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ARTICLE INFO ABSTRACT

Keywords: Rutin (RTN) is a natural flavonoid with well-documented anti-angiogenic, antioxidant, anti-inflammatory, and

Rutin anti-cancer properties. However, its therapeutic potential is limited by its extremely low water solubility, which

p-cyclodextrin polymer results in poor and unpredictable bioavailability. To address these limitations, we developed a new formulation

Physical-chemical characterization . . . . . s

In vivo antiangiogenic activity that complexes RTN with a soluble polymer.lc B—cyclodextrln' (BCPCD). B(}PCD is S}.Il‘ltheSIZEd by cross-linking

Zebrafish polyethylene glycol (PEG) and p-cyclodextrin (BCD). The high complexing capacity of PCPCD was demon-
strated by a ~ 50-fold increase in RTN solubility and complete dissolution within 60 min. These results suggest a
dual encapsulation mechanism involving (i) the inclusion of RTN within the fCD cavity and (ii) the allocation of
RTN within the free volume of the three-dimensional (3D) polymeric structure. The host-guest interaction was
confirmed via UV-Vis titration, NMR, p-Raman and FTIR-ATR spectroscopy analyses. The thermal stability of the
lyophilized complex was assessed by TGA, and the morphology was investigated by SEM. Preliminary docking
and molecular dynamics simulations were carried out considering a local scenario consisting of a single RTN and
a pCD-PEG unit. The excellent biocompatibility of CPCD in Danio rerio zebrafish embryos (survivability > 95%)
and the notable enhancement of the antiangiogenic effect of the RTN complex compared to the free drug
highlight the potential of BCPCD as an effective delivery system to improve RTN performance.

1. Introduction

Angiogenesis is a complex physiological process by which new cap-
illaries develop from pre-existing arteries. This process is supported by
the coordinated interactions of multiple cell types and mediators (Kerbel
and Folkman, 2002).

It plays a critical role in various pathological conditions, such as in
cancer progression (Nishida et al., 2006; Papetti and Herman, 2002).
Muthukkaruppan et al. (Muthukkaruppan et al., 1982) observed that, in
the absence of blood circulation, cancer cells injected into different re-
gions of the same organ grew to 1-2 mm? before stopping, whereas they
grew beyond a diameter beyond 2 mm? in area in which angiogenesis

* Corresponding authors.

was induced. These findings highlight the essential role of neo-
vascularization in facilitating tumor growth.

Anti-angiogenesis treatment involves using of bioactive molecules
(De Gaetano et al., 2023; Najmi et al., 2022), that cooperate to reduce
morbidity and mortality rates associated with carcinomas (Al-Ostoot
et al., 2021).

Plants, fruits, and other natural products are an important source of
bioactive compounds and have recently received significant attention in
pharmaceutical, nutraceutical, and cosmeceutical fields due to their
exceptional properties and advantages, such as biocompatibility and low
toxicity (Narayanankutty et al., 2024). In this context, flavonoids have
emerged as key natural bioactive compounds (Cacciola et al., 2025;
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Zheng et al., 2025) due to their strong antiangiogenic activity (De
Gaetano et al., 2023). Among them, rutin (RTN), a naturally occurring
flavonol(Fig. 1) (Al-Dhabi et al., 2015) has been investigated for treating
various chronic diseases, including cancer (Pandey et al., 2021; Pravin
et al., 2024), diabetes (Ghorbani, 2017), hypertension (Bazyar et al.,
2023), hypercholesterolemia (Liang et al., 2021; Ziaee et al., 2009),
bacterial infections(De Gaetano et al., 2024c), and, oxidative stress
(Sharma et al., 2013a) as well as its potential role in angiogenesis-
dependent diseases (Guruvayoorappan and Kuttan, 2007).

Treatment with RTN was shown to significantly reduce the number
of tumor-directed capillaries induced by injecting B16F-10 melanoma
cells into the ventral side of C57BL/6 mice, achieving a 43.35% inhi-
bition rate. RTN was also found to inhibit the proliferation, migration,
and capillary formation abilities of human endothelial cells in vitro.
Similar results were obtained by Alonso-Castro et al. (Alonso-Castro
et al., 2013) in nude mice bearing SW480 colon cancer tumors. These
results showed an increase in mean survival time of 50 days and a 55%
reduction in serum VEGF levels compared to untreated mice.

While these results demonstrate the potential of RTN in cancer
treatment, its clinical development remains challenging due to its very
low water solubility (0.125 mg/mL) (De Gaetano et al., 2024c; Liu et al.,
2020), which reduces its absorption, making bioavailability low and
unpredictable (Bhuvaneswari and Kumudha, 2024; Serri et al., 2024).

Numerous carriers have been developed to improve solubility, sta-
bility and biological activity of RTN in various health disorders (Bansal
et al., 2025; Sharma et al., 2013b). These carriers include native and
modified p-cyclodextrin (BCD) inclusion complexes (Chang et al., 2023;
Corina et al., 2017; Liu et al., 2022; Ming Liu et al., 2024; Pham et al.,
2024; Zhou et al., 2012); solid dispersions (Nguyen et al., 2025), lipid-
based nanocarriers (Chen et al., 2022; Cristiano et al., 2021; De Gae-
tano et al., 2021; Li et al., 2023); nanosponges (Chauhan and Malviya,
2023; Sri et al., 2018); polymeric particles (Rashidinejad et al., 2024)
and hybrid systems obtained by combination of CDs and liposomes
(Sguizzato et al., 2025) or by incorporating CDs into hydrogels (Naeem
et al., 2023).

Of these, CDs are the most widely studied carrier for RTN due to their
structural properties and strong host-guest affinity toward various
lipophilic substances (De Gaetano et al., 2024a, 2024b; Esteso and
Romero, 2024; Paladini et al., 2025). Especially p- and yCD offer
excellent encapsulation capabilities for small molecules (De Gaetano
etal., 2022; Loftsson et al., 2019; Saokham et al., 2018) and can undergo
chemical functionalization to enhance, solubility, reduce toxicity in
biological environment (De Gaetano et al., 2025; Kali et al., 2024) and

Fig. 1. Molecular structure of RTN.
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obtain sustained drug release (Pedotti et al., 2015). pCD, the most
extensively studied, can be grafted onto polymers as a side group (Sirin
et al., 2022; Wang et al., 2019), used to create star-shaped systems
(Rojas-Aguirre et al., 2019), and incorporated into a polymer chains to
form polyrotaxanes (Kali et al., 2024; Puig-Rigall et al., 2019), can be
cross-linked with various chemistries, such as epichlorohydrin (El-
Remaily and Soliman, 2016; Morin-Crini et al., 2018), diisocyanates
(Gubitosa et al., 2025; Xie et al., 2016), diglycidyl ethers (Luppi et al.,
2019), carbonyl compounds (Trotta et al., 2012b) and other cross-
linkers (Concheiro and Alvarez-Lorenzo, 2013) to produce three-
dimensional (3D) porous polymer network (Feng et al., 2021; Goyal
et al., 2023; Y. Liu et al., 2021; Liu et al., 2018; Mallard et al., 2020).

Among cross-linked polymers, the supramolecular network formed
by pCD and PEG has received significant attention for drug delivery due
to the excellent water solubility, non-toxicity, high biocompatibility,
and prolonged circulation time of PEG (Raina et al., 2021). Unlike linear
or star-shaped PEGylated fCD polymers, in which CD remains a discrete,
non-crosslinked molecular unit with independent host-guest sites,
cross-linked PEGylated-CDs polymers form an integrated network in
which both the macrocycle and PEG chains contribute to the polymeric
architecture. This offers advantages beyond increased solubility,
including improved loading capacity and diffusion-controlled release,
compared to monomeric CDs.

Supramolecular structures obtained by cross-linked pCD with PEG-
diglycidyl ethers (Rodriguez-Tenreiro et al., 2006) form hydrogels and
offer a good combination of pCD and PEG properties for use in biological
systems. An alternative cross-linked CD-PEG polymer (BCPCD), soluble
in water and alcohols, was reported by Luppi et al. (Luppi et al., 2019).
This polymer significantly enhances the water solubility of curcumin
and improves its permeability across Caco-2 cell monolayers
(Haimhoffer et al., 2021). The cross-linked network is characterized by a
high hydrodynamic/free volume and non-occupied spaces within the
molecular matrix. This enhances drug loading by including in the CDs
cavity and allocating in the free volume confined by the 3D polymeric
network (Shurshina et al., 2021; Tsai and Chiu, 2022). BCPCD has also
demonstrated excellent biocompatibility, highlighting its potential as an
effective drug delivery platform (Haimhoffer et al., 2021).

To the best of our knowledge, no studies concerning the use of linear
and cross-linked BCD polymers to improve the biological performance of
RTN have been published.

Due to the potential advantages that such a carrier could offer RTN
delivery in terms of solubility, stability, and bioactivity, this work re-
ports, for the first time, a supramolecular RTN/BCPCD system that en-
hances the antiangiogenic potential of RTN for cancer treatment. The
new complex was characterized though UV-Vis spectroscopy, NMR,
p-Raman, Fourier transform infrared spectroscopy in attenuated total
reflectance geometry (FTIR-ATR), thermogravimetric analysis (TGA)
and morphological evaluation. Preliminary docking and molecular dy-
namics (MD) simulations of the RTN/BCD-PEG unit were performed, and
the biocompatibility and antiangiogenic effects of the RTN/BCPCD
formulation were tested in vivo using zebrafish (Danio rerio) embryos.

2. Materials and methods
2.1. Materials

Rutin (RTN, MW 610.53 g/mol, 3,3',4,5,7-pentahydroxyflavone-3-
rhamnoglucoside, chemical formula C27Hz001s) p-ciclodesxtrin (B-CD,
chemical formula C4oH790O35, MW 1134.98 g/mol, purity > 97%),
polyethylene glycol diglycidyl ether (PEGDGE, MW 500 Da, poly-
dispersity index = 1.7), 2-Methoxyestradiol (chemical formula
C19H2603), dimethyl sulfoxide (DMSO), nitro blue tetrazolium (NBT), 5-
bromo-4-chloro-3-indolyl phosphate (BCIP), 1-phenyl-2-thiourea (PTU),
phosphate buffered saline (Tablets, High-Purity), Tris buffered saline,
sodium chloride (NaCl, purity > 99.0%), magnesium chloride hexahy-
drate (MgCl), Tween® 20, were purchased from Sigma-Aldrich
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Chemie® (St. Louis, MO, USA). fCPCD (MW of monomeric unit 2500
Da) was kindly provided by the Centre for Defence Engineering and
Physical Sciences, Cranfield University (Shrivenham, United Kingdom).
Deuterated solvents used for NMR analyses, methanol (purity > 99.8%),
ethanol (purity > 99.9%, GC) and chemicals and reagents of analytical
grade were supplied by Merck® (Darmstadt, Germany). Dialysis bags
were Spectra/Por® 18 x 11.5 mm Dialyse-Membrane (MWCO: 3500,
Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA). Double-
distilled water used throughout study was filtered through 0.22 pm
Millipore®.

2.2. Preparation of the RTN/SCPCD inclusion complex and physical
mixture

The RTN/BCPCD inclusion complex was prepared by freeze-drying
method. First, the polymer (0.5%, m/v) was dissolved in 10 mL of
water. Then, solid RTN (6 mg) was added to the aqueous solution. The
suspension was mechanically stirred (500 rpm) in the dark at room
temperature for one week until equilibrium was reached.

The suspension was then filtered (Sartorius Minisart-SRP 15-PTFE
filters, 0.22 pm, Bedford, MA, USA), to eliminate undissolved RTN,
and this solution was frozen and freeze-dried for 72 h using a Christ
Alpha 2-4 LSC basic freeze-dryer (Martin Christ Gefrier-
trocknungsanlagen GmbH, Osterode am Harz, Germany) to obtain the
powdered RTN/BCPCD complex.

The complex was also prepared by freeze-drying a hydroalcoholic
solution containing the polymer and RTN. In brief, RTN (6 mg) was
dissolved in 1 mL of methanol and added dropwise to a 9 mL aqueous
solution containing 0.5% (m/v) PCPCD. The final hydroalcoholic solu-
tion was kept under continuous magnetic stirring at 500 rpm for 5 h,
then filtered, to eliminate any undissolved particles, frozen and freeze-
dried for 72 h using the previously described apparatus to obtain the
powdered RTN/BCPCD complex.

Both procedures were performed away from direct light.

The obtained solid samples were stored in a desiccator at room
temperature until further analysis.

The RTN/BCPCD physical mixture was prepared by accurately
weighing RTN (6 mg) and pCPCD (50 mg), then blending them manually
using a mortar and pestle to ensure homogeneous distribution.

2.3. Preparation of RTN/SCD inclusion complex and RTN/PEG solid
dispersion

The RTN/BCD inclusion complex was prepared using freeze-drying
method. Briefly, 6 mg of RTN was solubilized in 1 mL of methanol
and added to an aqueous solution (9 mL) containing 0.5% (m/v) fCD.
The solution was magnetically stirred in the dark, at room temperature,
for 5 h, then frozen and freeze-dried, using the same apparatus and
condition described in the 2.2 section.

RTN/PEG solid dispersion was obtained by solubilizing PEG (0.5%,
m/v) in 9 mL of water, then RTN (6 mg) solubilized in 1 mL of methanol
was added. The solution was mechanically stirred in the dark, at room
temperature, for 5 h, then it was freeze-dried.

All the solid samples were stored in a desiccator at room temperature
until water solubility was determined.

2.4. Determination of encapsulation parameters of RTN/CPCD
complexes

Encapsulation efficiency (E.E.%) and drug loading (D.C.%) of the
RTN/BCPCD complexes were determined by direct method. Specifically,
the freeze-dried complexes were weighted and solubilized in methanol/
water mixture (80/20, v/v). The samples opportunely diluted were
analyzed by UV-Vis spectroscopy (Shimadzu double-beam spectropho-
tometer, model UV-1800, Kyoto, Japan) to quantify RTN. The maximum
absorption wavelength (Aax) of 352 nm was used. A calibration curve of
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RTN was constructed in methanol/water mixture (80/20, v/v) over a
concentration range of 0.001 to 0.05 mg/mL yielding a linear regression
coefficient (R%) of 0.9994.

E.E.% and D.C.% were then determined using the following equa-
tions (Eq (1), Eq (2):

RTNencapsulated

EE(%) = x 100 W
( ) RTNinitially added
RTN, encapsulated
D.E(%) = ——_eaparaied . q 2
(%) Weight of complex x 100 @

2.5. Water solubility evaluation

The solubility of RTN/BCPCD complex was evaluated in comparison
to RTN/BCD inclusion complex and RTN/PEG solid dispersion. Excess
amount (1 g) of each sample was dispersed in 10 mL of water. The
suspensions were maintained in the dark at a controlled temperature
(25.0 £ 0.5 °C) and magnetically stirred at 100 rpm. At predetermined
time intervals, 1 mL aliquot of the suspensions were taken, filtered
through Sartorius Minisart-SRP 15-PTFE filters (0.22 pm, Bedford, MA,
USA), and the solutions, opportunely diluted with methanol and water
to have a final methanol/water mixture of 80:20 (v/v), were analyzed by
UV-Vis spectroscopy to quantify RTN, by using the same apparatus and
conditions previously described (see 2.4 paragraph). After each sam-
pling, the volume of the suspensions was restored to 10 mL by adding
water to maintain a constant volume throughout the experiment. Ana-
lyses were conducted until a constant value of RTN in the solution was
obtained. The assay was performed in triplicate, and the data was cor-
rected for dilution.

2.6. Dissolution profile

Dissolution studies were performed according to the guidelines
outlined in the 44th edition of the United States Pharmacopeia (USP). In
brief, free RTN (35 mg) or an equivalent amount of RTN in the complex
or physical mixture was dispersed into 900 mL of water. The dissolution
medium was kept in the dark at 37.0 £ 0.5 °C with continuous magnetic
stirring at 100 rpm. At predetermined time (0, 3, 5, 10, 15, 30, 45, 60,
120, and 180 min), 1 mL aliquots of the dissolution medium was
collected and immediately filtered to remove undissolved particles. The
filtered samples were then appropriately diluted with methanol and
water, then analyzed using UV-Vis at Apyax of 352 nm to determine the
concentration of dissolved RTN. After each sampling, the suspension
volume was adjusted back to 900 mL by adding preheated water (37.0
+ 0.5 °C) to maintain a constant volume throughout the experiment. The
assay was conducted in triplicate, and the data were corrected for
dilution.

2.7. Evaluation of drug release from RTN/BCPCD complex

The release of RTN from the complex was evaluated using a dialysis
method, employing synthetic cellulose membranes with a molecular
weight cutoff (MWCO) of 3.5 kDa, previously hydrated for 24 h. Dialysis
tubes were filled with 1 mL of the RTN/BCPCD complex dispersion
(containing 1 mg of RTN) or with an equivalent amount of free RTN,
solubilized in DMSO and subsequently diluted in pH 7.4 buffer (final
DMSO concentration 0.2% v/v), which also served as the dialysis me-
dium. The tubes were incubated under continuous agitation (150 rpm)
at 37 + 1 °C in a thermostatic bath (Telesystem 15.40, Thermo Scien-
tific, Waltham, MA, USA) equipped with a temperature control unit
(Telemodul 40C, Thermo Scientific, Waltham, MA, USA). At pre-
determined time intervals (0.5, 1, 5, 7, 24, 48, 72, and 120 h), the
dialysis medium was completely refreshed with fresh pH 7.4 buffer.

The amount of RTN released was quantified by UV-Vis spectroscopy
through direct analysis of the collected medium. For data interpretation,
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a calibration curve of RTN was constructed in a methanol/PBS mixture
(80/20, v/v), over the concentration range 0.001-0.05 mg/mL, yielding
a linear regression coefficient (R? = 0.9997).

2.8. Phase-solubility studies

An excess amount of solid RTN, exceeding its intrinsic solubility, was
added to aqueous solutions with increasing concentrations of fCPCD
(0-10 mg/mL). The suspensions were kept in the dark and stirring
continuously at 25.0 £+ 0.5 °C for 1 week to reach equilibrium. Post-
incubation, the suspensions were filtered and diluted in methanol to
have a final methanol/water mixture (80:20, v/v). The RTN concen-
tration in each solution was determined using UV-Vis spectrophotom-
etry at 352 nm. The experiments were carried out in triplicate.

2.9. Uv-vis titration studies

A stock solution of free RTN (0.04 mM) was prepared in methanol
and divided into separate vials (1 mL), whilst solutions containing
increasing concentrations of pCPCD (0-1% m/v) were prepared in
water. 4 mL of each prepared BCPCD solution were added to the vials
containing RTN solution and mechanically stirred at 500 rpm for 5 h,
under light-protected conditions. The samples were then analyzed via
UV-Vis spectroscopy in the wavelength range of 200-800 nm.

2.10. Nuclear magnetic resonance (1H NMR) measurements

Samples with equivalent concentrations (15 mM) of RTN and RTN/
BCPCD inclusion complex were prepared in a D;O/CD3OD (80:20, v/v)
solution and transferred to 5-mm NMR tubes for spectrum acquisition.
All spectra were recorded at 9300 K for 64 scans using a Varian Unity
Inova 500 MHz (11.75 T) spectrometer. D0 (4.79 ppm) was used as an
internal reference.

2.11. Aggregation studies

The self-aggregation of BCPCD alone or complexed with RTN in
aqueous solution was assessed using a Zetasizer PRO — Blue Label in-
strument (Malvern Panalytical, UK), operated with ZS XPLORER soft-
ware version 3.3 (PSS0048-20). Measurements were conducted over a
BCPCD concentration range from 0.01 to 2.5% (m/v), considering that
the lowest detectable concentration by the instrument was 0.01% (m/v).

Particle size was measured using Dynamic Light Scattering (DLS), at
scattering angles of 12.8° and 173°, employing Non-Invasive Back
Scattering (NIBS) technology. Zeta potential was determined via Elec-
trophoretic Light Scattering (ELS), using the M3-PALS (Phase Analysis
Light Scattering) technique in Constant Current Mode, ensuring high
precision in the evaluation of electrophoretic mobility.

All freeze-dried samples were poured in deionized water, magneti-
cally stirred at 500 rpm, for 0.5 h and analyzed at controlled tempera-
ture (25 + 0.1 °C).

To assay physical stability of the formulations, all samples were
maintained in the dark, at controlled temperature (25 + 0.1 °C) for 1
month. Then, sizes and zeta potential values were determined.

2.12. Thermal gravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was carried out using a Discovery
SDT 650 instrument (TA Instruments-Waters LLC, Milford, MA, USA).
Measurements were taken over a temperature range of 25-800 °C under
a controlled nitrogen atmosphere (100.0 mL/min) to prevent oxidative
degradation, with a constant heating rate of 20 °C/min. Specifically,
weighed samples (5-10 mg) of free RTN, BCPCD alone, RTN/BCPCD
complex, and RTN/BCPCD physical mixture were placed in alumina
crucibles and analyzed in triplicate to ensure reproducible data.
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2.13. Scanning electron microscopy (SEM)

SEM analyses were performed by using a field emission scanning
electron microscope (FESEM) ZEISS VP 55 beam-accelerating voltage of
5 kV. SEM images were analysed by using ImageJ software to improve
the brightness and contrast.

2.14. u-Raman measurements

p-Raman measurements were carried out on free RTN, BCPCD alone,
RTN/BCPCD complex and physical mixture as previously prepared,
through a portable Raman “BTR 111 Mini-Ram TM” (B&W Tek, Inc.,
Newark, NJ, USA) spectrometer. The instrument is supplied with a 785
nm diode laser source and a thermoelectrically cooled CCD detector,
with a 280-mW maximum laser power at the excitation port. Spectra
were registered in the 500 — 1800 cm™! with a resolution of 8 cm™! and
an acquisition time of 40 s x 16 scans. The instrument was calibrated by
using the silicon chip peak at 520.6 cm™!, which guaranteed the optimal
instrument performance. The system includes a BAC151B Raman mi-
croscope, mounting an 80 x objective with a working distance of ~ 1.25
mm and a laser beam spot size of ~ 25 pm. The laser maximum power
delivered to the samples was ~ 40 mW.

2.15. FTIR-ATR measurements

FTIR-ATR spectra were collected using a Bomem DAS8 Fourier
transform spectrometer (BOMEM, Saint Laurent, QC, Canada), equipped
with a Globar source, a KBr beamsplitter, and a thermoelectrically
cooled deuterated triglycine sulphate (DTGS) detector. Measurements
were performed in the 400 — 4000 cm™! wavenumber range, with a
spectral resolution of 4 cm ™. For each run, 100 consecutive scans were
averaged in order to ensure a satisfactory signal-to-noise ratio and high
reproducibility. Samples were placed in direct contact with the surface
of a single-reflectance ATR accessory (Golden Gate, fitted with a dia-
mond crystal). The obtained FTIR spectra were appropriately normal-
ized to account for the effective number of absorbing species. No
smoothing procedure was applied; baseline correction and normaliza-
tion were carried out using the Spectracal software package GRAMS
(Galactic Industries, Salem, NH, USA).

2.16. Molecular docking

Docking simulations were carried out considering a local scenario
consisting of a single RTN and PCD-PEG unity (BCPCDm) using the
Maestro modelling suite of the Schrodinger software (Schrodinger Inc.).
First, the 3D structure of RTN (ligand) was recovered from PubChem
(CID: 5280805) and structurally optimized through the Ligprep sub-tool
by setting the OPLS4 as force field and the Epik option to generate all
relevant molecular states at a pH ~ 7.4. Concerning fCPCDm (receptor),
a high-resolution native PCD was obtained from PubChem (CID:
444041), and manually functionalized through the addition of a single
PEG chain attached to a primary hydroxyl group of a pCD glucose unit
via a covalent ether bond, using the Maestro Builder module. The ge-
ometry of the resulting fCPCDm was then optimized taking advantage of
the 5000-steps of Polak-Ribiere conjugate gradient (PRCG) energy
minimization method of the MacroModel’s Macrocycle Conformational
Sampling (MCS) tool (Schrodinger Inc.). The optimized structure was
used to generate a docking grid of 37 A x 37 A x 37 A by assuming the
entire BCPCDm as active site. The Glide module was used to formally
compute all possible docking poses, at T = 300 K and pH = 7.0 + 2.0,
according to the extra precision' (XP) flexible docking method, based on
the assessment of the minimum coupling energy.

Each generated docking XP pose of the RTN/BCPCDm inclusion
complex was then subjected to the Molecular Mechanics Generalized Born
Surface Area (MM-GBSA) method for the quantification of the binding
affinity (AGypind)-
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2.17. Molecular dynamics (MD) simulations

The docked ligand pose with the optimal Glide score (lowest binding
energy) was utilized as starting point for molecular dynamics (MD)
simulations. The structures of both RTN and fCPCDm were exported as
PDB files and their topology were retrieved from Automated Topology
Builder (ATB) and the Repository 3.0 available on-line (Adeoye et al.,
2020; Stroet et al., 2018). MD simulations were performed in the NPT
ensemble through the GROMACS 2025.3 (Abraham et al., 2015) wizard
extension implemented in the SAMSON platform (2025-R3, OneAng-
strom), using the GROMOS-96 54a7 force field (Oostenbrink et al.,
2004; Poger et al., 2010; Poger and Mark, 2010; Schmid et al., 2011).
The inclusion complex was solvated in a water cubic box consisting of
4305 water molecules modeled using the simple point charge (SPC)
parametrization (Berendsen et al., 1981). The steepest descent algo-
rithm was applied to minimize the energy of inclusion complex by acting
on unreasonable stereo-chemical conflicts and atomic contacts, as well
as to relax the water molecules surrounding the system, by performing
50.000 steps for this process. After an initial positional restraint to the
ligand, the system was equilibrated under both NVT (at 300 K) and NPT
(at 300 Kand 1 bar) conditions for 1 ns. Subsequently, production MD
simulations were performed for 40 ns using the equilibrated atomic
coordinates as starting configuration, with a time step for the integration
of the equation of motion set to 2 fs. All the bond lengths were restricted
by using the LINear Constraint Solver (LINCS) algorithm (Hess et al.,
1997). The temperature was set at 300 K using the velocity-rescaling
coupling method (Baumketner, 2009; Bussi et al., 2007; Mojdehi
etal., 2021) with a time constant of 1 ps, while pressure was maintained
at 1 bar using the C-rescale barostat with a coupling time constant of 5 ps
and an isothermal compressibility of 4.5 x 10-> bar-!. MD-related out-
puts, including snapshot analysis, root mean square deviation (RMSD)
and radius of gyration (Rg), were assessed for the receptor and ligand in
order to evaluate conformational stability.

2.18. Maintenance, breeding, collection, and exposure of zebrafish
embryos

Adult male and female zebrafish (Danio rerio, wild-type AB strain)
were maintained in continuous-flow aquaria at 28.5 + 0.5 °C under a
14/10-hour light/dark photoperiod, following standard protocols
(Westerfield, 2000). The zebrafish were fed live brine shrimp (Artemia
salina) three times daily. The eggs obtained from natural spawning were
collected and examined under a stereomicroscope, to exclude damaged
or unfertilized eggs. Additionally, embryos exhibiting normal cleavage
and developmental synchronization were selected to ensure experi-
mental homogeneity. For the studies, embryos at 24 h post fertilization
(hpf) were manually dechorionated, randomly transferred into 96-well
microplates (one embryo per well) and exposed to increasing concen-
tration of free and complexed RTN (0.01-1 mg/mL). BCPCD alone was
assayed at a broader range concentration respect to the amount con-
tained in the complex (0.05-50 mg/mL). Free RTN was solubilized in
0.2% (v/v) DMSO and opportunely diluted with embryo medium. The
complex and the free polymer were solubilized directly in embryo me-
dium without the use of DMSO. Embryos exposed to DMSO (0.2%) were
used as a negative control group. The sample size was set at n = 20
embryos per group, replicated in independent experiments (N = 3 to 6),
determined to be sufficient for statistical power based on previous lab-
oratory data. Embryos exposed to different treatments were observed
after 48 h to record developmental abnormalities or mortality. To
minimize observer bias, the morphological assessment and outcome
measurements were performed by an investigator blinded to the treat-
ment allocation. All procedures involved zebrafish embryos < 120 hpf
and were therefore not subject to animal experimentation regulations
according to the European Directive 2010/63/EU.

All the experiments were conducted in compliance with the ethical
guidelines outlined in the National Institutes of Health Guide for the Care
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and Use of Laboratory Animals.

2.19. Antiangiogenic activity: quantitative determination of endogenous
alkaline phosphatase (EAP) activity

For the evaluation of the antiangiogenic activity, the endogenous
alkaline phosphatase (EAP) activity was quantified as a marker of vessel
growth in control and treated embryos (lannuzzi et al., 2019). Zebrafish
embryos at 24 hpf (n = 20) were incubated at 28.5 °C with the com-
pounds at the concentrations indicated in the 2.18 section. Embryos
exposed to DMSO (0.2%) were used as a negative control group. (2)-
Methoxyestradiol (0.006 mg/mL) was employed as positive control.

At 72 hpf, zebrafish embryos were sequentially dehydrated using
increasing concentrations of methanol, rinsed three times with a
diethanolamine buffer (1 M, pH 9.8), and subsequently incubated with
p-nitrophenyl phosphate disodium salt (0.5 mg/mL) for 30 min at room
temperature. The enzymatic reaction was terminated by adding 2 M
NaOH. The optical density (OD) of the end product was measured at 405
nm using a microplate reader (AMR-100, Allsheng).

The extent of vascular growth was quantified as the percentage of OD
relative to the untreated control and expressed as the percentage of in-
hibition, according to Equation (3) Eq. (3):

ODcontrol — ODtreated

Inhibition(%) = — oD, x 100 3
control

2.20. Antiangiogenic activity: the alkaline phosphatase (ALP) staining
assay

The alkaline phosphatase (ALP) staining assay was performed using
the nitro blue tetrazolium (NBT, Sigma) and 5-bromo-4-chloro-3-indolyl
phosphate (BCIP, Sigma) substrates following the modified method of
Wang et al., 2007 (Wang et al., 2007). At 24 hpf, before sample
administration (free and complexed RTN), all the embryos were treated
with PTU (final concentration 0.2 mM) to prevent pigmentation and
facilitate blood vessel observation. 2-Methoxyestradiol was used as
positive control, while embryos exposed to 0.2% DMSO served as the
negative control group. At 72 hpf embryos were fixed with 4% para-
formaldehyde in PBST (phosphate-buffered saline + 0.1% tween-20) for
30 min. Then, the embryos were dehydrated with ethanol, rinsed with
PBST and equilibrated with NTMT (Tris buffer 100 mM pH 9.5; NaCl
100 mM; MgCl 2 50 mM; Tween-20 0.1%), The staining reaction was
started incubating embryos with a NBT/BCIP solution for about 15-30
min according to the protocol described for the NBT/BCIP ready-to-use
tablets. After the staining reaction was completed, the embryos were
washed with PBST. The images of the lateral view of the embryos were
captured using a stereomicroscope (SMZ-171 Series, Motic) equipped
with a digital camera (Moticam® 5 plus). The total length, number and
area of intersegmental vessel (ISV) were measured using Motic Images
Plus 3.1 software. Results were expressed as percentage of inhibition
(%) of the treated groups compared to negative control group (100% of
activity) and are presented as mean values + standard deviation (SD).
For the test, at least 20 embryos for each concentration were used.

2.21. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 (Graph-
Pad Software Inc., San Diego, CA, USA). Data are expressed as mean +
SD from three independent experiments. Differences between groups
were assessed using one-way ANOVA followed by Bonferroni’s post hoc
test for multiple comparisons, or Dunnett’s post hoc test for comparisons
versus the control group (RTN). A p-value < 0.001 was considered
statistically significant, while extremely significant differences were
reported as p < 0.0001“.
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3. Results and discussions

RTN has a very low water solubility (0.125 mg/mL (De Gaetano
et al., 2024c; Liu et al., 2020), resulting in low and erratic oral
bioavailability. To enhance its solubility and promote biological activ-
ity, RTN was complexed with a “two-in-one” p-CD-PEG cross-linked and
water-soluble polymer (BCPCD), which was previously synthesised by
Luppi et al. (Luppi et al., 2018). The complex was prepared by lyo-
philising a solution containing RTN and PCPCD. First, the polymer
solubilised in water and the RTN was added as solid powder. After
prolonged mechanical stirring (1 week), the suspension was filtered to
remove the insoluble drug and then lyophilized to obtain a powder
sample with moderate RTN loading (32% E.E. and 0.61% D.C.). To
improve the encapsulation parameters, RTN was solubilized in methanol
and this solution was added to aqueous solution containing the polymer.
This hydroalcoholic solution was then mechanically stirred for 5 h and
lyophilized to produce a fluffy, slightly yellow powder with an 100% E.
E. and 11% D.C. The addition of a small amount of methanol kept the
RTN in solution throughout the preparation process, preventing pre-
cipitation and facilitating molecular encapsulation (Liu et al., 2022;
Savic et al., 2016). Due to the high E.E., only the latter complex was
subjected to deeper chemical and physical characterization in both in
aqueous solution and in the solid state.

3.1. In-solution studies

We evaluated the effect of complexation with BCPCD on the aqueous
solubility of RTN, comparing it with the RTN/BCD inclusion complex
and RTN formulated as a solid dispersion with PEG 500. The RTN/
BCPCD complex showed an approximately 50-fold increase, RTN/
BCPCD complex a 5-fold increase, and RTN/PEG solid dispersion a 1.8-
fold increase.

The superior solubilizing effect of BCPCD clearly demonstrates the
importance of its architecture, enabling more efficient drug-carrier in-
teractions than pCD or PEG are used individually.

Unlike native fCD, BCPCD provides a 3D cross-linked network in
which BCD cavities are interconnected through PEG chains (Luppi et al.,
2018; Trotta et al., 2012c; Utzeri et al., 2022; Wehl et al., 2025). This
structure generates a heterogeneous microenvironment characterised by
hydrophobic nanodomains (i.e. the cavity of the CD), interconnected
channels, and free volume within the polymeric matrix. These features
are absent in monomeric fCD (Wehl et al., 2025).

On the other hand, PEG primarily acts as a hydrophilic carrier,
promoting drug solubility through by improving wettability
(Christoforou et al., 2025). Thus, multiple concurrent interactions could
contribute to RTN solubilization in BCPCD: (i) the inclusion of the RTN’s
hydrophobic moieties within the pCD cavities via host-guest complex-
ation; (ii) the formation of hydrogen bonds between the hydroxyl groups
of RTN and the hydroxyl functionalities of the BCD-PEG of the polymer
network; and (iii) the RTN’s physical entrapment within the interstitial
spaces of the crosslinked structure, as reported for fCD-based nano-
sponges (Trotta et al., 2012b). These mechanisms all contribute to an
increase in E.E. and apparent solubility (Harada et al., 2009).

The formation of a complex between RTN and BCPCD significantly
affected the dissolution rate of the drug. Fig. 2 shows the comparative
dissolution profiles of the RTN/BCPCD complex, the free RTN and the
corresponding physical mixture. The complex exhibited 45.6% (w/w)
dissolution within the first 5 min, achieving complete dissolution within
60 min. By contrast, free RTN dissolved by only 10% (w/w) over the
same time interval, whereas the physical mixture achieved 23.66% (w/
w). Several factors can contribute to the fast dissolution rate of com-
plexed RTN. Specifically, i) complexation with CPCD improves the
apparent aqueous solubility of RTN, thus preventing precipitation on the
drug, ii) the freeze-drying process reduces the crystallinity of RTN,
producing a porous amorphous solid with increased surface area; iii) the
high hydrophilicity of BCPCD enhances the wettability of RTN,
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Fig. 2. Dissolution profiles of free RTN (circles, blue line), the physical mixture
(triangles, purple line), and the inclusion complex (squares, red line) in water at
25 £ 0.5 °C. Results are expressed as mean + SD from three independent ex-
periments. Error bars, when not visible, fall within the symbols. Dissolution
data for the inclusion complex were significantly significant compared to free
RTN according to one-way ANOVA followed by Bonferroni’s post hoc test
(***p < 0.001).

facilitating its solubilization.

A moderate increase in the dissolution rate compared to the free RTN
was also observed for the physical mixture. This improvement can be
attributed to the in situ formation of the complex at the solid-liquid
interface following the fast BCPCD solubilization (Li et al., 2011).
However, this process is slow and incomplete because it only occurs
upon the solid contacting the solvent, depending on molecular diffusion.
This results in a marginal enhancement of RTN dissolution.

This behavior demonstrated the superior efficiency of RTN/BCPCD
complex compared to the physical mixture, confirming its role in sub-
stantially and immediately enhancing RTN dissolution performance. As
dissolution rate is generally considered the major limiting step in the
oral absorption of poorly soluble drugs, the improved dissolution of RTN
supports the potential of BCPCD as a promising carrier to enhance its
biological performance.

The release of RTN from the polymeric matrix was evaluated using
the dialysis method and the resulting profile is shown in Fig. 3. The rapid
diffusion of the free RTN across the membrane and its accumulation in
the dialysis medium confirm the suitability of the selected membrane for
the test, with nearly 100% of the drug permeating within 7 h. In
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Fig. 3. Invitro release profiles of free RTN (circles, blue line) and RTN from the
polymeric matrix (squares, red line). Results are expressed as mean values of
three different experiments + SD. The release from the complex was signifi-
cantly different compared to free RTN, according to one-way ANOVA followed
by Bonferroni’s post hoc test (***p < 0.001).
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contrast, the complex exhibited a sustained release profile characterized
by two distinct phases. A burst effect occurred within the first 7 h of the
beginning of the experiment, with approximately 46% (w/w) of RTN
released. This was due to RTN being adsorbed onto the polymer surface
or being included within the BCD unit that was exposed at the outer
interface. After that, a slower release was observed due to the cross-
linked polymer architecture promoting gradual diffusion of the drug
through its interstitial space.

The host-guest interaction was investigated through phase solubility
studies (Fig. 4). The diagram, obtained by plotting BCPCD concentration
(1-10 mg/mL) against the concentration of solubilized RTN, revealed a
linear increase in RTN solubility with rising polymer content (A-type
diagram). This behavior reflects the pronounced solubilizing effect of
the polymer, arising from the contribution of multiple concurrent
mechanisms (Haimhoffer et al., 2021).

UV-Vis titration studies (Fig. 5) corroborated these findings. Free
RTN exhibited characteristic absorption bands at 256 nm (x — =~
transition of the phenyl moiety, A ring) and 352 nm (benzene ring of the
pyrocatechol unit, B ring (De Gaetano et al., 2024c), as well as a weak
band at ~ 300 nm assigned to the C ring (Zvezdanovic et al., 2012).

Progressive addition of BCPCD caused a hyperchromic shifts in both
absorption bands, and a red shift of 2 nm and 4 nm for the first and the
second band, respectively. This behavior highlights the interactions
between RTN and the polymer, producing changes in the microenvi-
ronment of the RTN chromophores. A previous study performed by
Calabro et al. (Calabro et al., 2005) demonstrated a red shift of RTN
bands when they were complexed with monomeric CD. This was due to
displacement of the chromophore from a hydrophilic environment to the
hydrophobic pCD cavity, resulting in the formation of hydrophobic and/
or van der Waals interactions. However, the same authors observed an
opposite influence on the intensity of the bands; that is a hypochromic
effect rather than a hyperchromic effect. This different trend suggests
additional interactions between RTN and the crosslinked polymeric
network, beyond simple host-guest interaction. These interactions are
probably hydrogen bonds with PEG linker, which may further
contribute to the modification of RTN electronic environment. Together,
these interactions explain the strong affinity of BCPCD for RTN and ac-
count for the substantial increase in its aqueous solubility observed in
phase solubility studies.

The RTN/BCPCD complex was further characterized using H NMR
spectroscopy (Supplementary Figs. S1 and S2), with a focus on the ar-
omatic protons of RTN as sensitive indicators of changes in the molec-
ular environment upon complex formation. Comparing the spectra of
free RTN and the RTN/BCPCD complex (Fig. 6) revealed modest
downfield shifts of between 0.06 and 0.15 ppm, for all the aromatic
protons of the flavonol core (Table 1). These shifts are consistent with
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Fig. 4. Phase solubility diagram of RTN with increasing BCPCD concentrations
in water at 25.0 + 0.5 °C. Experiments were performed in triplicate & SD. Error
bars, if not visible, are within the symbols.
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Fig. 5. UV-Vis spectra of free RTN and RTN with increasing CPCD concen-
trations in MeOH/water (80:20, v/v) at 25.0 + 0.5 °C. Experiments were per-
formed in triplicate.

the deshielding effects that arise from changes in the local electronic
environment when the molecule interacts with the polymeric matrix.

Small upfield shoulders were detected near the H3, H4, and H5
signals (red line, Fig. 6), suggest that a fraction of RTN molecules is
effectively accommodated within BCD cavity, while most remain loosely
associated within the three-dimensional network. The absence of addi-
tional peaks for H1 and H2 supports their exclusion from the BCD cavity.
Overall, the NMR data support a heterogeneous binding situation in
which RTN is partially included, which is consistent with the formation
of a supramolecular RTN/BCPCD assembly.

Although 2D NOESY/ROESY experiments were performed, no diag-
nostic intermolecular cross-peaks were identified, presumably because
of the heterogeneous and dynamic nature of the polymeric pCPCD sys-
tem and the partial inclusion of RTN. Within our polymeric fCPCD
system, only a small fraction of RTN is likely to be accommodated within
the CD cavities; the rest interacts more loosely within the PEG network.
Under such heterogeneous and dynamic conditions, the population of
clearly included species is insufficient to generate observable NOESY/
ROESY cross-peaks, consistent with the absence of diagnostic signals.
Such limitations in complex, non-discrete systems have been discussed
in the context of cyclodextrin-based supramolecular assemblies and
cross-linked cyclodextrin polymers (Conte et al., 2024; Haouas et al.,
2023).

3.2. Aggregation behavior and colloidal properties

It has been demonstrated that CDs can self-assemble in an aqueous
solution to form nanoaggregates (Bleta et al., 2018; Stancanelli et al.,
2012) which can permeate biological membranes more effectively than
free CDs (Muankaew et al., 2020; Ryzhakov et al., 2016). Therefore, it is
important to investigate the ability of BCPCD to form nanoaggregates
and to evaluate how the RTN complexation influence this behavior. To
this aim, size and zeta potential measurements were carried out on
aqueous solutions containing increasing concentrations of free BCPCD or
complexed with RTN (Tables 2 and 3).

DLS analysis of free BCPCD (Table 2) revealed a bimodal size dis-
tribution showing two distinct populations: i) a small population of
species with a diameter of around 15 nm, likely corresponding to un-
associated polymer chains; and ii) a large population of supramolecular
aggregates with a diameter in the range of 75-114 nm, due to the self-
assembling of polymeric chains. This bimodal distribution is charac-
teristic of self-assembling CD polymers and reflects a dynamic
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Fig. 6. Comparison of H NMR spectra of free RTN (black line) and RTN/BCPCD complex (red line) in D,O/CD30D (80:20, v/v) mixture at 7.8-6.0 ppm.

Table 1
Chemical shifts (5, ppm) of aromatic protons of RTN before and after
complexation with BCPCD.

Table 2
Hydrodynamic diameters (Dy), zeta potential values (¢) and polidispersity index
(PI) of nanoaggregates of free BCPCD.

Proton Free RTN (6, RTN/BCPCD Complex (6, A8 Concentration Dy (nm) + S.D. Dy (nm) + S.D. PI (%) + ¢ (mV) £+ S.
Assignment ppm) ppm) (ppm) (%, m/v) Peak 1 Peak 2 S.D. D.
H-1 6.18 6.24 +0.06 0.1 15.72 nm + 75.87 nm + 0.29 + —12.27 +
H-2 6.34 6.49 +0.15 3.50 7.13 0.09 8.26
H-3 6.84 6.95 +0.11 0.2 15.73 nm + 76.42 nm + 0.31 + -12.19 +
H-4 7.48 7.56 +0.08 2.00 6.85 0.05 9.94
H-5 7.57 7.65 +0.08 0.3 12.21 nm + 81.39 nm + 0.33 + -11.72 +
N 0.93 9.05 0.04 6.95
D& = 8RTN — SRTN/BCPCD. 0.4 10.78 nm = 83.67 nm = 0.33 = 1125+
6.15 3.17 0.04 6.62
equilibrium between the free chains and the corresponding aggregates 0.5 11.39 nm & 85.17 nm + 0.34 % —1117 4
. . 0.54 8.78 0.02 4.83
(Kawano et. al.,, 2015). This type of dlStI'.lbutIOIl inherently leads. to 1 11.61 nm + 8571 nm + 0.34 = 063+
relatively high PI values, as the mathematical model assumes a unim- 0.76 7.03 0.06 4.96
odal distribution. Thus, the polydispersity index (PI) values obtained for 1.5 15.04 nm + 87.43 nm + 0.44 + —-9.56 +
our systems, ranging from 0.29 to 0.47, represent their heterogeneous 2.83 2.99 0.02 3.98
supramolecular nature. 2 14.58 nm + 94.46 nm + 0.46 + —7.05 +
As BCPCD concentrations increased, aggregates gradually grew in 3.60 512 0.01 493
) i ! » aggregates g Y 8r¢ 2.5 13.80 nm + 11410 nm+ 047 + ~6.87 +
size, passing from approximately 76 nm to 114 nm at the highest 5.93 22.23 0.10 4.89

polymer concentration. Meanwhile, the sizes of unassociated chains
remained relatively unchanged.

This growth of the aggregates was accompanied by a reduction in
zeta potential to less negative values, from —12.27 mV at the lowest
concentration to —6.87 mV at the highest. Although this decrease
resulted in reduced electrostatic repulsion, no visible signs of macro-
scopic aggregation were observed. Stability studies of the formulations,

conducted over a period of 1 month, revealed no significant changes in
size or zeta potential, thus confirming the stability of the systems within
the studied concentration range.

Complexation with RTN produced larger aggregates than free CPCD
at equivalent concentrations (Table 3), in the range of 0.1-1.5% (m/v).
At higher concentrations (2% and 2.5%, m/v) size measurements are
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Table 3

Hydrodynamic diameters (Dy), zeta potential values (¢) and polidispersity index
(PI) of nanoaggregates of the RTN/BCPCD inclusion complex. The concentration
refers to fCPCD.

Concentration Dy (nm) + S.D. Dy (nm) + S. PI (%) + ¢ (mV) +S.

(%, m/v) Peak 1 D. S.D. D.
Peak 2

0.1 12.51 nm + 0.61 81.48 nm + 0.31 + —10.56 +
4.42 0.10 5.66

0.2 14.46 nm + 2.71 81.97 nm + 0.34 + —10.05 +
10.63 0.05 5.52

0.3 14.73nm + 3.76 ~ 82.51 nm + 0.37 + —9.83 +
7.45 0.02 6.94

0.4 13.88 nm + 3.54  82.68 nm + 0.37 + -7.13 £
3.32 0.02 6.34

0.5 11.35nm + 1.94 93.95 nm + 0.39 £ —5.84 +
4.58 0.03 5.58

1 17.54nm £ 3.79  99.93 nm + 0.43 + —5.43 +
3.08 0.04 4.66

1.5 18.12nm + 4.57 114.41 nm + 0.46 + —5.21 +
5.81 0.02 3.69

2 N.D. N.D. N.D. N.D.

2.5 N.D. N.D. N.D. N.D.

unreliable. The increase in size compared to the free polymer can be
attributed to the altered dynamic self-assembly caused by the interac-
tion of RTN with the polymeric network. It should be noted that BCPCD
consist of pCD units interconnected by flexible PEG chains. During self-
assembly, BCPCD chains physically interact to delimit an interstitial free
volume, the size of which depends on the arrangement of the individual
chains in space.

Thus, the presence of RTN within both the BCD cavity and the
polymeric network can modify the spatial arrangement of the flexible
segments, thereby increasing the free volume in the network and
enlarging the aggregates. Furthermore, RTN is partially absorbed onto
the aggregate surface and can increase the hydrodynamic radius.
Exposed RTN also influences zeta potential values. Its superficial allo-
cation alters the charge distribution on the surface, reducing the values
in comparison to the free aggregates.

At polymer concentrations above 1.5% (m/v), RTN appears to induce
substantial heterogeneity in the system, thereby preventing size and zeta
potential measurements. On the other hand, increasing fCPCD concen-
tration also increases the amount of RTN present in the solution, sug-
gesting a stronger alteration to the polymer’s dynamic self-assembly.
The physical stability of the samples in the 0.1-1.5% (m/v) range was
evaluated over a period of 1 month. No relevant changes in size or zeta
potential values were observed.

3.3. At solid-state characterization of the RTN/SCPCD inclusion complex

Thermogravimetric analysis (TGA) was performed to evaluate the
solid-state properties and thermal stability of the lyophilized RTN/
BCPCD complex in comparison with RTN/BCPCD physical mixture, free
RTN and BCPCD polymer alone. The resulting TGA curves, which were
recorded in the temperature range of 25-800 °C, are shown in Fig. 7.

Free RTN exhibited a characteristic four-stage degradation profile
(da Costa et al., 2002). The initial mass loss of approximately ~ 8%
between 30 and 120 °C was attributed to the loss of adsorbed water. The
thermal decomposition of the bioflavonoid began at 260 °C, proceeding
through two distinct phases to leave a residual mass of around 38%. This
behavior is consistent with the known thermal instability of RTN, which
undergoes oxidative and structural breakdown at elevated tempera-
tures. The thermal degradation of the free polymer started at 280 °C and
proceeded in two stages. The first stage was attributed to soft PEG
degradation, while the second stage was attributed to rigid CD units.
This process led to a final residue of approximately 6%. Both the RTN/
BCPCD complex and the RTN/BCPCD physical mixture displayed an
initial weight loss due to water desorption. Notably, the physical
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Fig. 7. TGA curves of the RTN/BCPCD complex (green line) compared to free
components RTN (purple line) and BCPCD (red line) and their physical mixture
(blue line).

mixture exhibited pronounced hygroscopic behavior, with weight loss
occurring below 140 °C. In contrast, the complex demonstrated marked
improvements in the thermal stability of both RTN (~50 °C) and CPCD
(20 °C), with the onset decomposition shifted to a higher temperature
(300 °C), compared to the free polymer and the physical mixture. The
mass loss profile also followed a more gradual and linear pattern. This
delayed degradation suggests that complexation with fCPCD enhances
the RTN’s structural resilience by restricting its molecular mobility and
shielding it from early thermal breakdown. The stabilization effect is
likely due to hydrophobic interactions between the RTN and the internal
cavity of the CD, as well as hydrophilic interactions within the polymeric
network. These interactions provide a protective microenvironment that
reducces the impact of external thermal stress. These findings highlight
the potential of BCPCD as a stabilizing carrier for RTN, supporting its use
in formulations requiring enhanced thermal resistance.

3.4. Morphological examination

Fig. 8 shows SEM micrographs of the fCPCD polymer and its RTN
complex. We observed a predominantly spherical morphology, with
particle sizes ranging from a few hundred nanometers to 1-2 pm.
However, Dynamic Light Scattering (DLS) analyses indicate a primary
hydrodynamic population of approximately 100 nm (see Tables 2 and
3). The predominant particle population lies within the 50-100 nm
range, although particles with bigger sizes up to 10 um are also present.
The presence of larger structures may be attributed to aggregation
phenomena occurring during sample preparation, such as drying or
freeze-drying on a silicon support. Solvent removal generates surface
tension forces that favor the coalescence of nanoaggregates into larger
clusters. This behavior was documented in both iCD-based systems
(Swaminathan et al., 2016; Tejashri et al., 2013) and in generic poly-
meric nanoparticles subjected to drying or freeze-drying processes
(Garms et al., 2021; Picco et al., 2021).

A further important aspect concerns the resilience of the samples
under the electron beam. While the polymer “blank” shows signs of early
degradation or image instability at high magnifications, the RTN/BCPCD
complex exhibits increased structural stability. This suggests that the
inclusion of the host molecule within the CD cavities and in the in-
terstices of the polymer network may contribute to mechanical and
thermal reinforcement, reducing the free volume of the matrix and
improving the locally induced energy dissipation of the electron beam.
These effects are consistent with previous studies on the phys-
ical-chemical stability of polymer—drug complexes (Trotta et al., 2012a;
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Fig. 8. SEM images of RTN/BCPCD complex (a,b) and pCPCD alone (c,d) at different magnification.

van de Manakker et al., 2009).
3.5. Molecular characterization and modeling

A p-Raman analysis was carried out to assess the capability of BCPCD
to interact with RTN based on the characterization of the intermolecular
interactions involved in the complexation pathway. The adopted
approach, proven effective in prior studies of similar systems (Cannava
et al., 2016; Sajeesh and Sharma, 2006; Venuti et al., 2019, 2017; Zhao
et al., 2020), consisted in monitoring significant spectral changes of
characteristic vibrational bands of free RTN when embedded within the

BCPCD structure, starting from the comparison of the vibrational fea-
tures exhibited by the RTN/BCPCD complex with respect to those of the
physical mixture (a simple blending of RTN and BCPCD without any
complexation) and single components.

Fig. 9a shows the comparison of the p-Raman spectra collected for
RTN, BCPCD, RTN/BCPCD physical mixture and RTN/BCPCD inclusion
complex, in the 650—1800 cm ™! wavenumber range, at T = 300 K.

As far as RTN and BCPCD are concerned, a detailed spectral assign-
ment is given in the supplementary materials (see Table S1 and S2,
respectively). Concerning the u-Raman spectrum of the physical mixture
(green line in Fig. 9a), it exhibits vibrational bands corresponding to

(a)
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Fig. 9. (a) p-Raman spectra, in the 650—1800 cm ! range, of RTN (blue line), BCPCD (black line), RTN/BCPCD physical mixture (green line) and RTN/BCPCD
inclusion complex (red line), at T = 300 K. (b) Comparison, in the 1500 — 1700 cm ™! range, of the obtained p-Raman profiles.
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each individual component, with no significant band broadening or
frequency shifts, indicating the absence of specific intermolecular in-
teractions between components, as expected. Conversely, the p-Raman
spectrum of the RTN/BCPCD complex (red line in Fig. 9a) showed sig-
nificant spectral changes when RTN is included in the host BCPCD ma-
trix. In particular, the attention was paid on spectral modifications
occurring in the region extending between 1500 and 1700 cm ™ that,
being devoid of vibrational contributions from PCPCD alone, can be
directly inferred to the inclusion process of the drug within the CPCD
site. From detailed analysis of such frequency region (Fig. 9b), a blue-
shift of the characteristic C=C stretching mode of benzene and dihy-
droxyphenyl rings of RTN, with respect to the free drug, can be clearly
observed. In particular, the centre-frequency of the corresponding band
moves, going from the spectrum of the physical mixture to that of the
inclusion complex, from ~ 1556 cm ™! up to ~ 1568 cm ™!, providing an
experimental evidence of the establishment of drug-pCPCD intermo-
lecular interactions involving the participation of the benzene and/or
dihydroxyphenyl ring in the complexation pathway.

In addition, the analysis of the 1500-1700 cm™! range also evi-
denced a red-shift of the contribution centred at ~ 1657 cm ™", related to
the carbonyl stretching mode of the heterocyclic ring of RTN. As well
known, the C=0 stretching vibration is highly sensitive to variations in
the electrostatic environment and to conjugation effects experienced by
the carbonyl group (Venuti et al., 2017). In our case, the observed red-
shift reasonably implies the establishment of new intermolecular
hydrogen bonds, involving either oxygen atoms of carbonyl groups at C6
position or nearby oxygen-containing moieties, both yielding to a
redistribution of the electron density of the flavonoid backbone, which
favors the stabilization of the complex.

To highlight further significant spectral marker of the RTN/BCPCD
complex formation, FTIR-ATR measurements were carried out. Similarly
to the p-Raman approach, the analysis consisted in monitoring spectral
modifications experienced by some characteristic absorption bands of
the free drug upon the activation of intermolecular interactions driving
the RTN complexation within the BCPCD environment.

Fig. 10a reports the FTIR-ATR spectra of RTN, CPCD, RTN/pCPCD
physical mixture and RTN/BCPCD complex, acquired at room temper-
ature, in the 750 — 4000 cm ™! wavenumber range.

A complete spectral assignment of the FTIR-ATR bands related to
RTN and BCPCD is reported in the Supplementary Materials (Table S3
and Table S4, respectively). Interestingly, the FTIR-ATR spectrum of the
RTN/BCPCD complex (red line in Fig. 10a) exhibited subtle yet clearly
detectable spectral variations with respect to both the physical mixture
(green line in Fig. 10a) and individual components (blue and black lines
in Fig. 10a, respectively). These are particularly evident in the
1500—1600 cm™! spectral region which, being devoid of vibrational
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contributions originating from the fCPCD alone, constitutes an excellent
candidate to highlight modifications as a consequence of complexation.
Fig. 10b displays the comparison of the measured FTIR-ATR spectra for
all the investigated samples in the 1400—1700 cm™! wavenumber
range, at T = 300 K. From an inspection of the Figure, vibrational
contributions centered falling at ~ 1505 ecm ™' and ~ 1600 cm ™},
assigned to C=C stretching modes of the benzene ring and to C=C
stretching vibrations involving the benzene, heterocyclic and dihy-
droxyphenyl rings of RTN, respectively (see Table S3 in the Supple-
mentary Materials), still detectable in the spectrum of the physical
mixture, experience a complete suppression in the FTIR-ATR spectrum
of the RTN/BCPCD complex. These findings point out an active partic-
ipation of the aromatic rings of RTN in the host-guest complexation
route, through the establishment of non-covalent intermolecular in-
teractions involving the benzene and dihydroxyphenyl moieties of the
flavonoid, thereby corroborating — in agreement with the p-Raman
analysis — the successful encapsulation of RTN within the BCPCD
polymeric matrix.

Molecular docking simulations were carried out to investigate the
encapsulation geometry and provide additional insights into the host—
guest interactions driving the inclusion mechanism. The results of the
extra precision (XP) flexible docking method provided 5 different
docking poses, each characterized by a docking score ranging from —
2.87 kcal/mol (low-scoring docking XP pose) to — 3.66 kcal/mol (top-
scoring docking XP pose). Fig. 11 shows the most favourable geometry
for the RTN/BCPCDm structure, identified as the generated top-scoring
XP pose.

RTN was found to partially penetrate the fCD cavity, with only a
portion of the molecule, primarily the hydroxyphenyl ring of the

Fig. 11. (a) frontal and (b) side-view of the RTN/BCPCDm docked structure.
The blue molecule denotes RTN, the grey one denotes the fCD, while the green
one identifies the PEG chain.
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Fig. 10. (a) FTIR-ATR spectra, in the 750 — 4000 cm ™! wavenumber range of RTN (blue line), CPCD (black line), RTN/BCPCD physical mixture (green line) and
RTN/BCPCD complex (red line), at T = 300 K. (b) Comparison, in the 1400—1700 cm™! range, of the collected profiles.
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quercetin moiety, accommodated within the hydrophobic core of fCD,
as expected due to the large, low-flexible branched structure of RTN. The
sugar moiety, highly hydrophilic, extends outside the cavity, thus
remaining exposed to the solvent molecules (De Gaetano et al., 2024c)
and the rest of the 3D polymeric structure. The PEG chain, oriented away
from the cavity, remains flexible to avoid steric hindrance at the entry
point.

The stability of the RTN/BCPCDm docked structure turns out to be
dependent by several factors including intermolecular hydrogen bonds,
hydrophobic forces and electrostatic effects. In particular, the hydrogen
atom (H73) of the hydroxyphenyl ring of RTN establishes a strong H-
bridge with the BCD oxygen (030) of the nearest glucopyranose unit
(Fig. 12a), characterized by a length of 2.070 A and a bond angle of
135.030°. At the same time, 4 additional RTN-BCD hydrogen bonds,
respectively involving the O (011) atom of the heterocyclic ring and
three hydroxyl group hydrogens of the sugar moiety, i.e. the man-
nopyranosyl and glucopyranosyl rings, provide a “chelating” effect
which reinforces the RTN/BCPCD binding in solid state (Fig. 12b).

It is worth noting that the predicted establishment of an H-bridge
between the heterocyclic ring of RTN and the macrocycle can be
considered as responsible of a redistribution of the electron density
surrounding the corresponding moiety, thus corroborating the observed
frequency-shift of the C=0 stretching mode by y-Raman spectroscopy as
well as the suppression of the C=C stretching mode of the heterocyclic
observed FTIR-ATR.

The MM-GBSA method described in section 2.11 was applied to
calculate the free energy of binding (AG Bind) and the MM-GBSA scores
of the docked RTN/BCPCD structure. The results are reported in Table 4.

From MM-GBSA results, of the docked RTN/BCPCD structure shows a
favourable free binding energy AG Bind of — 30.719 kcal/mol, testifying
a strong and thermodynamically stable structure. The RTN/BCPCD host
— guest interactions, from a local point of view, are predominantly
driven by van der Waals (—15.773 kcal/mol) and lipophilic (—10.301
kcal/mol) forces, which are consistent with the non-covalent encapsu-
lation mechanism characteristic of BCD-based inclusion complexes
(Geue et al., 2023; Mahalapbutr et al., 2019; Venuti et al., 2017; Zhang
et al.,, 2012). The hydrogen bonding component of — 3.013 kcal/mol
suggests the possible involvement of highly directional interactions
between the hydroxyl groups of RTN and the polar moieties located at
the CD cavity rim. Interestingly, the free energy of binding deriving from
covalent interactions (AG Coval) and polar solvation (AG Solv) partially
counteract the stabilizing factors which foster the RTN/BCPCD forma-
tion. In particular, the obtained positive value of the covalent energy

Fig. 12. Detail of the hydrogen bond scheme (purple dashed line) developed in
the RTN/BCPCD structure. (a): H-bridge between H73 atom of RTN and 030
atom of BCD; (b) H-bonds between O11 atom and three H-atoms of hydroxyl
group of the sugar moiety of RTN with BCD.
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contribution (+ 4.417 kcal/mol) is indicative of internal energetic
penalties arising from torsional strain within the RTN backbone and
local conformational adjustments of the CD scaffold induced by the
docked configuration.

As reported in literature (Hou et al., 2011), the MM-GBSA values can
be used to assess the enthalpy (AH Bind) and entropy (AS Bind) varia-
tion associated to the host-guest” binding, based on the assumption that
our simulations involved a single molecular dynamic path. Accordingly,
avalue of AH = — 21.819 kcal/mol and of AS = + 0.029 kcal/mol were
obtained, indicating that the formation of the RTN/BCPCD complex is an
exothermic, enthalpy-driven, process.

It is worth of note that recent studies on similar CD-polymer archi-
tectures used for the delivery of flavonoids demonstrated that docking-
derived binding modes and interaction patterns strongly affect the
encapsulation stability and downstream pharmacological performances
(Malekpour et al., 2025), highlighting the ability of docking metrics to
anticipate biological efficacy in complex structures (Emmanuel et al.,
2025; Naveed et al., 2026). In our case, the partial encapsulation of the
hydroxyphenyl ring of the quercetin moiety of RTN within the fCD
cavity was found to be in line with what has been reported in
(Almeleebia et al., 2024; Chang et al., 2023; Liu et al., 2022; Mourad
et al.,, 2024; Naeem et al., 2023), which revealed a not complete
incorporation of the flavonoid due to its large size. In addition, the
dominance of van der Waals and hydrophobic interactions are consistent
with literature emphasizing non-covalent host-guest forces as driving
factors in CD flavonoid complexes (Fenyvesi et al., 2025). Furthermore,
the encapsulation of RTN through the hydroxyphenyl ring was found to
be a typical complexation pathway in flavonoid-based CD delivery
platforms, despite the steric effect of the two closely arranged sugar
groups (Liu et al., 2012; Matteini et al., 2010; Nguyen et al., 2013).

To assess the stability of the RTN/BCPCDm local environment, MD
simulations were conducted in an aqueous medium over 40 ns trajec-
tories. Representative MD snapshots captured at specific time intervals
(0 ns, 20 ns and 40 ns) are depicted in Fig. 13(a—c).

As observed in Fig. 13(a-c), RTN remains partially accommodated
within the BCD cavity of the BCPCDm through the hydroxyphenyl ring of
the quercetin moiety over the entire simulation time (40 ns), as pre-
dicted by docking simulations. No dissociation events or significant
translational displacement of the guest molecule were observed, indi-
cating the formation of a stable complex with no spontaneous separation
(Alvira, 2019; Kicuntod et al., 2018; Kou et al., 2024; Minea et al.,
2016). For the first 20 ns, minor conformational changes in the fCD
toroid can be inferred to local rearrangements of the glucopyranose
units upon ligand accommodation, which tend to stabilize till the end of
the simulation. Interestingly, over the same time period (first 20 ns), a
progressive approaching of the PEG chain toward the BCD cavity,
initially pointing outward from the cavity pocket (see Fig. 13a), can be
observed, suggesting a cooperative adjustment of the cyclo-
dextrin—polymer architecture rather than an isolated fluctuation. Such
process contributes to the overall stabilization of the complex through
transient non-covalent interactions and steric confinement effects at the
cavity rim (Jitapunkul et al., 2021; Liu et al., 2013; Poonphatanapricha
et al., 2021).

The stability of the modeled RTN/BCPCDm complex was further
investigated through the root mean square deviation (RMSD) and the
radius of gyration (Rg) plots calculated over the entire simulation time,
as reported in Fig. 13d and e. As far as the RMSD is concerned, in the
case of RTN (blue line in Fig. 13d), a stable dynamical behavior can be
deduced by a mean RMSD value of 2.78 + 0.19 A, with a temporary dip
down to 0.78 + 0.19 A (between 21 ns and 23 ns), due to the exploring
of energetically-favored transient re-orientations inside the binding site,
followed by a stable plateau for t > 23 ns, supporting the durability of
the RTN/BCPCDm docked arrangement (Naveed et al., 2025; Sadia
et al., 2024; Suleman et al., 2024, 2024). Concerning the fCPCDm, the
RMSD plot (red line in Fig. 13d) shows significant fluctuations in the
first 21 ns of the simulation run, due to the large structural motions
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Table 4
MM-GBSA scores (kcal/mol) of the docked RTN/BCPCD docked inclusion complex*.
AG Bind AG Coul AG Coval AG H-Bond AG Hphob AG Solv AG VdW
RTN/BCPCD complex —-30.719 -9.111 + 4.417 -3.013 —10.303 + 3.024 —15.773

" AG Bind: free energy of binding; AG Coul: free energy of binding from electrostatic interactions; AG Coval: free energy of binding from covalent interactions; AG H-
Bond: free energy of binding from hydrogen bonding; AG Hphob: free energy of hydrophobic interactions; AG Solv: free energy of binding from polar solvation; AG

VdAW: free energy of binding from van der Waals interactions.
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Fig. 13. Representative snapshots depicting the dynamic behavior of RTN (blue molecule) within the cavity of the pCD (grey molecule) of the fCPCDm unit, as
predicted by molecular dynamics simulations at, respectively, (a) 0, (b) 20 and (c) 40 ns. For clarity, the PEG chain is highlighted in green for visual representation.
(d) RMSD and (e) radius of gyration (Rg) of RTN and BCPCDm as a function of the simulation time.

related to the high-flexible PEG chain (mostly transient stretching).
However, as also revealed by the snapshot analysis, for t > 22 ns, a
constant trend of the RMSD (mean value of 4.93 + 0.26 10\) testifies the
stabilization of the receptor due to the wrapping of the PEG chain
around the CD.

Finally, the Rg trend of both RTN and BCPCDm (Fig. 13e) of the
modelled inclusion complex, calculated over the 40 ns-run, further
confirms that the inclusion complex holds its integrity and packed ar-
chitecture, with an Rg mean value of 5.27 A and 7 A, respectively
(Hassan et al., 2024; Naveed et al., 2025). Slight fluctuations in fCPCDm
can be justified considering the flexibility of the BCD rings, which un-
dergo small twisting or puckering motions, as well as in terms the
transient contacts, especially for t > 22 ns, between the PEG chain and
the macrocycle — which yield to slight expansion/compression the fCD
cavity. Interestingly, the remarkable system dynamics favored by the
PEG chain aligns with recent results reported in literature for similar
systems (Chadha et al., 2011; Fenyvesi et al., 2025) supporting the
conclusion that the PEG moiety in the CPCDm unit not only reduces
steric hindrance but also participates in the stabilization of the resulting
system.

3.6. Evaluation of tolerability in zebrafish embryos

Given the novelty of the polymer used in this study, a preliminary
assessment of its in vivo safety profile was essential. With this aim, we

evaluated the PCPCD tolerability in zebrafish embryos exposed at
polymer concentrations ranging from 0.05-50 mg/mL. In this contest,
tolerability was defined as the absence of mortality or abnormality
development throughout the exposure period. The concentration range
was selected based on studies present in literature which investigated
the tolerability of native pCD and PEG in zebrafish embryos. Specifically,
Weiss-Errico et al. (2017) (Weiss-Errico et al., 2017) reported that native
BCD was well tolerated at concentrations up to 0.164% (m/v), whereas
PEG was tolerated at concentrations exceeding 2.5% (m/v) (Maes et al.,
2012). The concentrations tested in our study largely encompass the
reference values for both compounds, providing a robust preliminary
evaluation of BCPCD safety.

Table 5

Mortality rate of zebrafish embryos submitted to different treatments at 72 hpf.
The number of embryos for each group is expressed as a percentage of the total
embryos (n = 20).

Sample Concentration (mg/mL) Mortality (%)
Ctrl - 0
RTN 0.01-0.1 0

0.5 50

1.0 90
RTN/BCPCD * 0.01-1 0
BCPCD 0.05-50 0

“ Concentration refers to the amount of RTN within the complex.
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In Table 5 we report the results obtained. No mortality of zebrafish
embryos was observed up to the highest assayed dose (50 mg/mL), nor
did they display developmental abnormalities under stereomicroscopic
examination when compared to the control group. Even if additional
studies are needed to evaluate the toxicological profile of the polymer,
these findings provide clear evidence of the key role exerted by the PEG
chains in enhancing in vivo tolerability of pCD-based materials, sup-
porting the suitability of the cross-linked CPCD polymer as a promising
platform for drug-delivery applications.

Tolerability of free and complexed RTN was also evaluated (Table 5).
Free RTN showed no mortality or abnormality at a concentration up to
0.1 mg/mL. Higher concentrations demonstrated a dose-dependent
toxic effect, with embryo mortality reaching approximately 90% at 1
mg/mL dose. Conversely, treatment of embryos with complexed RTN
did not induce embryo mortality across a considerably broader con-
centration range (0.01-1.0 mg/mL), than free RTN, showing its high
tolerability in the range of tested concentrations.

The toxicity of free RTN can be related to its very low water solu-
bility. Although RTN was initially dissolved in 0.2% DMSO, upon dilu-
tion into aqueous media precipitation or formation of colloidal
aggregates occurs (Gillespie et al., 2013; Popa-Burke and Russell, 2014;
Waybright et al., 2009), as evidenced by the formation of a visible
opalescence in the fresh prepared samples of RTN, specially at the high
concentrations. These solid particles can induce mechanical stress to
embryos or impair oxygen exchange, producing embryotoxicity. In
contrast, RTN/BCPCD complex remains fully water-soluble and stable in
embryo medium, preventing precipitation and ensuring that a signifi-
cant higher amount of RTN remains in solution in the microenvironment
of zebrafish embryos. This is an important result because it demonstrates
that pCPCD not only improves water solubility of RTN but also mitigates
nonspecific, formulation-related toxicity, expanding its applicability in
vivo models.

3.7. Antiangiogenic activity in zebrafish embryos

In recent years, zebrafish embryos have gained significant attention
as an in vivo model for predicting not only the toxic effects of bioactive
compounds, but their antioxidant, or antiangiogenic activity also. Their
optical transparency allows for direct observation of vascular network
development, providing a valuable tool for studying angiogenesis.
Quantitatively, this process can be monitored by measuring the activity
of EAP, an enzyme released by endothelial cells during vessel growth.
Due to its direct correlation with vascular formation, alkaline phos-
phatase activity is widely recognized as a biomarker of angiogenesis (Hu
et al., 2023; Huang et al., 2016; Jiang et al., 2023; Liang et al., 2017).

The effect exerted on EAP activity by the different samples was
assessed at the safe concentrations range, as determined by the previous
tolerability evaluation. Specifically, 0.01-0.1 mg/mL for free RTN,
0.01-1 mg/mL for complexed RTN and 0.05-50 mg/mL for free BCPCD).
The results were compared to the inhibitory effect exerted by 2-methox-
yestradiol, an endogenous 17f-estradiol metabolite with well-
documented antiangiogenic and antitumor properties, known to
inhibit enzyme activity by approximately 50% (Mooberry, 2003).

As expected, the inhibitory effect of BCPCD on vascular growth was
negligible at all assayed concentrations, showing a maximum inhibition
of 0.98% at the highest concentration tested (50 mg/mL). This result
was consistent with its intrinsic biocompatibility and demonstrated the
absence of direct effects on vascular development within the assayed
concentration range.

The percentage inhibition of EAP activity induced by free and
complexed RTN is shown in Fig. 14. Both free RTN and RTN/BCPCD
exhibited dose-dependent antiangiogenic effects. However, due to the
limited solubility, RTN can be tested in a narrow range of concentration,
showing a mild inhibition, that reached about 13% at the highest con-
centration (0.1 mg/mL). Complexation of RTN with CPCD permitted to
assay a very broader concentration range (0.01-1. mg/mL), obtaining at
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Fig. 14. Dose-dependent inhibition of antiangiogenic activity exhibited by
RTN (pink) and RTN/BCPCD complex (green) within the concentration range of
0.01-1 mg/mL.

the highest dose an inhibition level of 42.14%, mostly comparable to 2-
methoxyestradiol (50%). Complexation enables the solubilization of a
higher amount of RTN, which remains fully water-soluble and stable in
the microenvironment of zebrafish embryos. This allows treatment at
higher effective doses than would be possible with free RTN, ultimately
enhancing its biological efficacy.

The antiangiogenic activity of RTN/BCPCD complex was further
confirmed through the alkaline phosphatase (ALP) staining assay, in
comparison with free RTN. The effects exerted by different samples on
intersegmental vessel (ISV) growth are shown in Figs. 15 and 16 in
comparison with the positive control. A clear dose-dependent effect was
observed in Fig. 15 D-F for RTN/BCPCD complex, which produced, at the
highest concentration tested (1 mg/mL), a significant reduction in the
total length, number and area of the ISV (28.5%, 31% and 45.75%,
respectively) as compared to negative control (Fig. 15A). This inhibitory
effect was almost comparable to that exerted by the positive control (2-
methoxyestradiol) (Fig. 15B), which reduced the total length, number
and area of ISV of 35.9%, 40.5% and 55.3%, respectively) (Fig. 16).
Notably, free RTN produced only a minimal inhibitory effect on IVS
growth (Fig. 15C and Fig. 16), confirming its limited antiangiogenic
effects in the absence of an efficient delivery system.

4. Conclusions

This study developed a supramolecular delivery system based on
BCPCD (a highly hydrophilic, crosslinked fCD-PEG polymer) to complex
RTN, aiming to improve its solubility and antiangiogenic activity.
Complexation with CPCD markedly improved the biomolecule's water
solubility (by about 50-fold) and dissolution rate (50% within 5 min,
with total dissolution within 60 min). These findings are due to the
polymer's architecture, which allows the RTN moiety to be included in
the BCD cavity and accommodated in the interspatial pores of the cross-
linked network, as supported by UV-Vis and NMR spectroscopy. Due to
this specific accommodation, the polymer produced a sustained release
of RTN. Morphological examination confirmed the polymer's porous
structure, and thermogravimetric analysis revealed the RTN complex's
enhanced thermal stability.

p-Raman and FTIR-ATR spectra revealed distinct shifts and/or sup-
pressions in characteristic vibrational bands of RTN upon complexation,
confirming molecular interactions with BCPCD. Additionally, pre-
liminary molecular docking approaches assessed the optimal inclusion
complex geometry for a local scenario involving a single RTN and pCD-
PEG unit within the simulation environment. The structural stability of
this scenario was then evaluated via molecular dynamics (MD) simula-
tions. More complex and highly demanding simulations will be imple-
mented in a future dedicated work to incorporate the entire polymeric
architecture of the host. This will allow for the evaluation of the long-
range cooperative effects and conformational flexibility under
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Fig. 15. In vivo angiogenesis in the zebrafish embryos: lateral view of alkaline phosphatase-stained embryos at 72 hpf. A = control; B = 2- Methoxyestradiol (0.006
mg/mL); C = RTN (0.1 mg/mL); D = RTN/BCPCD (0.1 mg/mL); E = RTN/BCPCD (0.5 mg/mL); F = RTN/BCPCD (1 mg/mL). Images were captured with a ste-
reomicroscope (SMZ-171 Series, Motic) equipped with a digital camera (Moticam® 5 plus). ISV = intersegmental vessel. Scale bar: 1000 pm.
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Fig. 16. Quantitative results of treatment with free RTN, RTN/BCPCD complex
and 2- methoxyestradiol (2-ME) on intersegmental vessel (ISV) growth in
alkaline phosphatase (ALP) stained zebrafish embryos at 72 hpf. The total
intersegmental vessel (ISV) length and area, ISV number were measured using
Motic Images Plus 3.1 software. Results were expressed as percentage of inhi-
bition (%) of the treated groups compared to negative control group (100% of
activity). Data represents the mean + SD; n = 3 independent replicates with 5
embryos in each replicate. According to oneway ANOVA followed by Dunnett’s
post hoc test, all RTN/BCPCD formulations exhibited extremely significant
differences compared with free RTN (****p < 0.0001).

conditions that more closely resemble the real

environment.

RTN/BCPCD

15

In zebrafish (Danio rerio) embryos, BCPCD showed excellent
biocompatibility, without mortality or abnormalities up to 50 mg/mL
dose. Complexation of RTN with the polymer mitigates its nonspecific,
formulation-related toxicity and improves its antiangiogenic effects,
achieving efficacy levels comparable to those of reference compound 2-
methoxyestradiol.

Overall, pCPCD emerges as a promising carrier for poorly soluble
flavonoids, improving their pharmaceutical and pharmacological per-
formance. Integration early-stage tolerability screening into the
formulation development process strengthens this approach’s clinical
relevance and paves the way for future preclinical studies.
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