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ARTICLE INFO ABSTRACT

Article history:

1-Indanone thiosemicarbazones (TSCs) display a broad spectrum of pharmacological activities. However, their
extremely poor solubility and self-aggregation tendency in water hurdles the reliable evaluation of the activity
in vitro. To overcome these drawbacks, the formation of complexes with different natural and chemically modi-
fied cyclodextrins (CDs) has been investigated. Aiming to gain further insight into the molecular mechanisms in-
volved in the interaction of these new chemical entities with CDs, this work investigated for the first time the
interaction of two types of 1-indanone TSCs with hydroxyl-propyl-3-CD (HPR-CD) by Molecular Dynamics
(MD) simulations. Results were in good agreement with the experimental work and revealed the fundamental
contribution of the substituents in the 1-indanone aromatic ring not only to the intrinsic aqueous solubility
but also more importantly to the self-aggregation and the ability of the TSC to form stable complexes with the
CD. In the particular case of the 5,6-dimethoxy-1-indanone derivative, the increase of the solubility in presence
of HPp-CD stems from a considerable decrease of the TSC-TSC intermolecular interactions and the formation of
inclusion complexes that are stable for a short time. Then, the high self-aggregation tendency of this TSC desta-
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bilizes the complex and leads to the initial TSC insolubilization and subsequent precipitation.
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1. Introduction

Since the potential therapeutic activity of thiosemicarbazones (TSCs)
against Mycobacterium tuberculosis was described for the first time [1],
many other pharmacological activities such as antibacterial [2], antiviral
[3], antifungal [4], antiprotozoal [5] and antitumoral [6] have been re-
ported. 1-Indanone TSC derivatives are effective against a broad spec-
trum of pathogens [7-10]. In particular, 5,6-dimethoxy-1-indanone TSC
was more effective against the virus of the bovine viral diarrhoea
(BVDV), the surrogate model of the hepatitis C virus (HCV) in vitro,
than the first-line antiviral drug ribavirin [11,12]. However, these TSCs
display extremely poor intrinsic aqueous solubility (1.5-13.0 pg/mL)
[13]. In addition, 1-indanone TSCs combine a bulky hydrophobic aromat-
ic ring and a highly hydrophilic thiosemicarbazone group (Fig. 1A). This
peculiar structure confers the molecule amphiphilic character and it
would account for the self-aggregation that leads to gradual nucleation,
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crystallization and precipitation in aqueous media [13]. This behaviour
precluded the reproducible and reliable evaluation of the biological ac-
tivity in vitro and gave place to inconsistent data of antiviral activity
[13]. Moreover, it represents a hurdle toward the study of other anti-
pathogenic properties. In this scenario, the investigation of new and
complementary experimental and computational tools to elucidate
drug self-aggregation and means to prevent and/or control it is called for.

Cyclodextrins (CDs) are macrocyclic oligosaccharides that consist of
five or more a-D-glucopyranoside units tied with 1 — 4 glycosidic link-
ages. The shape of CDs resembles a truncated cone that combines a hy-
drophobic nano-sized cavity with a hydrophilic surface. The primary
and secondary hydroxyl groups are located at the narrow and wide
rim, respectively, of the CD ring (Fig. 1B). Since the cavity enables the
partial or total incorporation of hydrophobic molecules that fit its size,
CDs have found broad application in pharmaceutical research and devel-
opment to increase the water solubility, physicochemical stability and
bioavailability of lipophilic drugs through the formation of drug/CD in-
clusion complexes [14,15]. In addition, CDs have been more recently ex-
plored to increase the aqueous solubility of new chemical entities [16].

Following this concept, Glisoni et al. studied the solubilization and
physical stabilization of 1-indanone TSCs in aqueous medium by
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Fig. 1. Molecular structure of (A) 1-indanone-thiosemicarbazone (TSC1) and 5,6-dimethoxy-1-indanone-thiosemicarbazone (TSC2) and (B) 2-hydroxypropyl-3-cyclodextrin (HPR-CD)
included in the molecular dynamic (MD) simulations. The primary and secondary hydroxyl (—OH) groups and O atoms were colored in yellow and gray, respectively. The glycosidic
oxygen bridges, which are directed toward the cavity inner space, were colored in light red. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

means of complexation with different natural and chemically modified
CDs [17]. In this framework, with the water-soluble hydroxypropyl 3-
cyclodextrin (HPB-CD), the solubility of 1-indanone TSC (TSC1, Fig.
1A) and 5,6-dimethoxy 1-indanone-TSC (TSC2, Fig. 1A) was increased
up to 22 and 65 times, respectively. On the other hand, the TSC1/HP(3-
CD complex was stable for at least one week, while the TSC2 counterpart
underwent decomplexation after 24 h. The driving mechanism for the
formation of a host-guest inclusion complex is the result of the interplay
between energetic and entropic effects. Furthermore, from the experi-
mental point of view, in many cases organic solvents are needed to pro-
mote their formation [18]. Then, the stabilization of such complexes
depends on the establishment of Van der Waals and electrostatic inter-
actions (especially the formation of H bonds). Expectedly, the extent of
each contribution to the stabilization of the complex is associated with
the chemical nature of the guest and the host molecules [19,20].

Molecular Dynamics (MD) simulation provides one of the most di-
rect ways to theoretically investigate the molecular behaviour [21] of
more complex systems (e.g., guest-host interactions) that is not feasible
by experimental approaches. In this framework, many research groups
described MD simulations as a main tool for investigating CD inclusion
complexes in aqueous medium to obtain a comprehensive model of
complexation and molecular recognition phenomena [22-25].

Aiming to gain further insight into the molecular mechanisms in-
volved in the interaction of 1-indanone TSCs with CDs, this work inves-
tigated for the first time the formation and stability of inclusion
complexes of two potential anti-HCV agents, TSC1 and TSC2, with
HPR-CD by MD. In framework, two different approaches were
employed. In the first one, 1:1 TSC:HPB-CD complexes were pre-assem-
bled at different relative orientations. In the second, cooperative effects
were investigated. Overall results revealed the fundamental contribu-
tion of the substituents in the 1-indanone aromatic ring not only to
the intrinsic aqueous solubility and self-aggregation behaviour but
also, and more importantly, to the ability of the TSC to form stable com-
plexes with the CD of choice.

1.1. Computational methods
To evaluate the guest-host interactions, two different types of sys-

tems were simulated: (i) 1:1 TSC:HPR-CD (hydrated by 2060 water
molecules) and (ii) 8:8 TSC:HPR-CD (hydrated by 16,150 water

molecules). In all the cases, the TSC concentration was 27 mM. Further-
more, the corresponding controls of the mentioned systems were stud-
ied to evaluate the behaviour of the TSC molecules in CD-free water.
All MD simulations were performed using the GROMACS 4.5 soft-
ware package [26-28] and the GROMOS96 53a6 force field [29,30]. In
this force field, the corresponding methylene and methyl groups were
treated as a united atom type. The water molecule was modelled
using the simple point charge (SPC) model [31]. Periodic boundary con-
ditions in all directions were considered to minimize edge effects in a fi-
nite system. The electrostatic interactions were handled with the
Smooth Particle Mesh Ewald (SPME) version of the Ewald sums [32,
33]. The settings for the SPME method were a real space cut-off of
1.0 nm, a grid spacing of 0.12 nm and a cubic interpolation. In all the
simulations, the Van der Waals interactions were cut off at 1.0 nm.
The simulations were carried out in the NVT ensemble using the
Berendsen thermostat [34]. The whole system was coupled to a temper-
ature bath with a reference temperature of 300 K and a relaxation con-
stant of 0.1 ps. No constraints were used for the bonds. The time step for
the integration of the equation of motion was 1 fs. The non-bonded list
was updated every 10 steps. To release steric clashes, 10° steepest de-
scent cycles and 10° steps of conjugated gradient algorithm were car-
ried out. Prior to the production run, a series of six equilibration steps
of 1 ns each were performed upgrading the temperature progressively.
The ground-state geometry of TSC1 and TSC2 was optimized within
the Density Functional Theory (DFT) using the B3LYP [35] functional
and 6-31G* basis set. The partial atomic charges were obtained through
a single point calculation employing the optimized geometries, at the
Hartree-Fock level within the 6-31G* and the Merz-Singh-Kollman pro-
tocol [36]. All the quantum chemical calculations were carried out by
means of the Gaussian package [37]. The force constants and intermo-
lecular parameters were chosen in analogy to similar molecules already
described by GROMOS. For 1:1 systems, TSC molecules were placed into
the cavity of the HPR-CD, either through the ring or through the nitrog-
enous tail, as explained below. Instead, the 8:8 simulated systems were
built in a cubic box, using the Packmol package [38] sampling the TSC
molecules in different and representative relative orientations. MD sim-
ulations were carried out up to 100 ns production run after the equili-
bration of the system. The images were obtained using Visual
Molecular Dynamics [39] software (VMD from University of Illinois at
Urbana-Champaign, IL, USA) and Grace [40] (xmgrace) software.
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Fig. 2. Snapshots of the four initial positions of TSC1 and TSC2: (a) Nitrogenous tail inside the CD cavity and indanone group near the wider rim, (b) nitrogenous tail inside the CD cavity and
indanone group near the narrower rim, (c¢) indanone group inside the CD cavity and nitrogenous tail near the wider rim, (d) indanone group inside the CD cavity and nitrogenous tail near
the narrower rim of TSC1/HPB-CD (upper panels) and TSC2/HPR-CD (lower panels). Water molecules were not included here, for a better visualization.

2. Results and discussion The interaction energy, AE, between the host and the guest molecule
could be an indication of the stability of the inclusion complexes. This
2.1. Inclusion complexes of TSC1 and TSC2 with HPB-CD in water parameter is typically defined as the sum of electrostatic (AEcoy) and

Van der Waals (AEy) interaction energies [41,42] between guest and
Four different initial relative orientations for each TSC were studied host molecules, according to Eq. (1).
and described: (a) the nitrogenous tail inside the CD cavity and the

indanone group close to the wider rim, (b) the nitrogenous tail inside =~ AE = AEcoy + AEy, (1)
the CD cavity and the indanone group close to the narrower rim, (c)

the indanone group inside the CD cavity and the nitrogenous tail close Fig. 3 shows the interaction energy for the four 1:1 systems of TSC1
to the wider rim and (d) the indanone group inside the CD cavity and and TSC2 with HPR-CD. Three types of stable complexes from the initial
the nitrogenous tail near the narrower rim (Fig. 2). positions a, b and ¢ (see above) were observed for both TSCs. For TSC1,
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Fig. 3. Interaction energy between (A) TSC1 and (B) TSC2 with HPR-CD in water versus simulation time of the four types of initial positions described in Fig. 2. Complex a (black), complex b
(red), complex ¢ (green) and complex d (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Axial-radial number-density map of (A) TSC1 and (B) TSC2 indanone group (right panels) and nitrogenous tail (left panels) for the four different initial positions of 1:1 systems (a—
d). Axial direction goes from the center of mass (CM) of the secondary hydroxyl groups to the CM of primary hydroxyl groups of the CD. Axial center is defined as the midpoint between the
CMs of these two types of hydroxyl groups. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the complex starting from position a was stable throughout the whole
simulation time, while the complex b remained stable only for 30 ns
and then the host molecule was released from the CD (Fig. 3A). In the
case of TSC2, both inclusion complexes (a and b) turned out stable for
the entire simulation time (Fig. 3B). In the case of complexes ¢, in both
cases they showed a dual behaviour. TSC1 complex ¢ remained stable
during 60 ns, followed by a sharp peak of increase and decrease of AE.
This observation would be related to the location of the indanone ring
in a site of high steric hindrance (Fig. 3A). TSC2 also showed a different
behaviour during the first 40 ns and the rest of the simulation time
(Fig. 3B). Its analysis is detailed and discussed below.

In order to analyse the distribution of 1-indanone and TSC groups in-
side the HPP-CD cavity, density maps of these residues were plotted
considering cylindrical coordinates. The axial direction was defined by
the vector going from the center of mass (CM) of the secondary -OH
to the CM of the primary -OH of the HPB-CD. The center (axial = 0) is
defined as the geometrical midpoint between the CMs of these two
types of ~OH. These groups are separated ~0.5 nm from the CM, and
the glycosidic oxygens are at ~0.4 nm of radial distribution (data not
shown). Thereby, all the moieties observed between —0.5 nm and
0.5 nm of axial and 0 to 0.4 nm of radial distributions should be inside
the CD cavity. The map of densities of each case is shown in Fig. 4,
where the scale goes from red (absence) to blue (maximum average
density) of the analysed group along the whole simulation time. As ob-
served in Fig. 4A and in good agreement with the AE profile, the most
stable complex was a. In this case, the whole molecule of TSC1 was
found inside the CD cavity with its nitrogenous tail oriented to the pri-
mary -OH. For complex b, whose half-life time was shorter than that
a and c (Fig. 3A), the nitrogenous tail was accommodated inside the
CD cavity and close to the primary -OH. The complex ¢ also showed
good stability over most of the simulation time (Figs. 3A and 4A). In
this case, the 1-indanone ring was placed in the widest portion of the
cavity, and the nitrogenous tail outside the HPR-CD. Otherwise, for com-
plexes a and b of TSC2/HPB-CD, the nitrogenous tail was placed within
the CD cavity, either closer to the secondary or the primary —-OH, respec-
tively (Fig. 4B). It is important to mention that, for these two latter com-
plexes, the indanone ring remains outside the HPR-CD cavity (Fig. 4B).
Conversely, in complex ¢, the 1-indanone system remained within the
cavity, as observed for the TSC1/HPB-CD complex (Fig. 4). During the
first 40 ns, the TSC2 molecule was more deeply inserted into the CD cav-
ity than the TSC1 counterpart, in a similar complex formation position
(Fig. 4A). This phenomenon is essentially attributed to the H-bonds be-
tween the methoxy groups (— OCHs) of TSC2 and the primary —-OH of
HPP-CD and it is reflected in a higher value of |AE| than the complex ¢
of TSC1. Finally, inclusion complex d showed no stability, regardless of
the TSC (Fig. 4). Here, the steric hindrance precluded the incorporation
of the 1-indanone residue into the narrower half of the HPR-CD cavity.
The primary and secondary rims of HPR-CD present a difference in sur-
face area of ~0.1 nm?. Therefore, the penetration or stabilization of the
guest molecule by the narrow rim of CD was constrained for both TSC
derivatives (Table 1). In contrast, the 1-indanone residue was more eas-
ily hosted by the wider rim of HPB-CD. At the same time, it is worth
stressing that the molecular volume of both TSCs is smaller than that
of the HPB-CD cavity (Table 1). However, if the required surface area
for access or permanence of a guest molecule inside the CD cavity is

Table 1

Sterical descriptors of the HPR-CD cavity and TSC molecules.
Molecule AWR (A?) ANR (A?) MPA (A?) VC (A3) vWV (A%)
HPp-CD 44.2 33.18 - 304.5 -
TSC1 - - 3343 - 202.43
TSC2 - - 43.91 - 254.59

Notes: AWR: Area of Wider Rim; ANR: Area of Narrower Rim; MPA: Minimal Projection
Area; VC: Volume of cavity; vVWV: van der Waals Volume.

Table 2
Mean number of H-bonds during inclusion complexes existence time, for each 1:1 system.

Initial Interaction Average H bond + 0.1
Guest-molecule Position Range (ns) (during interaction range)
TSC1 Complex-a 0-100 14

Complex-b 0-38 14

Complex-c 0-98 0.7

Complex-d 0-10 0.5
TSC2 Complex-a 0-100 1.7

Complex-b 0-100 1.5

Complex-c 0-40/40-100 1.8/1.6

Complex-d 30-50 0.8

insufficient, the stabilization of any type of complex with the ring buried
inside the narrowest portion of the CD cavity is not achieved.

2.2. Specific interactions

The stability of the inclusion complexes is given mainly by specific
interactions between the guest and host molecule such as H-bonds. In
this context, the average number of H-bonds during the lifetime of the
different 1:1 inclusion complexes was measured (Table 2). As indicated,
the strength of the H-bonds formed was slightly greater for TSC2/HPR-
CD than for TSC1/HPR-CD complexes.

Taking into account the preliminary characterization of the inclusion
complexes between TSCs and HPR-CD molecules, but realizing that the
differences found did not substantially justify their experimental singu-
larities, we addressed the investigation of more complex systems
consisting of eight molecules of TSC in water. These experiments
assessed the collective properties of such molecules in the absence
and presence of the respective eight molecules of HPRB-CDs. These ex-
perimental configurations are referred as 8:8 systems.

2.3. Collective properties of 8:8 TSC/HPB-CD systems

In this part of the study, each pair was set up in one of the quadrants
of the simulation box, having different (and representative) TSC:HPB-
CD relative orientations. These orientations were chosen to provide a
robust sampling of the possible complexes under formation. To evaluate
the behaviour of the TSC molecules in solution, we also simulated a sys-
tem of eight TSC molecules in water (in the absence of HP3-CD) and
considered it as a control for comparative analyses. The systems were
equilibrated in the same way described for 1:1 counterparts and the
time simulation run was 100 ns that was long enough for the molecules
to migrate and aggregate or disaggregate in solution. To study the self-
aggregation behaviour of TSC molecules in the presence and absence
of HPB-CD, we estimated the average number of TSC neighbours (cut-
off radius of 1 nm around each TSC molecule) that is a measure of the
degree of molecular aggregation. In Fig. 5, we show the relative frequen-
cy of aggregation of TSC1 and TSC2, in absence and presence of HPR-CD,
respectively. In good correlation with the experimental findings, in the
absence of HPR-CD, the aggregation of TSC2 was substantially higher
than TSC1 (Fig. 5A). In the presence of HPB-CD, the number of TSC1
neighbours was not significantly modified with respect to the CD-free
simulation (Fig. 5A). In contrast, TSC2 showed a striking decrease of
the self-aggregation extent in the presence of HPR-CD (Fig. 5B).

To study the dynamics of the self-aggregation process in the presence
of the CD, we calculated the interaction energy between TSC molecules
according to Eq. (1). As clearly observed in Fig. 6, the time evolution
showed a gradual increase in the formation of TSC2 aggregates. This phe-
nomenon was also appreciated experimentally [17], where TSC2 present-
ed a faster and more substantial precipitation in water and consequently
lower intrinsic solubility than TSC1 after complexation with HP3-CD (Fig.
7)[17,43]. This latter effect could be attributed to the stronger tendency of
TSC2 molecules to form m-m stacking interactions than TSC1, essentially
driven by entropic effects. The different partial charge distribution in the
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legend, the reader is referred to the web version of this article.)

aromatic carbons of the 1-indanone ring due to the presence of -OCH3
substituents (data not shown) accounts for the differences between com-
pounds. These electron-donating groups increase the ring electron densi-
ty, favouring this type of interaction.

The high self-aggregation trend of TSC2 also disturbed the stabiliza-
tion of the inclusion complex with the CD. Moreover, during the MD
simulations and once the TSC2/HPR-CD complex was formed, a negative

cooperative effect over the complexation stabilization was evidenced. In
this process, one TSC2 molecule belonging to an inclusion complex was
released from the cavity of the HPR-CD by a cooperative process medi-
ated by many other free TSC2 molecules. This phenomenon finally led to
TSC2-TSC2 interactions, as summarized in a selection of snapshots of
Fig. 8. This evidence supported very well the experimental results re-
ported elsewhere [13,17,43].
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Fig. 6. Interaction energy between TSC molecules among themselves in systems where HP3-CD molecules are present. TSC1 (black) and TSC2 (red). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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2.4. Inclusion complexes formed in 8:8 systems

There was no de novo formation of inclusion complexes throughout
the entire simulation, in any of the studied cases. In addition, it is
worth pointing out that the experimental preparation of these com-
plexes was conducted by the co-solvent method [17,18] to obtain a
TSC/HPR-CD white powder that was then resuspended in water to the
desired CD concentration [17]. Moreover, results with dissolution or
coprecipitation methods were not acceptable [43]. In this context, find-
ings of the present work with both TSCs were in very good agreement
with the experimental ones, where the molecules were incorporated
into the CD cavity before they were exposed to the aqueous medium
to prevent their early self-aggregation. This procedure ensured the
formation of stable inclusion complexes and prevented early strong
TSC-TSC interactions in water that result in the formation of pure TSC
aggregates.

The stabilized inclusion complexes in the 8:8 systems were those in
which the starting relative orientations were similar to those in the sta-
ble 1:1 complex. More specifically, the most stable structure of the com-
plexes stabilized was similar to the one shown by complex b of 1:1
systems, for both types of TSCs (Fig. 9). TSC1 complexes were stable

for 10 ns, while the TSC2 counterparts remained stable over ~70 ns.
These differences were consistent with those found in complex b of
the 1:1 systems. The shorter half-life of the TSC2 complex, in contrast
with 1:1 system, could be explained by the effect of negative
cooperativity of the complex stability, after it was formed (see above).
As shown in Fig. 9, in both cases, the formation of inclusion complexes
competed with that of non-inclusion ones. This means that TSC mole-
cules are stabilized as non-aggregated entities outside the cavity
through H-bond interactions with primary or secondary -OHs. The
non-inclusion complex formation was more noticeable in the case of
TSC1. This phenomenon could be related to the more significant in-
crease of the intrinsic solubility in water and it would also explain
why TSC1 water-solubilized in the presence of CDs was more stable
over time than the TSC2 counterpart (Fig. 7) [17,43].

3. Conclusions

MD simulations were used to investigate the atomic-level phenomena
and structural details of complexes that could be observed directly, stabi-
lized between a chemically modified water-soluble 3-CD (HPB-CD) and
two types of TSCs, 1-indanone and 5,6-dimethoxy-1-indanone TSC.

Fig. 8. Snapshots show the progress of the negative cooperativity of TSC2 on the aggregation process, at different simulation times. (A) t =0to 66 ns, (B) t =67 ns, (C) t =72 ns, (D) t =
85nsand (E) t = 88 ns. The first snapshot shows the entire 8:8 system, the rest of them made zoom on the relevant part. Water molecules were not included here, for a better visualization.
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center is defined as the midpoint between the CMs of these two types of hydroxyl groups.

Results were in good agreement with the experimental work and
highlighted the strong impact that changes in the molecular structure
of a drug (e.g., incorporation of substituents to an aromatic heterocyclic
ring) could have on the self-aggregation pattern and the formation of
supramolecular assemblies with CDs. For instance, even though both
TSC molecules showed higher aqueous solubility in the presence of

HPp-CD, the mechanism behind the solubilization is markedly different,
as revealed from a molecular point of view. Furthermore, we found out
that for both TSCs, only preformed inclusion complexes were stabilized.
These findings support the production method used in previous exper-
imental studies. Contrary to this, the formation of an inclusion complex
between the CD and a hydrated TSC form could not be demonstrated.
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Finally, the half-life of each complex was different. For TSC1, the in-
creased solubility achieved in presence of HPR-CD was by complex for-
mation or disruption of TSC-TSC intermolecular interactions, and lasts
over time due to the later formation of non- inclusion complexes. For
TSC2, the increase in the solubility in presence of HPR-CD was the result
of a considerable decrease of the TSC2-TSC2 interactions, and the forma-
tion of inclusion complexes of TSC dehydrated molecules that were sta-
ble for a relatively short time, and followed by the reestablishment of
TSC2-TSC2 interactions. This high self-aggregation tendency of TSC2
molecules destabilizes the complex and leads to initial TSC insolubiliza-
tion and later precipitation, as observed experimentally.
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