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ABSTRACT: The biomaterial surface can be essentially upgraded ~110 nm z

. . . . . fluorouracil
with the therapeutic function by the introduction of controlled, 2 LA NPs -

local elution of biologically active molecules. The use of ultrasonic-
assisted formation of nanoparticles with controlled size and
morphology can be readily utilized for such functionalization. In
this study, the synthesis route for the generation of nanoparticles of
fluorouracil, the bioactive molecule used in anticancer therapy, was
reported. The tandem of experimental (TEM, NTA, ATR-IR) and
computational (MD simulations) approaches allowed us to obtain
a molecular-level picture of the cavitation bubble interface where
the enrichment of fluorouracil molecules takes place. Thanks to the
originally developed computational model of cavitation bubbles,
we revealed that the bubble interface plays a key role in the prearrangement of drug and solvent molecules, initiating the formation
of nanoparticles’ seeds. The proposed mechanism can be applied to other biologically relevant molecules, suggesting that the
sonochemical method can be used for the controlled formation of their nanoparticles. The results indicate a feasible way to tailor the
surface of polymeric biomaterials via the embedment of nanoparticles, thus having the potential to be used for practical implications
as drug delivery systems.
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B INTRODUCTION The use of ultrasound for formation of nanoparticles with
controlled size and morphology has proved to be a simple,
efficient, and eco-friendly method for compounds of varied
chemical natures."*™"” Despite the apparent advantages so far
in the field of bioactive substances, only a few systems were
successfully obtained via a sonochemical method: vitamin
B12,*° enzyme: amylase,21 antibiotics: tetracycline,22 and
gentamicin.”’ The obtained nanoparticles of antibiotics were
simultaneously deposited on a polymeric substrate forming
DDS with elution for up to 7 days. Thus, it seems of particular
importance to investigate other drug-polymer systems where
the drug elution from the polymeric surface is advantageous,
e.g, in anticancer therapy. One such system involves the
improvement of polyurethane-based esophageal stents used in
cancer palliative treatment.”* For this application, fluorouracil
is suggested as a systemic first-line drug. To limit its dose,
fluorouracil nanoparticles can be sonochemically formed and

One of the areas of biointerface development dynamically
advancing the most is implantable devices with therapeutic
functions.' Owing to the combined work of engineers,
chemists, physicists, biologists, and clinicians, the combination
of nanotechnology and modern molecular medicine has led to
increased interest in new drug delivery systems (DDS).”””
Therefore, the biomaterial surface can be substantially
upgraded with the therapeutic function by the introduction
of controlled, local elution of biologically active molecules
(e.g., drugs, peptides, proteins).®® The in-site release is one of
the most rapidly developing areas of biomaterials engineering
and offers numerous benefits when compared to conventional
dosage forms (i.e, smaller doses of bioactive substances and
minimal risk of side effects).”'’ Ideally, biomaterials with a
drug delivery function should enhance the therapeutic effect in
the target place, reduce dosage and frequency, and thus
accelerate recovery.'' In particular, introducing the nano-

particles of bioactive molecules and controlling their surface Received: December 15, 2022 o'l
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drug crystallites increases their surface area and consequently s
promotes their dissolution rate and bioavailability, both of
primary importance for pharmacokinetics.' "
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Scheme 1. Schematic Illustration of the Sonochemical Formation of Fluorouracil Nanoparticles and Their Application for

Polymeric Drug Delivery Systems
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immobilized at the polyurethane cover of the stent and by
prolonged elution act directly in the vicinity of the tumor.

The fundamental process that occurs when the solution is
subjected to high-energy ultrasonic radiation is acoustic
cavitation.”> Sonochemical synthesis of nanoparticles is
considered a complex process, where several steps are
delineated. Initially, solutions are exposed to ultrasounds (in
the range of 20 kHz—1 MHz), and the phenomenon of
acoustic cavitation leads to bubble formation and growth.
Once reaching a critical volume, the bubbles implode (their
lifetime is ~2 ns, and cooling rate is ~10" K/s),”**” and the
dissolved molecules form nanoparticles. Due to the fast
kinetics and molecular scale of the involved phenomena, the
real-time experimental observations are problematic. Hence,
the exact mechanism of the nanoparticles formation assisted by
ultrasounds is still unknown, hindering further advancement in
DDS based on the nanoparticles of bioactive molecules. Two
possible mechanisms for the creation of sonochemical
nanoparticles postulated so far are 1) solute molecules
accumulate at the bubble interface, creating the shell of
molecules,”” which subsequently collapses and forms nano-
particles; and 2) nanoparticle seeds are preformed inside the
cavitation bubble, initiating the particle growth.”®

Molecular dynamics (MD) simulations have been widely
used to study the details of biological processes occurring at
biological interfaces.”” They provide atomistic understanding
of such processes and complement the experiments.”’ In the
context of the sonochemistry of biological systems, MD
simulations have successfully studied the bubble collapse and
nanojet formation near a silica slab,®" cavitation in water with a
single nanoparticle embedded (silica),”* and the ultrasound-
driven collision between a pair of monoclinic zirconia NPs.*’

At this stage, without a detailed understanding at the
molecular level, further advancement in DDS based on the
nanoparticles of bioactive molecules embedded into a
polymeric surface is hindered. However, progress can be
stimulated by utilizing computational methods for molecular
modeling. In particular, the atomistic MD simulations can
probe the short length and time scale while fully accounting for
the dynamics and molecular complexity of the formation of
sonochemical nanoparticles. In the broader perspective, with a
fundamental understanding of this complex process, research-
ers will be able to design systems with targeted elution time
and desired dosage, effectively reducing side effects.
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In this study, a combination of experiments and atomistic
MD simulations was employed to explore and optimize the
mechanism of the sonochemically assisted formation of
fluorouracil nanoparticles. The tandem of experimental and
computational approaches allowed us to obtain a molecular-
level picture of the cavitation bubble-solution interface where
the fluorouracil drug molecules are present in a water/ethanol
mixture. We revealed that such an interface plays a key role in
the prearrangement of drug and solvent molecules, initiating
the formation of nanoparticles seeds.

B METHODS

Sonochemical Formation of Nanoparticles. A fluorouracil
(Sigma-Aldrich) solution of 3 mg/mL was prepared by dissolving in
deionized water and subsequently stirring for 15 min. To check the
impact of solvent, the different active agent solutions were prepared
containing the following ratios of ethanol to water: 10, 25, 50, and 75
wt.% deionized water (HydroLab, HLP §), pure ethanol (99.8%
POCH). The prepared solutions (3 mL) were then irradiated with
homogenizer (Ti-horn, QSonica Q500) with the frequency of 20 kHz,
amplitude 35%, pulse 2:1 (on:off), and time of S min. An ice bath was
used to prevent overheating. The procedure is briefly summarized in
Scheme 1.

Nanoparticles Tracking Analysis (NTA). The hydrodynamic
diameters of sonochemically formed fluorouracil nanoparticles
(FNPs) were determined using LM10 NanoSight instrument
(Malvern Instruments Ltd.). The nanoparticles were illuminated
with 450 nm blue laser, and then scattering was captured with
sCMOS camera (Hamamatsu Photonics, Hamamatsu, Japan). Data
were accumulated and analyzed with NTA software (3.1 Build
3.1.45). The Stokes—Einstein equation was used to calculate the mean
hydrodynamic diameter. The size distribution was measured at
camera level 15 (shutter: 1206, gain: 366). Analysis of each sample
consisted of three movies, 30 s each at 25 frames/s.

ATR-IR. The stability of drug molecules under ultrasound waves
was checked using the Attenuated Total Reflection Infrared
Spectroscopy (ATR-IR). Spectra of fluorouracil and fluorouracil
irradiated with ultrasounds were recorded using the Nicolet 6700
(Thermo Fisher Scientific) with diamond crystal. Each of the
investigated samples was scanned 200 times in the range of 600—
4000 cm™".

TEM. The TEM observations were carried out using an JEOL
JEM2100 HT instrument operating at an accelerating voltage of 80
kV. The sonochemically prepared FNPs were taken immediately after
the sonochemical formation from the solution and dropped on a
Formvar film supported on a copper grid (Emgrid Australia).

MD Simulations. All MD simulations were carried out using the
GROMACS 2020.5 software.”* Force-field parameters of the
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Figure 1. Physicochemical characterization of sonochemically formed nanoparticles of fluorouracil. (A) TEM image showing nanoparticles
morphology, (B) NTA size distribution of formed NPs indicating their hydrodynamic diameters together with reference line (parent solution,
before sonication) and 10 min after sonication, (C) ATR-IR spectra of the parent (untreated) fluorouracil (upper panel) and after its nanoparticles
formation (lower panel), proving the intact molecular structure of the drug upon sonication.

Table 1. Detailed Compositions of In Silico Systems Used in MD Simulations

solution bubble—solution
water ethanol fluorouracil water ethanol fluorouracil
water 50000 - 625 50000 - 625
mix10 48000 2000 625 48000 2000 625
mix25 44000 6000 625 44000 6000 625
mixS0 36000 14000 625 36000 14000 625
mix75 23000 27000 625 23000 27000 625
ethanol - 50000 625 - 50000 625

fluorouracil and ethanol molecules were taken from the Amber
f199SB-ILDN,* and the TIP3P water model®® was used. Periodic
boundary conditions were employed in all dimensions. After
construction, all systems were energy-minimized using the steepest
descent algorithm to remove close contacts. Then the 200 ps
equilibration using NpT ensemble was performed, followed by
production runs at the temperature of 310 K. The Nosé—Hoover
thermostat,”” with a time constant of 0.5 ps, was employed to keep
the temperature constant. The Parrinello—Rahman barostat®® was
used to keep the pressure at 1 bar with a time constant of 10 ps. The
production run length for all simulations was 100 ns and was repeated
3 times.

Covalent bonds were constrained by the LINCS algorithm®
allowing for the 2 fs time step, while water molecules were kept
constrained using the SETTLE method.*” The long-range electro-
static interactions, calculated using the Particle Mesh Ewald
algorithm,41 were truncated at 1.4 nm. For the long-range nonbonded
interactions, a 1.6 nm cutoff was used, and a 1.4 nm cutoff was
employed for short-range interactions. Several measurable quantities
have been extracted from the MD trajectories using the standard
GROMACS tools and in-house scripts. VMD software"” was used for
visualization.

B RESULTS AND DISCUSSION

Characterization of Sonochemically Obtained Fluo-
rouracil Nanoparticles. The STEM images of sonochemi-
cally obtained fluorouracil NPs are presented in Figure 1A.
The majority of the particles are in the narrow range of sizes
from ~80 to 120 nm. No evidence of macroparticles was found
in the observed samples; however, aggregates of nanoparticles
of ~300 nm were also observed. The results of nanoparticle-
tracking analysis for the sonochemically obtained fluorouracil
nanoparticles are presented in Figure 1B. Whereas the NTA
profile for the parent solution (before sonication) does not
exhibit any maxima, for the sonicated solution the fluorouracil
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nanoparticles are observed. Immediately after the sonication,
the profile is dominated by a maximum at ~100 nm, followed
by the less pronounced peaks at 200 and 300 nm,
corresponding well to the sizes of the NPs in the TEM images
(Figure 1A). Measurements performed postsonication process
after a longer time revealed the agglomeration of the
nanoparticles. This is illustrated by the representative results
for 10 min, where the increase in maxima, for higher
hydrodynamic diameters of the NPs (~200, 300, 500 nm), is
visible. These correspond to NPs agglomerates as their size is
equal to multiples of diameters. It should be mentioned that
the developed method for the synthesis of nanoparticles and
their application for immediate deposition on the polymeric
surface could be considered a one-step process (see Scheme
1). Therefore, in this case, the agglomeration kinetics is of
secondary importance.

The ATR-IR spectra of the parent (upper panel) and
sonicated (lower panel) fluorouracil are presented in Figure
1C. The recorded spectra show the characteristic C=0
stretching band of fluorouracil at 1652 cm™ and the sharp
band at 1721 cm™, as well as the C—F stretching band at 1244
em ™. In the low-frequency region of the spectra (<1000
ecm™'), in addition to the absorption bands of stretching
vibrations of the pyrimidine ring and planar deformation
vibrations, there are absorption bands of nonplanar deforma-
tion vibrations of fluorouracil.** The spectra exhibit an
excellent agreement with the reference data and confirm the
structural integrity of the fluorouracil molecules upon the
ultrasonic treatment. These results have practical implications
showing that all the functional groups of fluorouracil and its
biological activity are preserved.

Computational Model of the Cavitation Bubble. MD
simulations were employed to gain molecular insight into the

https://doi.org/10.1021/acsanm.2c05332
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early stages of sonochemical formation of fluorouracil
nanoparticles. We focused on studying the impact of solvent
on this phenomenon; thus, the model systems with different
ethanol concentrations in water (10 wt.%, 25 wt.%, 50 wt.%,
and 75 wt.% ethanol in water, details about compositions are
listed in Table 1) and fluorouracil were constructed with the
use of Packmol package.” For every system, the number of
fluorouracil molecules was fixed at 625. A total of 50,625
molecules were packed in the simulation box with the initial
size of at least 12 X 12 X 12 nm. These systems correspond to
the experimental bulk-solution conditions (see Figure 2A).
The second group of in silico models contained the cavitation
bubble. The spherical cavitation bubble (radius 2 nm) has
been created in the middle of the cubic simulation box with a

e
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: 4 nm :

>

Figure 2. Snapshot of the simulation box showing (A) the system, (B)
molecules with detailed atom names, and (C) cross section focusing
on the bubble interface.
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mixture of fluorouracil and solvents using the flat-bottomed
position restraints. These systems are referred to as bubble-
solvent systems in this work (see Figure 2B). The force
constant of 1,000 kJ/(mol nm?) has been used. The system
was allowed to equilibrate for 100 ns, after which the restraints
were removed leading to the collapse of the bubble (see
bottom panel of Figure 2 and Movie S1).

Additionally, the reference systems (with corresponding
amounts of fluorouracil, water, and ethanol) in the slab
configuration containing the liquid—air interface have been
created to check if the curvature of the bubble—solution
interface influences the location and orientation of the
fluorouracil molecules at the air—solution interface.

MD Insights into Sonochemical Formation of Fluo-
rouracil Clusters. In Figure 3, the radial distribution function

6

T T
05 1.0 15
distance between fluorouracil molecules/ nm

240

Figure 3. Fluorouracil—fluorouracil radial distribution functions
(RDFs) in solutions with different ethanol-to-water ratios.

of fluorouracil molecules in ethanol—water solutions is
presented. The orientation of fluorouracil molecules signifi-
cantly differs between pure water and pure ethanol due to the
different chemical nature of these solvents and mutual
interactions between the solute and solvents. In the pure
ethanol (dark brown curve in Figure 3), there is one dominant
distance between the drug molecules around 0.65 nm, while in
the pure water (dark blue curve in Figure 3), two possible
orientations are observed with the intermolecular distance of
~0.45 and 0.60 nm. The number of molecules in both
characteristic orientations depends on the ethanol to water
ratio. Figure 3 provides the quantitative information on the
changes induced by the addition of ethanol to fluorouracil—
water systems. At 50 wt.% ethanol concentration, the average
distance between fluorouracil molecules is longer (about 0.60
nm), and most of the drug molecules behave as in pure ethanol
(orange-brown lines in Figure 3). On the other hand, at lower
ethanol concentrations (mix10 and mix25, blue lines in Figure
3), the average distances between fluorouracil molecules are
similar to that in pure water. The obtained profiles clearly
illustrate that one can control the preferential fluorouracil
arrangement by changing the ethanol to water ratio and, thus,
stimulate the drug’s nanoparticles formation.

Since the mix10 solution (10 wt.% ethanol in water) results
in the most effective formation of fluorouracil nanoparticles,
the molecular interactions were analyzed in detail for this
system. To gain additional insight into the mutual orientation

https://doi.org/10.1021/acsanm.2c05332
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Figure 4. RDFs showing (A) the intermolecular fluorouracil binding preferences for fluorine and (B) oxygen atoms in the mix10 solution. Both
fluorine and oxygen atoms show specific intermolecular binding preferences. Due to the dynamic nature of the formed clusters, assigning individual
peaks to specific intermolecular cluster structures is difficult. The snapshots (C-E) show exemplary fluorouracil clusters (using 1 nm-distance

criterion for clustering).

of fluorouracil in the solution, the RDFs of specific atom pairs
in the fluorouracil have been calculated (Figure 4). The
fluorouracil molecules seem to cluster together in a similar
manner as benzene molecules (7—7 stacking). The maxima
visible in the RDFs of F—F (at 0.35 nm) and F—O1 (at 0.60
nm) suggest that the preferred orientation of fluorouracil
molecules in the fluorouracil clusters are such that the
fluorouracil molecule is rotated either 0° or 180° with respect
to its neighbor, as depicted by structures D and E in Figure 4.
However, other orientations are also possible, e.g,, structure C
in Figure 4, where two fluorouracil molecules are rotated 90°
with respect to each other, giving rise to other maxima in the
RDFs.

In order to characterize the effect of the bubble—solution
interface on the orientation of the fluorouracil, the RDFs of
different chemical species as a function of the distance from the
center of the bubble for the mix10 system have been calculated
and depicted in Figure S. Ethanol molecules clearly tend to
locate at the bubble-solution interface, while water molecules
avoid being exposed to a vacuum. Interestingly, fluorouracil
locates in between the ethanol and water molecules and orients
itself such that the fluorine atom points toward the bubble
while the O1 atom points in the direction of the solution. The
presence of the interface seems to facilitate the clustering and
orienting of the fluorouracil molecules.

We also performed MD simulations mimicking a sonobub-
ble collapse by removing the potential after 100 ns.
Importantly, the simulated collapse did not result in the
formation (see Figure 6) of large fluorouracil clusters in the
collapsing bubble as previously suggested in previous
research.”” Thus, our molecular simulations support the key
role of the bubble interface in the nanoparticles formation
postulated in the literature.””

Mechanism of Sonochemical Formation of Fluorour-
acil Nanoparticles. The mechanism of the fluorouracil
nanoparticles formation via the sonochemical method is
schematically presented in Scheme 2 where the main steps
of synthesis implied by the MD simulations and experiments
are indicated: 1) starting from the initial solution of

distance from the center of the bubble/ nm

Figure S. RDFs and the corresponding snapshot from the MD
trajectory of the mix10 bubble-solution system. RDFs of two atoms (F
and O1) of fluorouracil molecules (lower panel) were tracked to gain
insight into its specific orientation at the bubble—solution interface.
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Figure 6. Main steps of fluorouracil seeds formation at the bubble—solution interface: (A) the initial mixture of fluorouracil, water, and ethanol;
(B) the sonicated solution with cavitation bubble; (C) the collapsing cavitation bubble and the region of NP nucleation; (D) postcollapse

aftergrowth of the drug particle.

Scheme 2. Mechanistic Scheme of the Sonochemical Formation of Fluorouracil Nanoparticles Emerging from the MD

Simulations and Experimental Results
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water—ethanol—fluorouracil (represented by the blue medium,
orange balls, and red shapes, respectively), 2) passing through
the formation of cavitation bubbles with the agglomeration of
fluorouracil molecules at the interface, 3) the subsequent
bubble collapsing, 4) eventually leading to the formation of the
nucleation seeds, and S) finally leading to the nanoparticles
formation. The sonochemical irradiation stimulates the growth
of the bubble since the excess of energy causes local
evaporation of the solvent. After reaching the critical size,
the bubble collapses since the interactions at the interface
cannot sustain the phase boundary. The fluorouracil clusters
formed at the interface are stable over time as observed
experimentally. The further growth of nanoparticles is due to
the fluorouracil crystallites’ lattice energy of formation. The
timeframes in Scheme 2 are provided for each step, which also
determines the boundaries of simulation and experimental
modus operandi. Taking into account that, in the same
sonochemical process, the nanoparticles can be anchored at
the polymeric surface (60 nm of gentamicin embedded into
parylene C surface,”> 100 nm fluorouracil embedded into
parylene C and polyurethane in Figure S1 and S2,
respectively), the results obtained here provide a suitable
platform for functionalization of polymeric biomedical devices.
Thus, at this stage of research, the proof of concept has been
provided and, notably, the proposed approach can be easily
extended to other bioactive molecules and polymeric materials.

B CONCLUSIONS

In this study, we have successfully generated for the first time
nanoparticles of fluorouracil, the bioactive molecule used in
anticancer therapy. The formation of nanoparticles was
stimulated by sonication of the fluorouracil-water—ethanol
solution, while optimizing the irradiation parameters to keep
the drug’s molecular structure intact. The distribution of the
formed nanoparticles was fairly homogeneous with an average

size of ~100 nm, which is a suitable size for controlled drug
delivery. Fully atomistic molecular dynamics simulations were
employed with a novel approach to model the cavitation
bubbles and explain the mechanism of the formation of the
nanoparticles at the molecular level. Combining experiments
and computations can be used for the conceptualization of
facile sonochemical synthesis of polymeric anticancer nano-
particle-based systems for the functionalization of esophageal
stent covers. Such an approach is beneficial for the tunable,
knowledge-based design, development, and optimization of
therapeutic nanoparticles-based systems.
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