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Melatonin (MT) is a vital hormone controlling biorhythms, and optimizing its release in the human body
is crucial. To address MT's unfavorable pharmacokinetics, we explored the inclusion complexes of MT
with B-cyclodextrin (3-CD). Nano spray drying was applied to efficiently synthesize these complexes in
three molar ratios (MT:B-CD = 1:1, 2:1, and 1:2), reducing reagent use and expediting inclusion. The
complex powders were characterized through thermal analyses (TGA and DSC), Fourier transform
infrared spectroscopy (FTIR), and in vitro MT release measurements via high-performance liquid
chromatography (HPLC). In parallel, computational studies were conducted, examining the stability of
MT:B-CD complexes by means of unbiased semi-empirical conformational searches refined by DFT,
which produced a distribution of MT: 3-CD binding enthalpies. Computational findings highlighted that
these complexes are stabilized by specific hydrogen bonds and non-specific dispersive forces, with
stronger binding in the 1:1 complex, which was corroborated by in vitro release data. Furthermore, the
alignment between simulated and experimental FTIR spectra demonstrated the quality of both the
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structural model and computational methodology, which was crucial to enhance our comprehension of
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1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous
neurohormone’ directly involved in the regulation of the
sleep-wake cycle and is used for the treatment of sleep dis-
orders, such as insomnia and decompensations caused by jet
lag.>™* Other benefits also extend to immunomodulatory and
antioxidant effects and it seems to be able to prevent aging.>®
Melatonin (MT) activities in therapeutic applications for cardi-
ovascular and cardiac diseases are still under investigation,”®
while it is confirmed that its usage as a potential therapeutic
agent promotes neurogenesis and neuron survival in neurode-
generative diseases.’

Owing to its pharmacokinetic features, MT has been exten-
sively studied for application in drug delivery systems (DDSs) to
improve its low water solubility and sensitivity to light."®™** The
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optimizing MT's release for therapeutic applications.

most versatile way is represented by the encapsulation of the
drug within a suitable chemical partner that provides its
protection and improves its safety profile. Host-guest com-
plexes are indeed one of the most efficient applications to
modulate the properties of a molecule through its controlled
delivery and protective action. For these reasons, they play a
crucial role in different fields of investigation, starting with
chemistry and biology up to their pharmaceutical and medical
applications."*® The alternative strategy that can be more
advantageous encompasses the inclusion of MT in macrocyclic
host molecules such as cyclodextrins (CDs) to evoke changes in
the physicochemical properties of MT as a guest molecule. In
the present work, inclusion complexes of MT with CDs were
studied based on previous works on this DDS.*”*°
Cyclodextrins constitute a class of cyclic oligosaccharides
composed of a-p-glucopyranose units, which present the impor-
tant feature of establishing supramolecular complexes.>® CDs
possess a unique structure characterized by a hydrophilic outer
surface and a hydrophobic cavity that gives these molecules a
typical truncated hollow cone shape. The most commonly used
CDs are composed of 6, 7 or 8 a-p-glucopyranose, linked by o-1,4
glycosidic bonds, and the Greek letter in their nomenclature
indicates the number of monomeric units: o-, -, and y-CD
corresponding to cyclodextrins with 6, 7 and 8 o-p-glucopyranose

This journal is © The Royal Society of Chemistry 2024
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units, respectively.”’ The molecular dimensions of the CD cavities
make them ideal hosts for the inclusion complex formation with
diverse molecules; as an example, o-CD (with a cavity diameter of
4.7-53 A) can form inclusion complexes with small organic
molecules or characterized by aliphatic side chains, while f-CD
(cavity diameter of 6.0-6.5 A) is the suitable host for organic
molecules such as aromatic or heterocyclic rings. y-CD (cavity
diameter of 7.5-8.3 A) is the largest of the mentioned cyclodextrins
and encapsulates properly macrocycles and steroids.>**>>*

In recent years, depending on the needful application, a
variety of methods were exploited to prepare B-CD and drug
inclusion complexes: treatments by mixing solutions of -CD
and MT opened the way to form the corresponding complex,
up to procedures without solvents (kneading method), co-
evaporation and lyophilization.>® The kneading method permits
a very low amount of the solvent to be employed but requires a
perfect balance of the reagents. On the other hand, lyophiliza-
tion involves a process in which solvent is removed in vacuum
after cooling but it is more expensive than conventional drying.?®

In this article, we propose an efficient approach to achieve
the inclusion complex using the spray drying technique, which
consists of introducing a feed solution into an atomizer to
produce small droplets of the solution exposed to high air
temperatures.”” Feed solutions are made up in the aqueous
environment, from which water evaporates rapidly so that the
encapsulation process occurs. The resulting samples are powders
characterized by a low amount of moisture and nanometric-size
particles.”® Nano Spray Dryer synthetic pathway provides high
production rates and low operating costs: for these reasons, it is
considered a commercially applicable drying method in Drug
Delivery Systems.>® Current applications of Nano Spray Dryer
concern encapsulation of organic molecules through a host-guest
interaction®*~ also in combination with a cyclodextrin forced to
interact with essential oils®® or levocetirizine.**

Computational chemistry is a well-established and paradig-
matic pillar in the study of drug delivery systems.>>?® The
continuous growth of computational power has also made it
possible to study large systems at accurate DFT levels, thus
allowing the comprehension of the complexation/release
mechanism of a certain drug and its delivery system at an
atomistic level. This knowledge is fundamental to optimizing
the DDS itself, making it more effective, greener, and more
efficient. On the topic of CD inclusion complexes several
computational works have been performed in the last few
years.*’° Stachowicz et al. studied the different conformations
of B-CD in the gas phase at the B3LYP level, featuring the
possible H-bond patterns generated by the hydroxymethyl
groups of the different glucopyranose units.*® To investigate
the structures of the three most used CDs (o, p and y), some of
us have recently applied the r>SCAN-3c composite functional
obtaining a complete benchmark.**

Previous studies have focused on the host-guest interactions
established between a drug and a CD with the employment of
combined DFT methodology and experimental techniques, that
corroborate the importance of the deep synergy between the
theory and experiment. For example, the interactions between
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B-CD and N-methylcarbamates,** neochlorogenic and chlorogenic
acids,” piroxicam,** olsalazine,"> permethrin*® and proline*’
have been studied employing infrared, Raman®® and UV-Vis
spectroscopies,*>*>*” X-ray diffraction,”® circular dichroism®*
and scanning electron microscopy,™* always combined with a
computational counterpart, shedding light on the complexation
mechanism, on the diverse host-guest conformations, and on the
assignment of the bands in the different spectroscopies. Many
computational standalone works provide results on the HOMO-
LUMO orbitals and how they are modified by the complexation
phenomenon, the binding energies of the host-guest system and
structural information such as the hydrogen bonds distribution
either of the CD alone or of the inclusion complex.**>* DFT
calculations were also performed on systems involving other CDs,
in particular, o- and y-CDs with their suitable guest partners,”*
according to the size of the drug and the hole of the CD. Another
strategy to further optimize the complexation/release mechanism
of these systems is also to model various derivatized types of
CDs,>*®! by substituting -OH moieties with ~OR chains.

Due to the flexibility of CDs, semi-empirical and force field
methods have also been adopted to reduce the computational
cost for a proper description of all the possible conformers
upon complexation.®”®* For this reason, an equally valid
approach involves molecular mechanics-based molecular
dynamics (MM/MD),*"®” which are applied to confirm experi-
mental insights in terms of complexation affinity,’®”7° struc-
tural features’™”> and spectroscopic analysis.”® Different
studies simulated the encapsulation of a guest with several
cyclodextrins in various stoichiometric ratios,”*”® allowing not
only conformational investigations but also the study of the
system evolution over time.”® %

Among the others, the recently developed GFN2-xTB method
was shown to be almost as accurate as DFT*>** with the cheap
computational cost typical of other semi-empirical methods
(3-5 orders of magnitude lower than DFT) and successfully
applied to host-guest phenomena.®’>®® A recent paper pub-
lished by some of us confirmed the accuracy of the GFN2-xTB
method with respect to different DFT functionals on selected
melatonin/cyclodextrin complexes.®® Therefore, starting from
those results, we have largely expanded that work by means of
the CREST submodule implemented in the xTB program.”’
CREST allows us to explore the potential energy surface as
was recently shown with transition metal complexes,’' as well
as for the host-ligand conformations between cucurbituril and
a set of medium-sized organic molecules.’” The idea is, there-
fore, to combine the possibility of exhaustively exploring the
conformational space of the system with cheap methods (either
classical and semi-empirical), thus generating a large set of
structures, whose geometries and energies are then refined at
the DFT level, configuring as an approach already tested on the
cyclodextrin bare system.*!

In the present study, we have performed a combined experi-
mental and computational investigation on the inclusion
complex MT: B-CD, in which three potential molar ratios of
MT: B-CD were explored (1:1, 2:1 and 1:2) to study all the
possible complexation reactions. The complexation reaction
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was achieved using the Nano Spray Dryer technique and the
samples were characterized by thermal analyses (thermogravi-
metry and differential scanning calorimetry) and FTIR spectro-
scopy. Furthermore, the in vitro release study of the MT was
performed to roughly evaluate the strength of the host-guest
interaction and to provide the quantity of MT left free over
time. Models of these three complexes were designed and, after
conformational research performed with XTB-CREST, the low-
lying energy structures were reoptimized at the DFT level and
vibrational frequencies were computed to simulate the corres-
ponding IR spectra.

2. Materials and methods

2.1. Computational details

2.1.1. Models’ nomenclature and binding enthalpy definition.
The monomeric unit of B-cyclodextrin was extracted from the
corresponding crystallographic structure.”® Fig. S1 of the ESIt
reports top and side views of B-cyclodextrin, with the hydroxylic
carbon atoms highlighted, namely C2, C3, and C6. We have
arbitrarily named “Head” and “Tail” the parts of the molecule
where the hydroxyl groups are located (C2 and C3 belong to the
Head, while C6 to the Tail).

The closed and open conformations are called CD1 and
CD2, respectively. It is essential to highlight that there is only
one possible conformation for CD1, i.e., with all the hydroxyl
groups bound to C6 interacting with each other (Fig. Sic, ESIt),
as well as for CD2, with all -CH,~-OH groups pointing toward
the outermost part of the molecule.

The binding enthalpy of the complex was calculated accord-
ing to the following formula:

BH = (Hmel + HCD) - Hcplxa (1)

where H,,. and Hcp, are the reference enthalpies (i.e., potential
energy + zero-point energy + thermal correction at 298 K) of the
most stable MT and CD conformers, respectively, while Hcpi, is
the enthalpy of the MT: B-CD complex.

2.1.2. Semiempirical and force-field calculations: xTB
code. Simulations with the XTB code (extended Tight-Binding,
v. 6.4.0) were carried out at the GFN2 semiempirical level,” as
well as with the GFN-FF force-field.”> The considered systems
are very flexible, so the submodule CREST (Conformer-Rotamer
Ensemble Sampling Tool)*® was used to explore their potential
energy surface and find the most stable conformers, choosing
the default accuracy settings (energy convergence Econy = 5 X
107° Hartree, gradient convergence Geony = 1 X 102 Hartree x
Bohr ™, accuracy for integral cutoffs and SCF criteria = 1.0). The
NCI mode, ie., a conformational exploration with optimum
settings for non-covalent interacting complexes, was also
applied. To avoid non-physical deformations of CDs and to
save computing time, all the atoms belonging to the carbonac-
eous skeleton of CDs were fixed to their starting positions, thus
not including them in the conformational exploration. In
detail, only the hydroxyl groups bound to the carbon atoms
highlighted in Fig. S1 (ESIT) were free to move, including Cg so

4006 | J Mater. Chem. B, 2024,12, 4004-4017

View Article Online

Paper

that the hydroxymethyl chains could freely rotate. The structures
obtained by CREST in the relative stability range of 6 kcal mol ™"
were then re-optimized at the GFN2 level with tighter thresholds
to increase the accuracy of the calculations, that is energy
convergence E.ony = 1 X 1077 Hartree, gradient convergence
Geonv = 2 X 10~ * Hartree x Bohr ' and accuracy of integrals set
to = 0.01.

2.1.3. Density functional calculations: ORCA software.
Low-lying energy structures obtained by CREST (i.e. within kcal
mol " with respect to the most stable one) were re-optimized
with the r’SCAN-3c composite density functional,’®*° using the
ORCA code."*>'" The tolerance in the total energy for the self-
consistent field (SCF) iterative procedure was set to Ecopy = 1 X
10~® a.u. (default for geometry optimization). The thresholds on
geometry optimizations were arranged to the following values:
1 x 10°% a.u. on the energy difference from two subsequent
steps, 3 x 10> and 1 x 10 * Hartree x Bohr ' on Root Mean
Square (RMS) and maximum gradients, and 6 x 10~* and 1 x
103 Bohr on RMS and maximum displacements, respectively.
Vibrational frequencies were calculated analytically on CD
monomers with three main objectives: (i) to ensure that the
structures are minima on the Potential Energy Surface - PES, i.e.
all real frequencies; (ii) to include thermodynamic corrections to
the electronic energy and (iii) to simulate IR spectra. Concerning
dimers, frequencies were calculated by means of a reduced
mass-weighted Hessian matrix (only on the atoms of MT) as
obtained by numerical differentiation of the analytical first
derivatives, due to the prohibitive memory consumption of a
full analytical frequency calculation.

2.2. Materials

B-Cyclodextrin (B-CD) (M,, = 1134.98 g mol ') was kindly
supplied as a gift by Roquette Fréres (Lestrem, France). B-CD
was dried in an oven at 70 °C up to constant weight before use
to remove any traces of water. Melatonin (MT) (C;3H;6N,0,,
99 + %), Alfa Aesar, was purchased from ThermoFisher (Kandel,
Germany) GmbH. Acetonitrile (H;CCN, >99.9%, for HPLC-
Isocratic grade) was purchased from VWR Chemicals BDH
(Milano, Italy). Potassium chloride (KCl, >99.5% (AT) and
sodium chloride) (NaCl, ACS, ISO, Reag. Ph Eur), were pur-
chased from Sigma-Aldrich (Darmstadt, Germany). Disodium
hydrogen phosphate dodecahydrate (Na,HPO,*12H,0, 99%)
and potassium phosphate monobasic (KH,PO,, 98%) were
purchased from Italia Carlo Erba S.p.A. Ortho-phosphoric acid
(H3PO,, 84-85%) was purchased from Fluka Chemie GmbH,
Switzerland. All chemicals were analytical-grade commercial
products and were used as received. Deionized water and water
purified by reverse osmosis (MilliQ water, Millipore) with a
resistivity above 18.2 MQ c¢cm™' and dispensed through a
0.22 ym membrane filter were used throughout the study.

2.3. Methods

2.3.1. Preparation of the MT:B-CD inclusion complex.
MT: B-CD inclusion complexes were prepared using the Nano
Spray Dryer B-90 (Biichi Corporation, Switzerland). This proce-
dure was used as an alternative and a novel approach to

This journal is © The Royal Society of Chemistry 2024
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Table 1 Amounts of the reactants to prepare MT: -CD inclusion com-
plexes with different molar ratios

Molar ratio (MT: p-CD) m MT (g) m fB-CD (g) V H,0 (mL)
1:1 0.20 1.00 50.00

1:2 0.10

2:1 0.41

efficiently prepare the MT: B-CD inclusion complex, although
CD and MT complexes have already been prepared with several
different methods.>® For the preparation of the feed solution,
accurately weighed amounts of B-CD and MT, in a defined
molar ratio, were dissolved in 50 mL of deionized H,O. A clear
solution was observed using a bath sonicator for 10 minutes at
70 °C. The composition of the feed solution is displayed in
Table 1.

Inclusion was carried out for 30 minutes while Nano Spray
Dryer B-90 was operated under the following conditions: spray
mesh with 4.0 pm, inlet temperature 98 °C, outlet temperature
52 °C, spray flow 160 L min~", aspirator rate 90% and peristal-
tic pump 70% (~10 mL min~'). The feed solution was con-
tinuously kept at 70 °C using a hotplate stirrer equipped with
thermoregulation. The spray-dried powders were collected from
the cylindrical particle-collecting electrode covered with alumi-
num foil. Dried nanoparticles were stored in a plastic container
under refrigerated conditions. The spray-dried procedure for
the formation of MT:B-CD inclusion complexes is schemati-
cally represented in Fig. 1.

2.3.2. Fourier transform infrared spectroscopy analysis.
Inclusion complexes were characterized through Fourier Trans-
form Infrared Spectroscopy (FTIR) using a PerkinElmer Spec-
trum Spotlight 100 FTIR spectrophotometer equipped with
Spectrum software. FTIR spectra were registered in the spectral
range of 4000-650 cm™ ' with a spectral resolution of 4 cm™*
and 16 scans for each sample/background. FTIR spectra were
obtained using a versatile Attenuated Total Reflectance mode
(FTIR-ATR) sampling accessory with a diamond crystal plate.
FTIR-ATR measurements were performed on dried powder
samples.

2.3.3. Thermogravimetric analysis. Thermal stability of
MT:B-CD inclusion complexes was studied by thermogravi-
metric analysis (TGA), employing a TA Instrument Thermogra-
vimetric Analyzer Q500 from room temperature up to 700 °C,
under nitrogen (N,) flow, and with a heating ramp rate of
10 °C min~". The gas flows applied in the balance and furnace
sections were 40 mL min ' and 60 mL min~", respectively.
About 10 mg of the sample was weighed in an alumina pan for
analysis.

2.3.4. Differential scanning calorimetry. Differential Scan-
ning Calorimetry (DSC) measurements were carried out using a
TA instrument Q200 DSC (New Castle, DE, USA) on a 5-6 mg
sample under a nitrogen flow of 50 mL min '. Hermetic
aluminum pans were used for the analysis and an empty
aluminum pan was used as a reference standard. A heating
ramp of 10 °C min~"' was applied in the temperature range of
20-180 °C. Each sample was preliminarily dried in an oven at

This journal is © The Royal Society of Chemistry 2024
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70 °C for 15 minutes, to eliminate humidity and thus obtain a
cleaner signal.

2.3.5. In vitro release. MT-release profiles were evaluated
using a phosphate-buffered solution (PBS) as a receiving phase
with the following formulation: 8 g of NaCl, 0.2 g of KCI, 3.63 g
of Na,HPO,-H,O0, and 0.24 g of KH,PO, were dissolved in 1 L of
deionized H,O with a pH of 7.4. In vitro release tests of MT from
MT: B-CD inclusion complexes were performed using the dry
powder samples, fixed on an aluminum foil disc, on static
vertical Franz Diffusion Cells (PermeGear, Hellertown, PA,
USA). Franz Cells were constituted by an upper donor and a
lower receptor compartment (volume 12 mL) that were sepa-
rated by a dialysis tubing cellulose membrane with a contact
surface of 1 cm?®, thickness of 45 um and average flat width of
25 mm. The membrane was immersed overnight in PBS. The
sample was placed on top of the membrane in the donor
compartment and its amount was varied in a 0.4-0.6 mg range
of weight. The receptor compartment was filled with 8 mL of
PBS, maintained at 37 °C by a heating jacket under constant
stirring (500 rpm). At fixed intervals (30 min, 1 h, 2 h, 3 h, 4 h,
5 h, 6 h) the entire volume of the receptor solution (8 mL) was
replaced with the same volume of fresh PBS. Each collected
release was filtered through a membrane filter (0.2 pm poly-
tetrafluoroethylene (PTFE), Millipore 13 mm Syringe Filter),
and the amount of the released drug was quantified with
High-Performance Liquid Chromatography (HPLC-UV). A cali-
bration curve of MT as a standard /4 = 223 nm was obtained
(R? = 0.9994). In vitro release tests were performed in triplicate.

2.3.6. High-performance liquid chromatography analysis.
High-Performance Liquid Chromatography (HPLC) analysis
was carried out at room temperature using a Dionex Acclaim
120 C18 chromatographic column (150 mm x 4.6 mm, particle
size 5 um, pore size 120 A) connected to a PerkinElmer HPLC
system, comprising a Flexar pump working at a flow rate of
1 mL min " and a Flexar UV-Vis detector set at 223 nm (A Of
MT). The mobile phase was prepared by mixing deionized water
(H,O0) and acetonitrile (ACN) with a volume ratio of H,O0:ACN
70:30 v:v, at a pH = 3 adjusted with H;PO, 84-85%. Elution was
isocratic and the total run time was set to 6 minutes, while the
retention time of melatonin was observed at 5 minutes.

3. Results and discussion

3.1. Conformational exploration of MT: B-CD complex

3.1.1. Melatonin. The planar conformation of the structure
of melatonin is depicted in Fig. 2, highlighting the main parts
in different colour codes. The molecule is composed of a rigid
planar moiety (the indole ring, violet colour in Fig. 2), a
methoxy chain (cyan colour), and an amide chain that is free
to move around the indole ring (yellow colour). The most stable
structure of melatonin in the gas phase is shown in Fig. 3, while
the ranking within 4 kcal mol " of the most stable structures is
reported in Table 2. The structures were taken from the existing
literature®>'%> and the results were updated with the actual
methodology. In the ground state structure, the lateral chain is

J. Mater. Chem. B, 2024, 12, 4004-4017 | 4007
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Melatonin:B-CD

Fig. 1 Schematic representation of the preparation of MT: 3-CD inclusion complexes using Nano Spray Dryer B-90.

INDOLE RING

3%7 AMIDE CHAIN

METHOXY CHAIN

Fig. 2 Licorice representation of the MT molecule in its planar conforma-
tion with its atoms (left) and functional groups (right) colour coded. H in
white, C in grey, N in blue, O in red.

folded below the ring, to maximize dispersive interactions
(see Fig. 3). The r*SCAN-3c results are in good accordance with
the golden standard CCSD(T) already presented in the litera-
ture, which is an indication that the recently developed com-
posite methods are very accurate for these systems.

3.1.2. MT:p-CD complex. The starting structures of the
MT: B-CD complexes were built using the graphical software

Fig. 3 r°SCAN-3c most stable structure of MT in the gas phase. Atoms
colour code: H in white, C in grey, N in blue, and O in red.

4008 | J Mater. Chem. B, 2024,12, 4004-4017

Table 2 rSCAN-3c relative energies (AE) of MT conformers in the gas
phase. Labels xmm refer to the CREST ranking. Energies are in kcal mol™*

Gas

Structures AE
x00 0.00
x01 0.83
x03 1.40
x02 1.73
x04 2.09
x15 2.36
x05 2.37
x10 2.70
x11 2.70
x07 2.71
x09 2.88
x06 2.90
x18 3.61
x21 3.63

Moldraw'®® by manually docking the MT molecule in the CD
cavity, forming a host-guest complex. MT was inserted in the
cavity with two different orientations, due to the non-symmetric
structure of both the host and guest molecules, thus forming
two different couples of interactions (Metoxy™ -Head“"/
Amide™"-Tail°® and Metoxy™"-Tail“®/Amide™"-Head“", as pre-
sented in Fig. S2, ESIt).

CD1, as already stated, is the most stable gas phase con-
former, so it has certainly to be considered as a host for the gas
phase complex, but also CD2 is a good candidate as it presents
a wider cavity and, accordingly, is more suitable to form
inclusion complexes. The same procedure was applied for
both CD1 and CD2, thus generating four input structures for

This journal is © The Royal Society of Chemistry 2024
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the CREST program, aiming at expanding, as much as possible,
the conformational exploration performed by the automatic
CREST tool. Due to the constraints applied to the conforma-
tional exploration, the structures obtained by the CREST
procedure have also been fully optimized at the GFN2 level
and the optimized conformers, characterized by a relative
energy below 2 kcal mol™" with respect to the most stable
structure, have been reoptimized with r*SCAN-3c.

The CREST conformational search found 73 conformers
within the 2 kcal mol " range, several of which collapsed to
the same minimum as a result of the GFN2 optimization. To
remove those redundant conformers, the RMSD on the atomic
positions of heavy atoms (carbon, oxygen and nitrogen) was run
on all the structures with AE < 0.05 kcal mol™". Then, if the
RMSD value is below 0.125 A, the structure is considered
redundant and deleted (the energy and RMSD thresholds are
the same as those of CREST). As a consequence of this check,
almost only one-third of the starting 73 structures were reopti-
mized at the r*SCAN-3c level, avoiding a waste of computational
resources.

The r’SCAN-3¢ most stable structure is shown in Fig. 4,
while the binding energy distribution of all the complexes is
represented in Fig. 5 as a bar chart. A finer analysis of the
binding energy distribution (see Fig. S3, ESI{) points out
that the two types of CDs, CD1 and CD2, have a unimodal
distribution of BE, centered at higher values for the CD2-type
(27 keal mol™'). Despite the starting geometry of the most
stable complex being of the CD2-type, the CREST procedure
has moved the hydroxymethyl groups towards the CD inner-
most part, promoting their interaction either with each other or
with melatonin. Therefore, a CD1-type is not properly formed,
but the Tail part of the CD has been closed in any case. This
justifies the choice of also using CD2 to perform the conforma-
tional exploration, as it presents a more suitable cavity to host
molecules, that can then close after the complexation reaction
has occurred.

3.1.3. MT:p-CD dimer complex. As already pointed out by
several experimental studies'®'”**'°*''?> CD can form 1:2,
2:1, and 2:2 complexes, depending on the size of the con-
sidered drug. Melatonin is a relatively large molecule, and,
accordingly, it is unlikely that a dimer of melatonin enters the
CD cavity, as will be discussed in the experimental results

Fig. 4 rSCAN-3c most stable MT:B-CD complex in the gas phase
(left: top view, right: side view). Intermolecular H-bond lengths are
reported in A. Atoms color code: H in white, C in grey, N in blue, and O
in red.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 r®SCAN-3c binding enthalpy (kcal mol™) distribution for all the
MT : B-CD complex structures in the gas phase refined at the DFT level.

section. On the contrary, two molecules of CD are able to
complex a single melatonin molecule. This kind of complex is
important to be characterized because f-CD can form aggre-
gates due to its low solubility. The most appropriate models to
simulate these cases are represented by CD dimers. Indeed, in a
previous work, some of us have shown that the formation of CD
dimers is thermodynamically favoured, with dimerization ener-
gies spanning from —65 to —35 kecal mol " in the gas phase and
from —45 to —37 kecal mol ™" in implicit water solvent, depending
on the CD conformer used.*" From a geometric point of view, the
length of CD dimers is similar to the length of melatonin (~13 A
for the B-CD dimer, ~11 A for melatonin in its pseudo-planar
conformation), allowing for a complete encapsulation of the guest
molecule. To evaluate the gas phase ground state, three 1:2
complexes were built using f-CD1-HH, $-CD2-HH and B-CD2-TT
(labels H and T refer to the H-bond pattern created when dimers
are merged from the Head or the Tail part of the CD, see Fig. S1
and S$4, ESIt). B-CD1-TT was not considered as it does not have
enough space to host melatonin, because of the lack of an open
cavity inside the structure (see Fig. S4, ESIf). B-CD1-HH, on the
other side, was chosen because it is the most stable dimer in the
gas phase, even if the closed conformation of the C6 hydroxyl
groups renders the melatonin inclusion very hard. However, we
also considered this conformer because it is possible that, after
the complexation by $-CD2-HH, the structure may turn to $-CD1-
HH, given the flexibility of such a system. In particular, the
experimental technique used to prepare the complexes, i.e., Nano
Spray Dryer, implies moving from the water solution, where the
complexation occurs (and the most stable dimer is f-CD2-HH), to
a dry environment. f-CD2-HH and B-CD2-TT were employed
because they have a wide cavity, due to their tubular shape, which
allows the entrance of melatonin. They are indeed both the most
suitable conformers to form these complexes and the most stable
structures in the water environment.

Table 3 reports the binding enthalpies of the obtained
structures, while Fig. 6 shows the most stable complex in the
gas phase; unfortunately, the few conformers found by CREST
have not allowed us to build up a reliable bar diagram

J. Mater. Chem. B, 2024, 12, 4004-4017 | 4009
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Table 3 r?SCAN-3c binding enthalpies (BH) of MT:B-CD dimer com-
plexes. The superscripts indicate the starting CD dimer used to build each
complex. Energies are in kcal mol™

Gas

Structures BH
x04#-Co1HH 26.48
x0QP-CP1HH 24.96
x27P-CD2HH 15.86
x14#-Cp2HHE 15.43
x21#-CP2HH 15.19
x20F-CP2HH 14.98
x23#-Cp2HH 11.51

distribution of binding energies. According to r*SCAN-3c, the
two most stable structures (x04* P HH and x00PCPTHH) share
the same starting CD dimer, and the complexed structures
present the maximum number possible for the H-bond inter-
actions (BH = 26.5 and 25.0 kcal mol ™). On the contrary, if the
B-CD2-HH dimer is adopted, not all the H-bonds are formed in
the Tail part of the cyclodextrin, thus explaining the lower BH
(<16 kecal mol ™).

3.2. Experimental characterizations of MT: fCD inclusion
complex
3.2.1. Thermogravimetric analysis (TGA). Thermogravi-

metric analysis is an effective technique that can be used to
evaluate the thermal stability and behaviour of the considered
sample. As highlighted in Fig. 7, B-CD presents a degradation
step at 340 °C (starting the degradation at 290 °C, highlighted
by the orange star), while MT degradation step is at a lower
temperature (230 °C, highlighted by the red star). As a conse-
quence, the presence of MT in the inclusion complex slightly
reduces the starting degradation temperature to 260 °C, 228 °C
and 230 °C for MT: p-CD 1:2, MT: B-CD 2:1and MT: B-CD 1:1,
respectively. A reduction in the TG curves of the complex is
possible due to the lower thermal stability of MT, which
presents a single degradation step starting at 220 °C. Despite
that, the TG losses of MT: B-CD 1:1 and MT: -CD 1:2 are very
homogeneous along the entire experiment with a single step
indicating the mass loss, thus suggesting the formation of

Fig. 6 r’SCAN-3c most stable MT:B-CD dimer complexes in the gas
phase. Intermolecular H-bond lengths are reported in A. The binding
enthalpies in parenthesis are in kcal mol . Atoms color code: H in white,
Cin grey, N in blue, and O in red.
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Fig. 7 Thermogravimetric analysis (TGA) of the prepared inclusion com-
plexes compared with the pure p-CD and MT curves.

inclusion complexes. On the contrary, the TGA curve of MT:
B-CD 2: 1 presents two degradation steps, the former being very
similar to the bare MT degradation curve, possibly suggesting
the formation of MT aggregates along with the MT:3-CD 1:1
complex. Such observations suggest that the MT:3-CD 2:1
complex is actually a 1:1 complex in which the excess of
melatonin forms some aggregates.

3.2.2. Differential scanning calorimetry (DSC). Fig. 8 shows
the DSC curves of each sample (molar ratio MT:p-CD 1:1,
MT:B-CD 2:1 and MT: B-CD 1:2) compared to the respective
physical mixture prepared with the corresponding molar ratios
of reagents. Physical mixtures are obtained by mixing the dry
powders directly in a mortar. DSC thermograms of all physical
mixtures (in red) show a characteristic endothermic peak at
118 °C for each sample, which corresponds to the melting point
of MT (Fig. 8a). The same peak, however, was not found for DSC
curves of inclusion complexes: as highlighted by the blue lines,
the curve of inclusion complex MT: 3-CD 1:1 (Fig. 8b) appears
completely flat in the zone between 110 and 120 °C. The lack of
the endothermic melatonin melting peak confirms the for-
mation of a host-guest inclusion complex. The same remarks
can be extended to the DSC curve of MT:B-CD 1:2 (Fig. 8d),
although there is a large endothermic signal attributable to the
humidity and therefore to the evaporation of water from the
sample. In the case of MT:B-CD 2:1 (Fig. 8c) a small peak
signal at 118 °C can be detected in the sample curve, to suggest
the presence of a certain amount of non-complexed MT, which
is in line with the findings by TGA. The DSC technique thus
confirms the inclusion of MT inside the cavity of B-CD for the
complex with 1:1 and 2:1 molar ratios, resulting in an encap-
sulation of the drug, thanks to the quick evaporation of the
solvent.

3.2.3. Invitro releases. The release profiles of MT from the
dried powder fixed on an aluminium foil disc, using a Vertical
Franz Diffusion Cell, are shown in Fig. 9. The profiles of all
three types of the obtained inclusion complexes show a marked
tendency to release MT in the very first stage of measurement.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Differential scanning calorimetry (DSC) thermograms of (a) pure MT, (b) MT:B-CD 1:1, (c) MT:B-CD 2:1, and (d) MT: B-CD 1: 2 (blue curves) and

corresponding physical mixtures (red curves).

MT:B-CD 2:1 sample resulted in the release of 47% of MT.
This was associated with the doubled ratio of MT inserted
during the preparation, therefore, at 1 hour the released drug
reached the plateau. A similar result can be observed for the
MT:-CD 1:1 sample with the total quantity of released MT,
which does not exceed 48%. In this case, however, the curve
shows a smoother profile and does not clearly reach the
plateau, featuring a stronger host-guest interaction. Similarly,
MT: B-CD, 1: 2, presents a modulated release rate over time: the
percentage of released MT is 33% at 30 min and 43% at 1 h,
followed by a constant increase up to 55% after 6 hours. This
means that the 1:2 complex is a weaker complex than the 1:1
one because it releases MT more efficiently than the 1:1
complex and in a larger overall amount.

These findings are confirmed by simulations. Indeed, from
the computed binding energies, the 1:1 complex presents a
stronger binding energy (15 to 33 kcal mol ") with respect to
the 2:1 (11 to 26 kcal mol ). This can be ascribed to the fact
that in the 1:1 complex, the MT-CD interactions are maxi-
mized, while in the case of the 1:2 complex, they compete with
the CD-CD interaction to form the CD dimer.

Fig. S6 of the ESIf shows the actual amount in terms of the
mg of MT released by each sample. Since all the inclusion
complexes release a similar percentage of MT, results are

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 In vitro release profiles of MT from inclusion complexes in the percen-
tage of drug released with respect to the inserted amount in each sample.

normalized by the quantity of MT inserted during the prepara-
tion of the corresponding inclusion complex, thus showing the
released MT in mg of the same quantity of each sample.
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Fig. 10 FTIR experimental (green) and computed (magenta) spectra of
the MT: B-CD 1:1 inclusion complex.

3.3. FTIR spectroscopy: computed vs. experimental

A comparison between computed and experimental IR spectra
gives an indication of the accordance between structural
models and computational approach, evaluating the similarity
of the computed IR spectrum with the experimental one of the
MT: B-CD inclusion complex obtained in our laboratory (see
Fig. 10). The computed spectrum was collected among all the
conformers explored, thus obtaining a more experimentally
sound IR spectrum; specifically, the intensities of each single
spectrum were scaled by the proper Boltzmann factor, calcu-
lated with respect to the most stable structure. Among all the
MT: B-CD complex conformers, only the first two stable struc-
tures have a non-negligible contribution to the spectrum.
The spectral range comprised between 3600 and 3200 cm ™
covers all the possible N-H and O-H stretching modes. For MT,
the two N-H groups appear in a band at around 3280 cm ™',
attributable to the amide and indole groups. B-CD has a large
number of O-H groups in its structure, resulting in a very broad
band at 3300 cm ™. The experimental spectrum of the inclusion
complex shows the same broad band that dominates and
covers any other signals of MT. C-H stretching (aliphatic and
aromatic for MT, only aliphatic for B-CD) is in the 3100-
2800 cm ! range. The simulated spectrum is blue-shifted with
respect to the experimental one of about 150 cm ™' because the
X—H stretching is strongly affected by anharmonicity, which is
too expensive to be included in the frequency calculations. CO
moiety of the MT amide group is distinguished at 1618 cm ™', a
region completely free of signals for bare B-CD. Consequently,
the analysis of the carbonyl peak assumes particular relevance
on the inclusion complexes spectra: indeed, all MT:[-CD
complexes present a clear signal at the same wavenumber of
the MT amide group (1620 cm™ ') as direct evidence for the
formation of the inclusion complex. For the MT:-CD 2:1
molar ratio, the same peak appears with enhanced intensity
and a sharp shape, as a result of the doubled molar ratio of MT
and probably of the not complete complexation of MT (see
Fig. S5, ESIt). Stretching of aromatic C—C (at around 1600-
1500 cm ™ '), only present in MT, is completely covered by B-CD

1
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upon complexation (HCH bending of B-CD appears at 1500-
1400 cm '), and, accordingly, it does not give specific informa-
tion about the occurrence of complexation or not. The finger-
print area, especially in the range from 1200 to 600 cm %
appears once again dominated by intense signals of C-O stretch-
ing located from B-CD at 1020 cm ™, a typical value for secondary
alcohol moieties. The above-mentioned region of the spectrum,
i.e., from 1700 ecm ™" to the fingerprint, is very well reproduced by
the computed spectrum, whereas the anharmonic contribution
in this case is negligible. Finally, it is worth mentioning, as an
added value of the calculations, the good match between the
experimental and computed relative intensities, which is usually
a quite complex task in simulated spectra.

4. Conclusion

In the present work, we proposed a hybrid approach to for-
mulate and describe the inclusion complex established
between MT and B-CD. Experimentally, we prepared the supra-
molecular cluster with the innovative Nano-Spray Dryer B-90
which allowed us to minimize preparation time and waste of
products. Characterizations performed with thermal analyses
and FTIR were used to confirm the successful encapsulation of
MT inside the B-CD cavity, while in vitro studies showed the
releases of the MT over time. The molar ratios between MT and
B-CD considered in the formulation phase were 1:1, 1:2 and
2:1 and the subsequent characterizations determined the
complexation of MT only for the two former molar ratios. In
addition, thermal analyses and FTIR on MT: 3-CD 2:1 showed
a non-complete encapsulation of the guest, due to the higher
amount of drug with respect to the captivating ability of CD.
On the other hand, the CREST algorithm was applied to explore
the potential energy surface of the 1:1 and 1: 2 systems, whereas
the low-lying conformers were then optimized with the recently
released 1’SCAN-3c and vibrational frequencies were calculated
with the above method. Results have demonstrated that the
stabilization of MT: 3-CD 1:1 and 1:2 complexes is due to non-
covalent interactions, mainly H-bonds and dispersive forces. The
binding enthalpy distributions show larger binding values for
the 1:1 complex than the 1:2 complex, which was also con-
firmed by the different MT release profiles from the experi-
mental data. Furthermore, the computed IR spectrum of the
MT: 3-CD complex is in good agreement with the experimental
spectroscopic result, validating the reliability of the model.
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