICs [IC1 (IM- β-CD) and IC2 (IM-HP- β-CD)] have 
been prepared by mixing IM and CD in 1:1 molar ratio. 1.0 mmol 
CD was dissolved in 25 mL distilled water. Then predissolved 
1.0 mmol IM in acetonitrile (AcN) [25 mL] was added slowly to 
an aqueous CD solution. This mixed solution was then kept at 48–
50 °C with continuous stirring for 36 h. The stirred solution‘was 
filtered and then stored into refrigerator for 24 h. The obtained 
suspension was filtered followed by drying in an oven at 70 °C for 
9 h. Finally, the solid inclusion powder was collected and preserved 
in dessicator for latter use. 

3. Results and discussion 

3.1. Job plot determines the stoichiometry of the inclusion complex 

In order to get an idea about the stoichiometry of the ICs a pop- 
ularly known Job’s method was applied using UV-Visible spectro- 
scopic technique [37] . Job plots were obtained by plotting �A × R 

against R (where �A denotes the difference in absorbance of IM in 
absence and presence of CD, and R = [IM]/([IM] + [CD]). The solu- 
tions were prepared taking 1:5 (V:V) AcN:H 2 O as solvent because 
of the poor water solubility of IM. Absorption maximum values 
were obtained at λmax = 279 nm for a series of solutions in such a 
manner that the overall concentration, [IM] + [CD], remains fixed 



P. Bomzan, N. Roy and A. Sharma et al. / Journal of Molecular Structure 1225 (2021) 129093 3 

Fig. 1. Job plots of the (a) IM- β-CD and (b) IM-HP- β-CD systems at 298.15 K in 1:5 (V:V) AcN:H 2 O at λmax = 279 nm. �A = difference in absorbance of IM in absence and 

presence of CD, R = [IM]/([IM] + [CD]). 

with varying mole fraction of IM in the range of 0–1 at 298.15 K 
(Tables S1 and S2). The maximum R value on the plot gives the 
stoichiometry of the complexation. In our present work, for both 
the systems IM- β-CD and IM-HP- β-CD, the observed maxima at 
R = 0.5 clearly indicates 1:1 stoichiometric ratio of the ICs ( Fig. 1 ) 
[38] . 

3.2. Surface tension study demonstrates the inclusion and 

stoichiometric ratio 

The formation of host-guest IC and its stoichiometry can be 
evaluated by surface tension ( γ ) study [39–41] . In this study, IM 

and CDs solutions were prepared taking 1:5 (V:V) AcN:H 2 O as 
solvent because of the poor water solubility of IM. IM solution 
was found to have lower surface tension than the pure 1:5 (V:V) 
AcN:H 2 O suggesting that IM is surface active, which may be as- 
cribed to the presence of a hydrophobic indole moiety and a 
carbinol (-CH 2 OH) group [42,43] . While CDs, having hydrophilic 
rims and hydrophobic external surface, does not display any alter- 
ation in γ of 1:5 (V:V) AcN:H 2 O when dissolved in it in a signif- 
icant range of concentration [44,45] . In our surface tension study, 
γ of IM solution were found to increase with increasing concen- 
tration of both β- and HP- β-CD (Tables S3 and S4, Fig. 2 ) indi- 
cating the inclusion of surface-active IM molecules into the cen- 
tral hydrophobic cavity of CD molecules from the surface of the 
solution forming ICs ( Scheme 2 ) [46] . There was appearance of a 
break point in both the plots suggesting the formation of IC and 
also its 1:1 stoichiometry ( Fig. 2 ) [39,40] . The concentrations of IM 

and CDs at each break point with corresponding γ values are listed 
in Table 1 . The break points were observed at certain concentra- 

Table 1 

Surface tension ( γ ) values at the break point and the cor- 

responding concentrations of CD and IM at 298.15 K a . 

Conc. of IM Conc. of CD γ a 

(mM) (mM) (mNm −1 ) 

β-CD 4.55 5.45 44.0 

HP- β-CD 5.56 4.44 43.2 

Table 2 

Stability constant of different IM-CD ICs obtained from UV-Visible (K a ) and spec- 

trofluorometric data (K a F ) using Benesi-Hildebrand method; ± indicates the stan- 

dard deviation. 

Guest Host Temperature(K a ) K a × 10 −3 (M −1 ) K a F × 10 −3 (M −1 ) 

IM β-CD 298.15 4.33 ±0.17 5.18 ±0.24 

303.15 4.17 ±0.09 

308.15 4.04 ±0.12 

IM HP- β-CD 298.15 17.60 ±0.99 21.98 ±1.42 

303.15 16.75 ±0.47 

308.15 16.16 ±0.61 

tion where the molar concentration ratio of host CD and guest IM 

molecule are nearly 1:1 [46,43] . 

3.3. Stability constants and thermodynamic parameters 

The binding affinity of IM with β- and HP- β-CD can be deter- 
mined by measuring association constant or stability constant (K a ) 
using UV-Visible spectroscopy [46] . For spectral measurement, 1:5 
(V:V) AcN:H 2 O was used as solvent because of the poor water sol- 
ubility of IM. When IM molecules are encapsulated into the hy- 
drophobic cavity of CD molecules, the environment of IM changes 
which results in the changes of molar extinction coefficient ( ε) 
[47,48] . The change in absorbance ( �A) of IM was checked out at 
the temperature range 298.15 K to 308.15 K by varying the con- 
centration of β- and HP- β-CD (Tables S5 and S6) [42] . Based on 
Benesi-Hildebrand method for 1:1 complexes, the double recipro- 
cal plots are drawn to calculate the K a value using the following 
equation (Fig. S1) [49,38]. 

1 

�A 
= 

1 

�ε [ IM ] K a 

1 

[ CD ] 
+ 

1 

�ε [ IM ] 
(1) 

where �A denotes the difference in absorbance of IM in absence 
and presence of CD. [IM] is the concentration of IM. The values 
of K a for both IM- β-CD and IM-HP- β-CD ICs are determined from 

intercept/slope of the plots using Eq. (1) ( Table 2 ) [50,46,42] . The 
smaller value of IM- β-CD ( � 4.33 × 10 3 M −1 at 298.15 K) compared 
to that of IM-HP- β-CD ( � 17.60 × 10 3 M −1 at 298.15 K) reveals that 
the binding capacity of β-CD is lower than HP- β-CD. This could 
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Fig. 2. Variation of surface tension of (a) IM with increasing β-CD concentration and (b) IM with increasing HP- β-CD concentration at 298.15 K. 

Table 3 

Thermodynamic parameters �H 0 , �S 0 , �G 0 obtained from van’t 

Hoff equation using K a value of different IM-CD ICs; ± indicates the 

standard deviation. 

Guest Host Application of (K a ) to van’t Hoff equation 

IM β-CD �H 0 (kJ mol −1 ) −5.15 ±0.17 

�S 0 (J mol −1 K −1 ) 52.33 ±0.57 

�G 0 (kJ mol −1 ) −20.75 ±0.08 

HP- β-CD �H 0 (kJ mol −1 ) −6.46 ±0.23 

�S 0 (J mol −1 K −1 ) 59.57 ±0.76 

�G 0 (kJ mol −1 ) −24.23 ±0.11 

be due to the steric hindrance induced by the substituted hydrox- 
ypropyl groups in HP- β-CD, which may lead to the widening of the 
cavity of HP- β-CD compared to that of β-CD. 

The thermodynamic parameters �G 0 , �S 0 and �H 0 can be 
obtained for the formation of inclusion complex from van’t Hoff
equation using values of K a found at different temperatures. 

ln K a = −
�H o 

RT 
+ 

�S o 

R 
(2) 

The above linear equation involving lnK a versus 1/T (Fig. S3) pro- 
vides the value of �H 0 , �S 0 and �G 0 for the formation of ICs 
( Table 3 and S9) [51,42,48] . The changes in enthalpy, entropy and 
free energy were found to be negative, positive and negative, indi- 
cating that the encapsulation process is exothermic, entropy-driven 
and spontaneous respectively. The large increase in entropy may be 
attributed to the release of highly ordered and restricted hydrogen- 

bonded water molecules in the direct vicinity of hydrophobic com- 
ponent of the drug or inside the CDs into the bulk water during 
encapsulation of IM into CDs [52] . Therefore, the negative �H 0 , 
positive �S 0 and negative �G 0 values reveals that the overall en- 
capsulation process is thermodynamically favourable. 

3.4. Fluorescence study: modified Benesi–Hildebrand equation and 

stability constants 

The stability constants (K a F ) of ICs can also be derived from the 
spectrofluorometric data using modified Benesi–Hildebrand equa- 
tion [53–55] . A 1:5 (V:V) AcN:H 2 O was used as solvent for spectral 
measurement because of the poor water solubility of IM. The K a F 

values obtained from fluorescence study are found in good agree- 
ment with that obtained from the UV-Visible spectroscopic study 
( Table 2 ). It was observed that there was enhancement of fluores- 
cence intensities of IM (at λmax = 358 nm) with increasing concen- 
tration of CDs (Tables S7 and S8) suggesting an encapsulation of IM 

molecule into an apolar cavity of CDs. Such enhancement in the in- 
tensities may be attributed to the screening of the excited singlet 
state of fluorophore with the apolar cavity of the CDs [56,57] . The 
stability constants (K a F ) of ICs have been obtained using double re- 
ciprocal plots: 

1 

F − F o 
= 

1 

( F ∞ − F o ) K F a 

1 

[ CD ] 
+ 

1 

F ∞ − F o 

Table 4 
1 HNMR data of the Indole-3-methanol (IM), β-Cyclodextrin ( β-CD), Hydroxypropyl- β-Cyclodextrin (HP- β- 

CD) and the solid inclusion complexes IM- β-CD (IC1) and HP- β-CD (IC2). ND: not detected. 

H protons ppm (DMSO–d 6 ) H protons ppm (DMSO–d 6 ) 

IM β-CD IM- β-CD (IC1) IM HP- β-CD IM-HP- β-CD (IC2) 

H2 7.23 ̶ 7.19 H2 7.23 ̶ 7.22 

H6 7.58 ̶ 7.52 H6 7.58 ̶ 7.51 

H7 6.97 ̶ 6.89 H7 6.97 ̶ 6.92 

H8 7.08 ̶ 7.03 H8 7.08 ̶ 7.03 

H9 7.34 ̶ 7.32 H9 7.34 ̶ 7.31 

H2 ̶ 3.42 3.41 H2 ̶ 3.27 ND 

H3 ̶ 3.81 3.71 H3 ̶ 3.84 3.71 

H4 ̶ 3.28 3.28 H4 ̶ 3.15 ND 

H5 ̶ 3.63 3.58 H5 ̶ 3.65 3.60 
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Scheme 1. Molecular Structures of (a) Indole-3-methanol, (b) β-Cyclodextrin and (c) Hydroxypropyl- β-Cyclodextrin. 

Scheme 2. Complexation of indole-3-methanol with cyclodextrin forming 1:1 inclusion complex. 

where F and F 0 represents the fluorescence intensities of IM with 
and without CDs respectively, F ∞ is the fluorescence intensity of 
completely complexed IM and K a F is the stability constant of IC. 

Plots of 1/(F – F o ) against 1/[CD] showed a good linear rela- 
tionship suggesting 1:1 complexation (Fig. S2). The stability con- 
stants (K a F ) of IM- β-CD and IM-HP- β-CD ICs, evaluated by the in- 
tercept/slope, were found to be 5.18 × 10 3 M −1 and 21.98 × 10 3 

M −1 respectively at 298.15 K, which are in good agreement with 
that determined by the UV-Visible spectroscopic study ( Table 2 ). 

3.5. 1 H NMR spectral analysis 

1 H NMR is a powerful tool in studying solid ICs, which pro- 
vides quantitative information on the possible inclusion mode of 
ICs [58,59] . The encapsulation of a guest into a CD cavity causes 
changes in the chemical shift ( δ) values of the guest as well as CD 

protons [60] . Usually the guest protons undergoes upfield chemical 
shifts upon inclusion into a CD cavity indicating that the protons 
of guest molecule were enclosed by electron density of the CDs 
[61,62] . The upfield shifts of the CD protons may also be observed 
owing to the induced anisotropic magnetic shielding produced by 
the encapsulated aromatic moiety of guest molecule [63,64] . In 
CD, H5 and H3 protons are situated in the interior of the cavity 
with H5 nearer to the narrower side and H3 to the wider side, 
whereas H4, H2 and H1 protons are placed at the outer surface 
( Scheme 1 ) [65,66] . In the present work, the molecular encapsula- 
tion of IM with β- and HP- β-CD has been explored using 1 H NMR 
spectroscopy. The NMR signals of IM protons and H5, H3 protons 
of β- and HP- β-CD were shown in Figures S4, S5 with their cor- 
responding values of δ in Table 4 . In case of solid ICs [IC1 (IM- β- 
CD) and IC2 (IM-HP- β-CD)], the NMR signals of the internal H5, 

Table 5 

The observed peaks at different m/z with corresponding ions for the 

solid inclusion complexes. 

IM- β-CD inclusion complex IM-HP- β-CD inclusion complex 

m/z Ion m/z Ion 

148.09 [IM + H] + 148.09 [IM + H] + 

1135.31 [ β-CD + H] + 1542.35 [HP- β-CD + H] + 

1283.14 [IM + β-CD + H] + 1689.42 [IM + HP- β-CD + H] + 

1305.13 [IM + β-CD + Na] + 1711.33 [IM + HP- β-CD + Na] + 

H3 protons of β-CD and HP- β-CD along with the NMR signals of 
IM protons exhibited considerable upfield shifts, which confirms 
that IM is included inside the cavity of β- and HP- β-CD (Figures 
S4 and S5) [67] . Looking at these chemical shifts, we can also no- 
tice that the H3 proton undergoes significantly higher upfield shift 
compared to H5 proton ( Table 4 ), indicating the preferential inser- 
tion of the aromatic moiety of IM into the cavity of both β- and 
HP- β-CD from the wider rim ( Scheme 2 ) [68] . 

3.6. High resolution mass spectrometric analysis 

The solid ICs were analysed using mass spectroscopic study. The 
peaks observed in the spectra shown in Figure S6 with their cor- 
responding m/z values are listed in Table 5 . The observed peaks 
with m/z values 1305.13, 1283.11, 1711.33 and 1689.42 corresponds 
to the molecular ions [IM + β-CD + Na] + , [IM + β-CD + H] + , [IM + HP- 
β-CD + Na] + and [IM + HP- β-CD + H] + respectively. The appearance 
of these distinct peaks supports the formation of the ICs, IM- β- 
CD and IM-HP- β-CD, and their stoichiometric ratio should be 1:1 
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Fig. 3. FTIR spectra of (a) IM, (b) β-CD and (c) IM- β-CD inclusion complex. 

( Scheme 2 ) [69,70] which is in accordance with the Job’s method 
and surface tension study. 

3.7. FTIR spectral analysis 

FTIR study was performed to examine the characteristic 
changes in the IR spectra supporting the formation of ICs of IM 

with β- and HP- β-CD [71,67] . The spectra are shown in Figs. 3 and 
4 , and the vibrational frequencies with their corresponding chemi- 
cal bonds have been set into Table S10. 

The following changes in the IR spectra were observed for 
IM- β-CD IC ( Fig. 3 ): The stretching vibrations involving O –H/N –H 

groups of IM at 3390 cm −1 and that of O –H of β-CD at 3387 
cm −1 were appeared at 3409 cm −1 as a broad peak in the IC. 
The aromatic C = C skeletal stretching vibrations in IM were found 

Fig. 4. FTIR spectra of (a) IM, (b) HP- β-CD and (c) IM-HP- β-CD inclusion complex. 

to appear at 1616, 1551, 1455 cm −1 , and the aromatic C –H bend- 
ing vibrations were observed at 1250 cm −1 (in-plane) and 744, 
832 cm −1 (out-of-plane). Such C –H bending vibrations for IC were 
shifted to 1237 cm −1 (in-plane) and 747, 844 cm −1 (out-of-plane), 
along with disappearance of aromatic skeletal C = C stretching vi- 
brations. The observed alteration of C –H bending modes and the 
disappearance of aromatic C = C skeletal stretching vibrations in IC 
indicates the encapsulation of aromatic indole moiety into the β- 
CD cavity with restriction of some modes of vibration of the IM 

within the cavity. The C –H bending modes were appeared at 1408, 
1362, 1339 cm −1 for β-CD, and these bending modes were found 
to shift at 1392 cm −1 , which may be due to the close proximity of 
aromatic moiety of IM. 
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Fig. 5. DSC thermograms of (a) IM, (b) β-CD and (c) IM- β-CD inclusion complex. 

Similarly, the following IR spectral shifts were observed for IM- 
HP- β-CD IC ( Fig. 4 ): The stretching vibrations involving O –H/N –H 

groups of IM at 3390 cm −1 and that of O –H of HP- β-CD at 3411 
cm −1 were appeared at 3396 cm −1 as a broad peak in the IC. The 
aromatic C = C skeletal stretching vibrations in pure IM were ob- 
served at 1616, 1551, 1455 cm −1 , and the aromatic C –H bending vi- 
brations were noticed at 1250 cm −1 (in-plane) and 744, 832 cm −1 

(out-of-plane). These C –H bending vibrations for IC were shifted to 
1243 cm −1 (in-plane) and 748, 844 cm −1 (out-of-plane), along with 
appearance of only one skeletal stretching vibration involving aro- 
matic C = C at 

1455 cm −1 . The observed shifts of C –H bending modes and the 
disappearance of other two aromatic C = C skeletal stretching vibra- 
tions (1616 and 1551 cm −1 ) in IC suggest the encapsulation of aro- 
matic indole ring into the HP- β-CD cavity with restriction of some 
vibrational modes of the IM within the host cavity. The C –H bend- 
ing frequency of HP- β-CD at 1375 cm −1 was found to shift at 1367 
cm −1 for IC, which may be due to the close proximity of aromatic 
moiety of IM, 

All these observations suggest that the appearance of shifting 
in IR spectra indicates the formation of IM- β-CD and IM-HP- β-CD 

ICs. Thus the results observed from FTIR study are in good correla- 
tion with the results of 1 H NMR. 

3.8. DSC analysis 

The differential scanning calorimetry (DSC) analysis was further 
utilized to provide additional evidence for the formation of inclu- 
sion complexes. The DSC curve of IM showed a sharp endothermic 
peak at 98 0 C, which corresponds to its melting point. Broader en- 
dothermal peaks provided with water loss for β-CD around 101 0 C 
and HP- β-CD around 85 0 C were registered. However, there was 
disappearance of endothermic peak at about 98 0 C corresponding 
to the pure IM in the DSC thermograms of complexes, and the 
appearance of a new endothermic peak with a lower intensity at 
106 0 C and 115 0 C for IM- β-CD and IM-HP- β-CD complexes respec- 
tively, were encountered ( Figs. 5 and 6 ). These outcomes not only 
confirm the formation of inclusion complexes, but also suggest that 
these inclusion complexes are comparatively stable than the pure 
IM from a thermal point of view. 

3.9. SEM technique: surface morphology analysis 

The surface morphological studies of solid samples can be car- 
ried out by scanning electron microscopy (SEM) [72,73] . The SEM 

image analysis provides an additional evidence in support of the 
formation of ICs of IM with β- and HP- β-CD. The surface morphol- 
ogy of IM, HP- β-CD, its physical mixture (PM2) and solid inclusion 
complex (IC2) are shown in Fig. 7 (A). HP- β-CD consisted of round 
amorphous particle with aperture on its surface, and IM showed 

Fig. 6. DSC thermograms of (a) IM, (b) HP- β-CD and (c) IM-HP- β-CD inclusion 

complex. 

a group of plate shaped crystal in an aggregated form. Particles of 
HP- β-CD were found on the surface of IM in case of physical mix- 
ture. In contrast, inclusion complex was found to appear as irregu- 
lar shaped crystal with a significant change in the morphology and 
crystalline nature. Similarly, the surface morphology of IM, β-CD, 
its physical mixture (PM1) and inclusion complex (IC1) are pre- 
sented in Fig. 7 (B). In β-CD, the particles were observed as uneven 
cubic crystal with large dimensions. The physical mixture displayed 
some similarities with the free components and has morphology 
comparable with these pure components. However, the particles of 
solid complex appeared as tiny flakes with a drastic change in the 
morphological structure and crystalline nature. These results con- 
firms the formation of the inclusion complexes of IM with β- and 
HP- β-CD, i.e., IM- β-CD (IC1) and IM-HP- β-CD (IC2). 

3.10. Molecular docking studies 

Molecular docking studies were implemented to come up with 
useful insight on the encapsulation mode of guest molecule into 
the cavity of CD in previous literatures, which may aid the ex- 
perimental estimations [74–76,82] . In this study, Molecular Oper- 
ating Environment (MOE) docking method was used to explore 
the 3-D supramolecular structures of inclusion complexes, IM- β- 
CD (IC1) and IM-HP- β-CD (IC2). On the basis of the outcome of 
Job’s method, surface tension study and HRMS analysis, a 1:1 sto- 
ichiometry of IM and the CDs was selected for molecular docking. 
The best docked conformation of IC1 (a, side view; b, top view) 
and IC2 (c, side view; d, top view) are presented in Fig. 8 . The 
previous literature [77] reports the inclusion of the indole ring of 
3-substituted indole derivatives through the wider rim of β-CD. 
There are also literature [78] based on molecular modeling which 
reports the inclusion of the hydrocarbon chain of 3H-indole deriva- 
tives within the β-CD cavity through the wider rim and the en- 
hancement of complex stability or binding ability with the increase 
in the length of alkyl chain. However, in our present work, the ob- 
served 1 H NMR and IR spectral shifts suggested the entrance of in- 
dole moiety from the benzene ring side of IM into the hydropho- 
bic cavity of β- and HP- β-CD rather than the entrance from po- 
lar –CH 2 OH side of IM, which is in agreement with our findings 
from docking. Based on our docking study, the inclusion or bind- 
ing mode of indole moiety through the wider side of β- and HP- β- 
CD cavity can be accounted by the fact that the indole ring being 
more hydrophobic than the small hydrophilic carbinol ( –CH 2 OH) 
group, the probable inclusion occurs from the benzene ring side 
of IM with carbinol group surrounded by hydrophilic secondary 
–OH group network near the wider rim. Further, molecular dock- 
ing indicates that the additional H-bonding interaction of pyrrole 
–NH group with glucoside ether linkage in docked conformation of 
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Fig. 7. (A) SEM images of (a) IM, (b) HP- β-CD, (c) physical mixture of IM and HP- β-CD [PM2], (d) IM-HP- β-CD inclusion complex [IC2]; (B) SEM images of (a)IM, (b) β-CD, 

(c) physical mixture of IM and β-CD [PM1], (d) IM- β-CD inclusion complex [IC1]. 

Fig. 8. Binding mode of IM into β-CD [IC1] (a) side view; (b) top view, and IM into 

HP- β-CD [IC2] (c) side view; (d) top view. 

IM- β-CD (IC1) and the similar type of interaction of carbinol –OH 

group with secondary –OH group in docked conformation of IM- 
HP- β-CD (IC2) provides more stability with better binding to the 
ICs ( Fig. 8 ), which is clearly reflected from the binding constant 
values of IC1 ( � 4.33 × 10 3 M −1 ) and IC2 ( � 17.60 × 10 3 M −1 ) ob- 
tained from UV-visible spectroscopic studies. The binding energy 
of IC2 (- 19.25 kJ mol −1 ) was found to be lower than that of IC1 
(- 17.15 kJ mol −1 ) [ Table 6 ], which indicates that the substitution 
of hydroxypropyl group improved the inclusion capacity of β-CD, 
as determined by the UV-visible spectroscopic studies. This could 
be probably attributed to the extension of the size of β-CD cav- 
ity on derivatization with hydroxypropyl group, which makes IM 

Table 6 

Binding affinity of IM with β-CD and HP- β-CD derived from 

molecular docking. 

Ligand with receptor Binding affinity( �G 0 ) in kJ mol −1 

IM- β-CD (IC1) -17.15 

IM-HP- β-CD (IC2) -19.25 

Fig. 9. Antibacterial efficiency of free IM, IM- β-CD (IC1) and IM-HP- β-CD (IC2) 

against two gram-positive bacteria (A) B. subtilis (B) B. amyloliquefaciens , and two 

gram-negative bacteria (C) Pseudomonas sp. (D) Proteus vulgaris . 

penetrate conveniently into the cavity improving complex forming 
ability [79,80] . 

3.11. In vitro biological activity study 

3.11.1. Antimicrobial activity 

About 70% of death cases have been found to be caused by bac- 
terial infections [81] . In the present work, we have analyzed IM 

and its inclusion complexes IC1 and IC2 for their antimicrobial ef- 
ficiency against some pathogenic bacteria. 

The antibacterial effect has been examined taking four different 
bacteria, namely, Proteus vulgaris, Pseudomonas sp. , Bacillus amy- 

loliquefaciens and Bacillus subtilis by agar well diffusion technique 
( Figs. 9 and 10 ). The results listed in Table S11 showed that the 
IM and its complexes possesses antibacterial effect against gram- 
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Fig. 10. Zone of inhibition (mm) examined during antibacterial activity analysis of 

pure IM, IM- β-CD [IC1] and IM-HP- β-CD [IC2] against two gram-positive bacteria: 

B. subtilis, B. amyloliquefaciens , and two gram-negative bacteria: Pseudomonas sp., 

Proteus vulgaris . 

positive as well as gram-negative pathogenic bacteria. IC2 showed 
relatively greater inhibitory effect than free IM against B. amyloliq- 

uefaciens, Pseudomonas sp. and P. vulgaris , with 54, 51 and 45% in- 
hibition respectively, whereas IC1 had greater inhibitory effect of 
49% than pure IM against P. vulgaris only. The IM and its inclusion 
complexes inhibited the growth of bacterial cultures irrespective 
of their gram nature. Ultimately this relative study confers that 
the inclusion complexes displayed fairly better antibacterial effi- 
cacy than pure IM, which probably may be due to the ability of 
CDs to release the IM readily from the ICs or due to the increase of 

Table 7 

Values of “Half maximal inhibitory concentration” of pure IM, IM- β-CD [IC1] 

and IM-HP- β-CD [IC2]. 

IM IC1 IC2 

Half maximal inhibitory concentration 107 μM 264 μM 301 μM 

solubility of IM after complexation. However, IC2 provided greater 
activity than IC1. 

3.11.2. In vitro cytotoxic activity 

The cytotoxicity of pure IM, IM- β-CD (IC1) and IM-HP- β-CD 

(IC2) complexes has been investigated by exposing normal liver 
cell line WRL-68 to a series of five sets of free IM, IC1 and IC2 
with each set having different concentrations (50, 100, 150, 200, 
250 μM), and the cell viability was analyzed by means of an MTT 
assay. From Fig. 11 (a,b), it can be seen that for each of the five 
sets, IC1 and IC2 complexes showed lower cytotoxicity or lower 
percentage inhibition than pure IM. The mean concentration of IC1 
and IC2 that caused 50% cell inhibition was increased to 264 and 
301 μM respectively compared with 107 μM of free IM ( Table 7 ). 
Interestingly, these results suggested that IC1 and IC2 inhibits the 
cell growth of tested cells minorly than free IM, showing inclusion 
complexes of IM to be less cytotoxic than pure IM. This may be 
probably due to the fact that the sustained release of IM from in- 
clusion complexes makes IM less exposed to the cell, which may 
result in low endocytic uptake of IM from the inclusion complex 
compared to the pure IM [82,83] . 

Fig. 11. Cytotoxicity potential of pure IM, IM- β-CD [IC1] and IM-HP- β-CD [IC2] against normal liver cell line WRL-68 at different concentration a) Graph represents the 

linear regression and b) Percentage inhibition of cell growth. Data represent the mean of three replicates. 
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4. Conclusions 

In this study, we report herein the supramolecular interactions 
of macrocyclic host ( β-CD and HP- β-CD) with important phyto- 
chemical compound IM and formation of their ICs, which can be 
used in near future for an efficient regulatory delivery of IM re- 
taining its bioactivity. The surface tension study and Job’s method 
suggested the formation of mono-molecular encapsulated complex, 
which was further confirmed by mass spectral analysis. The sta- 
bility constants and thermodynamic parameters determined from 

the reliable spectroscopic methods accounts for the stability of ICs 
formed and the thermodynamic feasibility of inclusion process re- 
spectively. The increase in �S 0 and a drop in �G 0 indicates the 
inclusion process to be thermodynamically favourable. The greater 
value of association constant, and hence more stability of IM-HP- 
β-CD IC compared to IM- β-CD IC is attributed to the larger cav- 
ity diameter of HP- β-CD than β-CD. FTIR study and SEM image 
analysis confirmed the formation of IC from structural and mor- 
phological details. 1 H NMR spectroscopic analysis provided a deep 
insight towards the mode of complexation in which aromatic ring 
of IM was encapsulated from the wider rim side of the cavity of 
CDs. DSC study revealed that the inclusion into CDs can enhance 
the thermal stability of IM. The molecular docking simulation re- 
vealed the possible interaction of IM with β- and HP- β-CD giving 
stable 3-D structures of the ICs. The antimicrobial activity of IM 

was considerably improved after its encapsulation in CDs, however, 
IM-HP- β-CD IC provided better activity than IM- β-CD IC. Further, 
both IM- β-CD and IM-HP- β-CD ICs expressed low cytotoxic effect 
than free IM on the normal liver cell line WRL-68. Therefore, the 
encapsulation of IM into CDs can be a potential approach to im- 
prove stability and biological activity of IM for applications in the 
pharmaceutical industries and biomedical sciences. 
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a b s t r a c t 

We aim to develop the complex of ticlopidine hydrochloride (TCP) with 𝛽-cyclodextrin ( 𝛽-CD) and to investigate 
its antibacterial and cytotoxic activities. The complex was characterized by various physicochemical as well as 
spectroscopic techniques suggesting the successful inclusion of TCP molecule into the 𝛽-CD cavity. TG analysis 
showed that the thermal stability of TCP was found to improve after complexation. Molecular docking study 
speculated the most preferred orientation of TCP molecule within the binding pocket of 𝛽-CD cavity. In vitro 
antibacterial activity test demonstrated that the TCP- 𝛽-CD complex displayed better activity than pure TCP. TCP- 
𝛽-CD complex (IC 50 = 24 𝜇M) also exhibited significant in vitro cytotoxic activity than pure TCP (IC 50 = 44 𝜇M) 
towards human kidney cancer cell line (ACHN). Furthermore, the complex induces the ROS generation in ACHN 
cells more pronouncedly than TCP alone, suggesting the increased apoptotic activity of TCP after complexation. 
These results reveals that inclusion of TCP using 𝛽-CD could lead to stabilization of TCP and efficient display of 
its antibacterial and cytotoxic activities. 

1. Introduction 

Thienopyridine compounds act as antiplatelet agents which inhibit 
the formation of thrombus without markedly affecting other coagula- 
tion segments. They promote inhibition of platelet secretion reaction, 
inhibit platelet functions such as aggregation, adhesion, and lower cir- 
culating platelet aggregates, in addition to clotting of blood in coronary 
artery disease, peripheral vascular disease and cerebrovascular disease 
( Ferri et al., 2013 ; Rao et al., 2013 ; Wu et al., 2012 ). Beside their anti- 
aggregating effects, thienopyridines has other pharmacological effects 
which include lowering circulating fibrinogen ( Mazoyer et al., 1994 ) as 
well as erythrocyte filterability ( Hayakawa et al., 1991 ), and stimula- 
tion of NO production ( De Lorgeril et al., 1998 ). Even though the actual 
mechanism is not understood till date, thienopyridine derivatives have 
demonstrated pro-apoptotic effect towards cancer cells ( Calvisi et al., 
2013 ) as well as anti-proliferative and anti-cancer activity against hep- 
atocellular carcinoma ( Zeng et al., 2010 ). 

Abbreviations: TCP, Ticlopidine hydrochloride; 𝛽-CD, 𝛽-cyclodextrin; FDA, Food and Drug Administration; ACHN, Kidney cancer cell line; ROS, Reactive oxygen 
species. 

∗ Corresponding author at: Department of Chemistry, University of North Bengal, Raja Rammohanpur, Darjeeling, West Bengal 734013, India. 
E-mail address: mahendraroy2002@yahoo.co.in (M.N. Roy). 

Ticlopidine Hydrochloride (TCP) is one of the FDA approved drugs 
belonging to the family of thienopyridines which has its wide applica- 
tions as antiplatelet agent. It exhibits its therapeutic effect by blocking 
ADP receptors irreversibly on the surface of platelets. Studies suggest 
that the TCP prevents clot formation and platelet aggregation inside 
blood vessels inhibiting development of thrombus by interacting with 
the P2Y 12 receptor ADP at the site of the vascular lesion through bioac- 
tivation by cytochrome P450 (CYP) ( Gachet et al., 1990 ; Saltiel et al., 
1987 ). Beside antiplatelet property, TCP is also reported to have an- 
tibacterial ( Veloso et al., 2015 ) and anticancer ( Wojtukiewicz et al., 
2017 ) activities. However, TCP is sensitive to external conditions such 
as light, alkaline and acidic environment, temperature changes and ox- 
idation ( Ram et al., 2011 ), which considerably demarcate its utility in 
terms of its anticancer and antibacterial activities. To overcome these 
problems one approach is encapsulation with 𝛽-cyclodextrin ( 𝛽-CD). 
From the point of the solubilization, stabilization and delivery of the 
bioactive compounds, encapsulation technology is extensively used by 
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pharmaceutical and food industries ( Ozdemira et al., 2018 ). Accord- 
ing to the previous literature, inclusion complex of 𝛽-CD improved in 
vitro antimicrobial activity of Euterpe oleracea Mart-oil ( Magalhães et al., 
2020 ) and in vivo anti-cancer activity of curcumin ( Zhang et al., 2016 ). 
Similarly, encapsulated lycorine ( Liu et al., 2017 ) was observed to have 
better in vitro cytotoxic activities. It should also be noted that 𝛽-CD was 
included into GRAS (generally recognized as safe) protectants and car- 
riers by US Food and Drug Administration ( USFDA, 2001 ). 𝛽-CD is a 
member of cyclic oligosaccharides containing seven glucopyranose units 
linked via 𝛼-1,4-linkages ( Gong et al., 2016 ). Along with physical and 
chemical stability, 𝛽-CD is characterized with a relatively hydrophilic 
outer surface and hydrophobic central cavity. This cyclic carbohydrate, 
having specific cavity size (6.0–6.5 Å diameter) as well as low cost, be- 
comes ideal for inclusion of guest molecules with molecular weights 
ranging from 200 to 800 g/mol ( Li et al., 2018 ). After incorporation 
of bioactive compounds into 𝛽-CD cavity, outer microsphere of inclu- 
sion complex keeps guest molecules protected from oxygen and light 
( Gong et al., 2016 ). To the best of our knowledge, investigation on en- 
capsulation of TCP with 𝛽-CD and its specific antibacterial and cytotoxic 
activities, has not been yet studied. 

Therefore, in this research, we have prepared the inclusion complex 
of TCP and 𝛽-CD. The physicochemical properties of prepared TCP- 𝛽-CD 
complex were characterized by UV-Visible spectroscopy, surface tension 
study, PXRD, FTIR spectroscopy, 1 H NMR, TGA analysis, SEM study and 
mass spectroscopy. Molecular docking was performed as well to recog- 
nize the best orientation of included TCP into the cavity of 𝛽-CD. Finally, 
the antibacterial and cytotoxic activities of the complex were studied 
and compared with that of pure TCP. 

2. Experimental section 

2.1. Materials 

Ticlopidine Hydrochloride (purity > 98%) and 𝛽-Cyclodextrin (pu- 
rity 98%) were purchased from TCI Chemicals (India) and Sigma- 
Aldrich (India), respectively. Human kidney cancer cell lines (ACHN) 
were obtained from National center for Cell Science, Pune, India. Media 
component used for animal cell were purchased from Hi-media Labo- 
ratory Pvt. Ltd. MTT was purchased from Hi-media, India and DCDF 
dye was obtained from Sigma India Pvt. Ltd. All chemicals and media 
components used were of analytical grade from Sigma India Pvt. Ltd; Hi- 
media, India; Sisco Research Laboratories, India, TCI Chemicals, India, 
and E. Merck, Germany. 

2.2. Instruments 

All the UV-visible absorption spectra were assembled at 298.15 K us- 
ing the Agilent 8453 spectrophotometer, with an uncertainty of wave- 
length resolution of ± 0.5 nm. An automated digital thermostat was used 
to keep the measuring temperature constant. 

The surface tension was measured using a digital K9 Tensiometer 
(Kruss, Germany) at 298.15 K by platinum ring detachment method with 
measurement accuracy within ± 0.1 mN m − 1 . Temperature was main- 
tained by auto-thermostat. 

500 𝜇L of each sample were taken into Bruker NMR tubes. Then, 
1 HNMR spectra were acquired in D 2 O at 298.15 K using Bruker Avance 
300 MHz NMR spectrometer. The chemical shift values, 𝛿, are presented 
in ppm. The peak of HDO at 4.70 ppm was taken as an internal standard 
reference. 

The FT-IR spectra were recorded by KBr disk technique using Perkin- 
Elmer spectrometer with a 2 cm − 1 spectral resolution at room tempera- 
ture and 45% humidity. The disks were prepared by taking sample and 
KBr in the ratio of 1:100. The spectra were collected in the wavenumber 
region of 4000 − 400 cm − 1 . 

ESI-MS spectra were acquired on a high-resolution Q-TOF mass 
spectrometer with a positive-mode electrospray ionization taking the 
methanol solution of the solid inclusion complexes. 

The samples were subject to Thermogravimetric analysis (TGA) us- 
ing TA Instrument Q-50 TGA in the temperature range of 30–600 °C 
with the heating rate of 10° per minute. 

Powder XRD data were collected on a Bruker SMART APEX diffrac- 
tometer using graphite-monochromated MoK 𝛼 ( 𝜆= 0.71073 Å) radiation 
equipped with CCD area detector at 273 K with scan rate 1 0 /min and 
step size 0.042. 

The surface morphological structure of the samples was analyzed 
using a JSM-6360 Scanning Electron Microscope (SEM). 

2.3. Preparation of inclusion complex 

Inclusion complex of TCP with 𝛽-CD (i.e., TCP- 𝛽-CD IC) was prepared 
by mixing TCP and 𝛽-CD in a molar ratio 1:1. Initially, TCP (30 mg, 
4.0 mmol) and 𝛽-CD (113.5 mg, 4 mmol) were dissolved separately in 
25 mL distilled water. These two solutions were then mixed in a beaker 
and kept for 30 min under moderate stirring at room temperature. Then 
the mixed solution was heated upto 50 0 C under continuous stirring of 
450 r/min for 30 hrs till the appearance of a precipitate. The obtained 
precipitate was filtered and stored in an oven at 60 0 C for 9 h to draw out 
solvent. The final solid white powder of inclusion complex was collected 
and kept in a dessicator for further analysis. 

2.4. Job’s method for stoichiometric determination of inclusion complex 

Job plot was obtained by a very reliable Job’s method (also known 
as the continuous variation method) using UV-Visible spectroscopy to 
determine the complexation stoichiometry of inclusion complex formed 
( Rajbanshi et al., 2018 ). To perform the experiment, stock solutions with 
equimolar concentrations of 𝛽-CD and TCP were prepared. From these 
two stock solutions a series of sample solutions were prepared in such a 
way that the overall molar concentration, [TCP] + [ 𝛽-CD], was kept fixed 
while the mole fraction of TCP altered within the range of 0–1 (Table 
S1). The values of absorption maximum were recorded at 𝜆max = 214 nm 

for a set of solutions at 298.15 K. 

2.5. Surface tension measurement 

Ten milliliters of 10 mM TCP solution was taken in a 100 ml beaker 
and surface tension was measured. Then 1 ml of 𝛽-CD was added to the 
TCP solution for 20 times. During each addition of 𝛽-CD, surface tension 
reading was collected ( Rajbanshi et al., 2018 ). 

2.6. Absorption spectral titrations 

The inclusion complex formation phenomenon of 𝛽-CD with guest 
TCP in aqueous solution was examined by means of UV–visible spectral 
titration ( Rajbanshi et al., 2018 ). During titration, one milliliter 140 𝜇M 

solution of TCP was taken in a cuvette and then a series of 1.0 ml 𝛽-CD 
solution was added to it, so that the concentrations of 𝛽-CD ranged from 

1.0 to 5.0 mM and that of TCP becomes 70 𝜇M. 

2.7. Molecular docking study 

Molecular docking was conducted to predict the most probable bind- 
ing mode and binding free energy ( ΔG) of TCP with 𝛽-CD using auto- 
mated docking program, AutoDock 4.2 ( Alshehri et al., 2020 ). The 3D 

structure of TCP was downloaded as SDF file from the PubChem and 
converted into a PDB (protein data bank) file using OpenBabel 2.4.1 
software. From the RCSB Protein Data Bank, the PDB file 3CGT was 
downloaded and the 3D structure of 𝛽-CD was extracted from the PDB 
file. The optimization of the molecular structures of TCP and 𝛽-CD was 
performed using Gaussian 09 software with the 6-311 ++ G (d, p) basis 
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set and B3LYP method. Before carrying out docking, the ligand (TCP) 
and receptor ( 𝛽-CD) coordinate files were converted into PDBQT format 
using MGL Tools (version 1.5.6). In our docking study, 𝛽-CD was set as 
a rigid receptor, and TCP molecule as the flexible ligand. To seek for 
favorable binding mode of TCP with 𝛽-CD, a 3D docking grid box of di- 
mension 41 Å × 41 Å × 41 Å with grid spacing 0.375 Å was constructed. 
Autogrid4 parameter was employed to achieve a rigid grid box. Further 
to acquire best docking conformations, autodock4 with Lamarckian ge- 
netic algorithm using default values was applied. On the basis of docking 
score, the most favorable docked conformer with lowest binding energy 
was selected. 

2.8. In vitro antibacterial activity assay 

The antibacterial activity of TCP and TCP- 𝛽-CD complex was stud- 
ied using the agar well diffusion method ( Rai et al., 2019 ). The bacterial 
cultures ( Shigella sp., Salmonella sp ., Bacillus amyloliquefeciens and Bacil- 
lus subtilis ) were grown overnight in nutrient broth at 37 

0 
C, which were 

further swabbed over the surface of an agar plate. Three wells were pre- 
pared in each agar plates with the help of sterile cork-borer, and 40 𝜇L 
6 mM solutions of 𝛽-CD, TCP and TCP- 𝛽-CD complex were introduced 
into their respective wells. These solutions inside the well were allowed 
to diffuse for an hour. Then the plates were incubated at 37 0 C for 24 h. 
Following incubation, plates were observed for evaluating zone of inhi- 
bition. 

2.9. Cell line culture 

For this purpose, human kidney cancer (ACHN) cell line was ob- 
tained from Cell Repository, National center for Cell Sciences (NCCS), 
Pune, India. ACHN was cultured in Dulbecco’s modified eagle medium 

(DMEM), supplemented with 5% FBS, 100 IU ml − 1 Penicillin and 
100 𝜇gml − 1 Streptomycin, in 100 mm petri dishes and incubated in 5% 

CO 2 incubator at 37 °C. 

2.10. In vitro cell viability assay 

Anticancer screening of TCP and TCP- 𝛽-CD complex was carried 
out against human kidney cancer cell line (ACHN) by MTT [(3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction as- 
say ( Rai et al., 2019 ). For a typical in vitro anticancer screening experi- 
ment, each well of 96-well microtiter plates were inoculated with 100 μl 
volume of cells at a concentration of 1 × 10 5 cells ml − 1 . After cell in- 
oculation, the microtiter plates were incubated at 37 0 C for 24 h in 5% 

CO 2 , 95% air and 100% relative humidity. Following incubation, the 
cells were treated with different concentrations of TCP and its complex. 
After 24 h of treatment, 10 𝜇l of MTT (5 mg ml − 1 ) was added to each 
well and incubated further for 4 h. The MTT solution was replaced by 
50 𝜇l of isopropanol which was used to dissolve the insoluble formazan 
product. The extent of formazan product produced due to the reduc- 
tion of MTT into formazan within the cells was calculated by measur- 
ing the absorbance at 540 nm using spectrostarnano plate reader (BMG 
Labtech). All experiments were repeated at least three times in tripli- 
cates. The relative percentage of cell viability was evaluated by using 
the formula: 

Percent inhibition ( % ) = 
𝑌 − 𝑋 

𝑌 
× 100 

Where, Y is the mean absorbance of control and X is the mean ab- 
sorbance of cells treated with TCP and its complex. The stock solutions 
of TCP and complex were prepared using distilled water and the same 
solvent was kept as control. 

2.11. Determination of ROS (reactive oxygen species) generation 

Intracellular ROS generation can be detected using 2,7- 
dichlorodihydrofluorescein diacetate (DCF-DA) as a fluorescent 

probe ( Rai et al., 2019 ). DCF-DA undergoes oxidation in presence of 
free oxygen radicals inside the cell to fluorescent 2,7-dichlrofluorescein 
(DCF), which can be visualized under fluorescent microscope. Kidney 
cancer cell line (ACHN) were grown over the cover slip and incubated 
in CO 2 incubator for 24 h. Further these cells were treated with TCP 
and TCP- 𝛽-CD complex at their IC 50 values. 1.5 mM H 2 O 2 treated cells 
were considered as positive control whereas the untreated cells were 
set as a control. Following a 24 h incubation period, the cells were 
washed thrice with PBS and fresh serum medium containing DCF-DA 
dye was added to it. It was then subjected to an incubation period of 
30 min in a CO 2 incubator. After incubation, the extra dye was washed 
by using PBS and coverslip was flipped upside down on slide having 2,3 
drops of glycerin on it. Then the cells were observed under florescence 
phase contrast microscope with excitation wavelength at 480 nm and 
emission was photographed by using Olympus digital camera. 

2.12. Statistical analysis 

All the results were processed in Origin Pro 8.5 and SPSS and all 
the experimental results are mean ± SD of three parallel measurements. 
The data were analyzed by analysis of variance ( P < 0.05). The graph 
and tables have been represented with standard deviation and perform 

statistical analysis. 

3. Results and discussion 

3.1. Determination of stoichiometric ratio of the inclusion complex by Job’s 
method 

In order to obtain the Job plot, ΔA x R versus R was plotted (where 
ΔA is the changes in the absorbance of TCP without and with the pres- 
ence of 𝛽-CD, and R = [TCP]/([TCP] + [ 𝛽-CD])). The maximal peak 
value of R on the plot provides the complexation stoichiometry. From 

Fig. 1 (a), the observed maximum value of ΔA x R at R = 0.5 confirms 
the complexation stoichiometry of 1:1 for the inclusion complex of TCP 
and 𝛽-CD. 

3.2. Surface tension studies 

Surface tension ( 𝛾) evaluation provides noteworthy evidence with 
regard to the formation and stoichiometry of the inclusion complex 
( Rajbanshi et al., 2018 ). No any significant change in 𝛾 was observed 
when 𝛽-CD was dissolved in aqueous medium in an appreciable range 
of concentration. However, TCP solution was found to possess low 𝛾

value compared to that of pure aqueous solvent indicating that TCP is 
surface active molecule consisting of a hydrophobic portion and also 
a charged end. In this study, the 𝛾 of TCP solution was determined at 
298.15 K with increasing 𝛽-CD concentration (Table S2 and Fig. 1 (b)). A 
regular increasing trend of 𝛾 was observed with increase in the concen- 
tration of 𝛽-CD, which may be possibly due to the encapsulation of TCP 
molecules from the solution surface into the hydrophobic nano cavity of 
𝛽-CD forming inclusion complex. A noticeable break point was found to 
appear in the plot indicating not only the formation of inclusion com- 
plex but also defines 1:1 stoichiometric ratio of the formed complex 
( Fig. 1 (b)). The 𝛾 value and the corresponding TCP and 𝛽-CD concen- 
trations at the break point (point of intersection) of the surface tension 
curve are listed in Table S3. The ratio of the concentrations of TCP and 
𝛽-CD at the break point was found to be nearly 1:1 suggesting the emer- 
gence of 1:1 inclusion complex between TCP and 𝛽-CD. 

3.3. Absorption spectral analysis 

The affinity for binding of TCP with 𝛽-CD was determined by evalu- 
ating binding constant (K a ) using UV spectral studies ( Rajbanshi et al., 
2018 ). The encapsulation of TCP molecules into the apolar 𝛽-CD cav- 
ity results in the gradual increase of TCP absorbance. The occurrence 
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Scheme 1. Molecular structures of (a) TCP and (b) 𝛽-CD. 

of such hyperchromic shift is attributed to the decrease in polarity of 
the environment of 𝛽-CD cavity encountered by the TCP molecules dur- 
ing formation of inclusion complex ( Cramer et al., 1967 ). The binding 
constant (K a ) of TCP- 𝛽-CD complex at 298.15 K was evaluated from the 
changes in the absorption intensity ( ΔA) of TCP (at 𝜆max = 214 nm) 
with the increasing 𝛽-CD concentration by means of Benesi-Hildebrand 
equation (Table S4). According to the Benesi-Hildebrand method, a dou- 
ble reciprocal plot is drawn for 1:1 complexation utilizing the following 
Benesi-Hildebrand equation 

1 

ΔA 
= 

1 

Δε [ TCP ] K a 

1 
[

β − CD 
] + 

1 

Δε [ TCP ] 
(1) 

where Δε is the difference in molar absorption coefficient of TCP in the 
presence and absence of 𝛽-CD. The plot of 1/ ΔA against 1/[ 𝛽-CD] (Fig. 
S1) presents a good linear correlation (R 2 = 0.99554) indicating 1:1 stoi- 
chiometry of the TCP- 𝛽-CD complex. The value of binding constant (K a ) 
for 1:1 TCP- 𝛽-CD complex, obtained from the intercept/slope of Benesi- 
Hildebrand plot using Eq. (1) 21 was found to be 25.16 × 10 3 M − 1 . 

For the encapsulation process between 𝛽-CD and TCP, the Gibb’s 
free energy of binding ( ΔG) can be deduced from the value of binding 
constant K a at 298.15 K using Eq. (2) . 

Δ𝐺 = − 𝑅𝑇 𝑙𝑛 𝐾 𝑎 (2) 

The value of ΔG was found to be -6.0 kcal/mol, which indicates that 
the encapsulation process is spontaneous. 

3.4. 1 H NMR analysis 

1 H NMR study is performed for investigating the detailed infor- 
mation on the inclusion mechanism of guest molecule with the CDs 
( Alshaer et al., 2019 ). The complexation of a guest molecule with the 
CD usually results in the upfield chemical shifts of both the guest and CD 
protons owing to the enclosure of guest molecule by the electron clouds 
of CD and the anisotropic ring-current effects of the encapsulated guest 
molecule, respectively ( Alshaer et al., 2019 ). In CD, H-5 ′ and H-3 ′ hydro- 
gen atoms are positioned within the cavity in the vicinity of the narrower 
rim and wider rim, respectively, whereas the other H-4 ′ , H-2 ′ , H-1 ′ hy- 
drogen atoms are located on the outside of the surface ( Scheme 1 ). In 
our present work, we have explored the encapsulation of TCP with 𝛽-CD 
using 1 H NMR spectroscopy. The NMR spectra of TCP, 𝛽-CD and TCP- 𝛽- 
CD inclusion complex were shown in Fig. S2 with their corresponding 
chemical shift ( 𝛿) values enlisted in Table S5. After the formation of 
complex, H-4 ′ , H-2 ′ and H-1 ′ protons of 𝛽-CD were observed to possess 
negligible changes in their chemical shift values with Δ𝛿 –0.01, –0.01 
and –0.02, respectively. However, H-5 ′ ( Δ𝛿 = –0.09) and H-3 ′ ( Δ𝛿 = –
0.12) protons exhibited relatively considerable chemical shift changes, 
indicating the inclusion of TCP into the cavity of 𝛽-CD (Fig. S2). Since 

H-3 ′ proton was found to undergo significant upfield shift than H-5 ′ pro- 
ton (Table S5), therefore, it can be suggested that the encapsulation of 
TCP occurs through the wider rim of 𝛽-CD cavity. 

Further, when we compared the 1 H NMR spectrum of free TCP with 
TCP- 𝛽-CD complex, appreciable variation in the chemical shift values 
was monitored for most of the TCP protons in TCP- 𝛽-CD inclusion com- 
plex. It was observed that chlorophenyl ring, piperidine ring and methy- 
lene protons such as H-12, H-13/H-14, H-15, H-4 and H-10 were greatly 
upfield shifted with Δ𝛿 –0.04, –0.03, –0.05, –0.04 and –0.04, respec- 
tively (Fig. S2 and Table S5). In contrast, H-2 ( Δ𝛿 = –0.00) and H-3 
( Δ𝛿 = –0.01) protons of thiophene ring along with H-7 proton ( Δ𝛿 = –
0.02) of piperidine ring showed relatively negligible or no changes in 
their chemical shift values, suggesting that the thiophene ring along with 
C-7 carbon of piperidine ring resides outside the wider rim of 𝛽-CD with 
the preferential occupancy of hydrophobic cavity by the chlorophenyl 
ring, piperidine ring and methylene group of TCP (Fig. S2 and Table 
S5). 

3.5. ESI-MS studies 

The stoichiometry of solid TCP- 𝛽-CD inclusion complex was fig- 
ured out using electronspray ionization mass spectroscopy (ESI-MS) 
( Benkovics et al., 2017 ). The peaks at m/z values 1399.72 and 1421.69 
were observed corresponding to the molecular ions [TCP + 𝛽-CD + H] + 

and [TCP + 𝛽-CD + Na] + , respectively (Fig. S3). This clearly indicates the 
formation of TCP- 𝛽-CD inclusion complex with 1:1 stoichiometric ratio, 
which is in conformity with the results obtained from surface tension 
study and Job’s method. 

3.6. Powder XRD analysis 

The XRD analysis results further provides strong evidence for ensur- 
ing the inclusion complex formation ( Rani et al., 2020 ). The XRD pat- 
terns of 𝛽-CD, TCP and TCP- 𝛽-CD complex were shown in Fig. 2 (a). 𝛽- 
CD showed a crystalline diffractogram with sharp peaks at 4.64 0 , 9.11 0 , 
12.47 0 , 19.52 0 , 21.25 0 , 22.82 0 , 24.30 0 , 25.64 0 , 27.04 0 , 31.12 0 , 32.06 0 , 
34.80 0 and 35.90 0 . The TCP also exhibited a distinctive sharp peaks at 
14.50 0 , 16.4 0 , 17.96 0 , 19.29 0 , 20.15 0 , 22.97 0 , 25.32 0 , 26.03 0 , 26.89 0 , 
27.52 0 , 32.29 0 and 34.48 0 , indicating the existence of TCP in a crys- 
talline state. However, the XRD spectrum of TCP- 𝛽-CD complex dis- 
played a broad diffraction profile with reduced number as well as in- 
tensity of peaks and showed no reflections due to either TCP or 𝛽-CD. 
This suggested that the moiety responsible for the crystalline nature of 
TCP got encapsulated into the cavity of 𝛽-CD which results in the change 
in environment of TCP and 𝛽-CD. This observation indicates the forma- 
tion of solid inclusion complex. The appearance of new diffraction peaks 

4 



P. Bomzan, N. Roy, V. Rai et al. Food Chemistry Advances 1 (2022) 100015 

Fig. 1. (a) Job plot for TCP- 𝛽-CD system at 298.15 K ( 𝜆max = 214 nm); (b) Surface tension variation of aqueous TCP solution with increasing 𝛽-CD concentration at 
298.15 K. 

Fig. 2. (a) PXRD profiles and (b) FTIR spectra of 𝛽-CD, TCP and solid TCP- 𝛽-CD inclusion complex (IC). 

at diffraction angles (2 𝜃) of 11.80 0 , 14.38 0 , 15.44 0 , 17.58 0 , 18.64 0 and 
23.94 0 revealed that the formed TCP- 𝛽-CD inclusion complex achieved 
a new solid state having amorphous structure, as indicated by the less 
intense broader diffraction peaks. 

3.7. Analysis of FT-IR spectra 

The analysis of prepared solid inclusion complex can be performed 
using a very useful FT-IR spectroscopic method. FT-IR spectral analy- 
sis highlights the molecular interaction of guest with host ( Roy et al., 
2020 ). The formation of solid inclusion complex is confirmed by the 
variation in the peak intensity, position, shape, and its disappearance 
in the spectra ( Roy et al., 2020 ). The infrared spectra of 𝛽-CD, TCP and 
TCP- 𝛽-CD complex are depicted in Fig. 2 (b), and the chemical bonds 
with their corresponding vibrational frequencies are presented in Table 
S6. The N-H stretching band of TCP at 3442 cm − 1 and that of 𝛽-CD O-H 

at 3387 cm − 1 were shifted to 3368 cm − 1 as a broad band in the complex. 

In the case of TCP, chlorophenyl ring stretching at 1458, 1437 cm − 1 , 
chlorophenyl C-H stretching at 3098, 3054, 3003 cm − 1 , chlorophenyl 
C-H bending at 832, 758, 725 cm − 1 (out-of-plane) & 1220 cm − 1 (in- 
plane), C-S-C stretching at 2339 cm − 1 and piperidine ring stretching at 
1159 cm − 1 , were observed. However, bands related to the chlorophenyl 
and piperidine rings in the spectrum of TCP were found to disappear 
in the TCP- 𝛽-CD complex spectrum, while that of C-S-C stretching ob- 
served in TCP was slightly shifted and appeared at 2341 cm − 1 with much 
reduced intensity in TCP- 𝛽-CD complex. Such disappearance of IR peaks 
related to the chlorophenyl and piperidine rings, and the emergence of 
C-S-C stretching with reduced intensity indicates the inclusion of only 
the chlorophenyl and piperidine moieties (and not the thiophene ring) 
into the nano hydrophobic cavity of 𝛽-CD. The IR spectra of 𝛽-CD is 
characterized by C-H stretching band at 2925 cm − 1 , C-H bending vibra- 
tions at 1410, 1362, 1334 cm − 1 , C-O-C bending vibration at 1156 cm − 1 , 
C-C-O stretching frequency at 1029 cm − 1 and skeletal vibration involv- 
ing 𝛼-1,4-linkage at 947 cm − 1 . These vibrational bands of 𝛽-CD were 
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Fig. 3. (A) TGA thermograms of TCP, 𝛽-CD and TCP- 𝛽-CD inclusion complex (IC); (B) Scanning electron micrographs: (i) 𝛽-CD, (ii) TCP, (iii) physical mixture of 
TCP and 𝛽-CD, (iv) TCP- 𝛽-CD inclusion complex (IC). 

shifted to 2922 cm − 1 (C-H stretching), 1415, 1367, 1332 cm − 1 (C-H 

bending), 1152 cm − 1 (C-O-C bending), 1026 cm − 1 (C-C-O stretching) 
and 943 cm − 1 (skeletal vibration involving 𝛼-1,4-linkage) in the spec- 
trum of solid inclusion complex, which may be possibly due to the in- 
corporation of TCP into the 𝛽-CD cavity. All these observed variations 
of intensity and shifts in the IR spectra provides us the evidence of in- 
clusion complex formation. These results suggest that the chlorophenyl 
and piperidine moieties (not the thiophene ring) are included into the 
hydrophobic cavity of 𝛽-CD, which are in good agreement with the 1 H 

NMR observations. 

3.8. Thermal analysis 

The TG analysis was performed on solid TCP- 𝛽-CD complex, pure 
TCP and 𝛽-CD to verify the thermal stability of TCP after its inclusion 
into CD cavity ( Fig. 3 A). The TGA curve of 𝛽-CD exhibits a weight loss 
below 100 0 C corresponding to the water loss and a major weight loss 
between 280 0 C and 388 0 C due to the decomposition of 𝛽-CD. For TCP, 
a significant weight loss was observed indicating the degradation of TCP 
in the range 126–250 0 C. On the other hand, it can be observed from the 
TGA thermogram of TCP- 𝛽-CD complex that the first stage weight loss 
below 89 0 C is due to dehydration, the second one in the range 190–
269 0 C is attributed to the degradation of TCP, and the considerable 
weight loss after 269 0 C indicates the main thermal decomposition of 
𝛽-CD. It is evident from the TGA thermogram that the thermal decom- 
position of prepared complex was observed to occur at a higher range 
of temperature (190–269 0 C) compared to pure TCP (126–250 0 C), con- 
firming that the inclusion complexation has enhanced the thermal sta- 
bility of TCP. 

3.9. SEM analysis 

The study of SEM image was conducted to obtain a supporting ev- 
idence for the formation of inclusion complex by analyzing the sur- 
face morphology of solid samples ( Pal et al., 2020 ). Fig. 3 B shows the 
SEM microphotographs of 𝛽-CD, TCP, physical mixture and solid TCP- 
𝛽-CD inclusion complex. Pure 𝛽-CD ( Fig. 3 B (i)) had a parallelogram- 
like crystal structure, while TCP ( Fig. 3 B (ii)) appeared as irregularly 
shaped crystal particles. In physical mixture ( Fig. 3 B (iii)), hybrids of 
parallelogram-like and irregularly shaped crystals were observed, i.e., 
crystalline nature of both 𝛽-CD and TCP were depicted. However, solid 
TCP- 𝛽-CD complex ( Fig. 3 B (iv)) appeared as unevenly shaped amor- 
phous aggregates. Such significant modification in the surface morphol- 
ogy of complex confirms the encapsulation of TCP into 𝛽-CD cavity lead- 
ing to the formation of solid TCP- 𝛽-CD inclusion complex. 

3.10. Molecular docking studies 

Molecular docking has been carried out for the prediction of most 
feasible conformation of TCP- 𝛽-CD inclusion complex with lowest bind- 
ing energy ( ΔG) ( Alshehri et al., 2020 ). AutoDock 4.2 was used to 
dock a guest molecule, TCP, into the pocket of 𝛽-CD. The program pro- 
duced various possible docked models according to the energetic pa- 
rameters of TCP- 𝛽-CD complex. The computationally calculated free en- 
ergies of binding corresponding to the ten docked conformations were 
listed in Table S7. Out of these ten docked conformations, four con- 
formations 4, 5, 8 and 9 were observed to have identical structures 
which is reflected from their same lowest free energy of binding, - 
5.62 kcal/mol.One among the four lowest energy docked models of TCP- 
𝛽-CD complex is shown in Fig. 4 . The lowest negative binding energy 
value (-5.62 kcal/mol)is very close to the value (-6.0 kcal/mol) calcu- 
lated from the binding constant (K a ) obtained from UV-visible spectro- 
scopic studies, which suggest that the binding energy based on docking 
result is in accordance with that deduced from UV-visible absorption 
analysis. In all these four identical conformations, chlorophenyl and 
piperidine moieties are almost completely included into the binding 
pocket of 𝛽-CD, while thiophene ring was observed to lie nearly out- 
side the wider rim. These interactions of TCP with 𝛽-CD resulted from 

docking analysis are in good agreement with the FT-IR and 1 H NMR 
results. 

3.11. In vitro studies of biological activity 

3.11.1. In vitro cytotoxicity studies 
In this study, the cytotoxic effect of TCP and TCP- 𝛽-CD complex was 

explored against human kidney cancer cell line (ACHN). The ACHN 

cells were treated with various concentrations (5 𝜇M, 10 𝜇M, 15 𝜇M, 
20 𝜇M and 25 𝜇M) of TCP and complex, and the percentage inhibition 
of cell growth was measured by MTT assay. Fig. 5 represents the dose- 
dependent growth inhibition of human kidney cancer cell line (ACHN) 
after exposure with TCP and TCP- 𝛽-CD complex. When ACHN cells are 
exposed with pure TCP, the IC 50 value was found to be 44 𝜇M. Treating 
the similar cells with TCP- 𝛽-CD complex gives an IC 50 value of 24 𝜇M. 
These results suggest that the complex has higher cytotoxicity and re- 
duces the viability of tested ACHN cells more effectively than TCP alone. 
Hence, complexation of TCP with 𝛽-CD was found to improve the anti- 
cancer activity of TCP towards ACHN cells. This may be probably due 
to the sustained release of TCP from the microsphere of 𝛽-CD, which 
leads to greater bioavailability thus enhancing the drug effect ( Ren et al., 
2019 ). In addition, the anticancer activity enhancement of TCP by com- 
plexation with 𝛽-CD is also likely due to the reason that 𝛽-CD can in- 
filtrate into the drug permeation barrier, called unstirred water layer 
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Fig. 4. Docked conformation of TCP- 𝛽-CD inclusion complex 
(IC), side view (a) and top view (b) . 

Fig. 5. (a) Dose-dependent growth inhibition of human kidney cancer cell line (ACHN) after exposing with TCP and TCP- 𝛽-CD complex for 48 h, (b) Linear regression 
analysis to calculate IC 50 values. The obtained results are from three separate experiments presented as mean ± standard deviation. 

(UWL) consisting of a large number of strong H-bond networks, better 
than the free form of TCP ( Loftsson, 2012 ). 

3.11.2. Assessment of ROS generation in ACHN cells 
The overproduction of intracellular ROS (oxidative stress) could be 

generated not only by abnormal metabolism, but also by various drugs 
therapy. Oxidative stress has been widely implicated in drug-induced 
cytotoxicity ( Deavall et al., 2012 ). Therefore, we evaluated the ROS pro- 
duction in ACHN cancer cells treated with TCP and TCP- 𝛽-CD complex 
at their IC 50 values of 44 𝜇M and 24 𝜇M, respectively. 1.5 mM H 2 O 2 
treated cells were considered as positive control whereas the untreated 
cells were set as a control. Since in apoptosis ROS generation is an early 
event, the production of ROS in ACHN cells was determined after 24 h 
( Tian et al., 2012 ). Fig. 6 (a) showed that a faintly green fluorescence was 
observed for control indicating the formation of ROS at basal level. On 
the other hand, bright green fluorescence was induced in cells treated 
with TCP, complex and positive control, displaying a substantial amount 
of ROS generation ( Fig. 6 (a)). 

ROS generation was found a bit higher for TCP treated cells com- 
pared to cells exposed with positive control ( Fig. 6 (b)). However, TCP- 
𝛽-CD complex induces significantly higher ROS generation in ACHN 

cells than TCP and positive control ( Fig. 6 (b)), which reveal that the 
complexation with 𝛽-CD increases the apoptotic activity of TCP. These 
findings demonstrates that the TCP in its complex form is more effec- 
tive for oxidative mediated apoptosis than TCP alone due to ROS hyper- 
generation. Therefore, the induction of increased intracellular ROS (ox- 

idative stress) production by TCP- 𝛽-CD complex could be one of the rea- 
sons for the observation of greater cytotoxicity of the complex towards 
ACHN cells compared to free TCP. 

3.11.3. In vitro antibacterial activity studies 
The treatment of cancer with chemotherapeutic agents/drugs may 

lead to secondary complications of weakening the immune system and 
in some cases causing immunodeficiency. Therefore, cancer patients are 
more vulnerable to develop various types of microbial infections. Ac- 
cording to reports, microbial infections remain a significant cause of 
mortality among cancer patients ( Bhat et al., 2021 ). Thus, there is an un- 
fulfilled and unresolved need for a drug which not only has anti-cancer 
properties but also has antibacterial properties. The drug having such ef- 
fect could lead to reduce the secondary complications and thus improve 
the chances of recovery and survival of cancer patients. Therefore, we 
performed the antibacterial test using the agar diffusion technique with 
four bacteria, namely, Salmonella sp., Shigella sp., B. amyloliquefaciens 
and B. subtilis , to evaluate the antibacterial activity of TCP and TCP- 
𝛽-CD complex. Both TCP and TCP- 𝛽-CD complex showed noteworthy 
antibacterial activity against these bacteria (Fig. S4). However, it can 
be seen from the Tables S8 and S9 that the complex was found to pos- 
sess relatively greater inhibitory effect than TCP alone. This indicates 
that the complex possessed effectively higher antibacterial activity than 
pure TCP, which may be possibly due to the fact that 𝛽-CD transports 
TCP readily to the surface of bacterial cells ( Inoue et al., 2020 ). Another 
factor for this is presumably the complexation of TCP with 𝛽-CD signif- 
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Fig. 6. Evaluation of intracellular ROS genera- 
tion in ACHN cells using the fluorescent probe 
DCF-DA. (a) Photomicrographs of the untreated 
cells (negative control) and the cells treated 
with TCP (IC 50 = 44 𝜇M), TCP- 𝛽-CD complex 
(IC 50 = 24 𝜇M) and positive control (1.5 mM 

H 2 O 2 ) for 24 h. (b) Percentage of ROS gener- 
ation relative to control. The obtained results 
are presented as mean ± standard deviation. 

icantly improved the bioavailability of TCP due to the improvement of 
the solubility ( Savic et al., 2019 ). 

4. Conclusions 

We have reported the successful preparation of TCP- 𝛽-CD complex 
and examined the effect of inclusion on the in vitro bioactivity of TCP. 
The formulation of complex was confirmed by 1 H NMR, ESI-MS, FT-IR, 
TGA, SEM, PXRD, surface tension and UV-vis spectroscopic studies. The 
Job’s method, surface tension study and ESI-MS experiment confirmed 
1:1 stoichiometry of the TCP- 𝛽-CD complex. Higher binding constant 
value (K a = 25.16 × 10 3 M − 1 ) accounts for the higher binding affinity of 
TCP with 𝛽-CD and the thermodynamic spontaneity of binding process 
was validated by the negative Gibb’s free energy change ( ΔG). 1 H NMR, 
FT-IR and molecular docking studies suggested a possible stable molec- 
ular conformation for TCP- 𝛽-CD complex in which the chlorophenyl and 
piperidine moieties are almost completely included into the cavity of 𝛽- 
CD, and the thiophene ring lie nearly outside the wider rim. PXRD and 
SEM analysis showed that the prepared complex has amorphous nature 
which is unlike from its pure components. From TGA analysis we ob- 
served that encapsulation has enhanced the thermal stability of TCP. In 
vitro antibacterial test showed that the better activity was displayed by 
TCP after its complexation with 𝛽-CD. TCP- 𝛽-CD complex (IC 50 = 24 𝜇M) 
expressed significant cytotoxic effect than pure TCP (IC 50 = 44 𝜇M) to- 
wards human kidney cancer cell line (ACHN). Furthermore, the complex 
was found to induce the intracellular ROS generation more prominently 
than TCP, suggesting the enhancement in the apoptotic activity of TCP 
after complexation. Thus, TCP- 𝛽-CD inclusion complex can be a promis- 
ing approach for designing a novel formulation of TCP in drug delivery, 
thereby, extending the potential clinical purpose of TCP in pharmaceu- 
tical industries and biomedical sciences. 
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