International Journal of Nanomedicine Dovepress
Taylor & Francis Group

Chondroitin Sulphate-Chitosan Based Nanogels
Loaded with Naringenin-B-Cyclodextrin Complex
as Potential Tool for the Treatment of Diabetic
Retinopathy: A Formulation Study

Gaia Zucca', Barbara Vigani', Caterina Valentino', Marco Ruggeri', Nicoletta Marchesi',

. | - a2 .2 . . | o Ry
Alessia Pascale(®', Giulia Giovilli“, Lorenzo Malavasi®, Giuseppina Sandri(®, Silvia Rossi

IDepar‘tment of Drug Sciences, University of Pavia, Pavia, 27100, Italy; 2Departmem: of Chemistry and INSTM, University of Pavia, Pavia, 27100, Italy

Correspondence: Silvia Rossi; Barbara Vigani, Department of Drug Sciences, University of Pavia, Via Taramelli 12, Pavia, 27100, Italy,
Email silvia.rossi@unipv.it; barbara.vigani@unipv.it

Purpose: The main purpose of the study was the formulation development of nanogels (NHs) composed of chondroitin sulfate (CS)
and low molecular weight chitosan (ICH), loaded with a naringenin-B-cyclodextrin complex (NAR/B-CD), as a potential treatment for
early-stage diabetic retinopathy.

Methods: Different formulations of NHs were prepared by varying polymer concentration, ICH ratio, and pH and, then, characterized
for particle size, zeta potential, particle concentration (particles/mL) and morphology. Cytotoxicity and internalization were assessed
in vitro using Human Umbilical Vein Endothelial Cells (HUVEC). The NAR/B-CD complex was prepared and evaluated for
morphology, complexation efficiency, and solubility. Finally, the most promising NH prototype was loaded with NAR/B-CD
(NH@NAR/B-CD) and further characterized for encapsulation efficiency, loading capacity, opacity and cytotoxicity on HUVEC;
in vitro release test and DPPH assay were performed to investigate NH capability to sustain NAR release and NH@NAR/B-CD
antioxidant properties, respectively.

Results: NH properties were influenced by polymer concentration, ICH ratio, and pH. N3 (0.5 mg/mL; ICH=1.5:1; pH = 5) and N9
(0.5 mg/mL; ICH=1:1; pH = 5) showed optimal characteristics, including small size (<350 nm) and positive zeta potential, facilitating
cellular uptake. The NAR/B-CD complex showed 71% complexation efficiency and enhanced NAR solubility. Since characterized by
superior properties and better in vitro biocompatibility, N3 was loaded with NAR/B-CD. N3@NAR/B-CD capability to sustain in vitro
NAR release, radical scavenging activity and in vitro biocompatibility were finally demonstrated.

Conclusion: The physico-chemical properties of N3@NAR/B-CD were responsible for their cell uptake, suggesting their potential to
target retinal endothelial cells. The high NAR/B-CD complexation efficiency and the sustained NAR release over 72 hours could
guarantee the maintenance of an effective drug concentration at the damage site while reducing the injection number. Further studies
about the safety and the effectiveness of the intravitreal injection of NHs@NAR/B-CD will be performed on a diabetic animal model.
Keywords: polyelectrolyte complexation, cellular uptake, inclusion complex, antioxidant properties, intravitreal administration

Introduction

Diabetes mellitus is a chronic disease which approximately affects 422 million people worldwide.! The most widespread
complication of this pathology is the diabetic retinopathy (DR), a disease affecting the posterior segment of the eye
known to be globally the main cause of vision impairment or loss among adults of working age and elderly people.>™
The pathophysiology of DR involves a progressive damage of retinal blood vessels due to a persistent hyperglycemic
state.” Particularly, it has been reported that hyperglycemia-induced oxidative damages in the retina are related to
modifications of several metabolic pathways and result in two main different molecular mechanisms: i) an increase in the

synthesis of the Vascular Endothelial Growth Factor (VEGF), promoting the process of neoangiogenesis and, thus, the
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development of new blood vessels in the retina and ii) an increase in the intracellular levels of reactive oxygen species
(ROS).*#?

Naringenin (NAR) is a polyphenolic compound, abundantly found in citrus fruits, that is well known for its
pharmacological activities, such as antidiabetic, anti-cancer, anti-inflammatory and antioxidant properties.'® '
Moreover, different authors have reported that NAR exhibited beneficial effects in the management of ocular disorders,
such as diabetes-induced retinal damage."® According to several studies on streptozotocin-induced diabetic rat model,
NAR may reduce the retinal damage caused by oxidative stress through i) the activation of the Nrf2/ARE signaling
pathway that plays a key role in maintaining intracellular redox homeostasis, regulating inflammatory damage, and

alleviating retinal cytotoxicity;'*!'*

15,16

ii) the reduction of lipid peroxidation, which is responsible for retinal cell
apoptosis; iii) the restoration of normal glutathione levels, a crucial endogenous antioxidant.'”'® Nevertheless, the
above-mentioned biological properties are hindered by NAR hydrophobic nature, which is responsible for its poor water
solubility.'*!'” The preparation of inclusion complexes between NAR and cyclodextrins (CDs), which are torus-shaped
oligosaccharides composed of a-(1,4)-linked glucose units, has been proposed in the literature as a strategy to enhance
NAR solubility in aqueous media.?* > In general, B-CD is the most widely used type of CDs for improving the solubility,
the stability, and the bioavailability of poorly water-soluble molecules.*>2¢

Delivering drugs to retina remains a significant challenge due to the anatomical and physiological barriers of the
ocular structure.”’*® Current treatments of DR include intravitreal injections of solutions containing conventional drugs
(ie corticosteroids, nonsteroidal anti-inflammatory drugs, antioxidants, and anti-VEGF) and retinal surgeries (ie laser
treatment and vitrectomy). These approaches primarily manage the symptoms of the advanced stages of DR, but fail to
prevent its onset and progression.”” Moreover, in order to maintain drug therapeutic concentrations in the posterior
segment over time, conventional therapies require repeated intravitreal injections, which are poorly tolerated by patients
and may carry inherent risks, including endophthalmitis, cataract formation, retinal detachment, and vitreous
hemorrhage.***° The limitations of the intraocular modalities and the risks associated with major surgeries (ie vitreous
hemorrhage, cataract, and neovascular glaucoma) have driven interest in the use of innovative drug delivery systems.*'~**

In this context, the intravitreal administration of nanosystems (NSs) could represent a promising approach to
overcome the drawbacks of the current treatments. Specifically, NSs have been shown to prolong the release and to

enhance targeted delivery of the loaded drugs, reducing the number of injections and, thus, modulating side effects. In
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addition, NSs represent versatile drug delivery systems due to their tunable physico-chemical properties and the ease of
surface modification that allow site-specific delivery.’' ¢ Recently, polymer-based nanoparticles have been proposed as
drug delivery systems for managing DR upon intravitreal administration: nanoparticles based on synthetic polymers (ie
poly (lactic-co-glycolic acid), polycaprolactone) and natural ones (ie chitosan, hyaluronic acid) have been reported for
the delivery of monoclonal antibodies (ie bevacizumab), corticosteroids (ie triamcinolone acetonide) and antioxidant
plant-derived molecules (ie resveratrol, lutein).*”*!

Nanogels (NHs) are a type of polymer-based nanoparticles, composed of a three-dimensional network of polyelectrolyte
chains formed through physical entanglements and electrostatic interactions between opposite charges; among polymer-
based nanoparticles, NHs have gained interest due to the ease of preparation, the ability to encapsulate both hydrophilic and
hydrophobic drugs, and their large surface area and porous structure, which enable high encapsulation efficiency.** **

Chitosan (CH) is a natural mucopolysaccharide derived from the alkaline deacetylation of chitin, mainly obtained from the
exoskeleton of marine invertebrates.*>*® Both the physico-chemical properties and the bioactivity of CH are influenced by its
degree of deacetylation and molecular weight (MW). As a consequence of the deacetylation process, CH exhibits a cationic
nature and water solubility at acidic pH values, due to the protonation of its free amino groups. This feature is responsible for
many different properties, such as the formation of ionic interactions with a vast number of negatively charged molecules and
the capacity for enhancing permeation.*”** Moreover, it has been reported that CH is characterized by antioxidant activity,
strongly related to its MW: shorter CH chains have a lower tendency of forming intramolecular hydroxyl bonds, leading to
a higher availability of activated hydroxyl and amino groups that support the radical scavenging action.>*'

Chondroitin sulphate (CS) is a naturally occurring macromolecule classified as glycosaminoglycans (GAGs), char-
acterized by a net negative charge.’>™ It is extensively present in animal tissues extracellular matrix, holding a pivotal
role in preserving organ and tissue integrity. Due to its anti-inflammatory, antioxidant, and anti-apoptotic effects, it finds
widespread use for bone enhancement and dry eye treatment.>*>>

Given these premises, the present work is focused on the formulation development of NHs, composed of CS and low
MW CH (ICH) and loaded with an inclusion complex between B-CD and NAR (NAR/B-CD). Such NHs could be
administered by intravitreal injection as potential tool for the treatment of the retinal damage caused by oxidative stress
during the early stages of DR. In this context, to the best of our knowledge, it is the first time that NHs, composed of
polymers with well known antioxidant properties, have been proposed as NAR/B-CD delivery systems.

The NHs formation occurs throughout the polyelectrolytic complexation method between the cationic and anionic
sites of ICH and CS polymeric chains, respectively. Different experimental variables (ie the total polymer concentration,
the ICH:CS ratio and the pH values) were considered to obtain NHs in a size range useful to allow the diffusion through
the vitreous and the endothelial cellular uptake.>>~*>® NHs thus obtained were characterized in terms of particle size,
zeta potential, concentration and morphology; preliminary short-term stability studies were also performed. Finally, NHs
were evaluated in vitro for their biocompatibility and capability to be internalized by the cells using Human Umbilical
Vein Endothelial Cells (HUVEC). For the NAR/B-CD complex preparation, different process conditions in terms of
stirring time and reaction temperature were investigated. The NAR/B-CD complex was characterized for its morpholo-
gical properties, complexation efficiency and NAR water solubility. Finally, the best NH prototype was loaded with the
NAR/B-CD complex; NAR/B-CD-loaded NHs were evaluated in terms of particle size, zeta potential, loading capacity,
encapsulation efficiency and opacity. In vitro release test was carried out to investigate the capability of NHs to sustain
NAR release over time and the antioxidant activity of NAR/B-CD-loaded NHs was also evaluated using a DPPH assay.
Finally, in vitro analyses on HUVEC cell line were performed to assess the biocompatibility of the final NHs dispersions.

Materials and Methods

Materials

For NHs preparation, chitosan (ICH, deacetylation grade 75%—-85%, low molecular weight 50 kDa-190 kDa) and sodium
hydroxide were purchased from Sigma-Aldrich (Milan, Italy); bovine chondroitin sulphate sodium salt 100 EP (CS, low
molecular weight 14 kDa) was obtained from Bioiberica (Barcelona, Spain); glacial acetic acid was obtained from Carlo
Erba (Milan, Italy).
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For inclusion complex preparation, B-cyclodextrins (B-CD, 1135 g/mol) were provided by Giusto Faravelli S.p.A.
(Milan, Italy); naringenin (NAR, 272.275 g/mol) was purchased by Sigma-Aldrich (Milan, Italy); ethanol absolute
anhydrous was obtained from Carlo Erba (Milan, Italy).

Sigma Aldrich (Milan, Italy) was the supplier of all the materials used for in vitro studies on Human Umbilical Vein
Endothelial Cells (HUVEC): all-in-one ready-to-use medium (Endothelial cell growth medium, CM), trypsin-EDTA
solution, triazolyl blue tetrazolium bromide (MTT), dimethyl sulphoxide (DMSO), paraformaldehyde, tetramethylrho-
damine B isothiocyanate (TRITC), TRITON-X 100 (TX100), bisbenzimide 3342 trichloride (HOECHST 3342), phos-
phate buffered saline (PBS) and trypan blue.

Preparation of ICH/CS Nanogels

NHs prototypes were prepared through the polyelectrolytic complexation method.”” Briefly, two stocks solutions of low
molecular weight chitosan (ICH) and chondroitin sulfate (CS) were prepared in 0.1 M acetic acid under magnetic stirring
for 1 hour, at room temperature. Each solution was titrated to the desired pH value by progressive addition of 1 M NaOH,
using a pHmeter (Mettler Toledo, SevenCompact, Columbus, Ohio, USA). Thereafter, CS solution was continuously
extruded from a syringe with 25G needle into ICH one, maintained under vigorous and constant magnetic stirring for
10 minutes at room temperature. As reported in Table 1, different formulations (from N1 to N15) were prepared and three
experimental variables were considered: i) the total polymer concentration (calculated as the sum of ICH and CS
concentrations in the NHs dispersion), ii) the ICH:CS ratio (1.5:1, 3:1, 1:1 v/v) and iii) the pH value of the NHs
dispersion (5.5, 4.0, 3.0).>”"°* Different pH values were selected to investigate how pH-dependent alternations of the
degree of ionization and the charge density and distribution of the considered polymers (ICH and CS) could affect NHs
physico-chemical properties: in fact, it is well known that pH can modulate both the protonation of ICH and the
deprotonation of CS, thereby influencing their electrostatic interactions.

Table | Quali-Quantitative Composition (Expressed as mg/mL), ICH:CS Ratio (v/v) and pH Value of NHs

Formulation | Stock Solution Concentrations | Total Polymer Concentration | ICH:CS ratio (v/v) | pH
ICH Cs
NI | | | 1.5:1 5.5
N2 0.75 0.75 0.75 1.5:1 5.5
N3 0.5 0.5 0.5 1.5:1 5.5
N4 | | | 3 5.5
N5 0.75 0.75 0.75 3 5.5
Neé6 0.5 0.5 0.5 3 5.5
N7 | | | I:1 5.5
N8 0.75 0.75 0.75 I:1 55
N9 0.5 0.5 0.5 I:1 55
NI10 | | | 1.5:1 3
NIl 0.75 0.75 0.75 1.5:1 3
NI2 0.5 0.5 0.5 1.5:1 3
NI3 | | | 1.5:1 4
N4 0.75 0.75 0.75 1.5:1 4
NI5 0.5 0.5 0.5 1.5:1 4
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Characterization of ICH/CS Nanogels

Particle Size and Zeta Potential

NHs particle size and polydispersity index (PDI) were determined by dynamic light scattering (DLS) (Litesizer 500,
Anton Paar, Turin, Italy). PDI indicates the width of the size distribution ranging between 0 (monodisperse system) and
1. The analysis were realized at 20°C with automatic measurement angle. For each formulation, three samples were
analysed and, for each sample, three measurements were performed.

NHs zeta potential was investigated by electrophoretic light scattering (ELS) (Litesizer 500, Anton Paar, Turin, Italy);
the analysis was conducted at 20°C with 2 minutes of equilibration time, Smoluchowski approximation, 1.50 of Henry
factor, at 200 Volt. For each formulation, three samples were analysed and, for each sample, three measurements were
performed.

Preliminary Short-Term Stability Studies

The physico-chemical stability of NHs prototypes, in form of colloidal dispersion, was evaluated by DLS and ELS
analyses (Litesizer 500, Anton Paar, Turin, Italy) after storage at 4°C for 7 days. This stability study aimed to provide
evidence that NHs physico-chemical properties did not significantly varied within 7 days of storage at 4°C and, thus,
NHs could be used within that time for in vitro studies on cell models.

Nanoparticle Tracking Analysis

NHs prototype concentrations (particles/mL) were determined by nanoparticle tracking analysis using NanoSight Pro
(NSPRO, Malvern Panalytical Ltd., Malvern, United Kingdom), fitted with a NSPRO flow-cell top plate and a 488 nm
laser. The NanoSight sample pump was used in continuous flow with 1 mL syringes. NHs prototypes were diluted 1:1000
and 1:10,000 v/v in acetate buffer (namely 0.1 M acetic acid aqueous solution, then buffered with NaOH to a pH of 5.5)
immediately prior to analysis. All measurements were carried out at 25°C with a detection angle of 90° in triplicate.
A single analysis represented a fresh dilution of the stock NHs dispersion and consisted of three 29 ms video captures.
Results were analysed with the NS XPLORER software (Malvern Panalytical, Malvern, United Kingdom).

Morphological Analysis

NHs prototypes morphology was investigated by means of a scanning electron microscope (SEM; Phenom™ Pure
Desktop, Thermo Scientific, Waltham, Massachusetts, USA) and a transmission electron microscope (TEM; JEOL JEM-
1200 EX II microscope; CCD camera Olympus Mega View G2, with 1376 x 1032-pixel format, Tokyo, Japan).

For SEM analysis, NHs prototype dispersion was centrifuged with Hermle Z326K (Wehingen, Germany) at 8000 rpm
for 90 minutes at 20°C. Afterwards, the supernatant was removed and the remaining pellet, consisting of NHs prototypes,
were subjected to freezing at —20°C for 24 hours and subsequent sublimation for 48 hours (Heto Dryer, Analytica De
Mori, Milan, Italy). The freeze-dried NHs prototypes were thus placed on a steel stub and made conductive by the
deposition of 10 nm of graphite under vacuum (sputtering). Images were obtained at low voltage, in high vacuum, at
room temperature and at different magnifications (35 kX and 15 kX).

For TEM analysis, 10 pL of each NHs dispersion diluted 1:100 v/v in acetate buffer (pH = 5.5) were placed on TEM
grids (formvar/carbon 300-mesh Cu, Agar Scientific, Monterotondo, Italy). Before the analysis, 10 uL of 2% v/v
phosphotungstic acid aqueous solution (Sigma-Aldrich, Milan, Italy) were applied on the sample for 1 minute to provide
contrast for better visualization of NHs prototype.®® The analysis was performed with an acceleration voltage of 100 kV
at room temperature; images were obtained at two different magnifications (40 kX and 100 kX).

FITC-Dex Encapsulation Efficiency Calculation

NHs prototypes were loaded with fluorescein isothiocyanate-dextran (FITC-dex, Sigma-Aldrich, Milan, Italy) as

a fluorescent probe. Briefly, FITC-dex was added to ICH solution to reach a concentration equal to 1 mg/mL. FITC-

dex-loaded NHs (NH@FITC-dex) were prepared as previously described in section “Preparation of ICH/CS nanogels”.
A known volume of NH@FITC-dex NHs dispersion was centrifuged (8000 rpm for 90 minutes at 20°C); the

fluorescence of the supernatant containing non-encapsulated FITC-dex (free FITC-dex) was measured by means of multi-

mode microplate reader (FLUOstar Omega Microplate Reader, BMG LabTech, Ortenberg, Germany) at A= 490 nm and
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Aem= 520 nm. Supernatant FITC-dex concentration was determined by using a calibration curve obtained by preparing
standard FITC-dex solutions at known and increasing concentrations (0.1-1 mg/mL) in acetate buffer (pH = 5.5). Once
quantified the amount of free FITC-dex into the supernatant (W), the encapsulation efficiency (EE%) was calculated
by the following equation:

Wen
EE% = e * 100

where W, was the initial amount of FITC-dex added to the NHs dispersion and W,,, was the amount of FITC-dex loaded
into the NHs (Wo-Wiee). All experiments were carried out in triplicate.

Cytotoxicity Test

The cytotoxicity of NHs prototypes was assessed on HUVEC cells, which are widely used in the literature to demonstrate
stimulation-dependent angiogenesis and key endothelial cell signaling pathways involved in diabetic retinopathy.®* ¢ Cells
(p7-p10) were cultured in polystyrene flasks in CM and incubated at 37°C in 5% CO, atmosphere and 95% of relative
humidity (RH). Next, 100 uL of cell suspension was seeded in 96-wells plate (25,000 cells/mL); after 24 hours, 100 uL of
NHs dispersions, diluted in CM at 1:10, 1:25, 1:50 and 1:100 v/v, were introduced in each well and left in contact with cells
for 24 hours. Finally, a MTT assay was performed to evaluate NHs cytotoxicity. Briefly, after removal of samples and
rinsing each well with PBS, 50 uL of MTT (1 mg/mL) in PBS and 100 pL of CM were added to each well and incubated for
3 hours (37°C, 5% CO,, 95% RH). Subsequently, 100 uL of DMSO, used as solubilizing agent, was added to each well, in
order to promote the complete dissolution of formazan crystals, obtained from MTT dye reduction effected by mitochon-
drial dehydrogenases of living cells. The solution absorbance was measured by means of a Synergy HT spectrophotometer
(BioTek Instruments, Winooski, Vermont, USA) at 595 nm wavelength, after 10 min of shaking. Results were expressed as
% cell viability by normalizing the absorbance measured after contact with each sample with that measured after contact

with CM alone, used as reference. Six replicates were performed for each sample.

Cellular Uptake

Cells were plated (60,000 cells/well) on microscope glass coverslips (22x22 mm) and treated for 3 hours with
NH@FITC-dex NHs diluted 1:25 v/v with CM or with CM alone as control. Subsequently, cells were washed with
PBS and treated with 1 mL of 4% v/v paraformaldehyde solution for 20 minutes. After washing with PBS, cells were
permeabilized with 0.1% v/v TX100 for 15 minutes at room temperature, rinsed with PBS and then, stained for actin
fibers with 50 pL of TRITC solution (50 pg/mL) for 45 minutes at room temperature in the dark. After rinsing with PBS,
cells were stained for DNA with Hoechst 33342 solution (0.1 pg/mL) for 10 min at room temperature in the dark. After
rinsing with PBS, samples were observed using a Confocal Laser Scanning Microscope (CLSM, Leica TCS SP2, Leica
Microsystems, Buccinasco, Italy) with .= 490 nm and A.,= 520 nm for FITC-dex, A= 361 nm and A.,= 497 nm for
Hoechst 33342, and A.,= 514 nm and A.,= 580 nm for TRITC. The acquired images were processed with a software
associated with the microscope (Leica Microsystem, Buccinasco, Italy).

Preparation of NAR/B-CD Complexes

NAR/B-CD complexes were prepared according to the co-precipitation method starting from two stock solutions of
naringenin (NAR) and B-CD, prepared in absolute ethanol (EtOH) and in MilliQ water, respectively (Figure 1). In detail,
NAR solution (2.5 mm) was added to p-CD one (0.625 mm), under mild magnetic stirring (1:1 molar ratio) (1);*"-¢®
different reaction conditions, in terms of stirring time and reaction temperature (2), were investigated (Table 2).
Subsequently, the solvent was evaporated through vacuum rotary evaporator (Laborota 4000-efficient, Heidolph,
Germany) (3). In order to obtain an easy-to-handle powder, the product was rinsed with MilliQ water (4) and filtered
with MF-Millipore® 1.2 pum (Sigma-Aldrich, Milan, Italy) in order to remove the uncomplexed NAR (5). Finally, MilliQ
water containing NAR/B-CD complex was subjected to freezing at —20°C for 24 hours and subsequent sublimation for

48 hours (NAR/B-CDlyo) (6) (Heto Dryer, Analytica De Mori, Milan, Italy).
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Figure | Schematic representation of NAR/B-CD complex preparation: () addition of NAR solution to B-CD solution; (2) magnetic stirring of the mixture at 60°C; (3) solvent
evaporation through vacuum rotary evaporator; (4) rinsing of the product obtained with MilliQ water and subsequent filtration to remove the uncomplexed NAR (5); (6) freeze-drying
of the obtained NAR/B-CD complex.

Characterization of NAR/B-CD Complexes

NAR/B-CD Comeplexation Efficiency Calculation

The NAR/B-CD complexation efficiency (CE%) was determined by spectrophotometric analysis using a UV-visible
spectrophotometer (Perkin Elmer Instruments, Lambda 25, Madrid, Spain): the absorbance of NAR/B-CD solution
(obtained after solubilization of a certain NAR/B-CDlyo amount in a known volume of MilliQ water) was measured at
288 nm wavelength, using a quartz cell. In order to quantify the amount of NAR within the NAR/B-CD complex
solution, a calibration curve (r*= 0.9989) was obtained by preparing NAR standard solutions at known and increasing
NAR concentrations (0.0025-0.035 mg/mL). Subsequently, the CE% was calculated according to the following
equation:

Wiary

CE% = * 100

NARO

where Wyars was the amount of NAR within the NAR/B-CD complex and Wyaro was the initial amount of NAR
powder used for the complex preparation. All experiments were carried out in triplicate.

Morphological Analysis

The morphology of NAR/B-CDlyo, as well as that of NAR alone, B-CD alone and the physical mixture 1:1 w/w of
the two powders (mixNAR B-CD) as references, was investigated by means of SEM (Phenom™ Pure Desktop,
Thermo Scientific, Waltham, Massachusetts, USA). The powders were previously fixed on a stub using double-sided
adhesive tape and images were obtained at high voltage, in high vacuum, at room temperature and at a magnification
of 2500X.

Table 2 Reaction Conditions Investigated for NAR/-CD Complex

Preparation

NAR/B-CD | EtOH | H,0 | EtOH:H,0 (viv) | T (°C) | Time (h)
' 4 - - 25 24

2 v - - 25 24

3 v v 1:4 25 24

4 - v - 25 24

5 v v 1:4 60 0.5

6 v v 1:4 60 |

7 v v 1:4 60 6
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Water Solubility Evaluation

The water solubility of NAR/B-CD, mixXNAR B-CD and NAR (theoretical NAR amount within NAR/B-CDlyo) was
measured after stirring for 24 h at room temperature, throughout UV-visible spectrophotometer in a wavelength range of
220-400 nm (Perkin Elmer Instruments, Lambda 25, Madrid, Spain); B-CD was used as blank.**®’ After the measure-
ment of the absorbances (A) of each solution at 288 nm, the increase of water solubility % of NAR/B-CD as compared to
mixXNAR B-CD and NAR, was respectively calculated according to the following equations:

A _
ASY, = ZNAR/B=CD 100
NAR
A _
AS% :M* 100

AmixNAR_—CD

All the experiments were carried out in triplicate.

X-Ray Diffractometry

X-ray diffraction analysis (XRD) on NAR/B-CD, mixNAR B-CD, B-CD and NAR were carried out on a Cu-anode
Bruker AXS D8 instrument working in 8-0 geometry and equipped with a scintillator detector. Scans were performed in
the 10-90° range, with a step size 0.02° and a counting time of 8§ s/step.

Preparation of ICH/CS Nanogels Loaded with NAR/B-CD Complex

NHs prototypes loaded with NAR/B-CD (NH@NAR/B-CD) were obtained through the same procedure described in
section “Preparation of ICH/CS nanogels”, previously dissolving the NAR/B-CDlyo into CS solution under magnetic
stirring at room temperature, as illustrated in Figure 2.

Characterization of NH@NAR/B-CD Nanogels

Particle Size and Zeta Potential

NHs particle size, polydispersity index (PDI) and zeta potential were investigated by dynamic light scattering (DLS) and
electrophoretic light scattering (ELS) (Litesizer 500, Anton Paar, Turin, Italy) as previously reported in section “Particle
size and zeta potential”.

Encapsulation Efficiency and Loading Capacity Calculation

The encapsulation efficiency of NH@NAR/B-CD was evaluated by centrifugating the NHs dispersion (see section
“FITC-dex encapsulation efficiency calculation”) and measuring the supernatant absorbance by means of UV-visible
spectrophotometer (Perkin Elmer Instruments, Lambda 25, Madrid, Spain) at 288 nm wavelength. A calibration curve
was obtained as reported in section “NAR/B-CD complexation efficiency calculation”. Once determined the amount of

(==

c

NAR/B-CD

| oS

NAR/B-CD g CS solution + S g
+ \ f\\

; Ny

—| €S in acetic acid 0.1M 7 ’

= G/i pH = 5.5 (NaOH 1M) ———t ICH solution

n-

Figure 2 Schematic representation of NH@NAR/B-CD preparation method.
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free NAR/B-CD in the supernatant, the EE% and the loading capacity (LC%), were calculated by the following
equations:

WxaR/p—cDlyo — WieeNAR/s—CD .

EE% = 100

WfreeNA R/B—CD

WNAR//)’—CDlyo - WfreeNAR/ﬂ—CD %

LC% = 100

WNHGNAR/p—CD

where Wyxar/g-cpiyo Was the initial amount of NAR/B-CDlyo added to the NHs preparation, Wgeenarp-cp Was the
amount of free NAR/B-CD in the supernatant and Wxn@narp-cp Was the total weight of the NHs loaded with the
complex. All experiments were carried out in triplicate.

Opacity Determination

In order to investigate the opacity of NHs dispersion after intravitreal injection under in vivo dilution condition, samples
were diluted 1:80 v/v’® in simulated vitreous fluid (SVF) prepared as described by Sapino and co-workers.”' Briefly, 2
stocks solution of 0.75% w/v hyaluronic acid (HA, 1.7 MDa, Silk-Biomaterial, Italy) and 0.4% w/v agar (Sigma-Aldrich,
Italy) were prepared in MilliQ water at 60°C under magnetic stirring. Such solutions were then mixed 1:1 v/v by means
of Ultraturrax™ T25 easy clean digital (IKA, China) for 5 minutes at room temperature. The opacity of NH@NAR/B-CD
was determined from absorbance measurements (A) conducted in a wavelength range of 400-850 nm by means of
a spectrophotometer (Perkin Elmer Instruments, Lambda 25, Madrid, Spain) and expressed as transmittance (T%)
according to the equation:

T% = e % 100

The analysis was realized in triplicate.

In vitro NAR Release Test

3 mL of NH@NAR/B-CD was placed in dialysis cassettes (Slide-A-Lyzer™ G3 Dialysis Cassettes, SK MWCO, 3 mL,
Thermo Scientific, Milan, Italy) and immersed in 200 mL of SVF (hereafter “dialysis medium”), under magnetic stirring
at 37°C for 72 hours. At fixed time endpoints (15 min, 30 min, 1h, 2h, 4h, 8h, 24h, 48, 72h), 3 mL of dialysis medium
was collected and replaced with the same volume of fresh SVF, maintained at 37°C. NAR concentration in the dialysis
medium was quantified by spectrophotometric method, as previously reported in “NAR/B-CD complexation efficiency
calculation”. In order to quantify the amount of NAR released, a calibration curve (r* = 0.9947) was obtained by
preparing NAR standard solutions at known and increasing NAR concentrations (0.005-0.1 mg/mL). For each NHs
dispersion, three replicates were prepared and, for each replicate, three measurements were performed.

Antioxidant Properties

NH@NAR/B-CD collected after centrifugation and redispersed in acetate buffer (pH = 5.5), empty NHs dispersion,
NAR/B-CDlyo aqueous solution and p-CD aqueous solution were subjected to DPPH assay.”” Samples were prepared
considering the amount of NAR theoretically encapsulated in NH@NAR/B-CD. Each sample was added 1:1 v/v to
a DPPH (Sigma-Aldrich, Madrid, Spain) methanol solution (300 uM) and each mixture was kept for 30 minutes in the
dark. Mixture absorbance was measured by means of multi-mode microplate reader (FLUOstar Omega Microplate
Reader, BMG LabTech, Ortenberg, G) at 517 nm wavelength. NAR ethanol solution diluted 1:1 v/v with DPPH methanol
solution and DPPH methanol solution diluted 1:1 v/v with methanol were respectively used as positive and negative
controls. Samples not diluted with DPPH methanol solution were used as blanks. The results were expressed as radical
scavenging activity percentage (RSA%), as follows:

Agumsic — Abjan
RSA% = 1 — Zsample — Thlank )

Acontrol
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where Ag,mpie Was the absorbance of the sample after 30 minutes of incubation with DPPH methanol solution, Apjanx Was
the absorbance of the sample not diluted with DPPH methanol solution and A q,¢01 Was the absorbance of DPPH diluted
1:1 v/v with methanol. Six replicates were performed for each sample.

Cytotoxicity Test

The cytotoxicity of NH@NAR/B-CD, diluted 1:10, 1:25, 1:50 ¢ 1:100 v/v in CM, was assessed on HUVEC cells
performing an MTT assay; empty NHs prototypes and NAR/B-CD complex were investigated at the same dilutions and
used as references (section “Cytotoxicity test”).

Statistical Analysis

Whenever possible, experimental values of the various types of measurements were subjected to statistical analysis,
carried out by means of the statistical package GraphPad Prism version 10.1.1. (207) (GraphPad Software, USA). In
particular, one-way ANOVA followed by Tukey’s multiple comparisons test, Dunnett’s multiple comparisons test were
carried out; an unpaired 7-test was also carried out.

Results and Discussion

NHs Preparation and Characterization

The polyelectrolytic complexation represents a safe and environmentally friendly method for producing nano-scale drug
delivery systems: it is based on the spontaneous pairing of polyanions and polycations when mixed in aqueous
environments, without the need for organic solvents, chemical cross-linkers, or surfactants.”>~’> The use of polysacchar-
ides further contributes to the safety and the sustainability of this method, since they are widely recognized for their lack
of toxicity and biodegradability.”® Several factors play a crucial role in the polyelectrolytic complexation: degree of
ionization of each polyelectrolyte, along with their charge density and distribution on polymer chains, concentration and
molecular weight (MW) of polyelectrolytes, type of ionic groups on polymer chains, flexibility of polymer chains, ratio
and sequence of mixing of polyelectrolytes, time and temperature of interaction, in addition to the pH and the ionic
strength of polyelectrolyte solutions.””””®

The MW of the polymers involved in the polyelectrolytic complexation could strongly affect both the size and the
polydispersity index of the nanoparticles obtained. In particular, shorter polyelectrolyte chains, characterized by higher
mobility, tend to produce colloidal dispersion with lower polydispersity, suggesting their ability to form more compact
nanostructures.”*’*®! Additionally, in the present work, a low MW CH was preferred since it was proved that shorter
CH chains have a lower tendency of forming intramolecular hydroxyl bonds, leading to a higher availability of activated
hydroxyl and amino groups that support the radical scavenging action.’®>'

It is well known that the pH is responsible for the ionization degree of the polyanions and polycations involved in the
formation of the colloidal complexes, especially if weak polyelectrolytes. Therefore, to ensure a proper ionization of their
polymer chains and, thus, their subsequent complexation, the pH should be maintained within the range defined by the
pKa values of the polyelectrolytes involved.”**?

In addition to pH, the polyelectrolyte concentration and the mixing ratio are key factors to allow NHs formation and
to avoid their aggregation. In particular, the use of diluted polymeric solutions enhances the formation of NHs that are
more evenly distributed in the final colloidal dispersion; in contrast, higher concentrations can lead to polymer chains
overlap, resulting in the formation of larger nanoparticles.*> A polyelectrolyte charge ratio different from 1 permits the
production of NHs with a neat surface charge corresponding to the one of the polyion in excess, thus promoting NHs
charge repulsion.””"®

In the present work, the polyelectrolytic complexation was used to prepare NHs from two stock solutions of ICH and
CS. Using the same experimental conditions in terms of stirring speed, time and temperature, the effect of several
experimental variables, such as the total polymer concentration ([total polymer]), the polyelectrolyte ratio (ICH:CS ratio)
and the pH value of the colloidal dispersion, was investigated on NHs particle size and surface charge. In particular,

Figure 3 reports the effect of these variables on the hydrodynamic diameter and the zeta potential of NHs obtained.
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Figure 3 Hydrodynamic diameter and zeta potential values of ICH/CS nanogels (mean value * s.d.; n=3). ANOVA one-way; MRT (P value < 0.05): (A) Hydrodynamic
diameter: a vs b,c; b vs ¢; Zeta potential: a vs ¢; b vs c. (B) Hydrodynamic diameter: a vs a”; a’ vs a”; b vs b’, b”; b’ vs b”; c vs ¢”; ¢’ vs ¢”; Zeta potential: a vs a’, a”.
(€) Hydrodynamic diameter: a vs a’, a”; a’ vs a”; b vs b’, b”; b’ vs b”; c vs c’, ¢”; ¢’ vs ¢”; Zeta potential: a vs 2, a”; 2’ vs a”; b vs b, b”; b’ vs b”; c vs ¢, ¢”; ¢’ vs ¢”.

In detail, Figures 3A reports the hydrodynamic diameter and the zeta potential of N1-N3, prepared maintaining
constant the ICH:CS ratio (1:1.5 (v/v)) and the pH value (5.5), and varying the [total polymer] (1, 0.75, 0.5 mg/mL).57 It
can be observed that a reduction of the [total polymer] leads to a statistically significant decrease of NHs size (from
0.532 um for N1 to 0.265 pum for N3), suggesting that the presence of fewer polymeric chains could enable their
rearrangement and cross-linking into smaller nanostructures. Such results are corroborated by several studies described in
the literature concerning the design and the development of chitosan-based nanogels obtained through ionotropic gelation
and polyelectrolyte complexation methods.®*®’

The decrease of the [total polymer] does not result in a consistent variation of the zeta potential values, which remain
close to +20 mV. Such result could be explained by the prevalence of the positive charges (protonated amine groups of
ICH) over the negative ones (deprotonated sulfonic groups of CS), as expected from the mixing ratio equal to 1:1.5 (v/v).

Figure 3B shows the effect of the experimental variable ICH:CS ratio on the NHs hydrodynamic diameter and zeta
potential. Maintaining constant the pH value (5.5), N7-N9 and N4-N6 were prepared at the same [total polymer] used for
N1-N3 (1, 0.75, 0.5 mg/mL), though varying the ICH:CS ratios (1:1 (v/v) for N7-N9; 1.5:1 (v/v) for N1-N3; 3:1 (v/v) for
N4-N6). The graph highlights that ICH:CS ratios equal to 1.5:1 (v/v) and 1:1 (v/v) are responsible for the production of
NHs with smaller hydrodynamic diameter with respect to N4-N6 (3:1 (v/v)); no statistically significant differences occur
between N1-N3 and N7-N9 series. The reduction of the hydrodynamic diameters, observed for formulations N7-N9 and
N1-N3 in comparison with N4-N6, may be attributed to the difference in the MW between ICH (90-150 kDa) and CS (14
kDa), resulting in a higher abundance of positive charged amine groups compared to negative charged sulfonic groups.
Consequently, a higher concentration of ICH (3:1 v/v ratio) at the considered pH value of the colloidal dispersion results
in a greater number of positive charges, which produces a higher charge repulsion and, thus, a less densely packed
polymeric network.®® Moreover, all the formulations reported in Figure 3B are characterized by positive zeta potential
values (between +15 mV and +20 mV): an abundance of positive charged amino groups with respect to the negative
charged sulfonic groups, as provided by ICH:CS ratios equal to 1.5:1 (v/v) or 3:1 (v/v), generates a neat positive charge
on NHs surface. As for N7-NO series, a slight decrease of zeta potential values is probably due to a ICH:CS ratio equal to
1:1 (v/v), that leads to a reduction of the number of the positive charged amino groups with respect to the one of N1-N3
and N4-N6 series; nevertheless, N7-N9 surface charge remains positive as a consequence of the difference in MW
between ICH and CS.*%%

Finally, Figure 3C shows the hydrodynamic diameter and the zeta potential of N10-N12 and N13-N15, which were
prepared at the same [total polymer] used for N1-N3 (1, 0.75, 0.5 mg/mL), maintaining constant ICH:CS ratio (1:1.5 (v/v)),
though varying the pH values (pH = 5.5 for N1-N3; pH = 4.0 for N13-N15; pH = 3.0 for N10-N12). The graph highlights the
crucial role of the pH on both NHs hydrodynamic diameter and zeta potential, which are both increased as the pH value
decreases (up to values of 2.11 pm and +40 mV). As the pH value decreases, the amine groups on ICH chains become

increasingly protonated; consequently, the higher density of positive charges on ICH chains leads to a stronger electrostatic
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Table 3 Hydrodynamic Diameter and Zeta Potential of N3 and N9 Prototypes (mean values * s.d.; n=3)

Prototypes | [Total Polymer] (mg/mL) | ICH: CS ratio (v/iv) | pH Hydrodynamic Diameter (um) | Zeta Potential (mV)

N3 0.5 1.5:1 55 0.265 + 0.017 +15.43 + 3.81

N9 0.5 I:1 55 0.275 + 0.005 +15.43 + 1.82

repulsion between the chains themselves. Such mutual repulsion prevents the chains from packing closely together, causing
the formation of polymer network characterized by a more open structure.”®’’

In order to allow NHs to reach the retina after intravitreal injection, they should be characterized by a hydrodynamic
diameter lower than 350 nm.>® In addition, nanoparticles with smaller size have been reported to be characterized by an
increased residence time after injection. Sakurai et al demonstrated that, after injection of nanospheres with different
sizes (2 um, 200 nm and 50 nm) into the vitreous cavity of pigmented rabbit eyes, the half-life of the nanospheres
increased as their size decreased.”” Moreover, some evidence in the literature reports that NSs presenting a positive
surface charge are able to undergo the cellular uptake process: cationic nanoparticles tend to electrostatically interact with
the negatively charged plasma membrane and to accumulate within the cells.”>** Therefore, after drug loading in NSs,
there is an improvement in the drug targeting at the action site and, consequently, an enhancement of the therapeutic
efficacy.*

According to DLS and ELS results, the best NHs prototypes for the intended purpose of the work, that consists of the
development of drug-loaded NHs able to undergo endothelial cellular uptake, are N3 and N9, whose characteristics are
reported in Table 3.

Alterations in NHs physico-chemical properties could be correlated to NHs hydrolytic degradation and, thus, could
affect NHs behavior during in vitro experiments; in particular, it is well known in the literature that modifications in
particle size and surface charge could alter nanoparticle cell uptake.’® Therefore, a preliminary evaluation of the physico-
chemical stability of the two most promising NH prototypes was carried out by monitoring their hydrodynamic diameter,
PDI and zeta potential after storage for 7 days at 4°C. Figure 4 reports that no statistically significant differences, in terms
of hydrodynamic diameter, PDI and zeta potential, are reported between fresh NHs prototypes (t0) and NHs prototypes
after 7 days at 4°C (t7), confirming their storage stability as colloidal dispersion.

The stability of colloidal dispersions relies on nanoparticle surface charge. High zeta potential values guarantee an
electrostatic repulsion between nanoparticles, whereas low zeta potential values could lead to aggregation phenomenon.”®
Both N3 and N9 presented positive surface charge and the resulting values are close to those reported for CH nanoparticles
realized by Ribeiro and co-workers and for CH and sodium tripolyphosphate nanoparticles of Pereira et al’”*® Additionally,
the stability of colloidal dispersions can be strongly influenced by the presence of structural hydration layers formed by water

B N3 [EI N9
A) o3- B) 30- C) 20-
= s
E 2] 20- E
5 5 3
g = 3
& 0.1 10 ]
a N
0.0- 0-
10 t7 10 t7 t0 t7

Figure 4 Hydrodynamic diameter (A) PDI (B) and zeta potential (C) values at t0 and t7 days of N3 and N9 prototypes (mean value * s.d.; n=3). ANOVA one-way; T test (p <0.05).
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molecules on the NHs surfaces. These hydration layers could avoid aggregation phenomena through two mechanisms: steric
hindrance, which physically prevents close interactions between nanoparticles, and electrostatic repulsion, which alters
surface charge distribution.””

NTA was used to determine number-weighted sizes and concentrations of the two most promising NHs prototypes.
The concentrations of N3 and N9 were equal to 2.17 x 10'? and 9.32 x 10' respectively (Figure 5); such difference
(amounting to two orders of magnitude) suggested that, although N3 and N9 protypes contained the same [total polymer]
and were characterized by the same pH value, the optimal ICH:CS ratio for NHs preparation was 1.5:1 (v/v), namely the
condition at which there was a neat surface charge corresponding to the one of the polyion in excess.””’®

Moreover, NTA revealed that the 98.89% of NHs constituting N3 prototype were characterized by a hydrodynamic
diameter lower than 350 nm, whereas for N9 prototype this fraction was equal to 74.90% (Figure 5).

As for N9 prototype, it can be noticed that the hydrodynamic diameter values determined by DLS analysis and NTA
were almost superimposable (approximately 0.275 pm for DLS and 0.286 pm with NTA); on the contrary, for N3
prototype, the results obtained with the two techniques were consistently different (approximately 0.265 um for DLS and
0.111 um with NTA). The observed discrepancy between DLS and NTA results could be attributed to the different
sample dilution and the detection principles of the two techniques. NTA required a significant sample dilution (1:10,000
for N3 and 1:1000 for N9 in acetate buffer, pH = 5.5), whereas DLS was performed on the sample as such. During DLS
analysis, the presence of particles with larger size or higher particle concentrations could hinder an accurate size
determination of the population of smaller particles leading to an overestimation of the average hydrodynamic diameter,
such in the case of N3. Conversely, NTA tracks and sizes individual particles in a diluted sample, reducing the influence
of high scattering intensities from larger particles. At the lower concentration of N9 (10' particles/mL), the scattering
events in DLS are less dominated by larger particles, resulting in size more consistent with NTA.'% In a recent work,
McComiskey et al reported the same discrepancy between DLS and NTA measurements for azole anti-fungal nano-
dispersions.'”!

Videos S1 and S2, presenting the visualization of both N3 and N9 prototypes at the dilutions of 1:10,000 and 1:1000
respectively, are provided. Such videos allow a comprehensive observation of nanoparticle behavior when dispersed in an
aqueous medium, also in terms of dynamic tracking and size distribution.

Figure 6 shows SEM images (A), obtained upon NHs freeze-drying, and TEM micrographs (B), acquired after NHs
dilution 1:100 v/v in acetate buffer (pH = 5.5) and subsequent staining with phosphotungstic acid, of N3 and N9. In
Figure 6A, it can be observed that both prototypes are characterized by a non-completely spherical shape and
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Figure 5 Average size distribution of N3 (dil 1:10,000) and N9 (dil 1:1,000) prototypes.
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A)

Figure 6 SEM images (A) at two different magnifications (10.0 kX and 20.0 kX) of freeze-dried prototypes N3 and N9; TEM micrographs (B) at two different magnifications
(50 kX and 100 kX) of evaporated prototypes N3 and N9 diluted 1:100 and stained with phosphotungstic acid for | minute.

a heterogeneous morphology, probably due to NHs aggregation during freeze-drying. Such results were confirmed by the
literature: Feyzioglu and Tornuk reported the same aggregation phenomenon for CH-based nanoparticles, as well as
Waiprib and coworkers for CS/CH nanoparticles.'®>'% In Figure 6B, it is shown that the two NHs prototypes were
nearly spherical with a more homogeneous morphology. The difference between TEM and SEM images could be
explained by the different sample preparation methods used (NHs freeze-drying as such for SEM; NHs dilution 1:100 v/v
and drying for TEM), in accordance with other evidence reported in the literature.”’'** Moreover, the NHs prototypes
dimensions measured on SEM and TEM images (70-100 nm; Image]™ software) are smaller than the mean hydro-
dynamic diameter determined by DLS. This behavior could be explained since during DLS analysis, NHs were dispersed
in an aqueous medium and, thus, in swollen state, instead for SEM/TEM analysis NHs were analyzed in dry state; the
absence of the solvent from NHs dispersion results in a reduction of the mean diameter. Similar observations were
reported in the works of Valentino et al concerning the development of alginate-spermidine NHs, and Esmaeili and
Asgari, who produced chitosan nanoparticles.®®'%3

Cytotoxicity effect and cellular uptake of N3 and N9 prototypes were evaluated on endothelial cells. Indeed, DR
is primarily a microvascular disease, and endothelial dysfunctions may even precede neurodegeneration.'®®
Specifically, HUVEC cells are extensively employed as a cellular model in retina research to explore various
aspects ranging from angiogenesis to degeneration.'?”'°® Moreover, HUVEC cells are a fully characterized cellular
model, exhibiting the same marker expression as the retinal microvascular endothelial cells and responsiveness to
VEGF and other growth factors. In addition, HUVEC seem better suited for establishing models intended for long-
term studies, while commercially available retinal endothelial cells maintain their phenotype for only a few
passages.'?%'10

Results of the toxicity test are reported in Figure 7 as the percentage of the cell mitochondrial activity, evaluated
through MTT assay after 24 hours of cell contact with different dilutions of NHs in CM. In the adopted experimental
conditions, both N3 and N9 prototypes were biocompatible at all the tested concentrations since characterized by
mitochondrial activity % values not statistically different from that observed for CM. Indeed, a tested product is
considered to have a cytotoxic potential only when the cell viability decreases below 70% in comparison to the control
group.''" As regarding to N3, a kind of bell-shape dose-response curve can be observed, with an increase in mitochon-
drial activity % after dilution 1:25 v/v in CM; this profile is not uncommon when testing the effect of colloidal drug

formulation on biological substrates.''*'"?
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Figure 7 Mitochondrial activity % values calculated for N3 (A) and N9 (B) prototypes after dilution 1:10, 1:25, 1:50, 1:100 v/v in CM. CM was used as reference (mean
values * s.d.; n = 6). ANOVA one-way; Dunnett’s test (p <0.05).

Considering NTA results that highlight a higher NHs concentration for N3 and its proved biocompatibility, N3 was
selected as the best NH prototype to be further characterized.

In particular, the capability of N3 to be internalized into HUVEC cells was appreciated throughout CLSM analysis.
For this purpose, N3 prototype was loaded with FITC-dex as fluorescent probe and the EE% of NH@FITC-dex was
calculated, resulting equal to 67.67%.

Before testing, NHs prototypes stability upon dilution in CM was assessed (Supplementary data; Figure 1S).

Figure 8 shows CLSM images of untreated cells (A) as compared to those put in contact for 3 hours with NH@FITC-
dex at a dilution of 1:25 v/v in CM (B). Figure 8B highlights the presence of NHs (marked in green) within the cell
cytoskeleton (marked in red), confirmed also by the orthogonal projection view and Z-stack images (Supplementary data;
Figure 2S); no green fluorescence is observed in the untreated cells image (A). Such results suggest that N3 prototype

A) B)

Figure 8 HUVEC cellular uptake studies by means of confocal microscopy on N3 diluted 1:25 v/v (B) as compared to the untreated control (A). Green: FITC-dex (Aex= 490
nm) loaded into N3; blue: Hoechst dye (Aex= 361 nm/ Ae,= 497 nm) specific for nuclei staining; red: TRITC (Ae,= 514 nm and A= 580 nm) for actin fibers staining.
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Table 4 CE% Values of Each Experimental Set
Up of NAR/B-CD Preparation (mean value *

s.d.)
Sample Time (h) | T (°C) | CE%
NAR/B-CD | 24 25 25.20
NAR/B-CD 2 24 25 8.26
NAR/B-CD 3 24 25 19.00
NAR/B-CD 4 24 25 15.11
NAR/B-CD 5 0.5 60 28.80
NAR/B-CD 6 | 60 33.71
NAR/B-CD 7 6 60 71.13

shows the capability to be internalized into HUVEC cells and, thus, should allow the direct targeting of retinal
endothelial cells.

Preparation and Characterization of NAR/B-CD Complex
NAR/B-CD complex was prepared according to the co-precipitation method, one of the most simple and efficient method
used for the preparation of inclusion complexes between CDs and water insoluble active molecules.''® Such complex is
intended to be loaded into NHs prototype due to its antioxidant properties useful in the treatment of the early stages of DR.

Two reaction conditions, namely reaction time and temperature, were investigated and, for each experimental set up,
CE% was calculated after spectrophotometric analysis. The results reported in Table 4 show that the NAR/B-CD complex
formation was favored at 60°C in respect to 25°C. CE% value, obtained after 6 h of reaction at 60°C, is similar to those
reported in the work of Semalty and co-workers, which prepared inclusion complexes between NAR and B-CD;''*
moreover, an increase of CE% value was associated with an increase in the reaction time, as observed in other
studies.''>!1¢

Figure 9 shows the SEM micrographs of NAR/B-CDlyo (A) and mixNAR B-CD (B) (namely NAR/B-CD after the
freeze-drying process and physical mixture of NAR and B-CD); NAR (C) and B-CD (D) are used as references. In
particular, NAR and B-CD powders are characterized by a well defined morphology; NAR shows a needle shape, while
B-CD appears in the form of compact blocks with an uneven and irregular surface (Figure 9C and D). In Figure 9B, for
mixXNAR [-CD, it is possible to observe the coexistence of both specimens with unchanged morphologies; in Figure 9A,
it is possible to appreciate a compact and homogeneous plate-like structure, quite different from the sizes and shapes of
NAR and B-CD (Figure 9C and D), which confirms the formation of NAR/B-CD complex. These differences in
morphology and dimensions are similar to those reported in the works of Semalty et al and Yang and co-workers for

NAR, B-CD, their physical mixture and complex and could be considered as a proof of the occurred complexation.®''*

Figure 9 SEM images at magnification of 2500 X of NAR/B-CDlyo (A) and NAR@B-CD (B), NAR (C), B-CD (D).
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Figure 10 Absorption spectra in the range of 220—400 nm of NAR/B-CDlyo, mixNAR_B-CD, NAR, and B-CD.

In order to prove the increase of NAR water solubility when complexed with B-CD, a quantitative investigation of the
water solubility of NAR/B-CDlyo as compared to NAR and mixXNAR B-CD was carried out by a spectrophotometric
method.

As illustrated in Figure 10, NAR, mixXNAR B-CD and NAR/B-CDlyo present the characteristic absorption peaks of
NAR at 288 nm; as expected, the NAR aqueous solution shows the lowest absorbance curve, suggesting that a small
amount of NAR dissolves in water. An addition of B-CD leads to an enhancement of the NAR dissolution in water and,
consequentially, of the NAR absorbance profile, equal to 87.78% as compared to NAR; the highest absorbance value is
associated with the NAR/B-CDlyo solution, which confers an improvement of NAR water solubility of 305.44% in
comparison with NAR, and of 115.91% with mixNAR_B-CD. Such results could be explained since the formation of the
inclusion complex that occurs in water, which is responsible for the increase in NAR water solubility, is based on
a dynamic equilibrium between the complexed form NAR/B-CD and the free species NAR and B-CD; the main driving
forces of this dynamic equilibrium are reported to be release of enthalpy-rich water molecules from the cavity and
hydrophobic interactions.''*"'” Once the NAR molecules are added to a p-CD solution, the reaction takes place and
a small amount of NAR molecules complexes with -CD molecules, thus explaining the NAR water solubility increase
also in the mixNAR B-CD. This enhancement in the NAR water solubility in the physical mixture mixNAR B-CD is
confirmed by the work of Sadaquat and Akhtar on B-CD and docetaxel, and by the work of Wen et al on NAR and
Hydroxypropyl B-CD.%"''® As the temperature and the reaction time increase, the dynamic equilibrium is shift to the
formation of the NAR/B-CD complex. Such increase is confirmed by several studies, which demonstrated that the
formation of inclusion complexes between $-CD and lipophilic drugs was responsible for an enhancement in their water
solubility, #9120

This strategy results thus suitable for NAR loading in N3 prototype previously developed; other previously studies
reported in literature related with CH nanoparticles exploit the formation of inclusion complexes with B-CD for
hydrophobic drug delivery.'*' %3

The powder X-ray diffraction (XRD) patterns of NAR, B-CD, mixXNAR B-CD and NAR/B-CD are shown in
Figure 11. In particular, sharp diffraction peaks indicated the high crystallinity of NAR and B-CD. The XRD pattern
of mixXNAR B-CD (namely physical mixture of NAR and 3-CD) was similar with those of pure materials as a sum of the
two patterns. On the other hand, the diffraction pattern obtained from the NAR/B-CD showed a relevant decrease in the
number and intensity of diffraction peaks compared with pure B-CD and pure NAR, suggesting an amorphous structure.
XRD results explained the enhanced solubility of NAR/B-CD as compared to NAR alone: it is well known that the
amorphous state is markedly more soluble than the crystalline counterpart.'** This result pointed out that the crystalline
structure of the NAR/B-CD complex was different from that of the pure materials, confirming the formation of the

inclusion complex. The results obtained are in line with those reported in the literature.'?>'%¢
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Figure |1 Diffraction patterns of NAR/B-CD and references NAR, 3-CD, mixNAR_{-CD.

Preparation and Characterization of NH@NAR/ 3 -CD Nanogels

NAR/B-CDlyo was solubilized in CS solution and then added to ICH solution as previously reported for the polyelec-
trolyte complexation method. N3@NAR/B-CD was characterized in terms of hydrodynamic diameter and zeta potential;
such values were compared to those obtained for empty N3 to highlight any changes in the dimensional and surface
characteristics, which could be attributable to the encapsulation of NAR/B-CD. No statistically significant differences
were observed between N3 and N3@NAR/B-CD in terms of hydrodynamic diameter (0.265 £+ 0.001 pm for N3 vs 0.273
+ 0.008 um for N3@NAR/B-CD), meaning that the loading of the complex did not affect NHs particle size. Regarding
the surface charge, instead, N3@NAR/B-CD was characterized by a statistically significant higher zeta potential value
than N3 (from + 15.43 = 3.81 mV to + 19.36 £ 0.27 mV). Hence, given the positive charge of N3@NAR/B-CD, NHs
cellular uptake and storage stability could be considered equal to those of empty N3.

N3@NAR/B-CD was also characterized in terms of EE% and LC%, resulting equal to 81.80 + 1.23% and 27.20 +
0.89%, respectively, confirming the NAR/B-CD encapsulation.

In order to avoid visual perturbations after colloid intravitreal injection, the opacity of the NHs dispersion was
evaluated.'?”'*® Before spectrophotometric analysis, N3@NAR/B-CD was diluted 1:80 v/v with SVF; such dilution was
selected considering that the vitreous body volume was equal to 4 mL and 50-100 pL is the most appropriate volume
range to be injected in order to avoid intraocular pressure.”” N3@NAR/B-CD was characterised by T% values higher
than 98% in the whole wavelength range investigated (400-850 nm), thus confirming its suitability to be injected into the
vitreous body.

Figure 12 reports the % NAR released from N3 when placed in contact for 72 hours with SVF. According to the
results reported in the graph, N3 released about 75% of NAR within 72 hours; such result confirms the N3@NAR/B-CD
capability to sustain in vitro NAR release.

The high susceptibility of the retina to oxidative stress and its role in the onset and progression of DR has been widely
investigated by different research groups. Wu et al and Rossino and Casini highlighted that the oxidative stress initiates

a self-propagating phenomenon, leading to a continuous rise in ROS levels; this persistent increase in ROS subsequently
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Figure 12 NAR release profiles from N3@NAR/B-CD (mean values + s.d.; n = 3; CV <12%).
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Figure 13 RSA% of N3@NAR/B-CD, N3, NAR/B-CD and B-CD. CTR- and NAR are considered as negative and positive controls respectively (mean values * s.d.; n = 3).
ANOVA one-way; Dunnett’s test (p <0.05).
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values * s.d.; n = 6). ANOVA one-way; Dunnett’s test (p <0.05).

activates pathways that are strictly associated with the progression of DR.'*"'** NAR is known in the literature as
131

capable to attenuate oxidative stress and cell apoptosis and to improve neurotrophic effects in diabetic retina; = its
antioxidant property, when complexed with B-CD and loaded into N3, was investigated throughout a DPPH assay,
assessing the N3@NAR/B-CD capacity to lower DPPH, a standard nitrogen-concentrated free radical. Chiang and his
team have shown that some compounds (ie fucoxanthin), demonstrated to be endowed with a radical scavenging activity
by a DPPH assay, exhibited significant antioxidant properties by effectively reducing oxidative stress and preventing
cellular damage in DR cellular models. In the work of Chiang et al, ARPE-19 retinal cells were exposed to high glucose
levels and then treated with fucoxanthin, which effectively decreased ROS levels, enhanced catalase activity, and
preserved retinal cell integrity. These in vitro results suggested that DPPH assay may be useful as a reliable preliminary
method to predict the clinical efficacy of antioxidant treatment in DR.'**

Figure 13 shows the antioxidant properties, expressed as RSA%, of N3@NAR/B-CD, N3, NAR/B-CD ad B-CD as
compared to those of the negative control (DPPH alone, CTR-) and the positive control (NAR). The graph shows that
N3@NAR/B-CD and NAR/B-CD have a statistically significant higher antioxidant potential than NAR. These results
could be explained since the inclusion complex with B-CD is responsible for a higher NAR solubility in water, allowing
a better interaction of NAR with free radicals.'**'** Similar outcomes were described by Liu et al in which increased
radical scavenging activity was detected for ovalbumin and curcumin complexed with CDs, as compared to their
uncomplex forms.'*> In addition, RSA% value of N3 is comparable with that of NAR, confirming the antioxidant
behaviour of both ICH and CS.

Finally, cell viability after treatment with N3@NAR/B-CD was assessed in vitro on HUVEC cells and compared with
the results obtained for NAR/B-CD and empty N3. Results are reported in Figure 14 as the percentage of the cell
mitochondrial activity, evaluated with MTT assay after 24 hours of cell contact with different dilutions of the three
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samples in CM. For the mitochondrial activity % values of N3@NAR/B-CD, NAR/B-CD and N3 at all the dilutions
considered, no statistically significant differences with CM are reported, meaning that all the samples can be considered
biocompatible; additionally, the dilutions 1:50 and 1:100 of N3@NAR/B-CD in CM are characterized by a mitochondrial
activity % values statistically higher than the CM. Such result could be explained since it is reported in the literature that,
for CH NSs, a lower charge density of the particles is responsible for a higher cell viability; therefore, a higher dilution of
1:50 and 1:100 of N3@NAR/B-CD as compared to the others, lower the charge density of the system resulting in higher
mitochondrial activity % values.'*®

N3@NAR/B-CD exhibited a size lower than 350 nm and a positive zeta potential. Such physico-chemical properties
were responsible for NHs cell uptake, suggesting their potential to target retinal endothelial cells and, consequently, to
enhance therapeutic efficacy. Furthermore, the high complexation efficiency of approximately 82% and the sustained
release of NAR/B-CD over 72 hours could guarantee the maintenance of an effective drug concentration at the site of
action while reducing the need for frequent injections. All the above-mentioned properties could overcome current

limitations in retinal drug delivery, providing a promising approach for targeting endothelial cells in DR.

Conclusion

In the first phase of the present work, an optimized prototype of NHs based on natural biopolymers endowed with
antioxidant properties, namely chitosan and chondroitin sulphate, was successfully developed using the polyelectrolyte
complexation method; total polymer concentration, ICH:CS ratio and pH were systematically varied to identify the
optimal experimental conditions to obtain NHs characterized by size and surface charge proper for the intended use.
Particle size measurements revealed that lower total polymer concentrations and higher pH values led to the production
of NHs characterized by smaller dimension. Zeta potential measurements indicated that NHs with higher pH values
exhibited adequate positive zeta potentials, suggesting enhanced physical stability over time and higher potential for
cellular interactions and uptake. Among the colloidal dispersions tested, N3 and N9, both prepared at pH 5.5 with a total
polymer concentration of 0.5 mg/mL and differing for ICH:CS ratio (1.5:1 for N3 and 1:1 for N9), emerged as the most
promising NHs prototypes. These prototypes exhibited suitable hydrodynamic diameters (<350 nm) and zeta potential
values (approximately +15 mV) to provide endothelial cells internalization; in addition, high zeta potential values ensure
that the prototypes remained stable throughout the tested storage period. N3 demonstrated narrower particle size
distribution and higher number of NHs compared to N9, as evidenced by NTA results. In vitro cytotoxicity tests using
HUVEC as cell model confirmed that N3 was well tolerated and CLSM analyses demonstrated its capability to be
efficient internalized, highlighting its potential to be used as versatile systems for the delivery of drugs or bioactive
molecules.

The second phase of the work included the production of an inclusion complex (NAR/B-CD) between NAR and -CD
to enhance the solubility of NAR. The complexation efficiency of NAR/B-CD was optimized under specific reaction
conditions, resulting in significant improvements in water solubility, compared to free NAR. In addition, XRD pattern of
NAR/B-CD confirmed the inclusion complex formation, after comparison with those of NAR and B-CD.

Finally, the encapsulation of the NAR/B-CD complex into N3 prototype (N3@NAR/B-CD) did not significantly
impact the particle size but increased the zeta potential, suggesting improved cellular uptake and storage stability. The
high encapsulation efficiency (EE%) and loading capacity (LC%) confirmed the effective incorporation of the NAR/pB-
CD complex. Moreover, the high transparency of N3@NAR/B-CD indicates its suitability for intravitreal injections
without causing visual disturbances. The in vitro release study pointed out that N3 prototype succeeded to sustain NAR/
B-CD complex over 72 hours. In vitro DPPH assay confirmed that empty N3 exerted an antioxidant activity due to the
intrinsic biological properties of the constituting polymers (ICH and CS), and N3@NAR/B-CD was effective in reducing
oxidative stress, a critical factor in the progression of DR. Furthermore, in vitro cell viability assays confirmed the
biocompatibility of N3@NAR/B-CD at various dilutions. These results collectively suggest that N3@NAR/B-CD
represents a promising candidate to be further explored as a potential treatment for counteracting the effect of oxidative
stress in the development of DR, with a particular focus on the early stages of the disease. In order to assure a long-term
stability of NHs, future studies will be focused on the freeze-drying of the NHs dispersion developed in the present work;
the addition of cryoprotectants will be considered to produce freeze-dried NHs readily redispersible upon reconstitution
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with saline (before intravitreal injection). Further studies will be carried out to deeply explore the effects of NHs@NAR/
B-CD on key molecular pathways closely associated with the disease, both in vitro and in vivo using animal models.
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