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A B S T R A C T   

A potentially active water-soluble anti-viral with lesser toxic material from the Oseltamivir (OTV) has been 
produced by the sonication method. The formed material has been further characterized by UV–visible, FT-IR, 
powder XRD, SEM, TGA/DTA, ROESY, XPS, AFM and etc., The results of DFT calculation have proven that in-
clusion complexes (ICs) are theoretically and energetically more advantageous models and structures have also 
been proposed based on the results. Analysis of drug release has been carried out at three pH levels, and it is 
revealed the analysis is most helpful at acidic pH levels for the ICs with S-CD over H-CD. Over OTV without CDs, 
OTV:S-CD-ICs exhibited a very less cytotoxic ability on cancer cell lines than ICs with M-CD. ICs enhanced the 
coronavirus inactivation nature of OTV. This study provides for the first time a full characterization of ICs of OTV 
with CDs and highlights the impact of complexation on pharmacological activity.   

1. Introduction 

The cyclic oligosaccharides cyclodextrins (CDs) are composed of six, 
seven, or eight D-glucopyranosyl units and are designated as α-CD, β-CD, 
and γ-CD, respectively. The molecules are doughnut-shaped with hy-
drophilic surfaces on the outside and somewhat hydrophobic interiors. 
Inclusion complexes (ICs) are formed with a wide variety of compounds 
(guests) when a lipophilic moiety of the guest molecule is taken up into 
the cavity of the CD (host) molecule, increasing the solubility and sta-
bility of the guest in water [1–6]. 

In some studies, low-water-soluble drugs have been enhanced in 
solubility after making them into ICs by the non-covalent bonding 

interaction between the drug and CD [7–10]. It is extremely difficult to 
make water-soluble ICs for the drug with CDs [11,12]. It is expected that 
fullerene-based water-soluble ICs made with CDs would be a good ma-
terial for a variety of medical applications [13]. ICs made from easily 
water-soluble materials are always being highlighted in supramolecular 
assembly and require this material for both virology and drug delivery. 
The derivatives of CDs like methylated and sulfated CDs have been 
chosen here to get a powerful anti-viral agent against HCoV-229E 
because both the derivatives have easily water-soluble than the other 
derivatives [4]. 

There may be antiviral drugs, as well as different drugs and also drug 
combinations that are effective in treating the current coronavirus 
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pandemic. The effectiveness of OTV in the prevention of H5N1 infection 
[14] and COVID-19 infection [15] has been extensively studied in 
clinical trials. Several carriers are used in drug discovery to test existing 
antiviral drugs that are used to treat other viral infections. Drug dis-
covery approaches are usually combined with this approach to identify 
drug compounds that can be categorized as virus-based and host-based 
treatments during emerging COVID-19 outbreaks. We have chosen OTV 
as the antiviral drug and we have tested it for both viral activity and CDs 
as the means of reaching the viral inactivation destination, as well as its 
low toxicity during operation. 

Our goal is to prepare and characterize OTV ICs using M-CDs and S- 
CDs in this research. In order to inactivate viruses using these ICs, we are 
primarily interested in exploring drug delivery. A major focus of our 
research will be to explore the use of these water-soluble ICs as antiviral 
agents. Phase solubility studies are conducted to determine the solubi-
lity and also to determine the binding constant. Ultrasonication is used 
to prepare the solid-state complexes. These ICs are characterized using a 
variety of techniques. By using the Alamar Blue assay, toxic behavior has 
been tested against the MRC-5 cell line. Inactivation of the virus has 
been carried out on ICs containing HCoV-229E. 

2. Materials and methods 

2.1. Materials 

OTV (Formula - C16H28N2O4⋅H3PO4, Purity - ≥98%) and substituted 
CDs (Methyl-β-Cyclodextrin (M-CD): Formula - C54H94O35, Molecular 
Weight - 1303.3, purity - 99.95%; & Sulfated-β-Cyclodextrin (S-CD): 
Formula - C42H70O56S7, Molecular Weight - 1849.5, purity - 99.85%) are 
supplied by Sigma-Aldrich, South Korea. Distilled water is used during 
the entire study. Assays can be conducted using products from Sigma 
Aldrich, St Louis, USA, Fetal Bovine Serum (FBS), Phosphate Buffered 
Saline (PBS), Dulbecco’s Modified Eagle’s Medium (DMEM), and 
Trypsin. Dimethyl sulfoxide (DMSO) and propanol are supplied by E- 

Merck Ltd., Korea. Fig. 1 illustrates the structure of the guest, OTV, host, 
M-CD and S-CD. MRC-5 human lung fibroblast host cells are purchased 
from the Korean Cell Line Bank (KCLB, Seoul, Korea), and HCoV-229E is 
obtained from the ATCC, Manassas, VA, USA. 

2.2. Preparation of ICs of OTV with M-CD and S-CD 

A sonication method and freeze-drying technique are used to prepare 
ICs of OTVs with CDs. The sonication process is so very simple and time- 
consuming to get the product. Briefly, we synthesized both OTV ICs with 
M-CD and S-CD using an ultrasonic device, a Hielsher UP200St. In order 
to prepare the ICs, a solution of OTV with 0.044 M is added dropwise to 
the solutions of M-CD and S-CD with 0.044 M separately (to get the 1:1 
molar ratio of host-guest combinations). Continually stirring the mixture 
with a magnetic field heated it to 60 ◦C. Ultrasonic devices Hielsher 
UP200ST are used to sonicate the solution for 90 min (2 sets of 300 s 
each). As the entire solution appears clear, the ICs are water-soluble. 
Watery removal has therefore been employed. After each solution has 
been frozen-dried at − 82 ◦C for 48 h, the white powers are collected as 
complexes of OTV:M-CD (ICs-1) and OTV:S-CD (ICs-2). This method 
saves both time and energy. 

2.3. Phase solubility measurements 

In order to determine the solubility of OTV in the aqueous phase of 
CDs, phase solubility (PS) measurements are performed using the 
modification of Higuchi et al. [16]. As a brief summary, aqueous solu-
tions of M-CD and S-CD of concentrations of 0–12 mM in phosphate 
buffer (10 mM; pH 7.4) are prepared after OTV is excessively added. 
Flasks are covered with aluminum foil to prevent photochemical 
degradation. First, the solutions are sonicated in an ultrasonic bath 
(30 kHz, 100 W, SAIRAN Micro10sonic, Korea) at 25 ◦C for an hour, 
then 48 h is allowed for equilibrium to develop. The aqueous solutions 
are centrifuged for 10 min at 8000 rpm, then allowed to cool. We 

Fig. 1. Structures of the naturally occurring (A & B) OTV, (C & D) M-CD and (E & F) S-CD.  
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cleaned the obtained supernatants by filtering them through membrane 
filters of 0.2 µm and analyzing them with a UV–vis spectrophotometer 
(Jasco, V-630, Tokyo, Japan) to remove any undissolved solids. Ac-
cording to Eqs. 1 and 2, the binding constant (Kb) of OTV:M-CD-ICs and 
OTV:S-CD-ICs can be determined by the slope and intercept of the 
straight line of the phase solubility diagram [17]: 

Kb =
slope

S0(1 − slope)
(1)  

CE =
slope

(1 − slope)
(2) 

Here, S0 is the intrinsic solubility of OTV. 

2.4. DFT Inputs 

Hyperchem [18] is used to construct the initial structure of OTV. 
Chem-Office 3D ultra (version 10, Cambridge software) is used to 
implement the first geometry of M-CD and S-CD. Afterward, they are 
optimized by a semi-empirical PM6-DH+ calculation, which, in many 
cases, yields interaction energies comparable to those derived by Den-
sity Functional Theory (DFT) [19]. According to Fatiha, et al., [20], the 
ICs of OTV in CDs are also controlled by PM6-DH+ calculations based on 
the A and B orientations. Thereafter, the PM6-DH+ structures with the 
lowest energy are optimized successively using the B3LYP/6–311 G (d, 
p) method. In order to verify that the obtained structures are global 
minimums, vibration frequencies are calculated. 

2.5. Kinetic studies of in-vitro OTV release 

Three different conditions of phosphate buffers (pH 5.2, 6.8, and 7.4) 
are tested at room temperature for the kinetic study of OTV release. The 
material is taken from a pre-prepared IC containing 10 mg/5 ml and 
placed into a dialysis membrane tube with a molecular cut-off of 
12000 Da (Himedia, Dialysis membrane-110). After inserting the tubes 
into the buffer, 30 ml of PBS is poured into each tube. Every 2 ml from 
the release medium is replaced with a fresh PBS buffer. The amount of 
OTV released is measured spectrophotometrically by measuring the 
absorbance at 217.0 nm at different time intervals. 

2.5.1. Reagents for cell viability and cytopathic assay 
In the cell culture medium, Dulbecco’s Modified Eagle Medium 

(DMEM, Sigma-Aldrich, Waltham, MA, USA), Fetal Bovine Serum (FBS, 
RDTech, Palatine, IL, USA), antibiotics (Welgene Inc., Gyeongsan, South 
Korea), and an HCoV-229E virus are obtained from the American Type 
Culture Collection (ATCC, Manassas, VA, USA) in combination with 
MRC- 5 cells. The Alamar Blue Assay (Invitrogen, Waltham, MA, USA) is 
used to determine cell cytotoxicity. 

2.5.2. MRC-5 cell culture 
To culture, the MRC-5 (human lungs fibroplast cell) cells, Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum and 1% antibiotics (streptomycin and penicillin) is used in a T-75 
flask. For the cell viability test/TCID50 experiment, the MRC-5 inocu-
lated plates are incubated at 37 ◦C in 5% CO2 for up to 2 days until the 
cells reached 80% confluence. 

2.5.3. Cell viability assay 
We performed a cytotoxicity assay using Alamar blue reagent in 

accordance with the manufacturer’s instructions. MRC-5 cells (2 ×103 

cells) are plated in 96-well plates and incubated at 37 ◦C with 5% CO2 
for 24 h to reach 80% confluence. Afterward, the cells are incubated for 
7 days with different concentrations of OTV with CDs (OTV, OTV:M-CD- 
ICs, and OTV:S-CD-ICs). After removing the cell culture medium (time 
test), the cells are washed with DPBS. DMEM (without FBS and antibi-
otics) contain 100 µl of every concentration of CDs of 5.0, 0.5, 0.05, or 

0.005 mg/ml for up to 7 days at 37 ◦C with 5% CO2. The plate is incu-
bated for up to two hours at 37 ◦C, 5% CO2, and covered with protection 
against direct light based on diverse instance periods. A microplate 
reader Synergy HT spectrophotometer (BioTek, Winooski, VT, USA) is 
used to measure the absorbance values at 540.0 and 600.0 nm (excita-
tion and emission wavelength, respectively). 

2.5.4. Viral titration 
A human coronavirus 229E (1 ×106.5 TCID50/ml) is inoculated into a 

MRC-5 cells (2 ×103 cells/well). Cells are suspended in DMEM enriched 
with 2% FBS containing 1 mg/ml of different OTV and ICs containing M- 
CD and S-CD. Each diluted test compound (100 µl) is tested in eight 
replicates, in which eight wells are used as negative controls (MRC-5 
cells only) and eight more wells are used as positive controls (only 
HCoV-229E without OTV derivative). The plates are incubated at 37 ◦C, 
5% CO2 for 10 days and everyday observed expansion of the cytopathic 
effect (CPE). The CPE is calculated based on Reed and Muench [21]. 

2.6. Instruments used 

The ICs are analyzed for their formation by various techniques such 
as UV–visible spectroscopy, FT-IR spectroscopy, Raman spectroscopy, 
FE-SEM along with EDX spectroscopy, AFM, powder XRD, TG/DTA, 
XPS, 1H NMR and ROESY techniques. UV–vis spectra are performed 
within the ranges of 200.0–800.0 nm using OPTIZEN 3220 UV spec-
trophotometer with quartz cuvettes (1 cm path length) and a wave-
length uncertainty is about ± 2.0 nm. The optimized wavelength scans 
are registered from 200.0 to 800.0 nm. 

FT-IR spectra are recorded in the transmittance mode on a Perkin 
Elmer Spectrum Two within the range of wavenumbers 
(400.0–4000.0 cm− 1). FE-SEM along with EDX spectral analysis is car-
ried out on a Hitachi S-4800 equipped with EDX at an accelerating 
voltage is about 10 kV. Sample preparation for FE-SEM visualization is 
slight and it comprises of arresting the materials on a double-sided 
carbon tape without further coating on it. The Powder XRD measure-
ments are performed using a PANalytical X’Pert3 MRD diffractometer 
with monochromatized Cu Kα radiation (λ = 1.54 Å) at 30 mA and 
40.0 kV. The measurement ranges for the samples (2θ) of 10–80◦ at a 
scan rate of 5◦ min− 1 and a wavelength of 1.5405 Å. Raman spectra are 
measured on the XploRA Micro-Raman spectrophotometer (Horiba) 
with ranges is about 400.0–4000.0 cm− 1. Thermal analysis of the sam-
ples is analyzed with TA instruments and Universal V4.5 A Program is 
used to analyze the thermal curves. The accurate weight of each sample 
is 6.0 mg and the temperature range is 35.0–400.0 ◦C with a tempera-
ture hike is 10 ◦C/minute. XPS spectra are obtained using a K-Alpha 

Fig. 2. Phase solubility diagram of ICs of OTV with CDs.  
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(Thermo Scientific). CasaXPS software is used for the deconvolution of 
the high-resolution XPS spectra. The carbon peaks are analyzed after the 
deconvolution of XPS data. The 1H NMR and ROESY spectra of the ICs 
are done using an NMR spectrometer (Bruker 600 MHz). All the above 
instrument facilities are utilized at the core research support center for 
natural products and medical materials of Yeungnam University. 

3. Results and discussion 

3.1. Inclusion complexation of OTV with M-CD and S-CD 

3.1.1. Phase solubility analysis 
PS analysis has been performed to determine whether OTV solubility 

increases with a higher CD concentration [22]. Fig. 2 shows the phase 
solubility diagram based on the UV measurement results. In spite of the 
fact that OTV is soluble in water, we conducted the PS experiment to 
determine how soluble it is and to calculate the binding constant based 
on the interaction between them. As M-CD and S-CD concentrations 
increase, the OTV concentration rises linearly, suggesting the formation 
of a complex (OTV to CDs) with a 1:1 molar ratio. There have been 
previous studies showing that OTV and CD form a 1:1 complex [23,24]. 
According to our results, OTV has a water solubility of ~2.5 mM in the 
absence of both M-CD and S-CD, as well as an increase by ~1.5 and ~1.0 
times at the highest concentrations of M-CD and S-CD. Based on the 
given experimental conditions, the binding constants (Kb) of OTV ICs are 
determined to be ~88.12 M-1 and ~95.68 M-1, respectively. Phase sol-
ubility studies revealed that the slope is smaller than unity, over the 
entire concentration range studied, indicating an AL-type diagram with 
the formation of inclusion complexes with 1:1 stoichiometry for both 
CDs. In addition, binding constants of the ICs are crucial components of 
their effectiveness because different effects derived from the formation 
of ICs are determined by their stability [25,26]. Low values of Kb indi-
cate weak interactions and a high level of free CDs, whereas high values 
of Kb indicate that the equilibrium is shifted toward the formation of ICs. 
Ideal values are within the range of 100–1000 M-1 [27]. 

3.1.2. UV spectral analysis 
In the presence of CDs, OTV absorbance changes which indicate 

complex formation and suggest OTV entering the cavity of the CDs [28]. 
OTV reaches its maximum at 217.0 nm in an aqueous medium (S. 
Fig. 1), indicating that the molecule is undergoing an n→σ * transition. 
In addition, the maximum in aqueous media has a shoulder-like shape 
and the transition is weak. After OTV molecules move from the polar 
aqueous environment into the apolar cavity of the CDs, there will be a 
change in the molar extinction coefficient (Δε) [29]. 

In this discussion, we can divide the UV changes for the OTV with 
CDs into two parts, since the spectral changes are completely different. 
In the first part, the concentration-dependent effect between OTV and 
M-CD is discussed. Adding M-CD gradually to OTV increases its absor-
bance without affecting the spectral maximum at 217.0 nm (S. Fig. 1a). 
No red or blue shift is observed at this wavelength. The second part 
concerns the concentration-dependent effect of OTV and S-CD. When S- 
CD is gradually added to OTV, we see a different pattern of absorption 
output. The OTV with S-CD exhibits two maxima at wavelengths of 
217 nm and 250 nm (S. Fig. 1b). With S-CD, it is impossible to achieve 
two maxima. UV spectra have been measured for the S-CD without a 
guest molecule, OTV, in order to explain the unusual maxima. There are 
two maxima associated with the S-CD. Due to the formation of ICs, both 
spectral maxima are responsible for the S-CD and enhanced absorbance 
during its increased concentration in a host. The CDs will experience an 
increase in absorbance when they interact with small molecules, such as 
organic molecules or drug molecules [29], which primarily results in the 
formation of ICs. There are cases in which the spectral maximum does 
not shift. 

In this case, it involves generating ICs between OTV and CDs by 
removing water from the cavity of the CD and by accommodating the 

OTV molecule, which contributes to the spontaneity of the process [30]. 
Hydrogen bonds, van der Waals interactions, and surface tension 
changes are also important. In this study, there appears to be some ev-
idence that inclusion is usually concentration-dependent, with a guest 
molecule playing an important role [31]. An excess of CDs is used in this 
study (ca. 100:1, CD/OTV ratio) in order to maximize inclusion avail-
ability. A day after mixing OTV:CDs, we observe the final solution to be 
homogeneous and to contain ICs. The main way OTV interacts with the 
host’s inner cavity is through hydrophobic contact (OTV does not have a 
polar characteristic). Among other factors, OTV:CDs-ICs adapt better to 
the cavity of the host than other CDs of similar size or shape, explaining 
the ease of incorporation [32]. 

Through the changes observed in UV measurement during the for-
mation of ICs, it is possible to determine the binding constant (Kb), 
stoichiometric ratio, and Gibbs free energy changes (ΔG) [33]. Using the 
Benesi-Hildebrand equation [34], the double reciprocal plot (S. Fig. 2) 
has been drawn for 1:1 ICs [33,34]. Kb values are found to be 92.51 and 
98.49 M-1 using the slope of the double reciprocal plots [33,35]. 

1
ΔA

=
1

Δε. Kb.[OTV]
×

1
[CDs]

+
1

Δε.Kb 

In order to further understand the spontaneous nature of ICs, ther-
modynamic parameters can be used in order to describe the replacement 
of guest molecules within CDs and the subsequent exchange of water 
molecules during the formation of ICs. By measuring the Gibbs free 
energy change (ΔG) and the effect of temperature on the inclusion 
process, it can be determined if the inclusion process occurs spontane-
ously [29]. It is found that the ΔG for the ICs with M-CD and S-CD is 
− 6.235 and − 6.784 kJ.mol-1, respectively, which provided informa-
tion about the binding force between CDs and OTV [29] and that the 
nature of the reaction is exergonic and spontaneous. 

Using the phase solubility method and the concentration-dependent 
method, it is possible to compare the Kb values of the ICs and assess the 
interaction between CDs and OTV. The results clearly show that OTV is 
stable in its hydrogen bonding interaction with secondary OH groups of 
CDs despite a small number of differences. 

3.1.3. DRS analysis 
S. Fig. 3 shows the diffuse reflectance spectra of ICs with respect to 

M-CD and S-CD. The OTV:M-CD-ICs are slightly more absorbent and 
slightly less reflective than ICs with S-CD in the UV region, due to in-
teractions between the cavity CDs and OTV guests. The absorption and 
reflectance of both ICs are very similar, indicating a new binding be-
tween the guest and host. 

3.1.4. FT-IR spectral analysis 
FT-IR spectra provide great insight into the likely interactions be-

tween CD and guest molecules and therefore are a helpful tool for 
analyzing each guest molecule’s functional groups as well as other 
characteristic peaks. Choi, Byeon, Park (2019) [36] suggest that the 
formation of ICs can shift or vary as a result of interactions with other 
molecules, indicating effective complexation. S. Fig. 4 summarizes the 
FT-IR spectra of OTV, M-CD, S-CD, and ICs with these components. In 
the pure OTV, there are stretching groups at 3500 cm-1 due to the N-H 
group. There are absorption bands at 1720 and 3342 cm-1 corresponding 
to C––O and N-H (secondary amine). The stretching groups of C-N, C––C 
(cyclic alkanes), and C-H (aliphatic) are also evident at 1200, 1610, and 
2900 cm-1, respectively. In the FT-IR spectrum of M-CD, the stretching 
O-H is at 3398 cm-1; stretching C-H is at 2938 cm-1; and stretching C-O- 
is at 1193, 1082, and 1022 cm-1; (O-H stretching) is at 3398 cm-1. ICs 
belonging to the secondary OH alcoholic group exhibit a wider peak, 
indicating the presence of CDs [37]. As with OTV and M-CD, the ab-
sorption bands have mostly shifted in the ICs, possibly as a result of 
vibrational restrictions induced by the complexation process. Addi-
tionally, a broader peak appears at 3400 cm-1 for O-H stretching, a weak 
band appears at 2901 cm-1 for C-H stretching, and a band at 1172 cm-1 
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belongs to C-O- stretching. Due to the effect of OTV, the broader peak of 
ICs with S-CD is almost reduced, and the peak intensity of OTV and S-CD 
is reduced to a maximum. A combination of OTV and CDs doesn’t result 
in new chemical compounds, but the association of the two molecules by 
hydrogen bonding is evident in the large shift in peak position for both 
the ICs over the free materials OTV, M-CD, and S-CD, demonstrating 

how the cavity in the host affects the guest molecule, resulting in the 
formation of a complex [38]. The existence of ICs between OTVs and 
CDs is plausible. Based on IR, there may be different interpretations of 
the inclusion of OTV with CDs. The C––O group frequency changes for 
both ICs, indicating that the OTV may also exist within the cavity of CDs. 
OTV with CDs exhibits no variations in stretching frequencies in other 
parts of the guest molecule, which suggests that these parts might not be 
contained within CD cavities. 

3.1.5. Raman spectral analysis 
It is demonstrated by Raman spectroscopy that the IC formed by 

curcumin and derivative cyclodextrins is distinct and clear [39]. Earlier 
studies have used Raman spectroscopy to characterize the ICs [40]. ICs 
with M-CD and S-CD in the solid-state have not yet been characterized 
using Raman spectroscopy. As shown in Fig. 3, Raman spectroscopy is 
used to determine the OTV content in ICs, and the spectra of OTV, M-CD, 
and S-CD are displayed as well as their respective ICs. The experimental 
spectra of the OTV, M-CD, S-CD, and ICs have five main Raman bands. 
All have been assigned to the following categories: γ (CH3), γ (C––O), γ 
(N-H), γ (O-H), and γ (C-O-C). With respect to the stretching groups cited 
above, peaks are observed at 2950, 1700, 3200, 3450, and 1130 cm-1. 
Since OTV doesn’t have a broad peak at 3400 cm-1, it doesn’t contain 
any OH groups. CDs in ICs show a broader peak at 3425 cm-1, suggesting 
the presence of the OH group. There is also no C––O peak in either CD. 
As well as the OTVs, the CDs are also found in ICs, revealing that these 
products (ICs) have both the OTVs and the CDs. It is possible that the 
peak for the main groups of OTV has shifted during the formation of the 
ICs with CDs. Although the Raman spectra of the two ICs appear similar, 

Fig. 3. Experimental Raman spectra of OTV, M-CD, S-CD, and their respec-
tive ICs. 

Fig. 4. The visual representative SEM images of (A) OTV, (B) M-CD, (C) S-CD, and their respective ICs (D & E).  
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the OTV content in the two ICs is vastly different. Based on the Raman 
spectra, it appears that the CD efficiency of ICs can be rated as follows: 
OTV:M-CD-ICs < OTV:S-CD-ICs. 

3.1.6. XRD analysis 
XRD analysis is used to examine the formation of ICs in more detail. 

Therefore, it may be a convenient way to confirm ICs in that the 
amorphization of the guest molecules can be altered by the disappear-
ance or shift of their sharp peaks [41,42]. S. Fig. 5 illustrates the XRD 
patterns for OTVs, CDs, and ICs. OTV and M-CD show characteristic 
diffraction peaks at different diffraction angles (2θ). There is a clear 
crystal peak of OTV at 11.45, 13.87, 15.91, 19.54, 24.67, and 26.86. 
XRD patterns of M-CD reveal two broad peaks at 11.5 and 22.3. Like-
wise, the S-CD is also amorphous, as shown by the XRD pattern, which 
revealed a broad peak at 24.4. Those broad peaks reflect the amorphous 
nature of those materials. As a result, M-CD, as well as S-CD in powder 
form, do not show any other characteristic diffraction peaks. The 
diffraction peaks observed in CDs are only around 10◦ and 20◦, which 
indicates an amorphous state [43]. Thus, after making ICs, the relative 
content of OTV reduces the intensity of the characteristic diffraction 
peaks. Based on the pattern of the ICs, amorphous materials lose their 
crystallinity when they undergo complexation, indicating that the OTV 
has been encapsulated in the cavity of the CDs [44,45]. This revealed the 
OTV molecule is completely amorphized after stable hydrophobic in-
teractions with both the CDs [46,47]. 

3.1.7. AFM analysis 
AFM scans the samples with a nanoscale probe to produce detailed 

topographic images. Therefore, AFM can be used to observe nanometer- 
scale surface roughness and texture even when the surface features are 
smaller than 3 µm in size [48,49]. There is a slight aggregation after 2D 
and 3D images based on OTV, M-CD, and S-CD (S. Fig. 6). Both ICs had 
the same surface morphologies compared with guests, OTV, because the 
particles are randomly placed in the field of vision. On the other hand, 
the OTV is characterized by large aggregates with square crystal shapes. 
There is strong evidence for changes in surface topography and crystal 
structure of the ICs over time [50,51]. In contrast to the free molecules of 
guests and hosts, the ICs have a lower surface roughness. Incorporating 
OTV into the cavity of CDs provides an additional level of confirmation. 

3.1.8. FE-SEM morphological analysis 
The surface morphology of samples such as OTVs, M-CDs, S-CDs, and 

ICs is usually visualized by FE-SEM [41,42]. Fig. 4 depicts SEM images of 
the OTV and the respective ICs formed with CDs. As a result of its 
crystallinity, the OTV sample displays clear, needle-like crystalline 
structures with smooth surface. As compared to OTV, M-CD and S-CD 
showed small and large rock-like structures throughout the sample. ICs 
and OTVs of the formed complex have different morphologies. All 
magnifications revealed a different structure for the lyophilized product 
of ICs. The free materials of OTV and CDs do not resemble each other 
when it comes to morphological visualization. Therefore, the OTV and 
raw CD materials are completely merged in the ICs to produce a new 
morphological surface. Furthermore, EDX output clearly shows the 
presence of C, O, P, S, and Na in the ICs at the appropriate percentage (S. 
Fig. 7). There is nothing in either of the CDs that contain P, S, or Na. The 
information is only shown in the ICs, suggesting an interaction between 
the OTV and CDs. Inclusion interactions are evidenced by the atomic 
percentages of C, O, P, and S, as well as Na in ICs. ICs are characterized 
by morphological differences and elemental presence, which provide the 
strongest evidence that they formed. 

3.1.9. TGDTA curve analysis 
A thermogravimetric analysis (TGA) combined with gradual and 

continuous temperature increases is among the simplest and most 
common methods of studying the thermal behavior of ICs. The thermal 
behavior of ICs is studied using TGA/DTA as a function of temperature. 

Various methods are used to calculate Ea values [52,53]. 
A change in weight caused by decomposition, oxidation, or any other 

physical or chemical process can be measured simultaneously. In addi-
tion, TGA and DTA are used to analyze the ICs. The TG and derivative 
curves of OTV, along with the ICs are shown in S. Fig. 8. A two-stage 
weight loss process has the greatest effect on OTV and ICs. Up to 
195.0 ◦C, the OTV molecule performs well and its weight does not 
significantly change. Weight loss begins at 193.0 ◦C and continues until 
294.4 ◦C. Approximately half of the weight loss occurs between 193.0 
and 294.4 ◦C. TGA curves for CDs can be viewed as both a result of 
evaporation and phase transitions [54,55]. There are two stages to 
weight loss for ICs. There is a slight decrease in weight loss owing to 
dehydration of the ICs up to a temperature of 100 ◦C. As for the second 
one, not as small loss refers to the weight loss that occurs after 244.0 ◦C 
and 235.0 ◦C for ICs with M-CD and S-CD, respectively, and the weight 
loss continues up to 266.6 and 254.6 ◦C with no further weight loss. This 
duration of time has led to approximately 55% of weight loss, which 
may be due to the temperature associated with both OTV and CD 
decomposition. It has been shown that the thermal behavior of OTV can 
be significantly changed by making ICs with hosts like M-CD and S-CD 
[56]. As a result of OTV inclusion in CD cavities, there is a change in 
decomposition temperature, indicating that the thermal stability of the 
OTV:M-CD-ICs has been improved. An important change in the inclusion 
process could be evident as well. 

The DTA analysis defines whether decomposition takes place endo-
thermically or exothermically. In addition, the DTA analysis revealed 
the presence of OTV within the cavity of CDs (S. Fig. 8). As expected 
from their chemical structure and physical characteristics, natural and 
modified CDs (methylated and sulfated) have similar thermal behavior 
[56,57]. Mass loss and water content are clearly different quantities 
[56]. OTV produced a sharp peak at 194 ◦C and a more rounded peak at 
268 ◦C during this period, indicating the hydrogen bonding process re-
leases heat. In both cases, there is only a single significant peak at the 
temperatures of 248.4 ◦C and 264.2 ◦C for the ICs with M-CD and S-CD, 
respectively, and there are no broader peaks at those temperatures. 

3.1.10. NMR analysis 
A new mode of assigning proton signals to OTV, M-CD, S-CD, and ICs 

is developed in DMSO at room temperature based on the 1H NMR 
spectrum. The assignment of CDs is based on the literature [58–60]. The 
1H NMR spectra of both CDs and the OTV molecule reveal chemical shift 
changes after OTV is incorporated into the CDs cavity. 

3.1.10.1. 1H NMR analysis of OTV:M-CD-ICs. In the 1H NMR spectrum 
of OTV, as expected two triplets and multiplets are observed in the more 
shielded region at 0.78, 0.83, and 1.41 ppm. The signals are conve-
niently assigned to ethyl groups attached to ether linkage at C-3. A 
triplet and a multiplet observed at 1.22 and 4.15 ppm with an equal 
splitting space are assigned to the carbethoxy ethyl group at C-1. A sharp 
singlet observed at 6.64 ppm is assigned conveniently to the methine 
proton at C-2. Protons with an electronegative environment (attached 
with nitrogen and oxygen) are observed in the range of 3.13–4.15 ppm 
(S. Fig. 9). The multiplets observed at 2.20 and 2.72 ppm are due to ring 
protons. The individual assignment is done by analyzing the ROESY 
spectrum of the ICs. The 1H NMR spectrum of M-CD shows multiplets at 
5.54–5.88 ppm and 4.44–5.03 due to axial protons of the M-CD ring, 
other methine protons of methylated cyclodextrin ring, and methylene 
protons are observed in the range of 3.22–3.74 ppm (S. Fig. 9). Methoxy 
protons appear as singlets at 3.61 ppm. 

In the 1H NMR spectrum of ICs, most of the proton signals are shifted 
to the shielding region by 0.01–0.32 ppm. In this, the amide NH proton 
signals at C-4 in the complex are shifted by 0.36 ppm and it is observed 
at 7.88 ppm (S. Fig. 9). The methyl protons of the amide group are also 
shifted to unfield by 0.02 ppm and it is observed at 1.86 ppm. The 
proton signals of H-6a and H-5a observed at 2.20 ppm and 2.72 ppm in 
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the OTV are deshielded by 0.1 ppm and these protons are observed at 
2.10 and 2.82 ppm in the complex. All the other protons are shifted by 
0.01–0.02 ppm and these are negligible. Interpreting the proton signals 
of the complex, in the proton NMR spectrum both M-CD and OTV signals 
are present. When comparing the signals of M-CD with complex, 
multiplet at 5.54–5.88 ppm is shifted to shielding region by 1 ppm and 
the signal is getting broadened and due t appeared like a hump. Here the 
above signal is due to the axial proton of the M-CD. In the proton NMR 
spectrum of the ICs, most of the protons have appeared in the region of 
3.17–4.17 ppm. the individual assignments OTV, M-CD, and its ICs are 
done with the help of the ROESY spectrum. 

3.1.10.2. Analysis of OTV:M-CD-ICs by ROESY. In the ROESY spectrum, 
the correlation is observed between signals at 6.64 with signals at 0.80, 
0.84, 1.41, 3.36 and 4.15 ppm. Among the above correlation proton 

signals 0.80, 0.84 and 1.41 are already assigned to the ethyl group of the 
ether linkage at C-3 (Fig. 5A). Hence the remaining two signals at 3.36 
and 4.15 ppm are due to the methine proton of the ether and H-3a 
proton. A doublet at 2.10 ppm is assigned to the axial proton of the 
methylene group at C-6. It has a strong correlation with 2.72, 4.15, and 
3.66 ppm. Hence 2.72 may be due to H-5a and 3.66 ppm is due to 
another methylene proton at C-6. The proton signal at 4.15 is due to the 
methylene proton of the ethoxy carbonyl group at C-1. And the 
remaining signal at 3.13 is conveniently assigned to H-4a. With the help 
of all the above correlations, individual assignments of the proton sig-
nals are done without ambiguity for OTV, M-CD, and its ICs. The proton 
chemical shift of OTV is presented in S. Table 1. 

In addition to the correlations obtained already few more important 
correlations are in the ROESY spectrum helped us to confirm the for-
mation of the ICs. A correlation is obtained between the methoxy group 

Fig. 5. ROESY Spectra of (A) OTV;M-CD-ICs and (B) OTV:S-CD-ICs.  

Fig. 6. XPS survey spectra for ICs with M-CD and S-CD (A) & (I). XPS high-resolution spectra of (B) & (F) C 1 s, (C) & (G) N 1 s, (D) & (H) O 1 s, (E) & (L) P 2p, (J) S 
2p, and (K) Na. 
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of M-CD at 3.57 ppm with 0.80, 0.84,1.86, 2.82, 4.15, 4.84–5.02, 6.64 
and amide proton of OTV at 7.88 ppm. Among the correlations, the 
proton signals at 0.80, 0.84, 1.86, 2.82, 4.15, 6.64 and 7.88 ppm are due 
to protons of OTV. The remaining signal is due to the M-CD protons. It is 
further confirmed by proton signal due to H-3a of OTV at 4.15 ppm 
showing correlations with 0.80, 0.84, 1.22, 1.41, 2.82, 4.91, 6.64and 
7.88 ppm. From the above signals 0.80, 0.84, 1.22, 1.41, 2,82, 6,64 and, 
7.88 are already assigned to the ethyl group of the ether linkage at C-3 
and the ester group at C-1, H2a and amide proton at C-5 of OTV. H-3a 
has a correlation with 4.94 ppm of M-CD. The signal at 4.94 ppm is due 
to the axial proton of methylated cyclodextrin. An important correlation 
is obtained between amide protons at 7.88 ppm with methyl protons at 
1.86, H-3a (4.15) and M-CD protons at 3.50 ppm. Hence the correlation 
obtained from the ROESY spectrum confirms there is an interaction 
between M-CD with OTV. The above discussion reveals that the struc-
ture of the compound may be proposed as follows (S. Fig. 10). 

3.1.10.3. 1H NMR analysis of OTV:S-CD-ICs. In the 1H NMR spectrum of 
S-CD shows multiplets at 5.09–5.4.79 ppm and 4.54 are due to axial 
protons of S-CD ring, other methine protons of S-CD ring and methylene 
protons are observed in the range of 3.22–3.74 ppm and 4.16 ppm (S. 
Fig. 9). The 1H NMR spectrum of the above ICs shows proton chemical 
shifts due to OTV observed at 8.02, 6.65, 4.16, 3.59, 3.36, 3.13, 2.20, 
2.72, 1.42, 1.23, 0.77 and 0.83 ppm. All other signals are due to another 
partner. In the 1H NMR spectrum of S-CD the chemical shifts observed at 
5.09–5.4.79 ppm and 4.54, 4.16 ppm are assigned to the axial proton of 
the S-CD ring. In the above signal, most of the signals are shifted towards 
the shielding region by 1 ppm. The individual assignments are done by 
analyzing the ROESY spectrum. 

3.1.10.4. Analysis of OTV:S-CD-ICs by ROESY. In the ROESY spectrum, 
the correlation is obtained between the methyl proton at 0.78 ppm and 
the signals at 1.22, 1.86, 3.36, 3.66, 4.15 and 6.64 ppm (these signals 
are due to OTV). And these signals are already assigned to methylene, 

Table 1 
Energies for the ICs with M-CD and S-CD.  

Parameters OTV M-CD S-CD OTV:M-CD-ICs OTV:S-CD-ICs 

Orientation A Orientation B Orientation A Orientation B 

E (eV)  -5219.95  -21488.73  -23614.16  -26709.98  -26709.98  -28836.81  -28833.18 
E HOMO (eV)  -9.931  -9.236  -10.130  -9.732  -9.597  -10.100  -9.188 
E LUMO (eV)  -0.957  -0.415  -0.095  -0.874  -0.912  -0.532  -0.750 
Δ (E HOMO-E LUMO) k.cal.mol-1  -8.974  -8.821  -10.035  -8.858  -8.685  -9.568  -8.438  

Fig. 7. Possible orientations of (A) OTV:M-CD-ICs and, (B) OTV:S-CD-ICs.  
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and methine of the ether linkage at C-3, H-3a, H-4a, H-2a and H6e of the 
OTV component (Fig. 5B). In the ICs, the proton at 4.16 ppm of SCD 
moiety is shifted to 3.99pmm in the complex, which has a correlation 
with 3.66, 4.54 and 5.10 ppm. Among the above three correlations, the 
signals at 4.54 and 5.10 ppm are due to the methylene and axial protons 
of the S-CD moiety. The remaining signal is due to the H-6e proton of the 
OTV moiety. Since this correlation is very much useful for the confir-
mation of inclusion complex formation. Further, the formation of the ICs 
is confirmed by another correlation, i.e proton chemical shift at 
3.71 ppm which is due to the methine proton of the SCD moiety having 
correlations with 0.80, 1.41, 1.86, 2.20,2.72, 3.13, 4.15,4.54, 4.72, 6.64 
and 8.01 ppm. Among the above relations the proton chemical shifts at 
0.80, and 1.41 are already assigned to the methyl and methine of the 
ether part. Methine proton of SCD also has a correlation with 2.20,2.72, 
3.13, 4.15, and 6.64 due to H-2a, H-3a, H-4a, and H-5a protons of OTV 
moiety. Also, it shows strong binding with amide NH proton and its 
methyl substituent. All other signals 4.54 and 4.72 ppm are due to 
methine protons of the S-CD moiety. This correlation confirms the for-
mation of the ICs and it reveals that the structure of the ICs has been 
presented in S. Fig. 10. 

3.1.11. XPS analysis 
XPS surface analysis is most commonly used for chemical analysis 

since it is applicable to a wide variety of materials and provides valuable 
information about the materials and their chemical state, as well as their 
chemical composition. We have used XPS as well as elemental compo-
sitions of C, O, N, P, S, and Na to determine whether OTV and CDs have 
interacted on the surface of ICs. There is great importance in this 
physical evidence for an IC’s chemical composition. As shown in Fig. 6, 
ICs are exposed to a wide energy survey spectrum. The XPS measure-
ment can be used to find C, O, N, P, S, and Na in ICs. Both C and O 
contribute to CDs and OTVs. N and P are also present in OTV. C, O, N, 
and P are found on the surfaces of ICs when they are formed. 

M-CD and S-CD samples do not contain N or P, except for carbon and 
oxygen (please refer to individual element analysis for details). Conse-
quently, oxygen and phosphorus can provide evidence of OTV surface 
content on ICs. Interestingly, the data indicate that individual elements 
exist in ICs. Furthermore, S-CD ICs consist of S and Na, as the sulfated 
sodium salt of CD exists. When the binding energies of particular ele-
ments are compared to the spectral outputs, it is revealed that the host 
cavity is about the same surface area to encapsulate an OTV. For the first 
element C, it consists of C-C, C-O-C, and O-C––O, for the second element 
O it is C-O, for the third element N it consists of C-NH2, N-H, and for the 
fourth element P, it consists of P-OH. It appears that the binding energies 
of C, O, N, and P for both ICs and their respective binding energies are 
similar. The synthesized ICs are also confirmed as being of the highest 
purity because they appear to peak as per the established reference in 
the literature and provided in S. Table 2. As shown by the tabulated 
energy values and the survey spectrum, a stable and true complex has 
been formed. As a piece of secondary evidence, atomic percentages are 
also used to support ICs. 

3.2. Orientations of ICs by DFT calculations 

Table 1 shows the combined complexation energy (E) for both the A 
and B orientations of the ICs. As shown in Fig. 7, both ICs can be oriented 
in various ways. According to Table 1, the complexation energies in a 
vacuum for both the ICs, orientation A is stable. In terms of the PM3 
calculations, the differences between the models are about the same as 
those between the ICs. On the other hand, the energy suggests that the 
other orientations are the least likely. ICs with decreasing complexation 
energies are generally regarded as having the most advantageous 
orientation. Therefore, ICs with an A orientation for both ICs are 
considered to be more stable than those with the other orientations. 

The two most important parameters in quantum chemistry are 
HOMO and LUMO. As with drugs, compounds with large HOMO-LUMO 

values tend to be more stable since they are associated with a large gap Δ 
(E HOMO - E LUMO). In both ICs, the A orientation is projected to have a 
higher energy gap than the B orientation. These results suggest that the 
A orientation is more reliable and advantageous for ICs with CDs 
compared to the B orientation. 

One of the most significant properties of CDs is that their ability to 
complex is a ward with dipole second. Due to the altered extremity of 
CDs, the dipole second is responsible for balancing out the framed ICs. In 
Fig. 7, the variety of dipole moments for the respective ICs is shown for 
M-CD (5.98 and 5.74 Debye) and S-CD (5.39 and 5.99 Debye). Thus, the 
polarity of ICs determines their dipole moment. Self-assembly and ICs 
are largely driven by hydrogen bonds via hydrophilic and hydrophobic 
interactions, as shown in a simulation study [61,62]. Due to our 
consideration of energy as the primary concern, we identified the most 
stable complex in the ICs with A orientation. 

3.3. Drug release analysis 

Semipermeable membranes are used in the gastrointestinal barrier, 
which prevents ICs from passing and semipermeable membranes allow 
only OTVs or CDs to pass. In the presence of CDs, OTV absorption will be 
slower due to rapid IC formation. In general, water-soluble drugs are 
chosen to demonstrate that even after complete dissolution, ICs can form 
with CDs. These complexes are water-soluble, but they may slow down 
the absorption of drugs such as OTV, since the rate at which the drugs 
dissociate from the CDs could be the speed limiting factor. As the drug is 
released through gastric transit within eight hours after dissociation, this 
becomes extremely relevant. The example presented here highlights the 
importance of a thorough examination of the potential OTV:CDs-ICs, 
which can be used as a screening step during formulation 

Fig. 8. Cell viability with (A) OTV, (B) OTV:M-CD-ICs and (C) OTV:S-CD-ICs on 
MRC-5 cell by the Alamar blue assay. 
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Fig. 9. Brightfield images of OTV and ICs treated on MRC-5 cells.  

Fig. 10. Brightfield images of OTV and ICs with HCoV-229E infectivity in MRC-5 cells.  
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development or before formulation development. 
According to the analysis of drug release experiments conducted in 

three different pH phosphate buffers, the formulation releases signifi-
cant amounts of drugs in both ICs. The maximum drug release of OTV in 
ICs is found to occur at 7 h for three different pH levels. The OTV:S-CD- 
ICs showed essentially 98% release in 7 h on pH 6.8 and pH 5.2, but the 
OTV:H-CD-ICs exhibited only 78% release. When the pH level is lower 
than pH 7.3, the drug-releasing behavior has reached a maximum. When 
the condition is not acidic, the OTV trend is almost the same as with M- 
CD. Release profiles typically take longer to complete depending on the 
direction and mode of binding [63–65]. S-CD ICs will exhibit greater 
cytotoxicity and viral inactivation because of their releasing profile. The 
in-vitro drug release profiles are shown in S. Fig. 11 together with the 
standard deviations for both ICs. 

3.3.1. Cell viability 
We used the Alamar blue cytotoxicity assay to determine the degree 

of damage caused by ICs like OTV:M-CD-ICs and OTV:S-CD-ICs on the 
MRC-5 cell line (Fig. 8). According to OTV results, cytotoxicity increased 
as the concentration increased (0.005–5.0 mg/ml), 80.2% of cells sur-
vived after 1 day and 25.7% survived after 7 days at 5 mg/ml, and other 
concentrations showed much less toxicity. In the assay performed for 
ICs, 5 mg/ml caused a toxic effect on the MRC-5 cells, but other con-
centrations caused little damage (less than 20%), and Fig. 9 shows a 10X 
view of ICs in 0.5 mg/ml. CDs are the perfect carrier host molecules in 
terms of improving solubility, low toxicity and versatility to accommo-
date diverse chemical modifications [66]. 

3.3.2. Cytopathic effect (TCID50) 
A comparative analysis of the antiviral activity (alpha human coro-

navirus 229E) of the three samples (OTV, ICs with M-CD, and S-CD) 
revealed that OTV:S-CD-ICs had the highest antiviral activity, they 
reduced 3.10 Log TCID50/100 µl and others are less reduce by 2.15 for 
OTV:M-CD-ICs and 0.81 by OTV. On the day of 4th day started the 
cytopathic effect on the surface of cells, all the derivatives 100 to 10-2 

dilutions had 100 % CPE within 5 days ICs with SCD have less CPE 
(Fig. 10). Modified CDs are used to increase their antiviral activities after 
making the drug OTV as ICs.  It may be due to the much better binding 
interaction with S-CD over the M-CD. 

4. Conclusions 

A successful sonication method has been developed for the formation 
of ICs, and they have been characterized adequately with analytical 
techniques. Analyses of elemental composition have been carried out by 
means of EDAX and XPS, which confirm the presence of OTV and CD in 
the ICs. 1H NMR and ROESY results confirm the formation of ICs and the 
cyclic part of the OTV molecule has involved the interaction and other 
parts lie outside of the cavity of CDs. It is interesting to note that ICs with 
CDs are formed within the cyclic cavity of CDs and part of the OTV is 
included in the cavity. There is no conflict with the interpretation of IR 
and NMR results for both orientations that confirm ICs. ICs made after 
using both CDs have considerably changed their roughness and 
morphology. The slow release of OTV from the ICs found through drug 
release analysis and helps to contribute towards the virus inactivation. 
The formation of syncytium in both the ICs is decreased with the addi-
tion of MRC-5 cells, indicating that better inactivation is achieved and it 
is the first report of the virus inactivation with the help of water-soluble 
ICs. OTV:S-CD-ICs displayed lower CPE than OTV:M-CD-ICs and it 
would result in improved performance for the ICs. Hence, this research 
has succeeded in its intended purpose. 
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