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e Institute of Chemistry, Fluminense Federal University, Niterói, Rio de Janeiro, 24020-150, Brazil 
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A B S T R A C T   

The compound 3a,10b-dihydro-1H-cyclopenta[b]naphtho[2,3-d]furan-5,10-dione (IVS320) is a naphthoquinone 
with antifungal and antichagasic potential, which however has low aqueous solubility. To increase bioavail-
ability, inclusion complexes with β-cyclodextrin (βCD) and methyl-β-cyclodextrin (MβCD) were prepared by 
physical mixture (PM), kneading (KN) and rotary evaporation (RE), and their in vitro anti-SARS-CoV-2 and 
antichagasic potential was assessed. The formation of inclusion complexes led to a change in the physicochemical 
characteristics compared to IVS320 alone as well as a decrease in crystallinity degree that reached 74.44% for the 
IVS320-MβCD one prepared by RE. The IVS320 and IVS320-MβCD/RE system exhibited anti-SARS-CoV-2 ac-
tivity, showing half maximal effective concentrations (EC50) of 0.47 and 1.22 μg/mL, respectively. Molecular 
docking simulation suggested IVS320 ability to interact with the SARS-CoV-2 viral protein. Finally, the highest 
antichagasic activity, expressed as percentage of Tripanosoma cruzi growth inhibition, was observed with IVS320- 
βCD/KN (70%) and IVS320-MβCD/PM (72%), while IVS320 alone exhibited only approximately 48% inhibition 
at the highest concentration (100 μg/mL).   

1. Introduction 

COVID-19, caused by the SARS-CoV-2 virus, has spread rapidly on a 
global scale with a high mortality rate [1]. Despite accelerated scientific 
progress, even with vaccine development and implementation of 
vaccination schedule worldwide [2], there is still a lack of treatment 
options for this disease. So, the search for therapeutic alternatives and 
development of new drugs against COVID-19 are still necessary. In this 

sense, drug repositioning is an interesting strategy. 
In this context, naphthoquinones, belonging to the quinone class, 

have a characteristic naphthalene ring, which gives them redox prop-
erties that can interfere with oxidative processes in biological systems 
[3,4]. They have stood out due to biological properties such as 
anti-inflammatory [5,6], antineoplastic [7–9], antimicrobial [3,10], 
antifungal [11,12], antiviral [13] and antiparasitic [4,10,14–16] ones. 

The naphthoquinone class includes the compound 3a,10b-dihydro- 
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1H-cyclopenta[b]naphtho[2,3-d]furan-5,10-dione (IVS320) (Fig. 1), 
which has antifungal [17] and antichagasic [18] potential. However, 
despite its biological potential, it has low water solubility, which results 
in poor bioavailability. 

Since about 30–70% of new drug candidates have low solubility in 
aqueous medium [19], pharmacokinetic optimization studies are part of 
their development protocol. Several methods can be used to increase the 
solubility and dissolution rate of lipophilic compounds, among which 
are obtaining solid amorphous forms, nanoparticles, salty formulations 
[20] and solid dispersions [20,21 as well as developing water-soluble 
inclusion complexes [22,23]. 

The formation of inclusion complexes with cyclodextrins (CDs) is one 
of the most used ways to increase drug solubility [24]. CDs can interact 
with organic molecules through intermolecular bonds forming so-called 
inclusion complexes, which normally have greater solubility, bioavail-
ability and chemical stability [25] and exhibit activity both in vitro and 
in vivo [26]. 

CDs, which are composed of D-glucopyranose units linked together to 
form cyclic conical structures, can have natural or synthetic origin. They 
are characterized by a trunk-conical shape with a hydrophilic outer face 
that allows interaction in a polar environment and a highly hydrophobic 
cavity able to include poorly soluble drugs [27]. Among natural CDs, 
β-cyclodextrin (βCD), made up of 7 glucose units [22,28], is widely used 
because its internal cavity has a size suitable for inclusion of compounds. 
Despite being obtained with high degree of purity, good yield and low 
cost, it has low solubility [29]. 

To increase their solubility, CDs have been modified by the addition 
of methyl, hydroxyalkyl, ester or ether groups [23,25]. Particularly, 
methyl-β-cyclodextrin (MβCD) is a βCD derivative obtained by methyl-
ation that has higher solubility in water and less toxicity than natural 
βCD [30]. 

Looking for new chemical entities and given the biorelevant prop-
erties of naphthoquinones, the present work aimed to develop new in-
clusion complexes of IVS320 with βCD and MβCD in order to a) evaluate 
their antichagasic activity, b) obtain new drugs with less toxicity and 
greater efficacy than benznidazole as a reference drug, and c) assess 
their anti-SARS-CoV-2 activity in in vitro antiviral screening assays. 

2. Materials and methods 

2.1. Materials 

The compound 3a,10b-dihydro-1H-cyclopenta[b]naphtho[2,3-d] 
furan-5,10-dione (IVS320) was synthesized by the Laboratory of Applied 
Organic Synthesis (LabSOA) at the Fluminense Federal University 
following the methodology reported by Ref. [17]. β-cyclodextrin (βCD) 
(MW = 1134.98 g/mol; Cod. C4805) and methyl-β-cyclodextrin (MβCD) 
(Mw ~1320 g/mol; Cod. C4555) were purchased from Sigma-Aldrich 

(St. Louis MO, USA). All solvents used were of analytical grade. 

2.2. Synthesis of the inclusion complexes 

The inclusion complexes were prepared by three methods, namely 
physical mixture (PM), kneading (KN) and rotary evaporation (RE), 
using a 1:1 (w/w) IVS320:cyclodextrin molar ratio. 

To prepare inclusion complexes by PM, each of the cyclodextrins was 
weighed and mixed with IVS320 using a mortar and pestle, and the 
resulting solid was stored in a desiccator. As for KN, IVS320 and the 
selected cyclodextrin was weighed and homogenized, and then a 50:50 
(v/v) water/acetone solution was added as a solvent. The samples were 
dried in an oven for 8 h at 50 ◦C, and the solid was stored in a desiccator. 
As for RE, βCD or MβCD was solubilized in the same 50:50 (v/v) water/ 
acetone solution, and then IVS320 was added. The solution was 
magnetically stirred for 72 h at 25 ◦C. The solvent was then removed 
with a rotary evaporator (IKA RV10, GEHAKA, Staufen, Germany) at 
50 ◦C, and the solid was stored in a desiccator. 

2.3. Characterization of inclusion complexes 

2.3.1. Thermal analysis 
Differential scanning calorimetry (DSC) was performed in the tem-

perature range of 25–500 ◦C with a DSC-50 calorimeter (Shimadzu, 
Tokyo, Japan) at a heating rate of 10 ◦C.min− 1, under dynamic atmo-
sphere of N2 (50 mL min− 1), using an alumina crucible containing a 
sample mass of around 4 mg. Before the test, the equipment was cali-
brated using a standard of indium and zinc. 

Thermogravimetry (TG) was performed on a DTG-60 thermogravi-
metric analyzer (Shimadzu, Tokyo, Japan) in the temperature range of 
30–900 ◦C under the same conditions, using about 3 mg of sample. The 
empty alumina crucible served as a reference. Instrument calibration 
was performed with an aluminum and zinc standard. 

2.3.2. Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared Spectroscopy (FTIR) analyses were con-

ducted using an IRPrestige-21 spectrometer (Shimadzu, Kyoto, Japan) 
equipped with the selenium crystal accessory. The samples were sub-
jected to reading in the 4000 to 600 cm− 1 region, with 15 scans and 4 
cm− 1 resolution. 

2.3.3. X-ray diffraction 
The X-ray Diffraction (XRD) analysis was performed using a XRD 

6000 X-ray diffractometer (Shimadzu) operated at 40 kV, 30 mA, at a 
speed of 2◦.min− 1, with a scan from 2 to 80◦. 

The degree of crystallinity (x) of samples was calculated using the 
Shimadzu software [31] by the equation: 

Fig. 1. Scheme of formation of inclusion complexes made up of IVS320 and β-cyclodextrins (βCD) or methyl-β-cyclodextrin (MβCD).  
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x=
1

1 + K × Ia
Icr

(1)  

where Icr is the integrated intensity of the crystalline part, Ia is that of the 
amorphous fraction, and K is the ratio between the X-ray scattering in-
tensity of the amorphous fraction of a converted mass and that of the 
crystalline fraction. 

2.3.4. Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) was carried out using a TM- 

3000 Tabletop Microscope (Hitachi, Tokyo, Japan). Samples were 
fixed using a double layer carbon tape, and micrographs taken at an 
excitation voltage of 15 kV and a magnification factor of 1500 × . 

2.4. Antiviral screening against SARS-CoV-2 

2.4.1. Systems 
The antiviral activity of IVS320 and IVS320-βMCD/RE systems was 

assessed, the latter having been selected due to the significant crystal-
linity reduction observed (see section 3.1.4). After dissolution in 
dimethyl sulfoxide (DMSO) (Sigma-Aldrich) up to a concentration of 2 
mg/mL, each system was 33.33-fold diluted in Phosphate Buffered Sa-
line (PBS), and 10 μL of each sample were transferred to the assay plates, 
thus obtaining a final dilution factor of 200. Either compound was tested 
in dose response mode at an initial concentration of 10 μg/mL. 

2.4.2. Virus strain 
A nasopharyngeal sample from a patient diagnosed with COVID-19 

in the Hospital Israelita Albert Einstein, São Paulo, Brazil, was used to 
isolate the SARS-CoV-2 virus (HIAE-02: SARS-CoV2/SP02/human/ 
2020/BRA, GenBank Accession No. MT126808.1). All procedures 
involving the virus were performed in the level 3 biosafety laboratory of 
the Institute of Biomedical Sciences of the São Paulo University. 

2.4.3. Cell lines and viral infection 
Vero cells (CCL-81) were infected with low passage SARS-CoV-2 

maintained in DMEM-High Glucose (Sigma-Aldrich, St. Louis, MO, 
USA) supplemented with 2% heat-inactivated Fetal Bovine Serum (FBS) 
(Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL of penicillin 
and 100 μg/mL of streptomycin (Thermo Fisher Scientific, Waltham, 
MA, USA). Cells were then maintained at 37 ◦C in a humidified atmo-
sphere at 5% CO2. Aliquots of the supernatant of the infected cell culture 
were collected after 48–72 h post-infection and stored at − 80 ◦C. The 
viral titer was determined by plaque assay in Vero CCL-81 as described 
by Ref. [32]. 

2.4.4. Phenotypic assay with SARS-CoV-2 
Vero cells were seeded in 384-well plates in DMEM-High Glucose. 

After 24 h, the cells received the systems, and then SARS-CoV-2 viral 
particles were added at 0.1 multiplicity of infection. After 36 h, plates 
were fixed in 4% paraformaldehyde in PBS (pH 7.4), immunofluores-
cence was performed with serum from COVID-19 patients, and images 

were acquired and analyzed by the Operetta High Content Imaging 
System (PerkinElmer, Waltham, MA, USA). Chloroquine diphosphate 
was added as the viral infection inhibition control. 

2.4.5. Data analysis 
The total numbers of cells and infected cells were measured in each 

of the wells using the High Content Analysis software (Harmony, 

PerkinElmer, Waltham, MA, USA). The reduction in the number of 
infected cells was taken as an index of antiviral activity of samples and 
expressed as a percentage of controls. From the infected and uninfected 
controls, the activity of each system was normalized. Concentration- 
response curves plotted using normalized activity were used to calcu-
late, by the GraphPad Prism Software version 5.0 (GraphPad Software 
Inc., La Jolla, CA, USA), the half maximal effective concentration (EC50) 
of each system, i.e., the concentration able to reduce the infection by 
50% compared to untreated infected controls. 

2.5. 3CL protease molecular docking simulations 

All possible four IVS320 stereoisomers (RR, RS, SS, and SR) were 
built using the Avogadro software [33]. The created structures were 
geometry optimized using the Molecular Orbital Package (MOPAC) 
software according to the semiempirical method PM7 [34]. The UCSF 
chimera software [35] was used to process one binding site of 3CL 
protease from SARS-CoV-2 (PDB Id: 6M2N) [36]. The ligand was 
removed from the binding site, and IVS320 molecular models of all 
configurations were docked. The Autodock Vina software [37] was used 
to produce binding poses as well as ligand-3CLpro affinities. The complex 
3CLpro-IVS320 was geometry optimized using molecular mechanics 
implement in the USCF Chimera’s Minime Structure application. The 
molecular docking poses were used to interpret IVS320 anti-SARS-CoV-2 
activities. 

2.6. Antichagasic activity 

2.6.1. Parasite 
To obtain the epimastigote form, the Y strain of Tripanosoma cruzi 

was grown in Liver Infusion Tryptose (LIT) medium supplemented with 
10% FBS and 5% 100 UI/mL penicillin (antibiotic against streptococci) 
at 27 ◦C in a Biochemical Oxygen Demand (BOD) oven. 

2.6.2. In vitro antichagasic activity 
The in vitro antichagasic activity assays were conducted using the 

epimastigote form of T. cruzi at a concentration of 1 × 107 parasites/mL. 
Briefly, stock solutions of IVS320, IVS320-βCD and IVS320-MβCD were 
prepared using DMSO as the solvent. Subsequently, the stock solutions 
were diluted in culture medium in 96-well plates to obtain concentra-
tions of the systems in the range of 100 to 2.5 μg/mL. Then, the epi-
mastigote form of T. cruzi was applied in each well, and the plates were 
incubated for 24 h. Positive control (medium and strain), negative 
control (medium and compound) and solvent control (DMSO, medium 
and strain) were used in the assays. In addition, benznidazole was used 
as a trypanocidal reference drug. 

The inhibition of parasite growth was assessed by the resazurin 
reduction assay (Sigma-Aldrich). After 24 h of incubation, the absor-
bance was read at 570 and 600 nm in the microplate reader (Epoch, 
BioTek Instruments, Winooski, VT, USA). All experiments were per-
formed in triplicate, and the inhibition percentage was calculated using 
the following formula:  

where A570t and A600t are the absorbances of the treatment at 570 and 
600 nm, A570c and A600c are the absorbances of the positive control at 
570 and 600 nm, while  

R0 = A570m/A600m                                                                           (3) 

is a correction factor taking into account the medium interference with 

% Inhibition= 100 −
( (

A (570t) −
(
A (600t)×R0

)) /
(A570c − (A600c ×R0))

)
× 100 (2)   
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Fig. 2. DSC curves in nitrogen atmosphere (50 mL min− 1) of (a) single compounds: IVS320 (pink), βCD (green), MβCD (yellow); (b) IVS320-βCD systems prepared by 
physical mixture (purple), kneading (gray), rotary evaporation (red); (c) IVS320-MβCD systems prepared by physical mixture (black) kneading (light blue), rotary 
evaporation (dark blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. TG curves in nitrogen atmosphere (50 mL min− 1) of (a) single compounds: IVS320 (pink), βCD (green), MβCD (yellow); (b) IVS320-βCD systems prepared by 
physical mixture (purple), kneading (gray), rotary evaporation (red); (c) IVS320-MβCD systems prepared by physical mixture (black), kneading (light blue), rotary 
evaporation (dark blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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resazurin, being A570m and A600m the absorbances of the medium at 570 
and 600 nm, respectively. 

2.6.3. Statistical analysis 
The data obtained were evaluated through the one-way analysis of 

variance (ANOVA) followed by the Dunnett’s t-test for multiple com-
parisons. Values were expressed as mean ± standard error of the mean. 
Values of p < 0.05 were considered statistically significant. Statistical 
analyses were performed using the GraphPad Prism Software version 5.0 
(GraphPad Software Inc.). 

3. Results and discussion 

3.1. Characterization of inclusion complexes 

3.1.1. Differential scanning calorimetry 
Thermal analysis techniques were used to evaluate the thermal 

behavior of the individual components and the inclusion complexes as 
well as possible changes ascribable to their formation. 

The Differential Scanning Calorimetry (DSC) curve of IVS320 
(Fig. 2a) revealed two events. The first endothermic event, occurred 
between 185 and 194 ◦C, is characteristic of fusion (Tpeak 189 ◦C, ΔH 
260 J g− 1), while the second exothermic event, took place between 194 
and 218 ◦C (Tpeak 203 ◦C, ΔH 297 J g− 1), was the likely result of 
recrystallization, indicating a change to another crystalline form [18]. 

On the other hand, the DSC curve of β-cyclodextrin (βCD) showed a 
first endothermic event between 49 and 118 ◦C (Tpeak 86 ◦C, ΔH 176 J 
g− 1) ascribable to water loss [27] and a second endothermic event be-
tween 298 and 360 ◦C (Tpeak 326 ◦C, ΔH 155 J g− 1) likely due to βCD 
decomposition [22]. 

The thermogram of IVS320-βCD system prepared by physical 
mixture (PM) showed an endothermic peak at 192 ◦C and an exothermic 
one at 203 ◦C, corresponding to IVS320 fusion and recrystallization, 
respectively. An additional endothermic event occurred at 330 ◦C re-
sembles the decomposition profile of βCD alone. 

The same fusion and recrystallization events took place at 189 and 
198 ◦C in the IVS320-βCD system prepared by kneading (KN) and at 186 
and 194 ◦C in the one prepared by rotary evaporation (RE). Such a 
persistence of IVS320 fusion events indicates the drug microcrystalline 
form in the systems. Both systems showed additional events in the 
250–350 ◦C range (Fig. 2b) corresponding to βCD degradation, which 
suggests different decomposition steps resulting from IVS320 and βCD 
interaction. 

Shifts in melting and recrystallization events were observed for the 
βCD-containing systems compared to IVS320, and, among them, the 
IVS320-βCD/KN and IVS320-βCD/RE ones also showed a significant 
decrease in the heat flow, thus suggesting the formation of inclusion 
complexes. According to Ref. [38]; when the host molecules are stabi-
lized in the cyclodextrin cavity, usually their melting, boiling or subli-
mation peaks are shifted to a different temperature or even disappear. 

Regarding the DSC curve of methyl-β-cyclodextrin (MβCD), two 
endothermic events were observed, the first in the range 40–100 ◦C due 
to water loss [39,40] and the second at about 392 ◦C due to 
decomposition. 

The thermograms of IVS320-MβCD systems showed two endo-
thermic events below 100 ◦C (Fig. 2c), which may be the result of water 
release from the outer and inner part of MβCD, while the endothermic 
peak related to IVS320 fusion was not clearly detected by DSC, sug-
gesting that the formation of complexes gave the drug an amorphous 
state. The exothermic event was shifted to lower temperatures compared 
to IVS320, i.e., 200, 195 and 190 ◦C for IVS320-MβCD/PM, IVS320- 
MβCD/KN and IVS320-MβCD/RE, respectively, likely due to the inter-
action between drug and MβCD. Additionally, while MβCD exhibited 
only one endothermic event, with a well-defined peak ascribable to its 
degradation, several endothermic events were observed for IVS320- 
MβCD systems from 318 to 400 ◦C, which can be assigned to different 

stages of MβCD degradation induced by the formation of inclusion 
complexes. 

These results taken as a whole demonstrate that changes in IVS320 
thermal profile were much more evident in systems prepared with MβCD 
than with βCD, and among these the IVS320-MβCD/KN and IVS320- 
MβCD/RE complexes showed the strongest interaction between IVS320 
and MβCD. 

3.1.2. Thermogravimetric analysis 
The thermogravimetric (TG) curve of IVS320 (Fig. 3a) evidenced a 

first event in the temperature range of 160–262 ◦C with a mass loss of 
5%, a second mass loss of 6.25% (Tonset 262 ◦C, Tendset 315 ◦C) due to the 
beginning of its decomposition, and a third event between 315 and 
900 ◦C with a mass loss of 18.73%. The high thermal resistance of 
IVS320 is consistent with the characteristics of some compounds 
belonging to the naphthoquinone class [41]. 

In the TG curve of βCD it can be observed a mass loss of 12.25% due 
to dehydration (Tonset 49 ◦C, Tendset 97 ◦C) followed by a second event 
responsible for a mass loss of 70.80% (Tonset 310 ◦C, Tendset 360 ◦C) 
related to βCD decomposition, thus confirming literature data [26]. 

It was possible to observe a significant reduction in water loss in the 
TG profiles of complexes made up of IVS320 and βCD compared to βCD 
alone (Fig. 3b). In fact, the IVS320-βCD/PM, IVS320-βCD/KN and 
IVS320-βCD/RE systems showed mass losses due to dehydration of only 

Fig. 4. FTIR Spectra of (a) IVS320, βCD, and their inclusion complexes pre-
pared by physical mixture (IVS320-βCD/PM), kneading (IVS320-βCD/KN), ro-
tary evaporation (IVS320-βCD/RE); (b) IVS320, MβCD, and their inclusion 
complexes prepared by physical mixture (IVS320-MβCD/PM), kneading 
(IVS320-MβCD/KN), rotary evaporation (IVS320-MβCD/RE). 
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9.70% (Tonset 30 ◦C, Tendset 85 ◦C), 6.84% (Tonset 29 ◦C, Tendset 97 ◦C) and 
6.22% (Tonset 33 ◦C, Tendset 84 ◦C), respectively. Such a behavior can be 
attributed to the decrease in the water amount in the complexes cavity 
due to the presence of the drug and its interaction with βCD [42]. 

In turn, the most significant event in the thermograms of the IVS320- 
βCD systems can be attributed to their thermal degradation occurred in 
the temperature range of 256–368 ◦C, which was responsible for mass 
losses of approximately 64–68%, with almost negligible influence of the 
preparation method. 

The MβCD thermogram (Fig. 3a) revealed a dehydration event 
started at 31 ◦C and extended to 73 ◦C, with a mass loss of 3.55% [43], 
followed by a second event in the range of 322–391 ◦C, with a mass loss 
of 83.37%, which can be ascribed to MβCD thermal decomposition [44]. 

Contrary to the IVS320-βCD systems, drug incorporation into MβCD 
did not appear to influence the first event compared to MβCD alone, 
leading to mass losses of 1.80% (Tonset 30 ◦C, Tendset 52 ◦C), 2.52% (Tonset 
30 ◦C, Tendset 62 ◦C) and 3.52% (Tonset 30 ◦C, Tendset 64 ◦C) using PM, KN 
and RE, respectively. On the other hand, it reduced the mass loss of the 

second one to only 74.39% (Tonset 295 ◦C, Tendset 387 ◦C), 74.50% (Tonset 
295 ◦C, Tendset 387 ◦C) and 58.73% (Tonset 291 ◦C, Tendset 379 ◦C), 
respectively. This result suggests some thermal stabilization of MβCD 
structure induced by drug interaction, especially in the case of the sys-
tem prepared by RE. 

3.1.3. Fourier Transform Infrared Spectroscopy 
The Fourier Transform Infrared Spectroscopy (FTIR) spectrum of 

IVS320 (Fig. 4) showed bands at 1678 and 1644 cm− 1 corresponding to 
C=O asymmetric and symmetric stretching, while vibrational modes 
related to the stretching of C=C of the naphthoquinone and cyclo-
pentene ring were found at 1614, 1591 and 1568 cm− 1. Additionally, 
the vibrational modes with strong intensity observed at 1194 cm− 1 

(ν(C–O–C)) and with moderate intensity observed at 1157 and 1035 
cm− 1 are characteristic of the ν(C–O) of cyclic ethers. 

βCD showed a broad and intense band at 3304 cm− 1, corresponding 
to the hydroxyl group stretching, while the C–H stretching was found at 
2927 cm− 1. The additional bands observed at 1152, 1076 and 1023 

Fig. 5. XRD of (a) single compounds: IVS320, βCD, MβCD; (b) IVS320-βCD systems prepared by physical mixture (IVS320-βCD/PM), kneading (IVS320-βCD/KN), 
rotary evaporation (IVS320-βCD/RE); (c) IVS320-MβCD systems prepared by physical mixture (IVS320-MβCD/PM), kneading (IVS320-MβCD/KN), rotary evapo-
ration (IVS320-MβCD/RE). 
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cm− 1 can be assigned to the stretching of C–O of the ether and hydroxyl 
groups. In turn, MβCD exhibited band at 3394 cm− 1 referring to ν(O–H) 
and vibrational modes at 2925 and 2840 cm− 1 corresponding to 
stretching of C–H. Bands were found at 1152, 1080 and 1036 cm− 1 

corresponding to the C–O stretching of ether and hydroxyl groups, 
similar to literature [38]. 

Spectra of IVS320-βCD systems prepared by the three methods 
(Fig. 4a) showed vibrational modes confirming the presence of βCD, 
through the appearance of O–H stretching, which was displaced from 
3304 cm− 1 (βCD alone) to 3326 cm− 1. In IVS320-MβCD systems 
(Fig. 4b), MβCD O–H stretching was displaced from 3394 to 3400 cm− 1, 
while the two vibrational modes relating to asymmetrical and sym-
metrical C–H stretching were no longer clearly evident in the 3000- 
2800 cm− 1 range compared to IVS320 and MβCD, being found at 2924 
cm− 1 for all methods. 

Additionally, for both systems (IVS320-βCD and IVS320-MβCD) ob-
tained by the three methods, in the range of 1680 to 1590 cm− 1 there 
were changes in the profile of bands referring to C=O and C=C 
stretching, compared to IVS320 alone. Modifications were also observed 
in the band profile between 1023 and 1036 cm− 1, referring to IVS320- 
βCD and IVS320-MβCD systems, respectively, compared to the C–O 
deformation of cyclodextrins alone. 

Considering the chemical structures of IVS320 and cyclodextrins 
employed (βCD and MβCD), as well as the changes observed in the 
spectra of systems obtained by the three methods, it is possible to pro-
pose the formation of inclusion complexes by formation of intermolec-
ular hydrogen bridges between cyclodextrin hydroxyl groups and 
carbonyl groups and/or oxygen atoms (cyclic ether) of IVS320. 

Despite the use of distinct methods to obtain systems, the results of 
FTIR did not show significant changes among them. The most relevant 
changes were due to the use of different cyclodextrins rather than to 
different preparation methods. 

3.1.4. X-ray diffraction 
The crystallinity of compounds was investigated by X-ray Diffraction 

(XRD), whose results are illustrated in Fig. 5. The IVS320 diffractogram 
revealed high intensity crystalline reflections at 10.50◦, 14.34◦, 24.38◦

and 28.22◦, followed by secondary reflections. This result was confirmed 
by the very high IVS320 crystallinity degree (99.19%) (Fig. 6) calculated 
following the approach of [40]. 

βCD exhibited crystalline characteristics as well, with intense re-
flections at 4.40◦, 8.90◦, 12.30◦ and 22.60◦ [22,27], whereas the MβCD 
diffraction pattern revealed two wide halos at around 11.0◦ and 18.0◦, 
indicating its amorphous nature [39,40]. 

The diffractograms of the IVS320-βCD/PM and IVS320-βCD/RE 
systems (Fig. 5b) showed only very small variations compared to that of 
pure IVS320, practically overlapping it, which is consistent with the 
quite high retention (90.47 and 98.26%) of its crystalline nature (Fig. 6). 
However, in the IVS320-βCD/KN system, the reflection corresponding to 
IVS320 at 14.34◦ disappeared, the intensity of reflections at 28.22◦ and 
24.38◦ was reduced, while the peak at 10.30◦ remained practically un-
varied. As a consequence, this system showed the lowest crystallinity 
degree (86.06%) among the complexes prepared with βCD. 

On the other hand, a more significant reduction in the crystallinity 
degree was detected for IVS320-MβCD systems. All diffractograms 
showed the disappearance of most of the crystalline reflections ascribed 
to IVS320. In addition, two wide halos similar to those of MβCD alone 
were observed, suggesting the formation of inclusion complexes [40]. 

Among the IVS320-MβCD systems prepared using different methods, 
the IVS320-MβCD/RE one stood out with a crystallinity percentage of 
only 24.75%, which corresponds to a 74.44% crystallinity reduction 
compared to IVS320. The absence of some peaks and reduction of other 
crystalline reflections indicated amorphization of IVS320 in these sys-
tems, suggesting its incorporation in cyclodextrin and formation of in-
clusion complexes, probably due to a better drug dispersion in the binary 
system [45]. The increase in the amorphous content of the IVS320 was 
verified in the following decreasing order of crystallinity degree in the 
systems: IVS320-MβCD/RE (24.75%) < IVS320-MβCD/KN (26.74%) <
IVS320-MβCD/PM (52.09%). 

3.1.5. Scanning Electron Microscopy 
The SEM images of IVS320, CDs (βCD and MβCD) and IVS320- 

cyclodextrin systems are illustrated in Fig. 7. Pure IVS320 showed 
well-defined crystals of irregular size, a morphological aspect that 
confirms the XRD results. On the other hand, βCD and MβCD exhibited 
irregularly shaped and spherical particles, respectively, both of variable 
size [38]. 

The micrographs of the IVS320-βCD/PM and IVS320-βCD/KN sys-
tems revealed particles with irregular shape and different morphologies 
of both components, while that of the IVS320-βCD/RE system confirmed 

Fig. 6. Crystallinity degree of IVS320, IVS320-βCD systems and IVS320-MβCD systems obtained by physical mixture (PM), kneading (KN) and rotary evapora-
tion (RE). 
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the crystalline nature already evidenced by XRD for both the drug and 
this complex. The morphological profile of IVS320-MβCD systems was 
very different from that of IVS320. In fact, while in the IVS320-MβCD/ 
PM micrograph it was possible to notice some oval shapes corresponding 
to MβCD, those of IVS320-MβCD/KN and IVS320-MβCD/RE did not 
evidence any structure similar to IVS320 crystals or to MβCD spheres. 
Such changes in shape and morphological aspect suggest the formation 
of inclusion complexes with CDs, as previously proposed [26,38]. 

3.2. Phenotypic assay with SARS-CoV-2 

IVS320 and IVS320-MβCD/RE, which exhibited the highest reduc-
tion of crystallinity degree among complexes, were assessed for their 
anti-SARS-CoV-2 activity at different concentrations. 

Both systems were able to inhibit SARS-CoV-2 infection in vitro with 
a concentration-response profile (Fig. 8), showing concentrations 
causing a 50% reduction of virus infection (EC50) of 0.47 and 1.22 μg/ 
mL, respectively. These values mean that the selected inclusion complex 

Fig. 7. Scanning electron microscopy images of single compounds: IVS320, βCD, MβCD; of inclusion complexes prepared with βCD by physical mixture (IVS320- 
βCD/PM), kneading (IVS320-βCD/KN), rotary evaporation (IVS320-βCD/RE); and of inclusion complexes prepared with MβCD by physical mixture (IVS320-MβCD/ 
PM), kneading (IVS320-MβCD/KN), rotary evaporation (IVS320-MβCD/RE). 

Fig. 8. In vitro antiviral activity (blue curves) and cytotoxic activity (red curves) of IVS320 and the IVS320-MβCD/RE complex against SARS-CoV-2. Values are 
expressed as mean ± standard error of the mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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was able to guarantee a similar inhibitory effect as pure IVS320, likely 
due to a synergistic effect of the drug and cyclodextrin. 

3.3. SARS-CoV-2 3CL protease molecular docking simulations 

A molecular docking study was conducted to check the ability of 
IVS320 to interact with the SARS-CoV-2 viral protein (3CL protease), an 
enzyme playing an essential role in the virus life cycle [46]. IVS320 
owns great similarity with previously synthesized inhibitors tested 
against this enzyme [47], besides having a size compatibility with its 
catalytic site. Particularly, the binding site of 5,6,7-trihydroxy-2-phe-
nyl-4H-chromen-4-one (PDB ChemId: 3WL), studied by X-ray crystal-
lography (PDB Id: 6M2N), has great similarity with IVS320 as regards 
volume and molecular structure. Hence, we conducted molecular 
docking studies also to understand the mechanism of action that could 
explains the strong antiviral activity discussed in the previous section. 

It is possible to see in Fig. 9 that the fitting of IVS320 was satisfactory 
with a good site occupancy. The four isomers of the drug (RR, RS, SS, 
and SR) had similar affinities, which suggests that the mixture of isomers 
would probably have the same activity as the individual compounds. 
These results raise the need for tests on the isolated enzyme to confirm 
the hypotheses put forward. 

It is worth mentioning that, while the antifungal and antiparasitic 
potential of IVS320 has already been mentioned in the literature [17,18, 
41, no antiviral activity has been reported prior to this study. This em-
phasizes even more the importance of the antiviral potential of IVS320 
and broadens the possibilities of its biological applications. 

3.4. In vitro antichagasic activity 

The antichagasic activities of IVS320 and IVS320-cyclodextrin sys-
tems, expressed as percent inhibition of the growth of Trypanosoma cruzi 
Y strain epimastigotes, are illustrated in Fig. 10. 

The inhibition effect of IVS320 on growth was similar to that of 
benznidazole taken as a reference drug in the concentration range of 100 
to 10 μg/mL, showing approximately 48% inhibition at the highest 

concentration. In general, the complexes prepared with both cyclodex-
trins showed, at the highest concentration, higher percent inhibitions 
than the drug alone, namely 48% (IVS320-βCD/PM), 70% (IVS320-βCD/ 
KN) and 51% (IVS320-βCD/RE), and 72% (IVS320-MβCD/PM), 54% 
(IVS320-MβCD/KN) and 47% (IVS320-MβCD/RE), respectively. 

Indeed, the systems prepared with MβCD, which showed greater 
reductions in the crystallinity degree than those prepared with βCD, 
were expected to exert a stronger antichagasic effect, especially IVS320- 
MβCD/RE that had the lowest crystallinity degree (24.75%). Surpris-
ingly, however, the strongest inhibitory activities at 100 μg/mL were 
found with IVS320-βCD/KN (70%), whose crystallinity degree was still 
high (86.06%) although lower than those of the other two IVS320-βCD 
complexes, and with IVS320-MβCD/PM (72%), which showed, among 
the IVS320-MβCD complexes, the lowest reduction in crystallinity de-
gree (52.09%). 

In simpler words, the increase in antichagasic activity of IVS320 was 
not directly proportional to the decrease in the crystallinity degree of 
complexes; therefore, other factors may have played an important role. 
Among these, one can think of a synergistic effect of IVS320 and cy-
clodextrins, considering that a) βCD and MβCD exerted 19 and 51% 
inhibitory activities, respectively, when used alone at concentration of 
100 μg/mL, b) the IVS320-βCD/KN system, contrary to IVS320, showed 
inhibitory activity even at the lowest concentration (2.5 μg/mL), and c) 
the IVS320-βCD/KN and IVS320-MβCD/PM systems exhibited stronger 
inhibitory effect than free IVS320 at the two highest concentrations (100 
and 50 μg/mL). 

These results as a whole demonstrate that the antichagasic effect of 
the drug was enhanced by the presence of CD in inclusion complexes. 

4. Conclusions 

Different IVS320-containing inclusion complexes were prepared 
with either β-cyclodextrin (β-CD) or methyl-β-cyclodextrin (Mβ-CD) 
using different methods, namely physical mixture (PM), kneading (KN) 
and rotary evaporation (RE). Characterization techniques showed 
changes in the thermal behavior, spectral properties and crystalline 

Fig. 9. Scheme of the molecular docking study performed to explain IVS320 anti-SARS-CoV-2 activity. 3CLpro binding site complexed with 5,6,7-trihydroxy-2- 
phenyl-4H-chromen-4-one (black circle) was used to dock all possible IVS320 isomers (RR, RS, SS, and SR). Each configuration presents an Autodock Vina [37] 
score expressed in kcal mol− 1. Affinity can be measured by the score: the more negative the score, the higher the affinity. 
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profiles of these systems compared to the individual constituents. Such 
findings suggested the formation of inclusion complexes, which led to an 
increase in some of the drug biological activities, probably due to the 
synergistic interactions between IVS320 and cyclodextrins. The anti-
chagasic activity proved to be satisfactory, with the strongest inhibition 
of Trypanosoma cruzi epimastigote growth exerted by the IVS320-βCD/ 
KN and IVS320-MβCD/PM systems at a concentration of 100 μg/mL. On 
the other hand, the highest reduction in the crystallinity degree was 
observed for the IVS320-MβCD/RE system. The activity of IVS320 and 
the IVS320-MβCD/RE system was also assessed in vitro against the SARS- 
CoV-2 virus, something that has not yet been reported so far. These 
preliminary results demonstrated high potential of both compounds 
evaluated to fight its infection, which was theoretically confirmed by 
docking studies showing the drug interaction with the viral 3CL protein 
active site. 
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