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During the current outbreak of the novel coronavirus disease 2019 (COVID-19), researchers have exam-
ined several antiviral drugs with the potential to inhibit the proliferation of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). The antiviral drug acyclovir (AVR), which is used to treat COVID-
19, in complex with methyl-b-cyclodextrin (Mb-CD) was examined in the solution and solid phases. UV–
visible and fluorescence spectroscopic analyses confirmed that the guest (AVR) was included inside the
host (Mb-CD) cavity. A solid inclusion complex of AVR was prepared by co-precipitation, physical mixing,
kneading, and bath sonication methods at a 1:1 ratio of Mb-CD:AVR. The prepared Mb-CD:AVR inclusion
complex was characterized using Fourier transform infrared spectroscopy (FTIR), X-ray powder diffrac-
tion (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and scanning elec-
tron microscopy (SEM) analysis. Phase solubility studies indicated the Mb-CD:AVR inclusion complex
exhibited a higher stability constant and linear enhancement in AVR solubility with increasing Mb-CD
concentrations. In silico analysis of the Mb-CD/AVR inclusion complex confirmed that AVR drugs show
potential as inhibitors of SARS-CoV-2 3C-like protease (3CLpro) receptors. Results obtained using the
PatchDock and FireDock servers indicated that the most favorable docking ligand was Mb-CD:AVR, which
interacted with SARS-CoV-2 (3CLPro) protease inhibitors with high geometric shape complementarity
scores (2522 and 5872) and atomic contact energy (-313.77 and �214.70 kcal mol�1). Our results suggest
that the Mb-CD/AVR inclusion complex inhibits the main protease of SARS-CoV-2, although further wet-
lab experiments are needed to verify these findings.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the cause of the coronavirus disease 2019 (COVID-19) outbreak,
which was first detected in December 2019 [1]. This disease has
resulted in serious challenges to international health security and
created global health and socioeconomic problems. Fever, myalgia,
cough, dyspnea, and weariness are symptoms of this illness. Since
COVID-19-specific medicines and vaccines are less available, the
mortality of the disease is high. Various medications available have
been used to treat COVID-19, and studies aimed at the develop-
ment of treatments, particularly vaccines, are underway. In addi-
tion to vaccination, antiviral medications may be useful for
treating COVID-19 [2]. Viruses contain two types of non-
structural proteins: papain-like (PLpro) and 3-chymotrypsin-like
(3CLpro) proteases. Viruses also contain RNA polymerase and heli-
case [3]. Both of these proteases (PLpro and 3CLpro) are involved
in virus transcription and replication, with 3CLpro thought to play
the most important role in viral replication. The crystal structure
of COVID-19 3CLpro (PDB ID:7DJR) is publicly available in the Pro-
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tein Data Bank (PDB). Chymotrypsin-like proteases play a critical
role in the life cycle of viruses and are stable during COVID-19.
SARS-CoV-2 3C-like protease (3CLpro) receptors were recently
demonstrated to be viable therapeutic targets [4]. Drug repurpos-
ing, also known as reframing, can be used to control the spread
of dangerous microorganisms that seriously threaten human
health. Although FDA-approved antiviral drugs are known to be
safe for use in humans, their effectiveness against SARS-CoV-2
must be evaluated [5]. The effectiveness of these drugs in prevent-
ing or reducing the severity of COVID-19 symptoms remains
unclear. Therefore, studies are urgently needed to identify drug
candidates targeting different SARS-CoV-2 proteins to improve
therapies for COVID-19.

Antiviral drugs are commonly used to treat viral infections [6].
As most antivirals target the viral replication mechanism within
organisms, these drugs must be both safe and efficacious to pre-
vent harm to the host and eradicate the infection. Acyclovir
(AVR) is a well-known antiviral medication used to treat herpes
simplex virus infections [7]. Neither parenteral nor oral adminis-
tration of currently available AVR formulations can result in suffi-
cient AVR concentrations in target areas. The ineffectiveness of oral
AVR therapy is related to its low permeability and limited water
solubility [8,9]. Thus, various methods have been developed to
enable oral administration of AVR to ensure delivery, which can
result in systemic side effects such as acute renal failure and neu-
rotoxicity. The physicochemical properties of antivirals, such as
their solubility, stability, and permeability, influence the adminis-
tration route. Excipients can be used to improve the dispersion and
absorption of drugs and minimize the antiviral dose required for
effective therapy. Increasing dissolution, which enhances bioavail-
ability, can improve the therapeutic efficacy of water-insoluble
drugs [10].

A potential approach for improving apparent solubility and dis-
solution rates, and thus the bioavailability of poorly soluble drugs,
involves the formation of inclusion complexes [11]. Drug complex-
ation with cyclodextrins (CDs) can modify the physicochemical
properties of a drug to increase its dissolution and bioavailability
[12]. CDs contain cavities that can encapsulate hydrophobic groups
to generate inclusion complexes without affecting the guest mole-
cule structure or chemical characteristics. CDs are biocompatible,
do not elicit an immunological response, and exhibit low toxicity.
Commercially viable formulations for oral, parenteral, nasal, pul-
monary, and cutaneous drug delivery have been prepared as inclu-
sion complexes containing bioactive chemicals [13]. Our research
groups have been involved in the last decade focusing mainly on
the study of nanomaterials, drug complexation characteristics,
and their usefulness in sensing, pharmaceutical, and other applica-
tions [14–31]. In addition, to treat COVID-19, CDs have been uti-
lized to encapsulate putative antiviral interactions at various
stages of the viral lifecycle [32–36]. b-CD can be modified by add-
ing different groups to form a range of derivatives with increased
water solubility and lower toxicity compared to the parent CD.
Owing to its high water solubility and entrapment rate, methyl
b-CD (Mb-CD) has received considerable attention among these
derivatives [37]. Methylation of the CD ring makes the inner sur-
face of the torus less steric and more hydrophobic, which can
improve entrapment efficiency [38]. Complexation of AVR with
b-CD was previously demonstrated and suggested as a feasible
option for improving dissolution characteristics [39–41]. However,
the effects of Mb-CD on the water solubility and inclusion of AVR
have not been investigated.

This study was conducted to systematically investigate the for-
mation of an inclusion complex of AVR and Mb-CD to enhance its
solubility and dissolution. The inclusion complex of Mb-CD:AVR
in a 1:1 stoichiometric ratio was characterized, and the interaction
2

of the Mb-CD:AVR complex with SARS-CoV-2 (3CLPro) protease
inhibitors was investigated in molecular docking simulations.
2. Materials and methods

2.1. Materials

All chemical reagents used in the experiments were of analyti-
cal grade. Mb-CD (average molecular weight = 1310, � 98% purity)
and AVR (average molecular weight = 225) were from Sigma-
Aldrich (St. Louis, MO, USA). Deionized water with
resistivity > 10MX /cm and pH of Phosphate-buffered saline 7.4
(sterile-filtered, suitable for cell culture) was used. Deionized
water was purified using a Milli-Q water purification system (Mil-
lipore, Billerica, MA, USA).
2.2. Preparation of Mb-CD:AVR inclusion complex

Mb-CD:AVR inclusion complexes were prepared using co-
precipitation, physical mixing, kneading, and bath sonication
methods. Co-precipitation (CP) was performed using equimolar
solutions of AVR in ethanol as the organic phase and Mb-CD in dis-
tilled water for the binary system. Briefly, 1 g of Mb-CD was dis-
solved in 30 mL of water, and 0.1681 g of AVR was dissolved in
20 mL of ethanol solution. The AVR organic phase was added to
the aqueous phase of Mb-CD with continuous stirring on a mag-
netic stirrer (30 �C, 24 h, 300 rpm). In addition, equimolar quanti-
ties of Mb-CD and AVR were ground in a mortar for 15 min to
obtain a physical mixture (PM), followed by the addition of
water:ethanol (1:1 v/v) and trituration to obtain a homogenous
paste for 15 min, with drying at 45 �C in an oven to obtain the
kneading method (KM). Finally, an Mb-CD and AVR mixture in
equimolar ratios was subjected to bath sonication (BS) for 24 h.
The resulting CP and BS solutions were filtered through a 0.45-
lm membrane filter; the filtrate was stored at �80 �C for 48 h
and used to prepare the Mb-CD:AVR inclusion complex.
2.3. Characterizations

Ultraviolet–visible (UV–Vis) and fluorescence spectral measure-
ments were performed using a UV 3220 spectrometer (Optizen,
Redmond, WA, USA) and F-2700 spectrofluorometer (Hitachi,
Tokyo, Japan). Fourier-transform infrared spectroscopy (FTIR) was
performed using an FTIR spectrophotometer (Perkin Elmer, Wal-
tham, MA, USA) at a scanning range of 4000–400 cm�1. The powder
X-ray diffractometry (XRD) patterns for AVR, Mb-CD, and Mb-CD:
AVR inclusion complexes were obtained using an X-ray diffrac-
tometer (PANalytical X’Pert Philips, MRD model; Malvern Panalyt-
ical, Malvern, UK) at a voltage and current of 40 kV and 30 mA,
respectively (wavelength: 1.5405 Å scanning speed; 5� min�1,
range; 10–80�). Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) analysis of b-CD and the Mb-CD:AVR
inclusion complex (temperature range: 25–400 �C and heating
rate: 10 �C min�1 under nitrogen) was performed using a TGA-
Q5000 thermal analyzer (TA Instruments, New Castle, DE, USA)
and DSC Q200 (TA Instruments). The surface morphologies of
AVR, Mb-CD, and Mb-CD:AVR inclusion complexes were examined
by scanning electron microscopy (SEM) with a FESEM Leo Supra
50VP (Carl Zeiss SMT, Oberkochen, Germany) microscope at an
accelerating voltage of 200 kV. All the samples were immobilized
on double-sided carbon tape without further coating as the extent
of sample preparation.
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2.4. Phase solubility studies

The apparent stability constant and complexation efficacy of
Mb-CD:AVR inclusion complex formation was determined as
described by Higuchi and Connors [42]. The effect of Mb-CD on
the solubility of AVR was investigated by adding excess AVR to
aqueous solutions containing increasing amounts of Mb-CD (2–
12 mM). To remove undissolved particulates, the solutions were
sonicated in an ultrasonic bath for 1 h, incubated at 25 �C, and fil-
tered through a 0.45 lm filter. After reaching equilibrium, the
amount of AVR in the samples was measured using UV–Vis spec-
trophotometry. The Mb-CD concentration versus AVR concentra-
tion was plotted to yield a phase solubility diagram. Three
parallel samples were evaluated for each sample. The slopes of
the phase solubility diagrams and intrinsic solubility were used
to compute the stability constant values for the Mb-CD:AVR inclu-
sion complex (equation (1)). Complexation efficiency was evalu-
ated to determine the optimum conditions for Mb-CD:AVR
inclusion, as it reflects the ability of Mb-CD to AVR and is indepen-
dent of intrinsic AVR drug solubility (equation (2)).

Stability constant ðKsÞ ¼
slope

S0 1� slopeð Þ ð1Þ

Complexation efficacy CEð Þ ¼
Mb�CD
AVR

� �

Mb� CD½ � ¼
slope

1� slope
ð2Þ
2.5. Determination of encapsulation efficiency and drug content

The total amount of free or unincorporated AVR entrapped in
the Mb-CD:AVR inclusion complex was determined by UV–Vis
spectrophotometry at 256 nm. Briefly, 0.16 g of prepared Mb-CD:
AVR inclusion complexes were dissolved in 25 mL of phosphate-
buffered saline at pH 7.4 and sonicated for 30 min; the encapsu-
lated amount of AVR was calculated at 256 nm. Before analysis,
the formulations were agitated at 4000 rpm for 30 min to separate
the active component from any undissolved Mb-CD in the Mb-CD:
AVR solution. Equation (3) was used to determine the AVR drug
content (DC) and encapsulation efficiency (EE):

Encapsulationefficiency EEð Þ ¼ AVRencapsulated

AVRtotal
� 100 %ð Þ ð3Þ

Drugcontent DCð Þ ¼ AVRencapsulated

Mb� CD : AVR inclusion complextotal

� 100 %ð Þ ð4Þ
where AVRexperimental and AVRtheroretical are the experimental (ab-
sorption measurements) and theoretical (solid complex product)
amounts of AVR in the Mb-CD:AVR inclusion complexes.

2.6. Molecular modeling

The PatchDock and FireDock servers (https://bioinfo3d.cs.tau.
ac.il/PatchDock/) (https://bioinfo3d.cs.tau.ac.it/FireDock/) were
used for molecular docking of the binary (Mb-CD:AVR) and ternary
(Mb-CD:AVR /SARS-CoV-2 (3CLPro; PDB ID:7DJR) complexes. The
chemical structures of AVR and Mb-CD were retrieved from the
Cambridge database, manually drawn with ChemDraw Profes-
sional 16.0 and Gaussian 9.0, and then optimized with Chem3D
16.0. (CambridgeSoft, PerkinElmer). PDB format was used to save
the optimized structures. The SARS-CoV-2 (3CLPro) X-ray crystallo-
graphic structure (PDB ID:7DJR) was obtained from the PBD. Using
the refined 3D structure of Mb-CD (Mb-CD:AVR) as the receptor
and optimized 3D structure of AVR and 7DJR as the ligands, molec-
ular docking was performed using the PatchDock and FireDock ser-
3

vers. Many docked files at different locations were generated in
PatchDock. FireDock was used to further examine the docked files
by displaying the binding energy for each file. For the UCSF chi-
mera, docked files with the lowest global energy were chosen for
further analysis. Molecular docking was performed to determine
the most advantageous confirmation of the molecular representa-
tions of AVR. Mb-CD, Mb-CD:AVR, and Mb-CD:AVR/SARS-CoV-2
(3CLPro) were produced using UCSF-Chimera 1.8.1 (https://www.
cgl.ucsf.edu/chimera) to validate the experimental findings.
Finally, using the default scoring mechanism of the PatchDock
and FireDock servers, the configuration with the highest docking
score and lowest binding affinity (kcal/mol) was identified. Each
computation yielded the most advantageous Mb-CD:AVR and
Mb-CD:AVR/SARS-CoV-2 (3CLPro) combinations, which were fur-
ther examined.

2.7. Statistical analysis

The statistical analysis was performed using OriginLab (Origi-
nPro 8.5) Software. All the data were expressed as the
mean ± standard deviation (SD). The comparison values were per-
formed with a one-way of variance (ANOVA) test and results were
considered statistically significant if the p-value < 0.05.

3. Results and discussion

3.1. Optical properties

The UV–Vis and fluorescence spectral properties of AVR in the
presence of Mb-CD were determined. Fig. 1(a) shows the absorp-
tion spectra of AVR (2.25 � 10�5 M) in the presence of Mb-CD at
concentrations of 0–12 mM (pH 7.4) in an aqueous solution. The
absorption spectra of AVR showed significant absorption maxima
and shoulder peaks at 222, 256, and 280 nm (p–p* transition)
[43]. As the quantity of Mb-CD increased, the absorbance of AVR
increased, but the absorption region was slightly red-shifted in
the Mb-CD:AVR inclusion complex. The solubility of AVR in Mb-
CD and reduction of the guest molecule were likely responsible
for these results, and the spectral alterations indicate strong inter-
actions between AVR and Mb-CD [44]. Additionally, increased
absorbance of Mb-CD solutions has been linked to improved drug
solubility via hydrophobic interactions in the Mb-CD cavity. Fluo-
rescence spectroscopy was performed to investigate AVR inclusion
in Mb-CD. Fig. 1(b,c) shows the fluorescence spectra of AVR at dif-
ferent concentrations of Mb-CD (0–12 mM) with excitation wave-
lengths of 256 and 280 nm and emission maxima of 316 and
342 nm. With the continuous addition of Mb-CD, the fluorescence
intensity of AVR decreased at a wavelength of 256 nm without any
marginal shift; at a wavelength of 280 nm, the emission intensity
declined, although there was a substantial redshift [45]. The
decrease in fluorescence intensity was linked to AVR partitions in
the highly hydrophobic Mb-CD cavity, suggesting the formation
of an Mb-CD:AVR inclusion complex. Mb-CD inclusion complexa-
tion typically increases fluorescence intensity but was shown to
be reduced in a few cases [45].

The 1:1 M ratio and binding constant (K) of the AVR and Mb-CD
inclusion complexes were calculated using the Benesi–Hildebrand
equations (5) and (6).

Absorption.

1
½A� A0� ¼

1
De

þ 1
K½AVR�0 De½Mb� CD�0

ð5Þ

Fluorescence.

1
½F� F0� ¼

1
F� F0

þ 1
K F� F0½ �½Mb� CD� ð6Þ

https://bioinfo3d.cs.tau.ac.il/PatchDock/
https://bioinfo3d.cs.tau.ac.il/PatchDock/
https://bioinfo3d.cs.tau.ac.it/FireDock/
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Fig. 1. (a) UV–Visible and (b, c) fluorescence spectra of AVR (2.25 � 10-5 M) at pH 7.4 at various concentrations of Mb-CD: (1) 0, (2) 0.002 M, (3) 0.004 M, (4) 0.006 M, (5)
0.008 M, (6) 0.010 M, and (7) 0.012 M and (d–f) Benesi–Hildebrand plots of 1/[A � A0] and 1/[F � F0] vs. 1/[Mb-CD].
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The plots of 1/A-A0 and 1/F-F0 vs. 1/[Mb-CD] for AVR in Fig. 1(d–
e) showed an excellent linear correlation (0.9986, 0.9982, and
0.9937), indicating the establishment of a 1:1 inclusion complex.
The ’K’ values of 96.59, 58.65, and 91.14 M�1 were much greater
than the intercept and slope values of the Benesi–Hildebrand plot,
possibly because of the improved solubility of AVR and greater Mb-
CD:AVR inclusion complex formation.

3.2. FTIR spectroscopy

FTIR is useful for studying the interactions responsible for the
formation of the Mb-CD:AVR inclusion complex as host and guest
molecules. The FTIR spectra of Mb-CD, AVR, and the Mb-CD:AVR
inclusion complex prepared using CP, PM, KM, and BS are shown
in Fig. 2a. The FTIR spectrum of Mb-CD showed a large OAH
stretching peak at 3392 cm�1, CAH stretching peak at
2928 cm�1, and CAOA) stretching peaks at 1179, 1085, and
1038 cm�1 compatible with the bonds of ether and hydroxyl
groups, methoxy (O-CH3) group stretching peak at 2863 cm�1,
and crystallized water peak at 1641 cm�1, respectively [46]. The
FTIR spectrum of pure AVR exhibited NAH stretching vibrations
at 3442 cm�1, OAH stretching vibrations at 3149 cm�1, OAH
stretching at 2687 cm�1, C@O stretching at 1698 cm�1, and NAH
bending at 1631 cm�1 [47]. Formation of the Mb-CD:AVR complex
was suggested by the peak variation and a decrease in the absorp-
tion band strength in the inclusion of complex spectra. The FTIR
spectrum of CP showed that all absorption bands were of the same
strength, revealing little interaction between AVR and Mb-CD.
Noticeable characteristic peaks of AVR were observed at approxi-
mately 1200–1600 cm�1, but the strength of the absorption bands
in the range 3000–3450 cm�1 was lower for the inclusion complex,
suggesting the formation of Mb-CD:AVR. The FTIR spectra of Mb-
CD:AVR complexes (PM and KM) significantly differed from those
of Mb-CD and AVR complexes, showing a larger and wider peak
in the region of the ACOOH group at approximately 1698 cm�1,
as well as an increase in C@O stretching due to addition of ACOOH
groups. All other diffraction peaks in this region were altered in
AVR drug formulations using the two types of preparation proce-
dures (PM and KM), indicating that AVR and Mb-CD have signifi-
4

cant effects. The AVR peaks at 3442 cm�1 (NAH stretching) and
3149 cm�1 (OAH stretching) were present in all compositions;
however, the FTIR peaks of AVR at 2500–2000 cm�1 were elimi-
nated in the BS compositions, suggesting the formation of Mb-
CD:AVR inclusion complexes. Differences in the FTIR spectra of
the PM, KM, and BS samples, such as peak shifts or intensity reduc-
tions up to nearly a complete absence, showed varying degrees of
interaction and amorphization in the Mb-CD:AVR inclusion
complex.
3.3. X-ray powder diffraction

The degree of crystallinity of AVR was determined by compar-
ing the typical peaks and their intensities, and the Mb-CD:AVR
inclusion complex was examined. The XRD patterns of Mb-CD,
AVR, and Mb-CD:AVR inclusion complex prepared using the CP,
PM, KM, and BS methods are shown in Fig. 2b. The XRD pattern
of Mb-CD was characterized by only two distinctive peaks at
diffraction angles of 2h = 11.1� and 18.2�, indicating that the excip-
ient was in an amorphous [46]. AVR showed a high degree of crys-
tallinity based on the height of sharp peaks at 10.3�, 12.9�, 15.8�,
18.9�, 20.8�, 23.7�, 26.1�, and 29.2� [39]. The XRD pattern of the
CP of the Mb-CD:AVR inclusion complex showed multiple peaks
at 11.3�, 18.5�, 19.3�, 23.0�, 23.7�, 25.0�, and 28.4�, indicating the
crystalline nature of AVR. In the cases of PM (10.3�, 11.8�, 18.2�,
23.8�, 26.0�, and 29.1�) and KM (11.5�, 18.7�, 23.9�, and 28.7�),
the XRD spectra appeared as the superposition of the single com-
ponents. Both diffraction patterns showed decreased peak
strengths, the absence of peaks, and loss of crystallinity, likely
because of the amorphous nature of Mb-CD. The FTIR data supports
these results. In contrast, XRD examination of the BS-prepared
sample demonstrated that the Mb-CD:AVR inclusion complex
was completely amorphous, with no crystalline characteristics in
the diffraction peaks. Furthermore, once the AVR molecule was
placed in the Mb-CD cavity, it did not form a crystalline structure
by interacting with other AVR molecules. As no distinct diffraction
angles were observed, the final product was amorphous, which
agrees with the DSC results.



Fig. 2. (a) FTIR spectra and (b) XRD pattern of Mb-CD, AVR, Mb-CD:AVR inclusion complex by co-precipitation (CP), physical mixture (PM), kneading method (KM), and bath
sonication (BS) method.
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3.4. Thermal analysis

DSC and TGA can be used to assess variations in the physical
and chemical properties of materials and determine the formation
of Mb-CD:AVR inclusion complexes (Fig. 3). The DSC curve of Mb-
CD exhibited a typical broad effect at 50 �C, corresponding to the
loss of water molecules, as shown in Fig. 3a [48]. Another peak in
an endothermic position was observed at a higher temperature
of 365 �C, indicating Mb-CD breakdown. Owing to the moisture
loss, the AVR thermogram showed an exothermic peak at 105 �C
and a sudden intense peak at 260 �C, corresponding to the melting
point [9]. However, both peaks emerged and significantly shifted to
the Mb-CD endothermic peak in the CP of the Mb-CD:AVR inclu-
sion complex, and the decreased intensity of the peak indicated
partial complexation and/or association between AVR and Mb-
CD. The disappearance of the Mb-CD peak supported that AVR
was uniformly dispersed in the complex and that the PM of the
Mb-CD:AVR inclusion complex was rather amorphous [49]. The
KM method for the Mb-CD:AVR inclusion complex DSC thermo-
gram revealed a strong endothermic peak at 350 �C and broad
peaks at 150 �C. As a result, the endothermic peaks of AVR and
Mb-CD were significantly altered in the KM sample. An endother-
mic signal was consistent with AVR melting on the DSC thermo-
gram of the BS sample for the Mb-CD:AVR inclusion complex did
not appear at approximately 260 �C, demonstrating that AVR was
dispersed in the Mb-CD cavity. The AVR interaction in the Mb-CD
inclusion complex structure was confirmed based on this behavior.
An AVR peak was observed in the CP, PM, and KM samples of the
Mb-CD:AVR inclusion complex. AVR shifted from a crystalline to
an amorphous, which agrees with the XRD results.

TGA was performed to evaluate the thermal stability of Mb-CD,
AVR, and the Mb-CD:AVR inclusion complex for the CP, PM, KM,
and BS solid inclusion complexes scanned between 20 �C and
400 �C at 10 �C/min (Fig. 3b). When guest molecules are placed
in the CD cavities, their melting, boiling, or sublimation points fre-
quently change or disappear. The weight of Mb-CD remained con-
stant as the temperature was increased to 300 �C. At 340–390 �C,
noticeable weight loss of Mb-CD occurred, demonstrating degrada-
tion of the Mb-CD molecules [50]. The initial step at 50–200 �C
reflected the loss of water molecules in the hydrated crystals of
AVR powder, and the second stage at 50–200 �C was related to
the loss of water molecules in the hydrated crystals of AVR powder.
Degradation of the side chain from the guanosine rings causes a
second weight loss at 295 �C, resulting in non-bonded guanosine
[51]. The first melting step in the CP of the Mb-CD:AVR inclusion
5

complex began at 244 �C and persisted till 287 �C. The melting
temperature was related to an initial weight loss of 22.5%. The sec-
ond, larger section started at 341 �C and increased to 390 �C, result-
ing in weight loss of 38.4% at the decomposition temperature.
There were two weight loss phases in the Mb-CD:AVR inclusion
complex prepared by PM because of Mb-CD evaporation (below
84 �C) and AVR disintegration (241 �C). The TGA thermo-
grams showed that the major degradation phase of Mb-CD chan-
ged from 281 �C to 380 �C, with a lower weight loss ratio (45.8%)
than pristine Mb-CD. The TGA curves of KM and BS of Mb-CD:
AVR inclusion complexes revealed three different stages of mass
loss, which was attributable to water evaporation below 100 �C
and AVR evaporation at 170–240 �C and 147–237 �C. At 364 �C
and 369 �C, the Mb-CD:AVR inclusion complexes prepared by KM
and BS showed a moderate and slow reduction, indicating that
the inclusion structure was well-protected for AVR. The decompo-
sition of Mb-CD was assigned to the second stage at approximately
375 �C, which was supported by the Mb-CD curve, with roughly
70% and 72% of sharp mass losses in both samples (KM and BS)
including Mb-CD [51]. Mb-CD:AVR inclusion complex BS was sub-
stantially more thermally stable compared to the Mb-CD:AVR
inclusion complexes prepared using CP, PM, and KM. Thus, com-
pared to pure AVR, thermal evaporation of AVR in the Mb-CD:
AVR inclusion complex occurred at a higher temperature, indicat-
ing that an inclusion complex of AVR and Mb-CD was successfully
developed. These findings agree with those of the characterization
results, indicating that AVR was present in the Mb-CD cavity.
3.5. Morphology

Fig. 4 shows the surface morphology of Mb-CD, AVR, and Mb-
CD:AVR inclusion complexes prepared by CP, PM, KM, and BS ana-
lyzed using SEM. Mb-CD is composed of amorphous spherical par-
ticles, whereas AVR is composed of crystals of variable form and
size [52,53]. The distinctive AVR crystals, mixed with the Mb-CD
spherical particles or adhering to their surface, were visible in
the SEM image of the CP-prepared Mb-CD:AVR inclusion complex
system, revealing the presence of the crystalline AVR drug. This
indicates that in the solid state, the two species did not interact.
The morphologies of the PM and KM particles of the Mb-CD:AVR
inclusion complexes showed considerable deformation and aspect,
indicating the presence of a new solid phase. These findings sug-
gest that the crystalline structure of the systems was changed or
the presence of novel solid inclusion complexes. However, the orig-
inal shape of AVR and Mb-CD disappeared in the SEM image of the



Fig. 3. (a) Differential scanning calorimetry and (b) thermogravimetric analysis of Mb-CD, AVR, Mb-CD:AVR inclusion complex by co-precipitation (CP), physical mixture
(PM), kneading method (KM), and bath sonication (BS) method.

Fig. 4. Scanning electron microscopy analysis of Mb-CD, AVR, Mb-CD:AVR inclusion complex by co-precipitation (CP), physical mixture (PM), kneading method (KM), and
bath sonication (BS) method.
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BS-prepared Mb-CD:AVR inclusion complex system because of the
irregular amorphous particles. These modifications indicate that
the inclusion complex had been successfully formed, which agrees
with the results of XRD and TGA. The BS method is among the most
reliable methods for creating inclusion compounds and is widely
used in food and medicine applications.

3.6. Phase solubility studies

Phase solubility analysis was performed by plotting the quan-
tity of AVR against the concentration of Mb-CD. As an inclusion
complex formed between AVR and Mb-CD, the aqueous solubility
of AVR gradually increased in a concentration-dependent manner
6

as a factor of the Mb-CD concentration, as observed in the phase
solubility diagram drawn using UV–Vis measurements (Fig. 5).
Hydrophobic interactions between AVR and Mb-CD may be the
underlying mechanism of this effect. According to Higuchi and
Connors [42], the phase solubility diagram can be classified as a
type AL. The formation of an Mb-CD:AVR inclusion complex
between AVR and the Mb-CD complexing agent was associated
with enhanced AVR solubility in aqueous Mb-CD solutions. Fur-
thermore, in the tested concentration range, greater values were
observed for the regression coefficient (R2 = 0.9961), slope (0.12),
and intercept (0.45). Formation of a 1:1 Mb-CD:AVR inclusion com-
plex as indicated by the linear curve obtained under the experi-
mental conditions. Previous studies showed that AVR tends to



Fig. 5. Phase solubility diagrams of Mb-CD:AVR inclusion complex systems (n = 3).

S. Mohandoss, R. Sukanya, S. Ganesan et al. Journal of Molecular Liquids 366 (2022) 120292
form 1:1 inclusion complexes with HPb-CD [9] and b-CD
[41,53,54]. The Mb-CD:AVR inclusion complex had apparent stabil-
ity constant (Ks) of 75.7 M�1 and a complexation efficiency of 1.36.
3.7. Encapsulation efficiency and drug content

The two most significant metrics for evaluating the quality of an
inclusion complex are drug loading content and encapsulation effi-
ciency. The ability of Mb-CD to encapsulate AVR is directly
reflected by the encapsulation efficiency. Based on the UV–Vis
spectrophotometer measurements, the encapsulation efficiency
(EE) and drug content (DC) were determined (Table 1). The differ-
ent Mb-CD:AVR inclusion complex preparation methods substan-
tially impacted the encapsulation efficiency and drug; these
values for AVR in the Mb-CD:AVR inclusion complex (CP, PM,
KM, and BS) were approximately 64.3 ± 2.11, 58.7 ± 1.83,
74.8 ± 0.98, and 89.5 ± 2.35%, respectively. In addition, the drug
content of the Mb-CD:AVR inclusion complexes (CP, PM, KM, and
BS) ranged from 3.72 ± 0.11% to 5.84 ± 0.02%. Of the four different
Mb-CD:AVR inclusion complexes, the BS method for preparing the
Mb-CD:AVR inclusion complex was more efficient than the other
methods. AVR was efficiently loaded into Mb-CD, which has a
hydrophilic outer surface and can readily encapsulate AVR to form
the Mb-CD:AVR inclusion complex [55]. Thus, the Mb-CD:AVR
inclusion complex showed the best effect at a molar ratio of 1:1,
likely because the hydrophobic cavity of Mb-CD has sufficient
space to encapsulate and interact with AVR through hydrogen
bonding and van der Waals forces.
3.8. Molecular docking

To support rational drug design, molecular docking techniques
can be utilized to determine the binding affinities of various
ligands for the target protein structure [56]. We performed docking
studies to examine the interaction between AVR and the Mb-CD
cavity. We found that AVR interacts in a 1:1 ratio with Mb-CD, with
Table 1
Encapsulation efficiency (EE) and drug content (DC) of Mb-CD:AVR inclusion complexes p

Mb-CD:AVR inclusion complex CP

EE% 64.3 ± 2.11
DC% 4.82 ± 0.01
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optimum stability constant and complexation efficiency. We chose
the top five complex docking molecules (Mb-CD:AVR inclusion
complex and Mb-CD:AVR interaction with SARS-CoV-2 (3CLPro)
protease inhibitors) based on the integrated docking scores for
bond analysis of structures obtained from PatchDock and FireDock
(Table 2 and Figs. 6 and 7) [57,58].

The PatchDock geometric shape complementarity score, the
approximate interface area size of the complex, and atomic contact
energy were 2522, 330.10 Å, and � 313.77 kcal/mol, respectively,
when docked with the Mb-CD:AVR inclusion complex (Fig. 6). Fur-
thermore, the FireDock global (binding) energy of the solution,
attractive and repulsive van der Waals forces to the global binding
energy, and atomic contact energy were � 41.51, �15.99, 5.28,
and � 14.07 kcal/mol, respectively. The optimal docked structure
showed a value of � 41.51 kcal/mol (this value is related to the free
binding energy; an increased negative value indicates more free
binding energy) [59–62]. Fig. 6 shows that the Mb-CD:AVR inclu-
sion complex has stronger binding and was advantageous because
of the hydrophobic characteristics of the Mb-CD cavity, which con-
tains more methyl groups than other b-CDs. As expected, complex-
ation with Mb-CD had a substantial solubilizing effect on AVR,
revealing agreement between the computational simulations and
experimental results. The ligands were evaluated using a molecu-
lar docking model until minimum energy was reached. The active
site amino acid residues are examined in molecular docking stud-
ies on receptor-ligand interactions [63].

Inhibiting the viral 3CLpro in the treatment of COVID-19 would
benefit from the strong binding affinity that anti-bacterial drugs,
anti-hypertensive drugs, and natural substances with antiviral
capabilities have exhibited to 3CLpro. In the battle against COVID-
19, cyclodextrin (Mb-CD) has also been employed to encapsulate
potential antiviral targeting at various viral lifecycle stages. From
these observations, we successfully docked the Mb-CD:AVR inclu-
sion complex with SARS-CoV-2 (3CLPro) protease inhibitors (PDB
ID:7DJR) to predict the selected binding site along with the favored
orientation of the antiviral drug Mb-CD:AVR inclusion complex
inside SARS-CoV-2 (3CLPro) protease inhibitors [64]. AVR -
structure-based best-docked ligand conformation was assessed to
look at the precise chemical interaction in the receptors active
pocket [65,66]. The energetically favorable conformation of the
docked poses revealed that the Mb-CD:AVR inclusion complex
bound to the protease inhibitors (Fig. 7). The Mb-CD:AVR/SARS-
CoV-2 (3CLPro) protease inhibitors showed the highest docking
score (5872) and lowest atomic contact energy (�214 kcal/mol)
in the PatchDock calculations. In addition, the lowest global
energy, attractive van der Waals forces, and repulsive van der
Waals forces to the global binding energy, and atomic contact
energy were � 21.67, �18.49, 8.85, and � 7.29 kcal/mol in the Fire-
Dock calculations. The Mb-CD:AVR inclusion complex also showed
hydrogen interactions with active residues and bound to the active
cavity of the SARS-CoV-2 main protease at the phenylalanine core
residues, whereas fewer interactions were observed at another
protein site [67–73]. The results in Table 2 show that the atomic
contact energy was lower than that of the Mb-CD:AVR inclusion
complex, indicating that the Mb-CD:AVR inclusion complex is pref-
erentially bound to SARS-CoV-2 (3CLPro) protease inhibitors. There-
fore, the Mb-CD:AVR inclusion complex may function as an
inhibitor of the SARS-CoV-2 (3CLPro) protease receptor.
repared by different methods (n = 3).

PM KM BS

58.7 ± 1.83 74.8 ± 0.98 89.5 ± 2.35
3.72 ± 0.11 5.63 ± 0.12 5.84 ± 0.02



Table 2
Computed using PatchDock and FireDock servers scores of the top 5 docked models of Mb-CD:AVR inclusion complex (a) and Mb-CD:AVR inclusion complex interaction with
SARS-CoV-2 (3CLPro) protease inhibitors (b).

(a) Mb-CD:AVR

Patchdock server FireDock server

S. No. Score Area (Å2) ACE kal/mol Global Energy kal/mol Attractive VdW kal/mol Repulsive VdW kal/mol ACE kal/mol

1 2522 330.10 �313.77 �41.51 �15.99 5.28 �14.07
2 2520 333.90 �296.01 �41.23 �14.49 4.79 �14.67
3 2496 304.60 �301.74 �41.03 �14.70 5.36 �14.71
4 2470 329.80 �299.80 �40.76 �15.37 4.63 �13.91
5 2462 337.00 �313.37 �40.74 �15.39 6.76 �15.08
(b) Mb-CD:AVR/SARS-CoV-2 (3CLPro) protease inhibitors
1 5872 796.30 �214.70 �21.67 �18.49 8.85 �7.29
2 5768 679.90 100.86 �13.56 �16.86 5.22 �2.94
3 5714 693.50 94.42 �10.44 �11.30 3.51 �3.23
4 5702 675.60 �210.64 �9.61 �7.04 2.65 �5.56
5 5634 705.20 �147.33 �5.01 �13.09 3.79 0.57

Fig. 6. Schematic representation of the energetically most favorable complexes. Docking studies of the chemical and 3D structure of AVR, Mb-CD, and Mb-CD:AVR inclusion
complex with stick and sphere arrangements. AVR, acyclovir; Mb-CD, methyl b-cyclodextrin.
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Fig. 7. Schematic representation of the energetically most favorable complexes. Docking studies of Mb-CD:AVR complex interaction with SARS-CoV-2 (3CLPro) protease
inhibitors. Protein is shown in cartoon representation. AVR, acyclovir; Mb-CD, methyl b-cyclodextrin.

S. Mohandoss, R. Sukanya, S. Ganesan et al. Journal of Molecular Liquids 366 (2022) 120292
4. Conclusions

A series of antiviral peptides may be useful for developing new
therapeutic options for SARS-CoV-2. The Mb-CD:AVR inclusion
complex was predicted to strongly inhibit SARS-CoV-2 in silico
computational studies with remarkable docking scores and bind-
ing energies. The Mb-CD:AVR inclusion complex exhibited differ-
ent physicochemical characteristics from free AVR and Mb-CD.
The association constant of the Mb-CD:AVR inclusion complexes
were determined, and a 1:1 stoichiometry was confirmed. Inclu-
sion complexes and AVR, Mb-CD, or their different preparation
mixtures showed differences in their molecular structures and
physicochemical characteristics. Moreover, the stability and mor-
phology of AVR encapsulated in Mb-CD were determined, and
the increased solubility of AVR in the complex was confirmed.
The Mb-CD:AVR inclusion complex is bound strongly to the active
sites of the protein target of SARS-CoV-2 (3CLPro) protease inhibi-
tors, with predicted the highest docking score at 5872, atomic con-
tact energy of � 214 kcal/mol, and global binding energy of � 21.
67 kcal/mol. In conclusion, this Mb-CD:AVR inclusion complex
against the 3CLPro receptor of SARS-CoV-2 should be considered
as a promising platform that could be prolonged to other antiviral
drugs with the aim of effective AVR drug formulation and antiviral
treatments.
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