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ARTICLE INFO ABSTRACT

Keywords: Natural bioactive compounds are increasingly recognized for their therapeutic potential. Among them, iso-
Isoliquiritigenin liquiritigenin is known for its promising pharmacological potential such as anti-inflammatory, antioxidant, an-
Nanonization

tiobesity, neuroprotective and antitumoral properties. However, its clinical translation is often limited by poor
Molecular dynamics solubility, and consequently, low bioavailability. To overcome these limitations, after the construction of the
SH-SY5Y cells space of knowledge, using the Design of Experiments approach, we designed and optimized a nano-
DoE isoliquiritigenin formulation, produced by nanonization technology. We identified the concentration (0.5 %w/
v) and the type (PVP) of stabilizer (independent variables) to obtain a stable formulation with uniform and
monodisperse particle size (mean size<100 nm and PDI< 0.2). The interaction between isoliquiritigenin and
TrkB receptor was investigated through the molecular dynamic simulations using 7,8-dihydroxyflavone, a well-
known TrkB agonist, as a positive control. These preliminary computational findings were validated in SH-SY5Y
neuronal-like cells, where isoliquiritigenin and nano-isoliquiritigenin significantly attenuated rotenone-induced
toxicity, an effect abrogated by the selective TrkB antagonist ANA-12.

Overall, these results revealed that Design of experiment approach, in particular D-optimal design, is a useful
and reliable approach to design and optimized an innovative formulation of nano-isoliquiritigenin obtained by
sonoprecipitation technique. In addition, computational and in vitro studies showed promising evidence about
the isoliquiritigenin activity as TrkB agonist in neuroprotection, supporting their potential as a novel class of
small-molecule TrKB agonist.

TrkB

1. Introduction spp.), exhibiting promising pharmacological properties, including anti-
tumor, anti-inflammatory, antioxidant, antiobesity and neuroprotective

Natural bioactive compounds constitute a promising strategy to effects [2-7]. However, ILQ clinical application is hampered by its poor
clinical applications, thanks to their safety profile and multi-target po- water solubility, and limited bioavailability. These challenges can be
tential [1]. Among the wide range of natural bioactive molecules, iso- addressed by employing nanonization technique, that by reducing the
liquiritigenin (ILQ), a flavonoid derived from liquorice root (Glycyrrhiza particle size of drugs to the nanoscale, offers promising solutions to these
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limitations [8-12]. Nanonization process allows us to obtain submicron
colloidal dispersions of nanosized drug particles and one or more sta-
bilizers, (surfactants and or polymers, or a mixture of both) [13].
Nano-drug are carrier-free particles characterized by high drug con-
centrations, leading to enhanced pharmacokinetic properties compared
to the free-drug [14,15]. Formulations obtained by nanonization process
are easy to produce on a large scale at low cost. They are mainly applied
to oral drug delivery, and other drug delivery routes, such as, injection,
ocular and nose to brain delivery [10,16-18].

Recent studies have highlighted that ILQ administration in rat model
of cognitive impairment can increase brain derived neurotrophic factor
(BDNF) levels, however the mechanism involved in this process needs
further investigations [7,19]. BDNF possesses a poor pharmacokinetic
profile that limits its clinical application: its high molecular weight
impedes the passage through the blood brain barrier (BBB) and its
plasma half-life in rats is less than 1 min. Different efforts were made to
synthetize small molecules capable of activating the tyrosine kinase B
(TrkB) receptor with high selectively and specificity [20]. In 2010, the
natural derived product 7,8-dihydroxyflavone (7,8-DHF) was identified
by Jang et al. as a selective TrkB receptor agonist mimicking BDNF ac-
tions [21,22]. TrkB receptor is a member of the neurotrophin receptor
tyrosine kinase family which mediates the main biological action of
BDNF. The binding between BDNF and TrkB induces the activation of
three main signaling cascades: the Ras/Raf/MEK/mitogen-activated
protein kinase pathway, phosphatidylinositol 3-kinase, and phospholi-
pase C-y, producing effects on neuronal growth, survival and synaptic
plasticity [23].

In this context, the aim of this work is to explore the BDNF/TrkB
neurotrophic activity of ILQ and assess its potential as a TrkB agonist,
increasing its intrinsic low solubility. For this purpose, nano-ILQ was
designed, developed and optimized through Design of Experiment (DoE)
in combination with a solvent-antisolvent sonoprecipitation method to
amplify the dissolution rate of the molecule. In the experimental
domain, the stabilizer type and its concentration (independent vari-
ables) have been chosen respectively as categoric factor and numeric
factors, while mean size (nm), polydispersity index and Zeta Potential as
output (responses).

The optimized nano-ILQ was further characterized in pH, osmolarity
and morphology. Stability studies of nano-ILQ at different storage con-
ditions (4 °C, 25 °C, 37 °C) were carried out for six months.

Furthermore, the potential agonist activity of ILQ at the TrkB re-
ceptor, was explored through computational studies based on molecular
docking and steered molecular dynamics/umbrella sampling, followed
by in vitro verification of TrkB receptor-mediated neuroprotection using
neuronal-like SHSY-5Y cells. The TrkB receptor agonist 7,8-DHF was
used as a positive control. In anticipation of in vitro studies, stability of
7,8-DHF and ILQ was monitored at 37 °C for one week.

2. Materials and methods

ILQ was purchased from MedChemExpress (MCE). 7,8-DHF, Ethanol,
polyvinylalcohol (PVA), polyvinylpyrrolidone (PVP) and dimethyl
sulfoxide (DMSO), the selective TrkB receptor antagonist ANA-12,
rotenone and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbro-
mide (MTT) were provided by Sigma-Aldrich (Merck Life Science S.r.
1., Milan, Italy). Kolliphor P188 (P188) was obtained from BASF (Lud-
wigshafen, Germany).

The human neuroblastoma SH-SY5Y cell line was purchased from
ATCC (Manassas, VA, USA; catalog # CRL-226). Cells were grown in
DMEM/F12 supplemented with 10% fetal bovine serum (FBS) and
penicillin (100 U/ml)/streptomycin (100 pg/ml) solution (all from
Thermofisher Scientific, Milan, Italy) and were maintained at 37 °C in a
CO», incubator (Thermofisher).
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2.1. Design of experiment

2.1.1. Construction of experimental space

To delineate the space of knowledge, we collected scientific articles
published from 2018 to 2023, concerning the preparation and charac-
terization of nanocrystals. Among the available literature, only the study
by Yanni Ma et al. (2022) was found to be consistent with the keywords
“isoliquiritigenin nanocrystals” and “nanoisoliquiritigenin”. Futher-
more, in view of a potential future intranasal application of the formu-
lation, we included the keywords “intranasal nanocrystal” and “nose-to-
brain nanocrystal” to identify stabilizers suitable for this route of
administration.

The space of knowledge allowed us to identify all the critical material
attributes (CMAs) that could be involved in the quality target profile of
the optimized formulation of our interest. Based on the space of
knowledge, the CMAs were chosen, and the experimental design was
built.

The experimental design of nano-ILQ formulations was obtained
using Design-Expert software (Design Expert software version 13 -
StatEase®). One numeric factor corresponding to the amount of stabi-
lizer expressed as %W/V stabilizer/aqueous phase, was selected at three
levels: 0.5-1-1.5%W/V. These three levels allowed us to consider the
lowest concentration of our numeric factor, the highest concentration
and one intermediate value of this.

A categoric factor was also selected in the design of the experiments,
corresponding to the nature of stabilizers, and those selected were P188,
PVA and PVP.

The model used to build the design is the Optimal Custom Design,
specifically D-optimal, which produces a design that best estimates the
effects of the factors, it is particularly suited for screening studies. A total
of ten runs were carried out to evaluate the effect of the independent
variables on Mean Size (nm) and Zeta Potential (mV) responses
(Table 1).

For the statistical computations, the independent variables, stabi-
lizer concentration and stabilizer type, were denoted as X; and Xy,
respectively. Statistical analysis of data was performed by ANOVA,
provided in the software.

2.1.2. Sonoprecipitation technique to obtain nano-isoliquiritigenin
Nano-ILQ were prepared by the sonoprecipitation method which
combines precipitation and ultrasonication using a probe sonicator
(Branson sonifier 450, Marshall Scientific, Hampton, NY, USA). The
solvent phase was composed of 5 mg of ILQ powder solubilized in 250 pl
of ethanol. The antisolvent phase was prepared by dissolving different
concentrations (0.5, 1, 1.5% W/V) and types (P188, PVP, PVA) of sta-
bilizers according to the experimental design. After complete dissolution
of ILQ, the solvent phase was dropped into 2.5 ml of antisolvent phase,
under magnetic stirring (500 rpm), followed by intense sonication using
a probe immersed 6 mm in the liquid. Sonication was carried out at a
power input of 400 W for 10 min using a continuous cycle. The ultra-
sonic sound burst was maintained at a constant frequency, and the

Table 1
Runs obtained from D-Optimal design.

RUNS  Stabilizer (%W/ Stabilizer Mean Size Zeta Potential
V) type (nm) (mV)

1 1 PVP 257.7 —28.9

2 0.5 PVP 87.97 —40.3

3 0.5 PVA 866.5 -17.3

4 1.5 PVA 1035 -11

5 0.5 P188 759.3 -32.9

6 0.5 PVP 86.59 —40

7 1.5 P188 622.4 -32

8 1 P188 844.7 —29.7

9 1 PVA 733.3 -14.2

10 1.5 PVP 391.1 —-25.9
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temperature, during the sonication process, was stabilized using an ice-
water bath. To evaporate the ethanol, the formulations were kept under
a fume hood and under magnetic agitation for 15 min. Then, the spon-
taneous formation of nano-ILQ was confirmed by the appearance of a
slightly turbid suspension.

2.1.3. Mean size, polydispersity and zeta potential analysis

Photon Correlation Spectroscopy (PCS; Zetasizer Nano S90; Malvern
Instruments, Malvern, UK) was employed to determine the particle
mean size (nm), Polydispersity Index (PDI), and Zeta Potential (mV) of
nano-ILQ at a detection angle of 90 °C, at 25 °C with a 4 mW He — Ne
laser operating at 633 nm. All measurements were performed for nano-
ILQ after dilution 1:10 using water. The measurements were conducted
in triplicate, and the obtained results are reported as mean + Standard
Deviation (SD).

2.1.4. Nano-isoliquiritigenin optimization

Nano-ILQ optimization was performed using the ‘desirability tool’
provided by the Design of Experiment software. The software indepen-
dently combines all levels of the independent variables considered (X;
and Xj5) in order to identify the optimal condition within the experi-
mental domain. The results obtained are expressed as ‘desirability’,
which is a function whose values range from 0 to 1, where 1 corresponds
to the desired value.

2.2. Physico-chemical characterization of optimized formulation

2.2.1. Morphology observation

The morphology of nano-ILQ was determined using a Scanning
Electron Microscope (SEM) by using a GEMINI field effect microscope
from ZEISS. To acquire the SEM analyses, a sample of nano-ILQ (dilution
1:10) was obtained by spin coating the solution onto a Si wafer piece at
500 rpm for 1 min with a WS-400 instrument from Laurell Technologies
and left to dry in air.

2.2.2. Storage stability study of nano-ILQ

The samples were stored at the accelerated condition (40 + 2 °C/
75% RH + 5% RH) according to ICH guidelines, at room temperature
(25 +2°C), and at 4 + 2 °C in order to evaluate the stability of nano-ILQ
from time zero (TO) to six months. Stability measurements were per-
formed at predetermined times (TO, 7 days, 15 days, from 1 month to 6
months), to assess changes in mean size (nm), PDI and Zeta Potential
(mV). All studies were conducted in triplicate.

2.2.3. pH and osmolarity evaluations

The nano-ILQ pH was determined at 25 + 2 °C by using a pH-meter
(Mettler Toledo, Columbus, OH, USA). The instrument was calibrated by
using buffer solutions (pH 4.01 + 0.02; 7.00 £+ 0.02 and 10.00 + 0.02;
slope 99.8%; Mettler Toledo, Columbus, OH, USA). Measurements were
performed in triplicate and results were expressed as the mean + SD. The
nano-ILQ osmolarity was determined using a freezing point osmometer
(Osmomat 3000, Gonotec). Deionized water (0 mOsmo/kg) and two
calibration standards (300 mOsmol/kg and 850 mOsmol/kg) were used
for three points calibration. Samples were measured in triplicate and
results were expressed as the mean + SD.

2.3. Computational studies

2.3.1. Docking calculations

System preparation and molecular docking calculations were per-
formed using the Glide module within the Schrodinger Suite (release
2021-1) (“Schrodinger Release 2021-1: Maestro, Schrodinger, LLC, New
York, NY, 2021.). The X-ray crystal structure of the TrkB-d5 domain
(hereafter referred to as TrkB; PDB ID: 1HCF, 2.7 A resolution) [24] was
prepared using the Protein Preparation Wizard [25], during which
hydrogen atoms were added and protonation states of titratable amino
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acid residues were assigned for pH 7.0, based on their predicted pK,
values. The ligands, 7,8-DHF and ILQ, were prepared using LigPrep
(“Schrodinger Release 2021-1: LigPrep, Schrodinger, LLC, New York,
NY, 2021.%), with proper tautomeric and ionization states generated for
pH 7.0. Induced Fit Docking was carried out using Glide [26] in com-
bination with the OPLS_2005 force field [27]. Docking poses were
evaluated and ranked using the Glide Extra Precision (XP) scoring
function to ensure reliable identification of the most favorable binding
configurations.

2.3.2. Molecular dynamics simulations and free energy calculations

The protein-ligand complexes were prepared for molecular dy-
namics (MD) simulations with the CHARMM-GUI web server [28],
which assigned CHARMM36 [29] and CGenFF [30-32] parameters to
the protein and the ligand, respectively. The complexes were embedded
in parallelepiped-shaped simulation boxes (dimensions:
140 x 80 x 80 12\3) filled with mTIP3P water molecules [33], using
GROMACS preparation tools [34]. Sodium (Na™) and chloride (Cl™) ions
[35,36] were added to neutralize the system and reproduce a physio-
logical ionic strength of 0.15 M. The initial structures were those ob-
tained from docking calculations.

All systems underwent energy minimization using the steepest
descent algorithm. The free energy calculation protocol comprised two
sequential steps: Steered Molecular Dynamics (SMD) followed by Um-
brella Sampling (US). In the SMD step, a predefined reaction coordinate
(&), corresponding to the unbinding pathway of the ligand from the
protein, was sampled. The ligand and surrounding TrkB residues (within
5 A of the ligand, as identified in the docking pose) were gradually
separated by applying a harmonic biasing potential between their cen-
ters of mass (COMs). Pulling was performed along the x-axis using a
force constant of 1000 kJ mol ! nm 2 and a pulling rate of 0.01 nm ps_l.
Configurations were extracted every 0.1 nm along the COM distance and
used as initial structures for subsequent US.

Each US window was simulated for 12 ns under NPT conditions
(310 K, 1 atm), with the first 2 ns treated as equilibration and the
remaining 10 ns used for analysis. A harmonic restraint of
1000 kJ mol~! nm~2 was applied to maintain the target COM separa-
tion. Temperature and pressure were regulated using the V-rescale
thermostat [37] (coupling constant of 1.0 ps) and the Parrinello-Rah-
man barostat [38] (coupling constant of 2.0 ps), respectively. Bond
lengths involving hydrogen atoms were constrained using the LINCS
algorithm [39], and the Velocity-Verlet leap-frog integrator was
employed with a 2.0 fs timestep. Long-range electrostatic interactions
were computed using the Particle Mesh Ewald (PME) method [40] with
a 12 A cutoff, while van der Waals interactions were calculated via the
Lennard-Jones potential with the same cutoff. Lorentz-Berthelot
combining rules were applied, and Periodic Boundary Conditions (PBC)
were imposed in all directions.

All SMD and US simulations were carried out using the GROMACS
simulation package [34]. The Potential of Mean Force (PMF) was
reconstructed from the US data using the Weighted Histogram Analysis
Method (WHAM) [41], as implemented in GROMACS. WHAM calcula-
tions utilized 300 bins per nm and 100 bootstrap iterations to generate
average PMF profiles and associated statistical uncertainties. To
enhance statistical robustness, umbrella histograms were weighted ac-
cording to their integrated autocorrelation times (IACTs), smoothed
along & using Gaussian kernels with a standard deviation of 6 = 0.15 nm
[421.

From the PMF profiles, we extracted the binding free energy, A
Ghbinding, defined as the Gibbs free energy difference between the bound
and unbound states of the protein-ligand complex (Equation (1)).

AGbinding = Gbound - Gunbound (1)
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2.4. Invitro assays on SHSY-5Y cell lines

2.4.1. UV-vis measurements to assess stability of molecules at 37 °C

Prior to in vitro studies, the in-solution stability of ILQ and 7,8-DHF
was tested by UV-Vis spectroscopy (UH5300 UV-Visible Double-Beam
Spectrophotometer, Hitachi Europe, Milan, Italy). Stability studies of
ILQ and 7,8-DHF, were carried out in DMSO. The molecules were
weighed and solubilized in the solvent (20 pg/mL) to study their
different behaviour.

After the dissolution of samples, they were stored in capped ambered
vials separately in the incubator (37 °C), and withdrawn at precise time
intervals (TO, 1, 2, 3, 6, 24, 72, 168 h) to assess thermal stability. The
content of drug was measured by UV-Vis spectra that were collected at
room temperature using a quartz cuvette with 1 cm path length and the
following parameters: 250-400 nm wavelength range, 200 nm/min
scanning speed. The optimum absorption wavelengths were 270 nm for
7,8-DHF and 380 nm for ILQ. The studies were conducted in triplicate to
perform a statistical analysis. The storage stability was calculated basing
on the following Equation (2):

retained absorbance

initial absorbance x 100

Percentage of drug degradation (%) = 2

2.4.2. MTT cell viability assay

SH-SY5Y cells were plated at a density of 50-10° cells/well in a 96-
well microplate (Corning) on the day before the experiment and
serum-deprived at the time of treatment. The TrkB receptor antagonist
ANA12 (10 pM) was always added 30 min before the tested drugs. ILQ,
nano-ILQ or 7,8-DHF (all at a final concentration of 10 pM) were added
30 min prior to challenge with rotenone (150 nM for 24 h). The MTT
substrate (0.5 mg/mL) was added during the last 1.5 h of treatment;
medium was then removed, and cells were incubated with DMSO for
10 min at 37 °C to solubilize formazan crystals. Readings were carried
out at 545 nm using a Varioskan™ Flash Multimode Reader (Thermo-
fisher). Statistical analysis was carried out by one-way ANOVA followed
by Uncorrected Fisher's LSD multiple comparison test for significance,
using the Graphpad Prism 9.0 software. Data were from at least 3 ex-
periments run at least in triplicate.

3. Results and discussion
3.1. Experimental design

The design of experiment approach, combining all selected factors to
evaluate their impact in the critical quality attributes of the formula-
tions, allowed us to obtain the highest information by reducing the
number of experiments. By identifying and selecting independent vari-
ables and responses the experimental space was built.
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The pre-optimization studies concluded that both the type of stabi-
lizer and its concentration significantly influenced the mean size and
Zeta potential. The formulations showed a mean size ranging from
87.86 + 0.8 nm to 1035 + 53.8 nm reflecting the influence of inde-
pendent variables on nano-ILQ size (Fig. 1). PDI values remained below
0.3, that is generally the limit accepted for qualitative formulations,
suggesting uniform size distributions. However, some runs exhibited
higher variability (e.g., run 9 and run 4) (Fig. 1) [43]. Since PDI did not
show statistical significance within the constructed model, it was
excluded from the set of response variables used for the model optimi-
zation. In Fig. 1, the results of Zeta potential (mV) are reported, all
formulations exhibit negative surface charges, with a maximum Zeta
potential value at —40.3 + 0.6 mV.

ANOVA was used to analyze the impact of independent variables, X;
and Xp on the dependent variables, means size (Y;) and Zeta potential
(Y3). Fig. 2 (panel A) illustrates the effect of X; and X3 on Y;. PVP (red
line) produces the smallest nano-ILQ size (87.86 + 0.8 nm), instead PVA
(green line) and P188 (blue line) produce significantly larger nano-ILQ.
Moreover, increasing stabilizer concentration resulted in a more pro-
nounced increase in mean size. This indicates that both stabilizer type
and amount critically influence means size. Panel B of Fig. 2 illustrates
the effect of X; and X5 on Y. PVP (red line) exhibits the most negative
Zeta Potential values (—40.3 + 0.5 mV), implying better electrostatic
stabilization, in contrast with PVA (green line) and P188 (blue line).
Furthermore, by decreasing the concentration of stabilizers, the zeta
potential takes a more negative value, indicating greater stability of the
formulations.

3.1.1. Effect of independent variables on mean size (Y1)

Using the statical linear model, a polynomial regression analysis was
performed on the response Y; to determine the coefficients of the model
terms. In the polynomial equation (3) provided by the software, the
concentration of stabilizer (%W/V) corresponds to the term A and type
of stabilizer corresponds to term B. In addition, positive coefficient in-
dicates that as the value of the independent variable increases, the
dependent variable also tends to increase. On the contrary, a negative
coefficient suggests that as the independent variable increases, the
dependent variable tends to decrease.

This equation expresses the predicted response of nano-ILQ mean
size in terms of actual factors:

Y) =222.65 + 67.26 * A+ 655.61 * B[1] + 519.48 * B[2] ©)

In this case term B was found to be statistically significant. The
positive coefficient associated with B [1] (+655.61), indicates that PVA
produces significantly larger nano-ILQ than PVP. Similarly, the coeffi-
cient of B [2] (+519.48), which refers to P188, shows a significant in-
crease compared to PVP, although slightly smaller than those obtained
with PVA. Our results suggest that PVP appears to be the most effective
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at yielding smaller nano-ILQ among the three stabilizers, as both PVA
and P188 add a positive increment to the baseline size when compared
to PVP. PVA results in the largest nano-ILQ, followed by P188 (519.48
units larger than PVP). Furthermore, ANOVA analysis demonstrates that
the model is statistically significant, with an F-value of 17.73 and a
corresponding p-value of 0.0022, indicating that the factors included
explain a meaningful portion of the variability. The R? of 0.8986 in-
dicates that approximately 89.86% of the variation in the response can
be explained by the model, which reflects a strong correlation between
the obtained values and the predicted values. The Adequate Precision
value of 9.4231, which measures the signal-to-noise ratio, is over the
desirable threshold of 4. This confirms that the model has an adequate
signal and can be used to navigate the design space. Among the stabi-
lizers used for preparation of nano-ILQ, PVP has consistently shown
better performance compared to PVA and P188. This is probably due to
the capacity of PVP to form stabilizing interactions, hydrogen bonding
and van der Waals forces, with the surface of drug particles. These in-
teractions promote a more efficient adsorption of the stabilizer onto the
nano-ILQ surface, resulting in improved dispersion and reduced aggre-
gation. Moreover, the molecular structure of PVP allows it to create a
thin steric barrier around nano-ILQ, enhancing physical stability [12,44,
45]. PVA, while helpful in reducing particle size due to its emulsifying
properties, often leaves behind residual layers and does not provide the
same level of steric hindrance [12]. P188, a block copolymer, tends to
offer weaker surface coverage due to its bulkier structure, which may
lead to larger and less stable particles over time [46,47].

3.1.2. Effect of independent variables on nano-ILQ zeta potential (Y2)

A polynomial regression analysis was performed on response Y5 to
determine the coefficients of the model terms. Even then, the predicted
response of nano-ILQ Zeta potential is expressed by the polynomial
equation (4), provided by the software.

Y,= —31.90+7.50 * A+ 17.73 * B [1] + 0.3667 * B [2]
—4.35%AB[1] - 7.05 * AB [2] 4

The equation shows the quantitative effect exerted by the indepen-
dent variables on Zeta Potential response (Y3) and in this case, both A
and B were significant model terms. The term A represents the linear
effect of stabilizer concentration when using PVP. For every one unit
increase in stabilizer concentration, the zeta potential is expected to
increase by 7.50 units (mV) when PVP is the stabilizer. The term B
(stabilizer type) was found significant with B[1], and B[2] positive co-
efficients, +17.73 and + 0.3667 respectively suggesting that, the zeta
potential is predicted to be higher than with PVP and that this effect is

much smaller with P188 compared with PVA. These findings indicate
that PVP provides the most significant change in zeta potential with
increasing concentration, showing a strong positive slope. PVA also in-
creases zeta potential with concentration, but at a significantly reduced
rate compared to PVP, while P188 shows very little change in zeta po-
tential with increasing concentration, almost flat-lining.

Furthermore, ANOVA analysis demonstrates that the model (2FI) is
statistically significant, with an F-value of 41.86 and a corresponding p-
value of 0.0015. This low p-value indicates that the model terms have a
significant effect on the response variable, and the probability that this
outcome is due to random chance is only 0.15%. The R? value is 0.9812
indicating that 98.12% of the variability in the response is explained by
the model, it suggests that the model predictions are closely aligned with
the actual data and that it captures nearly all the relevant trends in the
dataset. The high Adequate Precision value of 17.5370 confirms the
robustness of the model. These results confirm that the model can be
used to navigate the design space and make meaningful predictions.
Among the stabilizers tested, PVP demonstrated a stronger effect on
surface charge compared to PVA, as indicated by the highly significant
p-value for Factor B (p = 0.0006). This observation aligns with previous
studies showing that PVP enhances surface stabilization contributing to
more negative and stable Zeta potential [48]. The stabilizer concentra-
tion was also significant (p = 0.0069), confirming that the amount of
stabilizer modulates surface charge density, likely by influencing the
coverage and thickness of the stabilizing layer. Notably, the interaction
between concentration and stabilizer type (AB) was marginally signifi-
cant (p = 0.0505), suggesting that the effect of concentration on Zeta
potential depends on the stabilizer used. This supports the hypothesis
that PVP and PVA respond differently to increasing concentrations,
potentially due to differences in their molecular conformation and sur-
face adsorption behavior.

3.2. Optimization process

Statistical data showed that the concentration of PVP exerted a sig-
nificant impact on the mean size of nano-ILQ. Based on ANOVA analysis,
the factors and the desired responses were set in order to obtain an
optimized formulation of nano-ILQ. Factors and desired response are
listed in Table 2.

We aimed to minimize mean size and Zeta potential in order to
obtain optimized nano-ILQ. Setting these parameters, the software
provided one optimized formulation with a desirability value of 0.965,
selecting PVP as stabilizer type at the concentration of 0.5 %W/V. To
test the predictivity, the optimized formulation was prepared in
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Table 2
Parameters to optimize nano-ILQ.

Factors and Response GOAL

Stabilizer concentration minimize
Stabilizer type PVP
Mean Size (nm)
Zeta Potential

minimize
minimize

triplicate, and it was characterized by PCS analysis.

PCS analysis, particularly size distribution by intensity, revealed a
monodisperse system with a mean size population of 81.87 + 0.5 nm
with a PDI of 0.16 + 0.01 (Figs. S3 and S4) suggesting a uniform pop-
ulation of nano-ILQ and the absence of significant aggregation and
larger secondary populations, in fact no secondary peaks were observed.
The correlograms showed a sharp and smooth decay of the correlation
coefficient, which correlates with a monodisperse suspension with uni-
form Brownian motion, a homogeneous particle population with no
aggregates or polydispersed subpopulations (Fig. S3). The optimized
formulation shows a negative zeta potential —38.36 + 0.46 mV (Fig. S4),
this value suggests excellent colloidal stability due to electrostatic
repulsion between particles, in fact zeta potential values more negative
than —30 mV or more positive than +30 mV are generally regarded as
stable. Data obtained by PCS characterization revealed that an opti-
mized formulation of nano-ILQ was obtained, combining the DoE
approach and the sonoprecipitation method. In addition, the use of PVP
as stabilizing agent was essential to obtain a stable and monodisperse
nanosuspension.

3.2.1. Morphological, physico-chemical characterization and storage
stability of optimized nano-ILQ

The SEM image (Fig. 3 A) reveals that the nano-ILQ are predomi-
nantly spherical in shape and exhibit a relatively uniform size distri-
bution across the substrate. The nano-ILQ display smooth surfaces with
minimal agglomeration, suggesting effective dispersion and stabiliza-
tion during preparation. The diameters of the nano-ILQ range approxi-
mately from 30 to 80 nm, although some larger aggregates are observed
due to the dried process performed for specific analyses.

The histogram in Fig. 3 B presents the frequency distribution of nano-
ILQ sizes based on various dimensional descriptors: ellipsoidal major
(black bars) and minor (red bars) axes, maximum (blue bars) and min-
imum (cyan bars) Feret's diameters. The data was obtained via pixel-
based particle size analysis using ImageJ, where individual nano-ILQ
dimensions were extracted from SEM micrographs and categorized
accordingly by fitting the pixel with an ellipse, or considering the
external and internal circle enveloping the particle. Gaussian fits were
applied to each dataset to determine mean value and distribution
characteristics are shown in Fig. 3 B for each parameter: solid black and
red lines for the ellipsoidal major and minor axes respectively, solid blue
and cyan lined for the maximum and minimum Feret's diameters. The
average value for the mean diameters obtained from the Gauss fit is
reported for each parameter in the following Table 3.

The mean diameter for the nano-ILQ obtained averaging the ellip-
soidal major and minor axis is about 42 + 3 nm, and of about 46 + 3 nm
in the case of maximum and minimum Feret’ diameters.

These results demonstrate a small variation between the ellipsoidal
major and minor axes, as for the maximum and minimum Feret di-
ameters, suggesting that the nano-ILQ are nearly spherical or only
slightly ellipsoidal in shape. An ellipse with an eccentricity of 0.6 is
moderately elongated, lying between a perfect circle (with eccentricity
equal to 0) and a very stretched ellipse approaching a parabola (with
eccentricity close to the value of 1). This level of eccentricity indicates
that the nano-ILQ has a noticeable but not extreme elongation, consis-
tent with shapes that are oval-like or elliptical, rather than circular. The
relatively small difference (within ~10-15 nm) between these values
indicates a low degree of anisotropy.
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Fig. 3. A) Plan-view Scanning Electron Microscopy (SEM) image showing the
morphology of nano-ILQ. A 100 pL aliquot of a 1:10 dilution from a 2 mg/mL
nano-ILQ solution was spin-coated onto a silicon substrate prior to imaging. B)
Frequency count histogram for ellipsoidal major (black bars) and minor (red
bars) axes, maximum (blue bars) and minimum (cyan bars) Feret's diameters.
The solid lines correspond to the Gauss fits of each parameter: solid black and
red lines for the ellipsoidal major and minor axes respectively, solid blue and
cyan lined for the maximum and minimum Feret's diameters. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Additionally, the narrow width of the Gaussian distributions and the
high R? values (all >0.89) confirm that the nanoparticle population
exhibits a high degree of size uniformity and consistent morphology.

It is worth noting that these size values, obtained from SEM, are
generally smaller than those measured by Dynamic Light Scattering
(DLS), which reflects the hydrodynamic diameter of the particles in
suspension. This discrepancy is expected, as DLS captures the particle
size including any solvation shell and associated surface molecules,
whereas SEM measures the dry, core physical size of the nano-ILQ.

The long-term stability studies were performed with the aim of
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Table 3
Shape descriptor.

Journal of Drug Delivery Science and Technology 123 (2026) 108520

Ellipsoidal Major axis Ellipsoidal minor axis Ratio EMajor/ Eccentricity = Maximum Feret Diameter Minimum Feret Diameter Feret Ratio
(nm) (nm) Eminor (nm) (nm)
46 + 2 38+4 1.2+0.1 0.6 £ 0.1 51+2 40 + 3 1.3+£0.1
assessing the long storage stability of nano-ILQ at 40 °C, 25 °C and 4 °C Table 4
able

up to 6 months in terms of mean size, PDI and Zeta potential by PCS
analysis. Results showed that nano-ILQ were unstable after one week of
storage at both 40 °C and 25 °C (data not reported).

The data collected from stability studies at 4 °C are reported in Fig. 4.
The results show a mean size almost unchanged over time, remaining
within a narrow range, suggesting good colloidal stability (Fig. 4 panel
A). PDI value remained almost unchanged for all formulations, it reflects
a monodisperse system, with no significant aggregation events observed.
Zeta Potential values (Fig. 4 B) did not show difference. In addition, Zeta
Potential value is above —40 mV, meaning that nano-ILQ can be
considered stable due to the electrical repulsion between the surface
charges, reducing the aggregation capacity of systems. The concordance
between the dimensional stability and electrokinetic profile supports the
robustness of the formulation, indicating its suitability for storage
without compromising physicochemical properties.

3.3. Computational results: docking of ILQ (vs 7,8-DHF) to TrkB

As an initial and computationally cheap step, we performed molec-
ular induced-fit docking calculations to identify the most favorable
binding poses (i.e., configurations) of 7,8-DHF and ILQ in complex with
TrkB-d5 domain, hereafter referred to as TrkB, as detailed in Section
2.3.1.

Fig. 5 and Figs. S1 and S2 present the interaction diagrams of the
most stable binding pose of 7,8-DHF (used as a reference molecule) and
the eight most stable poses of ILQ (ILQP**!®), selected according to
their GlideScore values (<—6 kcal mol’l, Table 4).

Specifically, 7,8-DHF acts as a hydrogen bond donor to the Thr332
residue (forming two H-bonds) and as a hydrogen bond acceptor from
Leu315 (Fig. 5). A very similar interaction pattern was also found by
rigid docking calculations performed by Chitranshi et al. [49]. In pose 1,
ILQ forms three hydrogen bonds as a donor with Pro313, Leu315, and
Gln316, and additionally engages in a cation—n interaction with Lys312
(Fig. S1). In pose 2, ILQ is a hydrogen bond acceptor from Trp317 and
donor to Leu324 and Asn325 (Fig. S1). In pose 3, ILQ is a hydrogen bond
donor to Leu315 and Glu326, acceptor from GIn316, and forms a cati-
on-7 interaction with Lys312 (Fig. S1). In pose 4, ILQ is a hydrogen bond
donor to Glu326 and Thr332 and establishes a cation-= interaction with
Lys312 (Fig. 5). In pose 5, ILQ is a hydrogen bond donor to Pro313,
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GlideScore and A Gyinging values from docking and SMD/US calculations for all
the investigated protein/ligand configurations.

System GlideScore (kcal mol™1) A Gyinding (keal mol™1)
TrkB/7,8-DHF —6.309 ~7.1 (+0.6)
TrkB/ILQPs! —7.048 —2.1 (£0.5)
TrkB/ILQPOs2 —6.827 —~1.4 (£0.5)
TrkB/ILQP**3 —6.727 3.3 (+0.3)
TrkB/ILQP*** —6.417 ~7.4 (£1.9)
TrkB/ILQPs®® —6.246 ~7.5 (£0.7)
TrkB/ILQP*®® —-6.127 —~1.2 (+1.5)
TrkB/ILQP*” —6.148 ~1.0 (+0.2)
TrkB/ILQPOs8 -6.117 —-3.0 (£1.7)

Leu315, and Leu324 (Fig. 5) — an interaction pattern shared by ILQP*®
(Fig. S2). In pose 6, ILQ is a hydrogen bond donor to Pro313, Leu315,
and GIn316 (Fig. S2). Lastly, in pose 7, ILQ interacts with the same
residues as in pose 5, but functions as a hydrogen bond acceptor in its
interaction with Leu315 (Fig. S2).

With respect to GlideScore values, ILQ exhibits scores that are
comparable to, and in some instances more negative than, that of 7,8-
DHEF, suggesting a similar binding affinity of ILQ and 7,8-DHF for TrkB.

3.3.1. Estimation of binding free energy by umbrella sampling

A more advanced method for deriving thermodynamic data on pro-
tein-ligand interactions involves Steered Molecular Dynamics (SMD)
and Umbrella Sampling (US) calculations (for further details see Section
2.3.2), which were initiated from the docking-derived poses. In Fig. 5,
the potential of mean force (PMF) profiles for 7,8-DHF and the two most
favorable ILQ binding configurations with TrkB are superimposed for
comparison. Additionally, Table 3 summarizes the estimated A Gpinding
values (calculated via Equation (1)) for all examined systems. For
completeness, the remaining PMF profiles, not included in Fig. 5, are
provided in Figs. S1 and S2 of the Supplementary data.

We note that 7,8-DHF exhibits a A Gpinding of —7.1 (£0.6) kcal mol 1,
which is consistent with its GlideScore of —6.309 kcal mol!. This
binding free energy suggests that 7,8-DHF binds effectively to TrkB.

For ILQ, we observe that both ILQP**** and ILQP*® exhibit favorable
A Gpinding values of —7.4 (£1.9) and —7.5 (£0.7) kecal mol respec-
tively. These values are comparable to, and even slightly more negative
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Fig. 4. Stability studies in terms of mean size, PDI (A) and Zeta Potential (B) of nano-ILQ stored at 4 + 2 °C.
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Fig. 5. Interaction diagrams of induced-fit docking poses for 7,8-DHF (A), ILQP°*** (B) and ILQP*® (C). Structure of induced-fit docking poses for 7,8-DHF (D),
ILQP°** and ILQP°**® (E) in complex with TrkB, where the C atoms of the ligand and the interacting residues are colored according to the legend in panel (F), O atoms
are shown in red and N atoms in blue. Free energy profile for 7,8-DHF, ILQP**** and ILQP°**® binding to TrkB calculated with the SMD,/US method along the reaction
coordinate & (F). The error range is represented by vertical bars. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

than, that of 7,8-DHF, although the difference is not statistically sig-
nificant. The other ILQ poses present moderate (ILQP°!, ILQPOs€3,
ILQP***®) or small (ILQP**®2, ILQP**®6, ILQP**®”) A Gpinding values.

In conclusion, by means of a combination of docking and SMD/US
calculations, we have found that ILQ can stably bind TrkB by at least two
different configurations, as strongly as 7,8-DHF, which has been estab-
lished as TrkB agonist, mimicking BDNF functions.

3.4. Influence of temperature on free ILQ stability for in vitro validation

To confirm evidence from computational studies and to compare the
biological activity of the free ILQ and the nano-ILQ, in vitro evaluations
were performed using SH-SY5Y cell line stably expressing TrkB receptor.
Cell viability was assessed by MTT assays using the selective TrkB
antagonist ANA-12 and rotenone to demonstrate the increased cell
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viability when ILQ and nano-ILQ bind TrkB (3.6.2 paragraph). Prior to
the in vitro assays, stability studies by UV-vis spectrophotometry were
performed.

The stability of 7,8-DHF and ILQ in solution was monitored at pre-
defined time intervals to calculate the degradation kinetics. As far as we
know, kinetics of 7,8-DHF and ILQ degradation in DMSO at 37 °C has not
been explored. Thus, the stability evaluation at these conditions was
performed via a spectrophotometric study, in view of in vitro studies.
The data presented in Fig. 6A showed that 7,8-DHF stability was
maintained within 168 h of storage at experimental conditions. The
initial concentration of ILQ (ILQg) decreased by approximately 10%
after 72 h of storage and decreased by 25% after 168 h of storage at 37 °C
(Fig. 6B).

Kinetic models can be used to predict the decay process of drugs
under certain conditions.
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Fig. 6. In solution stability analysis. Degradation profiles of 7,8-DHF (A) and ILQ (B) incubated in vitro at 37 °C in DMSO (20 pg/mL).
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A kinetics study was evaluated by using the zero, first, and second
order kinetic models of the linear type. The relevant formulas are shown
in the following equation.

Zero-order kinetics is expressed as:

C.= — kot + Cy

First-order kinetics is expressed as:
InC,= —kit+1nCy

Second-order kinetics is expressed as:

1
Ce= &+ kot
Where Cy and C; are the initial concentration and concentration after
time t; kO, k1, and k2 are the rate constants of zero-order, first-order, and
second-order equations, respectively. Graphs of C; versus t, In C; versus t,
and 1/C; versus t were plotted to check whether the degradation of ILQ
obeys first, second, or zero-order kinetics (Fig. 7).The data obtained
from the previous experiments using zero, first-, and second-order
equations are tabulated in Table 5, along with the rate constants and
correlation coefficient (Rz) values [50] C; (at Tp) versus t (168 h) was
selected for ILQ (Table 5).

As reported in Table 5, the best linear correlation was obtained with
the second-order model (R> = 0.8258), compared to the first-order
(R? = 0.7884) and zero-order (R? = 0.7479) fits. Although the calcu-
lated initial concentrations (Co = 15.15 pg/ml for first-order and
Co = 15.13 pg/ml for second-order) slightly underestimated the exper-
imental value (Cop = 20 pg/ml), the second-order model provided the
best overall fit and the most consistent description of the degradation
process. The second-order rate constant (kg = 9.58 x 10~° mL) indicates
a slow degradation process, suggesting that ILQ is relatively stable under
physiological temperature.

3.4.1. Invitro effects against rotenone toxicity in neuronal-like SH-SY5Y
cells

Prior to conducting in vitro studies, the pH and osmolality of both the
starter formulation (7.8 mM) and the formulation used for in vitro
studies (at a final concentration of 10 pM) were also evaluated. The pH
values of the undiluted and diluted formulations were 6.7 and 7.4,
respectively. Regarding osmolality, the undiluted formulation was
found to be hypertonic (~1973 mOsm/kg), while dilution resulted in a
hypotonic solution (~117 mOsm/kg). However, once the diluted
formulation was mixed with the cell culture medium, the final prepa-
ration achieved isotonicity, making it suitable for cell-based assays
without risk of osmotic stress.

Nanonization process could affect biological activity influencing
dissolution rate of ILQ, for this purpose ILQ and nano-ILQ were tested for
their ability to protect neuronal-like SH-SY5Y cells from rotenone
toxicity through TrkB activation. This model was chosen as it is well
established to study neurotoxicity in this cell line, using the MTT
viability assay [51-53]. In particular, a concentration of rotenone
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suitable for protection studies was selected based on our previously
published work on the same cell line [51]. The TrkB receptor agonist 7,
8-DHF was used as a positive control to confirm neuroprotection by
receptor activation. As reported in Fig. 8, treatment with rotenone (ROT;
150 nM) for 24 h significantly reduced SH-SY5Y cell viability, an effect
prevented by the addition of ILQ, nano-ILQ or 7,8-DHF (all at 10 pM)
starting 30 min prior to the toxic stimulus. The pharmacological inhi-
bition of the TrkB receptor with the selective antagonist ANA-12 was
then carried out to prove its involvement in the observed effects. As
shown in Fig. 8, pre-treatment for 30 min with ANA12 (10 uM) was able
to prevent the neuroprotective effects of all three drugs. Such results are
in agreement with previous studies reporting that activation of the TrkB
receptor is neuroprotective against rotenone-mediated neurotoxicity,
both in vivo and in vitro [54,55].

4. Conclusions

This study demonstrates that DoE approach is a good statistical and
predictive tool to obtain an optimized formulation by reducing the
number of experiments and raw material consumption. Furthermore,
highlighting the influence of independent variables (concentration and
stabilizer type) on dependent variables (mean size and Zeta potential), it
was possible to obtain an optimized formulation with a uniform mean
size (81.87 + 0.5 nm) and a highly negative Zeta potential
(—38.36 + 0.46 mV). Long-term stability studies revealed promising
results showing a stable formulation (stored at 4 °C) for six months. The
pH and osmolarity values confirm the compatibility of the optimized
formulation with in vitro applications.

MD simulations provided evidence that ILQ possesses a binding af-
finity to the TrkB receptor comparable to the agonist 7,8-DHF. Docking
and Umbrella Sampling calculations revealed the stability of the ILQ-
TrkB interaction in two binding poses, with free energy values similar
to those observed for 7,8-DHF, supporting a favorable and persistent
interaction with the receptor.

These computational findings were validated by in vitro studies
performed in SH-SY5Y neuronal cells. Both ILQ and, more significantly,
nano-ILQ attenuated rotenone-induced toxicity on pre-treated cells with
selective TrkB antagonist ANA-12, confirming direct involvement of the
receptor. Compared to free ILQ, nano-ILQ exhibited superior biological
activity, probably due to their enhanced solubility and bioavailability
resulting from nanonized formulation. Overall, the present data sup-
ports the potential role of nano-ILQ as promising candidates for the
development of small-molecule TrkB agonists, potentially offering a
novel therapeutic strategy for neurodegenerative diseases in which
BDNF-TrkB signaling is impaired. Beyond its neuroprotective potential,
the rational combination of nanocrystal technology with natural
bioactive compounds such as ILQ is a good approach for enhancing the
translational applications. Future work should focus on improving the
long-term stability of nano-ILQ, investigating their pharmacokinetic and
biodistribution profiles in animal models, and evaluating the TrkB
activation in vivo.
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Fig. 7. Zero order (A), first order (B), second order (C) kinetic plots of ILQ.
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Table 5
Kinetic parameters ILQ degradation®.

Journal of Drug Delivery Science and Technology 123 (2026) 108520

Drug Zero-order First-order Second-order
ILQ Co (cat (pg ML) R? Ko(pg *h™h) Co (caly (pg ML) R? K (pg 'hH Co caly (pg ML) R? Ky (ug 'hH
24.87 0.7479 0.029 15.15 0.7884 0.00165 15.13 0.8258 9.58 x 107°

2 Initial ILQ concentration (Co) = 20 pg/mL.
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Fig. 8. MTT viability assay on SH-SY5Y cells challenged with rotenone (ROT;
150 nM) alone and in the presence of ILQ, nano-ILQ or 7,8-DHF (each 10 uM)
with or without the Trk-B receptor antagonist ANA12 (10 pM). Bars are the
means + SEM of at least 3 independent experiments. *p < 0.05 and ****p <
0.0001 by one way ANOVA followed by Fisher's LSD post-hoc test.
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