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Abstract: Many important drugs in pharmaceutical applications are poorly soluble. Solubilization,
which is diffusion through biological barriers, and the control of local administration are crucial
steps for bioavailability and to avoid cytotoxic effects. Hybrid organic/inorganic biomaterials can
incorporate drugs for in situ release after implantation. Molecular Mechanics (MM) and Molecular
Dynamics (MD) simulations are useful tools for investigating intermolecular interactions between
drug and biomaterial surfaces at the atomistic level for these applications. This work studies quercetin,
a flavonoid drug important for its anti-inflammatory, antioxidant, and anticancer properties, and
the amorphous SiO, surface using a simulation protocol proposed in previous work related to
ketoprofen drugs. After adsorption on the amorphous silica surface, the adsorption process of
quercetin drug molecules at two different drug concentrations near a hydrated and then dried silica
surface is investigated. Interestingly, these theoretical results are compared with experimental data
obtained via Fourier Transform Infrared Spectroscopy (FT-IR) spectra related to quercetin molecules
homogenously entrapped in a silica matrix obtained via the Sol-Gel method. Favorable H-bonds and
some 7—7t interactions among drug molecules are crucial surface interactions for the new generation
of biocompatible materials capable of incorporating anti-inflammatory agents for release into the
human body.

Keywords: biomaterials; hybrid organic/inorganic materials; silica surface; quercetin; drug delivery;
molecular dynamics simulations; adsorption; sol-gel method

1. Introduction

The use of antibiotics has achieved profound success in combatting numerous bacterial
infections, but antibiotic resistance due to the long-term use of antibiotics is a rapidly
emerging problem [1-5]. Implant-associated infections are not easy to diagnose and very
difficult to treat. Local antimicrobial treatment aimed at enhancing the concentration of the
drug at the site of infection while avoiding systemic exposure is becoming established [6-9].
Therapeutic drug monitoring based on blood analysis can help alleviate the emergence of
bacterial antimicrobial resistance and effectively reduce the risk of toxic drug concentrations
in the blood of the patients. The concentrations at the site of infection using wearable
sensors are crucial. Locally targeted treatment of bone and joint infections using carriers
containing antibiotics is a common practice today [10-19]. Organic/inorganic silica-based
biomaterials capable of encapsulating the drug for in situ release after implantation also
represent an increasingly attractive field for a good response to antibiotic resistance [20-24].

To overcome the difficulty of therapeutic drugs penetrating the blood-brain barrier,
nanoparticles can be used as drug transport carriers and are also known as nanoparticle-
based drug delivery systems [25-32]. Nanoparticle-based drug delivery systems must
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be biocompatible, stable, and biodegradable and are not expected to be cytotoxic or, in
general, provoke an immune response. Every single NP formulation must be proofed
with respect to its cytotoxicity, biocompatibility, dose dependency, and so on [33,34]. In
recent years, carbon nanomaterials, such as graphene, carbon nanotubes, and carbon
dots, have gained widespread interest in neuroscience as promising and outstanding
agents for various biomedical applications [35-39]. Inorganic materials often used to form
nanoparticle systems include iron, gold, silica, silver, titanium, and zinc, which are also
used in biomaterial applications [40-47], and, in particular, mesoporous silica nanoparticles
(MSNs) have recently received much interest because of their potential benefits in drug
delivery [48-52]. The surface properties of MSNs need to be modified or fine-tuned to
improve the biocompatibility of these new and versatile drug delivery systems [53-56].

Mesoporous silica nanoparticles are interesting materials capable of improving the
bioavailability of drugs thanks to the adsorption, adhesion, and dispersion of poorly
soluble drug molecules in a homogeneous arrangement on the external surface of the
specific organic/inorganic biomaterial [57-64]. The Sol-Gel method is an interesting
technique that is useful for preparing micro- or nanoporous silica-based materials with
different percentages of drugs [65]. Thanks to spectroscopic techniques, it is possible to
obtain useful information if drug molecules interact with the solid surface [66-68]. In
a previous study, the molecules of the drug ketoprofen, a poorly soluble inflammatory
drug [69], were encapsulated in a silica matrix via the Sol-Gel method [70-76]. After FT-IR
experiments [77] related to drug-loaded silica-based biomaterials, the adsorption of the
drug ketoprofen on amorphous SiO, surfaces was confirmed considering two different
concentrations, with two different release kinetics faster at relatively higher concentrations.
Using theoretical Molecular Mechanics (MM) and Molecular Dynamics (MD) methods
and a specific simulation protocol proposed for the adsorption process on the hydrated
and dried surface [70,77], favorable non-covalent interactions at the external surface are
confirmed. In particular, the H- bonds among ketoprofen drug molecules and hydrated
silica surface are due to the important role of water molecules in the initial adsorption that
forms an extensive network of hydrogen bonds (H-bonds) with the drug and the surface.
These drug/surface H- bonds formed are also present in the dried surface, as indicated by
FTIR spectra [77].

Using MM/MD methods, the adsorption and adhesion of drugs on carriers that are
useful for their solubilization, transport, and release in a biological environment have
been studied with interesting comparisons with experimental data [78-98]. In particular,
the adsorption process and the possible release mechanism of piroxicam, a non-steroidal
anti-inflammatory drug, adsorbed on the (3-cyclodextrin nanosponge model [95] were stud-
ied. The dispersion of the hydrophobic curcumin, an important anticancer drug, has been
theoretically studied, both in new pH-dependent carriers proposed by professors Ferruti
and Ranucci [96] and well dispersed in nano aggregates formed by amphiphilic cyclodex-
trins proposed by Mazzaglia [97], and was theoretically investigated. All these theoretical
results agree with the experimental data [92-95]. Possible new classes of hydrophobic drug
carriers that can adsorb on the chiral DNA structure are currently being studied [99,100].
Interestingly, using MM /MD methods, the possible slower or faster release of drugs ad-
hered and dispersed in nano aggregates or on a solid silica surface for their solubilization
may be related to the strength of intermolecular interaction [95,98] as in the present work.
The procedure proposed in this theoretical study of the adsorption of quercetin on amor-
phous silica following the experimental procedure on hydrated and then dried surfaces [77]
allows for a better description and understanding of the data obtained via FI-IR on these
new inorganic/organic materials [101-104]. This study aims to understand the ability of
silica-based biomaterials to incorporate quercetin (Q), an anti-inflammatory agent, to be
released into the human body in situ after implantation.
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2. Materials and Methods
2.1. Materials

For the Sol-Gel route, tetraethyl orthosilicate reagent grade (TEOS, (C,H50),45i) was
used as a precursor, and pure ethanol (99.8% (EtOH)) as the main solvent. MilliQ) water
and nitric acid (HNO3, 65%) were added to control the hydrolysis rate reaction [105,106].
Pure quercetin (Q, 95%, code Q4951-100G) was added as a drug, while potassium bromide
99.0% (KBr) was used for FTIR analyses. All these reagents were provided by Sigma-
Aldrich (Darmstadt, Germany).

2.2. Methods
2.2.1. SiO; and SiO, /Quercetin (5 and 15 wt.%) Sol-Gel Synthesis

To prepare the silica (5i0,) matrix, TEOS and EtOH were mixed under continu-
ous magnetic stirring. After the solution was formed, MilliQ water and HNO; were
added to start the hydrolysis reactions. The synthesis followed the fixed molecular ratios
TEOS:EtOH:H,O:HNO3 = 1:6:4:0.6. In regard to the hybrid SiO,/Q(5 and 15 wt.%), two
EtOH-based solutions containing 5 and 15 wt.% (with respect to SiO, content) of quercetin
were added drop by drop to the TEOS/EtOH solution, while keeping the above-mentioned
ratios, before MilliQ water and HNO; addition. After gelation occurrences, the three wet
gels were dried at 50 °C for 24 h.

2.2.2. Fourier Transform Infrared Analysis

FT-IR spectra were acquired using the Prestige21 Shimadzu system (Shimadzu, Milan,
Italy). This system is equipped with a DTGS KBr (deuterated triglycine sulfate with
potassium bromide windows) detector. The analyses were performed with KBr disk-based
method [107] (2 mg of sample and 198 mg of KBr) in the range of 400-4000 cm !, with a

number of scans equal to 60 and a resolution of 2 cm 1.

2.2.3. Molecular Mechanics and Dynamics Methods

This theoretical study is based on the Molecular Mechanics (MM) and Molecular
Dynamics (MD) methods, which describe, at an atomistic level, both the quercetin molecule
and an amorphous SiO, surface, adopting the same simulation protocol proposed in
previous work related to the adsorption process of drug ketoprofen on silica surface [77].
All simulations were carried out using the Materials Studio package (version 7.0, BIOVIA,
Accelrys Inc., San Diego, CA, USA) [108] and the CVFF force field [109].

Initially, the quercetin structure was optimized after MD run, lasting 2 ns and with
energy minimization. Then, the amorphous SiO, surface was modeled using the amorphous
structure reported in Materials Studio Template considering a film thickness of approximately
15 A and therefore considering a simulation box of size equal to (85.53 x 85.53 x 250.0) A.
As in previous work, the silica surface was considered fixed in all calculations [77]. After
studying the structure of the quercetin drug molecule and preparing the model of the
solid silica surface, the adsorption process of the single quercetin molecule and these drug
molecules at both small and, at higher concentrations, on the hydrated and dried silica
surface was investigated. This proposed simulation protocol allows us to mimic the same
experimental procedure before the FT-IR experiments [77]. Starting from the optimized
geometries obtained at the end of MD run related to the adsorption process on the hydrated
surface and drug molecules in contact with silica surface, the water molecules are removed,
and this new dried system is studied.

All simulations are carried out using periodic boundary conditions in the NVT ensem-
ble, considering a constant temperature equal to 300 K controlled through the Berendsen
thermostat. All energy minimizations were carried out using the Conjugate Gradient algo-
rithm up to an energy gradient lower than 4 x 10~° kJ mol~! A~ After an initial energy
minimization, MD runs, and final geometry optimizations, the adsorption at small and
larger concentrations was studied, considering the hydrated surface and, finally, the dried
surface. The integration of the dynamical equations was carried out with the Verlet algo-
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rithm using a time step of 1 fs. After energy minimization, MD runs, and optimization of the
final geometry assumed by the system at equilibrium achieved in vacuo, the intermolecular
interactions are investigated between quercetin molecules and the dried surface.

3. Results and Discussion

The results of the adsorption process of a single quercetin molecule on the amorphous
silica surface will be discussed in Section 3.1, of quercetin molecules at small concentra-
tions (14 drug molecules) in Section 3.2, at higher concentrations (28 drug molecules) in
Section 3.3, and then comparison with FT-IR spectra in Section 3.4. The chemical structure
and the optimized geometry of quercetin calculated after a 2 ns MD run and energy mini-
mization are shown in Figure 1. It is interesting to note that for the ketoprofen molecule
studied in previous work (chemical formula C14H;403, 2-(3-Benzoylphenyl) propanoic
acid), the volume occupied by this single drug molecule in the optimized geometry is equal
to 241 A3, and its surface area is 255 A2. Regarding the quercetin molecule (C15H;¢O7,
3,3 4’ 5,7-pentahydroxyflavone), its occupied volume in the final optimized studied ge-
ometry after the MD run equals 239 A3, and the surface area is 254 A2. This fact explains
two important aspects: first, the quercetin drug molecule can form a larger number of H-
bonds due to its chemical structure with respect to the ketoprofen molecule (see Figure 1
in reference [77]), and these two drug molecules studied in a concentration that avoids
total surface coverage are reasonably studied considering the same number of molecules
near the solid surface for a good comparison with the FT-IR experimental data. In the next
section, the results will be presented and discussed.
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Figure 1. Chemical structure of the quercetin drug molecule (see panel (a)) and its optimized geometry
after MM and MD run (see panel (b)). Color code: carbon atoms are grey, oxygen atoms are red,
and hydrogen atoms are white. The three intramolecular H-bonds are represented with a blue
dashed line.

3.1. Adsorption of a Single Quercetin Molecule on the Amorphous SiO, Surface

The adsorption process of the single quercetin molecule on the SiO; surface in vacuo
is carried out by considering the drug molecule in four different initial orientations near the
solid surface using a simulation protocol proposed in previous work [77,81]. In two initial
geometries, the quercetin is perpendicular to the surface, and in the other two geometries, it
is parallel to the surface, facing all the aromatic rings and the -OH group to the amorphous
silica surface in order to better characterize all the possible initial geometries of interaction
and their stability after the MD run. Figure 2 shows the four initial geometries in panels (a),
(b), (c), and (d) and the optimized geometries after four MD runs lasting 1 ns, respectively.
The most stable geometry is represented in panel (h) in Figure 2. The number of quercetin
intramolecular H- bonds and intermolecular H-bonds formed between the drug and silica
surface in all final optimized geometries in Figure 2 is reported in Table 1.

The intermolecular interactions characterizing the adsorption of the quercetin molecule
and the silica surface after the MD run are due to H- bonds formed in each of the four
geometries (see blue dashed line in Figure 2) between the drug and the solid surface. These
H-bonds form between the hydroxyl groups of the quercetin molecule and the hydroxyl
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group of the silica surface and also between the carbonylic group of the quercetin molecule
and the hydroxyl group of the SiO; matrix (-C=Oguercetin * - H-O-5iO7 gyrface). These
weak intermolecular interactions allow the adhesion of quercetin onto the silica matrix.
Interestingly, for the drug ketoprofen, starting from several initial trial arrangements, the
mobility on the silica surface was so high that the process of adsorption and desorption of a
single drug molecule was too fast, and the drug was an average distance from the surface.

AN,
I\
g S \f\\Q,I S

\,I}L-)__\H/}}—\:\\ St N\
DNARD7 NS

Figure 2. Four different initial geometries (panel (a—d)) with the respective geometries of the energy
minima calculated after MD run (panel (e-h)), respectively. H- bonds are represented with a blue
dashed line.
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Table 1. Information on the number of quercetin intramolecular H-bonds and intermolecular
H-bonds formed between the drug and silica surface in all final optimized geometries (e), (f), (g),
(h), respectively, in Figure 2 is reported.

Geometries in Figure 2 Intramolecular H- Bonds Intermolecular H- Bonds
Geometry (e) 2 3
Geometry (f) 3 2
Geometry (g) 3 3
Geometry (h) 3 2

During all four MD runs, the drug molecule shows high mobility near the amorphous
surface due to weak intermolecular interactions. Due to its chemical structure compared to
the newly studied ketoprofen drug molecule, the single quercetin molecule can form more
H-bonds with the silica surface, so an adsorption—desorption process occurs. After the
adsorption process, the desorption process can also take place thanks to the kinetic energy
of quercetin at the simulation temperature, which can overcome the weak intermolecular
interaction. During the MD run at room temperature, after desorption of the quercetin
and random motion in the simulation cell, the molecule, as it approaches the silica surface,
adsorbs and remains adhered, forming more stable H- bonds. To study the adsorption—
desorption process that occurs during an MD run in vacuo at a temperature equal to 300 K,
the best-fit plane defined by all silica atoms was characterized (see the green plane in
panel (a) of Figure 3), and the distance between the center of mass (c.0.m.) of the quercetin
molecule and this silica best-fit plane during the MD run lasting 1 ns has been calculated,
as reported in Figure 3, which more precisely starts from the geometry reported in panel (d)
in Figure 2.

250
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Figure 3. Side view of the best-fit plane of the SiO, surface (see green plane in panel (a)). Distance
between the center of the mass (c.0.m.) of quercetin molecule and the silica best-fit plane calculated
during MD run lasting 1 ns starting from the geometry reported in panel (b) in Figure 2.

3.2. Quercetin Molecules on the Amorphous SiO, Surface: Small Drug Concentration

The adsorption process on the silica surface of quercetin molecules at small drug
concentrations was performed considering 14 quercetin molecules as in previous work
related to ketoprofen drugs. MM and MD simulations were performed on hydrated silica
and then dried SiO, surfaces, mimicking the same experimental procedure for FT-IR data.

Initially, the adsorption of 14 quercetin drug molecules near the hydrated SiO, surface
was investigated. After energy minimization, MD runs lasting 2 ns, a layer of water
molecules, and quercetin drug molecules were homogeneously adsorbed on the amorphous
5iO, surface. Starting from this last optimized geometry, a further MD run lasting 3 ns
has been performed to verify the equilibrium state achieved by the system. The potential
energy and Coulombic components calculated during the MD run are reported in Figure 4,
and their running average values are calculated during the MD run. Interestingly, the fast
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decrease in the potential energy is due to the important contribution of electrostatic energy,
as found by Nejad et al. [110,111] regarding the adsorption of insulin on polar crystalline
SiO; (cristobalite) and in a previous study on the adsorption process of ketoprofen drug
molecules on an amorphous silica surface with silanol groups exposed from the solid
surface. The stability of the system is the same also after the additional MD run lasting
3 ns starting from the optimized geometry calculated after the first MD run lasting 2 ns.
The van der Waals contributions fluctuate around an average value during two MD runs,
as found in the ketoprofen molecule on this SiO; surface (see Figure S1, Supplementary
Materials). The mobility of 14 drug molecules adsorbed on a hydrated silica surface is lower
than the mobility of a single quercetin molecule, indicating that the water molecules act
as an important connection with the silica surface and drug molecules due to the network
of H-bonds with the -OH groups exposed from the silica surface and in the chemical
structure of the drug quercetin.
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Figure 4. Potential energy and Coulomb contributions calculated in the adsorption process of
quercetin molecules at small concentrations (14 drug molecules) during the first MD run lasting 2 ns
(panel (a)) and the second MD run lasting 3 ns (panel (b)) on hydrated silica surface. Panel (c) and
panel (d) show the distribution of distances between the c.o.m. relating to four different quercetin
molecules relative to the silica best-fit plane calculated during MD runs lasting 2 ns (see panel (c))
and 3 ns (see panel (d)), respectively.

The molecules show limited mobility on the surface due to the favorable interaction
with the silica surface in the presence of water molecules. The distance between the center
of mass of two different quercetin molecules and the silica best-fit plane was calculated
during the first MD run lasting 2 ns. In panel (c) of Figure 4, the length distribution of the
quercetin molecule indicated as molecule one varies from 7.7 to 11.2 A, while the one of
the molecule indicated as molecule two varies from 10.1 to 11.6 A. The first drug molecule
displays major mobility on the hydrated amorphous SiO; surface. The same study related
to two different quercetin molecules after the second MD run lasting 3 ns shows how the
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molecule adheres well to the silica matrix after thermalization and reaching the equilibrium
state. For the second MD run, two other different quercetin molecules were considered,
called molecules three and four, as reported in panel (d) in Figure 4. The c.o.m. of each
molecule was calculated together with their distance from the silica best-fit plane. The
length distribution, in this case, is more limited for molecule three; in fact, it varies from
7.7 A t09.1 A, while the values related to molecule four vary from 10 A to 11.6 A, therefore
showing low mobility on the surface.

Interestingly, after the MD run lasting 2 ns, optimization of the conformation assumed by
the system when the equilibrium state was achieved (see Figure 52, Supplementary Materials),
the equilibrium state achieved after the second MD run lasting 3 ns is very similar to
that found at 2 ns. This suggests the possibility of producing these organic/inorganic
drug/loaded biomaterials at room temperature by placing the sample prepared via the
Sol-Gel method in a freezer, and when this is brought back to room temperature for use,
the system reaches the same state of equilibrium.

After studying the adsorption process on the hydrated amorphous SiO, surface, the
dried surface is investigated, deleting water molecules in order to mimic the drying process
for the sample synthesized and experimentally prepared via the Sol-Gel method before
FT-IR spectra. After initial energy minimization, an MD run in vacuo mimicked the dried
surface, lasting 5 ns, and a final geometry optimization of the system at an equilibrium
state was performed. The potential energy and its components obtained at the end of the
dynamic simulation were investigated (see panel (a) and panel (b) of Figure 5). As observed
in the hydrated sample, even in vacuo, the adsorption process is mainly driven by the
Coulomb energy, while the van der Waals energy contribution is less relevant.

=
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—
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= S
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~ ]
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b —— Coulomb energy g )
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-134 ; S25 . . . .
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(a) time / (ns) (b) time / (ns)

Figure 5. Panel (a) shows the potential energy and Coulomb contributions calculated in the adsorption
process in vacuo of quercetin molecules at small concentrations (14 drug molecules); panel (b) shows
the van der Waals contribution calculated during the same MD run lasting 5 ns.

Figure 6 shows the final optimized geometry at the end of the MD run lasting 5 ns
on the dried silica surface. A homogeneous dispersion of drug molecules is observed (see
panel (a) in Figure 6), and the H- bonds between quercetin molecules and the SiO, surface
are in a blue dashed line. The ability to form H- bonds with silica matrix for all single
quercetin molecules is very high considering the number of -OH groups per molecule.
These aspects will be discussed with the information on FT-IR spectra in Section 3.4.

Interestingly, in the final geometry optimized after 5 ns (2 ns and subsequently 3 ns)
reported in Figure S1 related to 14 quercetin molecules adsorbed on the hydrated silica
surface, the number of intermolecular H-bonds between drugs and the solid surface is 29,
approximately two H— bonds per molecule. In the final geometry optimized after 10 ns
in vacuo shown in panel (a) of Figure 6, considering 14 quercetin molecules on the dried
silica surface, the number of intermolecular H- bonds between the drugs and the SiO,
surface is 38, approximately three H- bonds per molecule. Without the water molecule that
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hydrates the adsorbed drugs, the quercetin molecules form a greater number of H- bonds
with the silica surface. Due to their chemical structure, quercetin molecules always form
intramolecular H- bonds: on the hydrated surface, they are 17; on the dried SiO; surface,
they are 16. In practice, the number of intramolecular H- bonds does not vary in the
presence or absence of water molecules when a small drug concentration is investigated.

Figure 6. Optimized geometry after MD run of 14 quercetin drug molecules adsorbed on dried
amorphous SiO; surface; in particular, the side view is in panel (a) with drug molecules in green,
the silicon atoms in yellow, the oxygen atoms in red, and hydrogen atoms in white. In panel (b), a
particular number of quercetin molecules adsorbed are shown with all silica surface atoms in grey,
quercetin carbon atoms in green, oxygen atoms in red, and hydrogen atoms in white. H-bonds are
in dashed blue lines.

3.3. Quercetin Molecules on the Amorphous SiO; Surface: Higher Drug Concentration

The adsorption process of quercetin on an amorphous SiO, surface at higher con-
centrations, considering 28 drug molecules, was studied following the same approach
explained in Section 3.2. First, adsorption on the hydrated silica surface was performed,
and then, it was put on a dried surface.

Panel (a) in Figure 7 shows the potential energy, Coulomb contributions, and their run-
ning average values calculated during the first MD run lasting 2 ns related to 28 quercetin
molecules near the hydrated silica surface. Panel (b) in Figure 7 displays the same energy
contributions calculated during the second MD run lasting 5 ns performed starting from
the final optimized geometry obtained at the end of the first MD run. The fast decrease
in potential energy is again due to the significant contribution of electrostatic energy, as
previously identified in Section 3.2. The van der Waals contributions fluctuate around an
average value, as reported in Figure S3 (Supplementary Materials).

In both cases, a homogenous dispersion of quercetin molecule at the end of the MD
run is observed, as well as a reduced mobility of quercetin on the surface due to not only the
H- bonds with the silica surface but also to hydrophobic interaction with the neighboring
drug molecule at larger concentrations. While drug molecules are uniformly dispersed
during the first dynamics simulation on the hydrated surface, they tend to aggregate in
the second MD run. It is still interesting to note that after the MD run lasting 2 ns, the
optimization of the conformation assumed by the system upon reaching the equilibrium
state, the equilibrium state achieved after the second MD run lasting 5 ns, and energy
minimization (see Figure 54, Supplementary Materials) are very similar. Once again, this
suggests the possibility of producing these organic/inorganic drug-loaded biomaterials at
room temperature, placing the sample obtained via the Sol-Gel method in a freezer, and
when it is brought back to room temperature, the system reaches the same equilibrium state.
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Figure 7. Potential energy and Coulomb contributions calculated in the adsorption process of
quercetin molecules at higher concentrations (28 drug molecules) during the first MD run lasting 2 ns
(see panel (a)) and the second MD run lasting 5 ns on hydrated silica surface (see panel (b)).

After studying the adsorption process on a hydrated SiO, surface, using the same
procedure used at a small drug concentration [77], the interaction on the dried silica surface
loaded by drug molecules is studied in vacuo. Also, in this case, the potential energy
shows an initial rapid decrease as for the Coulomb energy, and then it fluctuates around an
average value calculated during an MD run at room temperature lasting 10 ns, as reported
in panel (a) of Figure 8.
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Figure 8. Panel (a) shows the potential energy and Coulomb contributions calculated in the adsorption
process of quercetin molecules at higher concentrations (28 drug molecules) during the first MD run
lasting 10 ns on dried silica surface. Panel (b) shows the top view of the optimized final geometry.

Panel (b) in Figure 8 shows the dispersion of quercetin molecules adsorbed on
the amorphous silica surface. Interestingly, H- bonds are formed between different
quercetin molecules and between drug molecules and silica surfaces, as reported in Figure 9.
At higher concentrations, some hydrophobic interactions among quercetin molecules
take place.

A few molecules far from the dried silica surface do not form H- bonds with the surface
but interact with another hydrophobic molecule thanks to van der Waals interactions. The
other drug molecules statistically establish at least two H- bonds with the bridging oxygen
atoms in Si-O-Si groups of the silica matrix, thus confirming a good adhesion to the
biomaterial surface. Molecules that form hydrogen bridge bonds with the surface will
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likely be released more slowly, while those slightly further from the surface that interact
with weak interactions with other drug molecules will be released more slowly. Previous
work involving ketoprofen molecules indicated a faster release at the higher concentration,
probably because, in this case, some molecules not in direct contact with the silica surface
and, therefore, interacting less intensely with it, were released more quickly [77].

Figure 9. Panel (a) shows the H- bonds between oxygen atoms in quercetin -OH groups and
hydrogen atoms in silanol -OH groups. Panel (b) shows the H- bonds between the hydrogen
atoms of quercetin -OH groups and oxygen atoms in Si—O-5i of the silica surface. The yellow boxes
highlight where these H- bonds are in the figure.

In the final geometry optimized after 7 ns (2 ns and subsequently 5 ns) reported in
Figure 54 related to 28 quercetin molecules adsorbed on the hydrated silica surface, the
number of intermolecular H- bonds between drug molecules and the amorphous SiO,
surface is 45, approximately 1.61 H- bonds per molecule. In the final geometry optimized
after 10 ns in vacuo shown in panel (b) of Figure 8, considering 28 quercetin molecules on
the dried silica surface, the number of intermolecular drug/surface H- bonds is 49, approxi-
mately 1.75 H-bonds per molecule. Without the water molecule that hydrates the adsorbed
drugs and the solid surface, quercetin molecules at larger concentrations form approxi-
mately the same number of intermolecular H- bonds with the silica surface. Interestingly, at
larger concentrations, the interaction between quercetin molecules and quercetin molecules
occurs: in fact, the number of intermolecular H- bonds between quercetin molecules is 77,
then approximately 2.75 per molecule in water and only 7 in vacuo, indicating the ten-
dency of this hydrophobic drug to form aggregates in aqueous environments, otherwise
maximizing the intermolecular interaction with dried SiO, surface.

These theoretical results related to the formation of H- bonds between quercetin
molecules and the silica surface, and at larger concentrations among quercetin molecules,
are in good agreement with the experimental data obtained by the FI-IR analysis, as
discussed in Section 3.4, related to two different percentages considered in the experiments.

3.4. FT-IR Spectra

The theoretical results obtained during this work and presented in the previous
sections are compared to the experimental data obtained by the Fourier Transform In-
frared analysis performed by Catauro et al. [101]. Two different percentages of the loaded
quercetin, 5 and 15 wt.%, were entrapped in a 5iO, matrix synthesized via the Sol-Gel
route (see detailed information regarding the synthesis procedure, the scanning electron
microscopy images, and UV-visible study in [112-114]). Figure 10 reports the FT-IR spectra
of 5i0,, Si0, /Que 5 and 15 wt.%, and pure quercetin, respectively. In the SiO; spectrum,
the bands at 3600-3200 cm™ are due to the ~OH stretching of water adsorbed on the
matrix surface and the silanol groups, while the signal at 1640 cm™ is assigned to H-OH
bending vibration [103]. The main absorption band at 1090 cm™ with a typical shoulder at
1200 cm™! is due to the asymmetric stretching of Si—O-Si [101,102], whereas the absorption
band at 470 cm™ is due to the Si-OH bending [73]. The spectrum of quercetin shows the
C-H vibrations in the range of 2985-2857 cm™! [74], the C-O vibration of the aryl ketone
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group at 1739 cm~1! [103,104], and the ~OH vibration of the ~OH of the phenolic group.
These signals are also present in the hybrid spectra of SiO, /Q5 and 15 wt.%, together with
signals from the SiO, matrix. Interestingly, an increase in the quercetin amount results
in an increment in the intensity of the absorption bands of the organic drug. Moreover,
the co-presence of C-O and phenolic -OH absorption bands in the hybrid spectra, as well
as the presence of silanol -OH groups, suggest the formation of an H-bond between the
organic and the inorganic phases.

Si-O-Si
-OH 12001090 » Si-OH
3600-2000

Sio,

/[ cH co Si0,/Q5 Wt.%

S10,/Q15 wt.%

Absorbance (a.u.)

,’/' N
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1739 1378

I

29852857
/\\"“
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Wavenumber (cm™)

Figure 10. FTIR spectra of quercetin, SiO; /quercetin (5 and 15 wt.%) hybrid materials, and pure SiO,.

Considering all explanations related to the FT-IR spectra, it is interesting to note that
the peak of the silanol -OH group in the pure silica matrix is less intense in the two hybrid
compounds (S5iO,/Q5 and Q15 wt.%) due to H- bonds formed between the quercetin
molecules and the silica surface, as reported in Figure 10.

The peak related to the stretching of quercetin ~OH at 1378 cm ™! due to the intramolec-
ular H- bonds of the quercetin molecule is still present in the two hybrid compounds, but it
is less evident since quercetin molecules are also involved in forming H- bonds with both
other drug molecules and the surface, as in theoretical results (see Figure 10).

The adsorption of quercetin molecules on the silica surface is confirmed by the vi-
bration of the C-H group (2985-2857 cm™!) of the drug molecule (see yellow band in
Figure 10). In the spectrum of pure quercetin, the band at 1378 cm~! confirms that the
absorption process is due to the hydroxyl groups. Again, in the spectrum of pure quercetin
(Q), the C=0 group is involved in the formation of two intramolecular H- bonds that
characterize the single drug molecule. In the hybrid compounds (510, /Q5 and SiO,/Q15
wt.%), the C=0 groups form acceptor H- bonds with other quercetin molecules and with
the surface. The peak related to the C=0 group (highlighted in green in Figure 10) confirms
the favorable adhesion of quercetin both with other drug molecules and with the atoms of
the surface.

The consistency between computational and experimental data confirms the favorable
adhesion process of quercetin drug molecules on the biomaterial surface, as in previous
work related to hydrophobic ketoprofen drugs [77] and the same amorphous silica surface.



Coatings 2024, 14, 234

13 of 19

The important difference is the larger number of H- bonds per quercetin molecule due to a
larger number of -OH groups coming from this drug.

4. Conclusions

Silica-based hybrid organic/inorganic materials synthesized via the Sol-Gel method
are useful biomaterials for in situ drug delivery systems after implantation. The adsorp-
tion process on these materials with a specific amount of loaded drug is due to favorable
intermolecular interactions between the drug and surface. In this theoretical work, the
adsorption of the hydrophobic quercetin drug molecules on the amorphous SiO, sur-
face confirms the previously proposed simulation protocol relating to ketoprofen drug
molecules [77]. Intermolecular interactions play a key role in the adsorption process thanks
to possible H-bonds between the drug and the SiO, surface and possible intramolecular
H- bonds and 7—m interactions among hydrophobic drug molecules at larger hydrophobic
drug concentrations [94,95]. The silanol groups and the oxygen atoms in Si—-O-Si groups
exposed from the amorphous silica surface to the environment form H- bonds with the
adsorbed drug molecules. Interestingly, the water molecules on the hydrated surface aid the
initial adhesion process on the silica matrix in a network of H- bonds with drug molecules
and silanol groups exposed from the silica surface. At higher concentrations, quercetin
molecules form aggregates adsorbed on the solid surface in an aqueous environment; on
the dried surface, they maximize intermolecular drug/surface and drug/drug interactions.

This adhesion with reduced mobility related to the number and strength of inter-
molecular forces influences the kinetics of release and cytotoxic effects. Moreover, these
simulations suggest that when the equilibrium state was achieved on the hydrated and
dried surface, the geometry of the system with the drug homogeneously dispersed on the
5i0; surface was the same after placing the obtained sample in the freezer (minimization
of energy at T = 0 K) and bringing it back to room temperature because the system reaches
a similar state of equilibrium with very small variations in geometry and potential energy.

By comparing these theoretical results with the FTIR spectra, it is possible to confirm
the adhesion of the quercetin molecules on the silica surface. At larger hydrophobic drug
concentrations, some drug aggregation processes can take place. The time-dependent
release for a greater amount of quercetin in the silica matrix causes a faster release, probably
because some of the drug molecules farthest from the surface cannot form hydrogen bonds
with the silica matrix.

Biomaterials with tailored functionalities that influence their bioactivity with the
addition of biological agents, such as drugs [77,101-104], proteins or protein fragments,
peptides [108-122], and metallic ions, play a crucial role in manifesting the prevention
of bacterial infections, inflammatory responses, cytotoxic effects, and coagulation mech-
anisms [31,32,46]. This new approach that combines Sol-Gel methods and MM/MD
simulations at the atomistic level in this current field of hybrid organic/inorganic bioma-
terials can improve our knowledge of biomaterials tailored for more specific applications
and specific drug concentrations, avoiding unwanted side effects.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ coatings14020234/s1. Video S1. Animation files of the adsorption process of
single quercetin molecules on the amorphous silica surface during the four MD runs in vacuo lasting
2 ns (side view and top view). Figure S1. Van der Waals energy contribution calculated during two
MD simulations lasting 2 ns and 3 ns, respectively, related to 14 quercetin molecules adsorbed on
hydrated silica surface, as discussed in Section 3.2. Figure S2. Top view of the optimized geometry
of the hydrated system at small drug concentration after the first MD run lasting 2 ns and energy
minimization discussed in Section 3.2. Figure S3. Van der Waals energy contribution calculated
during two MD simulations lasting 2 ns and 5 ns, respectively, related to 28 quercetin molecules
adsorbed on hydrated silica surface, as discussed in Section 3.3. Figure S4. Top view of the optimized
geometry of the hydrated system at large drug concentration after the second MD run lasting 5 ns
and energy minimization, as discussed in Section 3.3.
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