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Drug-eluting contact lenses (CLs) offer a promising approach to treat diabetic eye diseases. Compared to con-
ventional treatments such as eye drops, CLs enhance drug bioavailability and residence time on the eye, while
addressing patient compliance issues. Additionally, CLs are a safer alternative to ocular injections. In this study,
CLs were designed for the sustained release of rosmarinic acid (RA), a natural polyphenol known for its anti-
oxidant, anti-inflammatory, antibacterial and neuroprotective properties, which has been proposed as an
alternative therapy for diabetic ocular complications. Acrylic and silicone-based hydrogels were produced and
pre-treated with vitamin E. A sustained release of RA for up to 24 h was achieved under hydrodynamic condi-
tions, which is compatible with the use of this hydrogel as daily CLs. Comprehensive characterization confirmed
that the hydrogel’s physicochemical properties met commercial CLs standards, while no signs of ocular irritation
nor cytotoxicity were observed in vitro. Ex vivo studies demonstrated that the drug could permeate through ocular
tissues. The ocular RA distribution after the CL application was estimated in silico. Finally, the neuroprotective
effect of RA was evaluated ex vivo in porcine retinal explants, confirming the therapeutic relevance of the
designed hydrogels in the treatment of the diabetic eye.

1. Introduction

Diabetes mellitus is one of the most concerning global health issues
of the XXI century, affecting 536.6 million adults (20-79 years) in 2021,
with numbers expected to increase to 783.2 million by 2045 (Sun et al.,
2022). This disease affects the physiology and structure of the body's
macro- and micro-vasculature, with the eyes being among the most
vulnerable organs (Banday et al., 2020). Uncontrolled diabetes can lead
to a variety of ophthalmologic diseases, including glaucoma, cataracts,
diabetic macular oedema and diabetic retinopathy (Han et al., 2018;
NIDDK, 2017), the latter being the most common diabetes-driven ocular
complication and the major cause of blindness for individuals of work-
ing age (Kropp et al., 2023). These conditions arise from chronic
hyperglycaemia, which affects a multitude of physiological processes,

leading to alterations in the integrity of the vasculature, abnormal cell
functioning and disruption of tissue homeostasis. At the core of these
changes are oxidative stress, chronic inflammation, neurodegeneration,
and uncontrolled neovascularisation.

Besides surgical intervention, the current standard treatment of the
diabetic eye consists primarily of glycaemic control (Zhang et al., 2015),
paired with various forms of drug administration to control the eye’s
intraocular pressure, prevent the abnormal growth of blood vessels and
inhibit key pathological mechanisms (Kattar et al., 2021). Diseases of
the posterior segment, like diabetic macular oedema and proliferative
diabetic retinopathy (PDR), are generally treated with intravitreal in-
jections of vascular endothelial growth factor (VEGF) inhibitors such as
bevacizumab, ranibizumab and aflibercept (Tashima, 2024). VEGF an-
tagonists have the potential to inhibit the abnormal growth of blood
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vessels by suppressing pathological angiogenesis and reducing vascular
permeability, thus potentially preventing further vision loss and even
improving it (Simo et al., 2014). While effective, these injections are
invasive, and, as diabetes is a chronic disease, the repetition of such
procedure can lead to a lack of patient compliance, as well as a plethora
of serious side effects (endophthalmitis, retinal detachment, traumatic
cataract, etc.) (Shikari et al., 2014). As chronic inflammation plays a
crucial role in the progression of diabetic-related ocular complications,
the administration of corticosteroids, such as triamcinolone acetonide,
dexamethasone and fluocinolone acetonide, that not only modulate in-
flammatory mediators, but also have the potential to improve vascular
leakage and abnormal growth, is commonly suggested (Chawan-Saad
et al., 2019; Silva et al., 2009). Notwithstanding, steroidal drugs have
been reported to have some associated risks, as they may increase ocular
pressure and worsen the onset of cataracts (Carnahan et al., 2000; Storey
et al., 2020). Consequently, these concerns have driven the interest in
non-steroidal anti-inflammatory drugs (NSAIDs) such as bromfenac and
nepafenac, which inhibit cyclooxygenase enzymes and decrease
prostaglandin-mediated inflammation (Kim et al., 2010).

Due to the complex nature of diabetic eye complications, a syner-
gistic treatment approach may be necessary. In the anterior segment,
topical anti-inflammatory drugs (i.e. steroids, NSAIDs and immuno-
suppressors like cyclosporine A) have been shown to effectively control
inflammation on the ocular surface as well as promote re-
epithelialization (Han et al., 2018). Neuroprotective agents, on the
other hand, have been found to be relevant in the preservation of retinal
function by enhancing neuronal survival pathways (Zafar et al., 2019).
Given the substantial role of oxidative stress in diabetic retinal damage
and cataracts, antioxidant therapies such as carotenoids, pyruvate, vi-
tamins C and E have also been explored as a promising strategy to ul-
timately improve the outcome of diabetic-related ocular complications
(Pollreisz et al., 2010; da Silva et al., 2010; Wu et al., 2014).

Rosmarinic acid (RA), a natural polyphenol, has been previously
studied in a diabetic context and has been shown to aid in the regulation
of hyperglycemia by enhancing insulin sensitivity (Govindaraj et al.,
2015; Inui et al., 2016). A RA-based approach may benefit from the
drug’s versatile action and ability to target multiple pathological
mechanisms simultaneously (Fallarini et al., 2009; Khojasteh et al.,
2020; Luo et al., 2020). For instance, in the posterior segment, RA has
been shown to reduce vessel activity, thus potentially reducing retinal
neovascularisation, which is related to diseases such as PDR and diabetic
macular oedema (Kim et al., 2009; Vieira et al., 2020). Furthermore,
previous research has identified RA as a promising candidate for
delaying the onset of cataract and reducing its severity by interfering
with cataract-associated proteins (Chemerovski-Glikman et al., 2018).
Due to its structure, RA also has potent antioxidant properties relevant
to counteracting oxidative stress in the anterior and posterior segments.
It can stimulate the body’s natural defences and effectively scavenge
ROS and products of lipid and protein peroxidation (Chen et al., 2017;
Mushtaq et al., 2015; Tsai et al., 2019). Additionally, RA helps control
chronic inflammation in diabetic ocular complications by reducing pro-
inflammatory cytokines and inhibiting major inflammatory pathways
(El-Huneidi et al., 2023; Luo et al., 2020). Furthermore, RA is a prom-
ising candidate to mitigate retinal neurodegeneration by modulating
important pathways and reducing neuronal cell apoptosis (Fachel et al.,
2019).

Recent advancements in ocular drug delivery have explored various
methods to effectively deliver RA to the eye. Drug delivery to the pos-
terior segment of the eye faces significant physiological barriers that
limit therapeutic efficacy, particularly when using topical formulations.
The eye possesses highly efficient protective mechanisms, including
rapid tear turnover, conjunctival and nasolacrimal drainage, and
metabolic activity at the ocular surface, all of which markedly reduce
drug residence time (Bachu et al., 2018). Moreover, the corneal
epithelium and sclera restrict permeation, while the blood-retinal bar-
rier tightly regulates the entry of circulating molecules into retinal
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tissues (Agrahari et al., 2016). These combined anatomical and physi-
ological constraints result in extremely low drug bioavailability at the
retina (Ramsay et al., 2023), making sustained and targeted delivery
particularly challenging. Therefore, alternative strategies are being
explored to overcome these limitations and improve therapeutic out-
comes in retinal disease.

Vieira et al. developed biodegradable intravitreal implants to ach-
ieve a sustained delivery of RA to the posterior segment (Vieira et al.,
2020). Nonetheless, this system faces some limitations, namely in terms
of the procedure’s invasiveness and potential complications. In turn,
Silva et al. explored the use of chitosan nanoparticles to deliver RA
through topical administration, having found that it improved
mucoadhesion but not drug permeability (da Silva et al., 2016). In
another study, RA-conjugated gelatin nanogels were developed and
showcased excellent results for the treatment of dry eye disease. How-
ever, they specifically targeted the anterior segment and were not
designed to treat the retina, where several diabetes-related ocular
complications manifest (Zhou et al., 2024).

In this context, drug-eluting contact lenses (CLs) emerge as a
promising alternative for the ocular delivery of RA through a user-
friendly and non-invasive method, capable of treating both the ante-
rior and posterior segments of the eye. Compared to intravitreal in-
jections, which are invasive and associated to serious risks, and to
traditional eye drops, which exhibit poor bioavailability due to rapid
tear clearance, soft contact lenses (SCLs) not only increase patient au-
tonomy and compliance to the treatment but also improve bioavail-
ability by extending the drug’s residence time on the cornea (Gause
et al., 2016; Xu et al., 2018).

The present study aims to develop hydrogel-based SCLs able to
deliver RA in a sustained manner to achieve therapeutically relevant
concentrations in the ocular fluids/tissues for the treatment of the dia-
betic eye. Strategies were adopted to optimise the drugs' loading and
release profiles. Then, hydrogels were characterised to ensure they met
the functional, mechanical, chemical and biocompatibility standards for
CLs. Additionally, ocular drug permeability and ocular drug distribution
were determined to more accurately evaluate the efficacy of delivery of
the drug-eluting CLs, while the therapeutic potential was assessed
through antioxidant and neuroprotective assays.

2. Materials and methods
2.1. Materials

Rosmarinic acid (RA) (CAS 20283-92-5), N-vinyl pyrrolidone (NVP)
(CAS 88-12-0), 2-Hydroxyethyl methacrylate (HEMA) (CAS 868-77-9),
N-(3-aminopropyl) methacrylamide (APMA) (CAS 72607-53-5),
ethylene glycol dimethacrylate (EGDMA) (CAS 97-90-5), azobisisobu-
tyronitrile (AIBN) (CAS 78-67-1), sucrose (CAS 57-50-1), hydrochloric
acid (HCI) (CAS 7647-01-0), sodium chloride (NaCl) (CAS 7647-14-5),
isopropanol (CAS 67-63-0), dimethyl sulfoxide (DMSO) (CAS 67-68-5),
3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT)
(CAS 298-93-1), trypan Blue solution (CAS 72-57-1), Triton™ X-100
(CAS 9036-19-5), penicillin-streptomycin stabilized solution (10,000
units of penicillin and 10 mg/mL of streptomycin), trypsin-EDTA solu-
tion, 4',6-diamidino-2-phenylindole (DAPI) (CAS 28718-90-3) and
phosphate-buffered saline (PBS) tablets were all purchased from Sigma-
Aldrich (Darmstadt, Germany). Sodium hydroxide (NaOH) (CAS1310-
73-2), octylphenoxypoly(ethyleneoxy)ethanol (IGEPAL®) (CAS
9002-93-1) and Mowiol® 4-88 (CAS 9002-89-5) were supplied by
Merck (Darmstadt, Germany). 3-[tris(trimethylsiloxy)silyl]propylme-
thacrylate (TRIS) (CAS 17096-07-0) and 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) (CAS 1898-66-4) were purchased from TCI (Zwijndrecht,
Belgium). Fetal bovine serum (FBS), DL-a-Tocopherol 97+% (Vitamin
E) (CAS 10191-41-0), acrylic acid (CAS 79-10-7), optimal cutting
temperature (OCT) compound, Gibco™ Antibiotic-Antimycotic solution
(100X) (10000 units/mL of penicillin, 10000 pg/mL of streptomycin,
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and 25 pg/mL of amphotericin B), Dulbecco’s Modified Eagle Medium/
NutrientMixture F-12 (DMEM F12) and Alexa Fluor 488 donkey anti-
rabbit were purchased from Thermo Fisher Scientific (Waltham, USA).
Acetonitrile (CAS 75-05-8) was supplied by Chem-Lab (Zedelgem,
Belgium). Distilled and deionised (DD) water (18 MQcm, pH 6.7) was
obtained from a Millipore system. Povidone-iodine (BETADINE®) (CAS
25655-41-8) was supplied from Viatris (Canonsburg, USA). Bovine
Serum Albumin (BSA) (9048-46-8) was acquired from NZYTech (Lis-
bon, Portugal). Paraformaldehyde (PFA) (CAS 30525-89-4) was ob-
tained from VWR®Chemicals BDH® (Radnor, Pennsylvania, USA).
Brain-specific homeobox/ POU domain protein 3A (Brn3a) antibody
(MAB1585) was purchased from Merk (Dallas, Texas, USA). Human
primary corneal epithelial cells (ATCC PCS-700-010), corneal epithelial
cell basal medium (ATCC PCS-700-030) and corneal epithelial cell
growth kit (ATCC PCS-700-040) was purchased from LCG Standards
(Barcelona, Spain). Hen’s eggs were provided by Sociedade Agricola da
Quinta da Freiria (Rolica, Portugal). The porcine eyes were provided by
SICASAL - Industria e Comércio de Carnes (Gradil, Portugal) and CASO
—Centro de Abate de Suinos do Oeste (Milharado, Portugal).

2.2. Drug characterization

2.2.1. Drug quantification

Drug quantification was carried out with a UV-Vis spectrophotom-
eter (MultiskanGO, ThermoScientific, Porto Salvo, Portugal) throughout
the full study, except for the ex vivo permeability test (section 3.6.2).
RA's absorbance in PBS was read at 325 nm. Calibration curves were
obtained in the range of 0.16-40 pg/mL.

For the ex vivo permeability assay, drug quantification was per-
formed with a Waters Alliance 2695 Separations Module HPLC System
equipped with a 996 Photodiode Array Detector (Waters Corporation,
Milford, USA) and an Avantor® ACE® C18 column (particle size 5 pm,
25 c¢cm x 4.6 mm). RA was detected at 325 nm with a retention time of
4.17 min. The mobile phase consisted of 0.1% acetic acid (pH 3) and
acetonitrile in a 75:25 ratio. The analysis was performed at a flow rate of
1 mL/min with a 50 pL injection volume. Two calibration curves were
prepared: a) in PBS to quantify the drug concentration during the
permeability test, and b) in the extraction mixture (65% acetonitrile in
water) to quantify the drug extracted from the ocular tissues. Both
calibration curves were obtained within the 1.5-50 pg/mL concentra-
tion range.

2.2.2. Stability test

The drug's degradation profile over time (0, 3, 6, 24, 48, 120, 144
and 168 h) was assessed by evaluating the variation in UV-Vis absorp-
tion spectrum of an RA solution (400 pg/mL, prepared in PBS) under
different conditions: (i) room temperature (RT) with the presence of
light; (ii) RT in the absence of light; (iii) 36 °C with the presence of light;
(iv) 36 °C in the absence of light; and (v) 4 °C in the absence of light.

2.3. Hydrogels production

2.3.1. Molecular interaction analysis

A preliminary screening was performed with AutoDock Tools 1.5.6
(MGL Tools, Scripps Research, La Jolla, CA, USA) to identify the
monomers to include in the formulation of the RA-eluting hydrogels that
enhance the material’s affinity with the drug (Pereira-da-Mota et al.,
2021). The 3D chemical structures of the monomers and of the drug
were downloaded from the PubChem database (Kim et al., 2016) and
files were converted with OpenBabel GUI software (OpenEye Scientific,
Santa Fe, NM, USA). A docking simulation was carried out for each
monomer-drug pair. Briefly, the monomer was identified as the “ligand”
and the drug as the “macromolecule”. The two-molecule interaction
analysis was performed through the Lamarckian genetic algorithm. All
torsions were allowed to rotate during docking. The value of the in-
teraction's free energy (E) and dissociation constant (K4) were obtained.
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2.3.2. Hydrogel synthesis

Two types of hydrogels were prepared: acrylic and silicone-based,
with a backbone polymeric network of HEMA and HEMA-NVP-TRIS,
respectively. Based on prior molecular interaction analysis, increasing
concentrations of the functional monomer APMA (0, 25, 50 and 100
mM) were included in the pre-polymeric mixture. The composition of
the eight hydrogels is displayed in Table 1. AIBN was used as initiator
and EGDMA as crosslinker.

First, the pre-polymeric mixtures were stirred at room temperature
until complete solubilization of the monomers. No external solvent was
added. Then, the mixtures were injected into moulds made of two pre-
silanized glass flat plates separated by 0.5 mm-thick Teflon strips. The
glass silanization followed a previously established protocol (Vazquez
et al., 2006). The hydrogels were then obtained through bulk thermal
polymerisation (60 °C, 24 h). Afterwards, the hydrogels were removed
from the moulds and washed by soaking in DD water for a total of 5 days,
with daily water renovation. The absorbance of the washing solutions
was monitored daily by UV-vis spectrometry until no unreacted
monomers could be detected (baseline returned to that of pure DD
water, Supplementary Fig. S1). Finally, the hydrogel sheets were cut into
12 mm diameter discs (unless otherwise stated) and dried overnight in
an oven at 40 °C prior to storage. Dry discs weighted approximately 12
mg.

2.4. Drug loading and release

2.4.1. Drug loading

Drug loading was performed by soaking the dry hydrogel discs (n =
3) in 1 mL of 2 mg/mL RA solution in PBS, at 4 °C for 72 h.

Vitamin E (VitE) pre-treatment was used as a strategy to improve the
drug release kinetics from TRIS-hydrogels (Hsu et al., 2015). Briefly,
prior to drug loading, the dry hydrogels were soaked for 24 h in a VitE-
ethanol solution (3 mL) at concentrations of either 0.05 g/mL (TRIS-
VitE1) or 0.1 g/mL (TRIS-VitE2). Then, the samples were submerged in
DD water for 24 h to remove ethanol and dried overnight in an oven at
40 °C before being subjected to RA loading, as previously described.

To assess the drug amount loaded, the absorbance of the loading
solution was measured before and after the loading process. The amount
of RA loaded onto the hydrogels was calculated from the difference in
RA concentrations between the two measurements (Toffoletto et al.,
2024).

2.4.2. Invitro drug release

To obtain the in vitro release profile of RA, the loaded hydrogel discs
(n = 3) were rinsed in PBS, blotted on absorbent paper to remove the
drug excess from their surface and submerged in individual tubes con-
taining 3 mL of PBS. Sink conditions were ensured. Samples were then
placed on a shaker at 180 rpm and 36 °C. The release assays lasted 24 h:
the first 12 h were conducted under controlled light exposure; thereafter
the experiment proceeded in the absence of light. This simulates the
daily use of contact lenses. At pre-defined times (1, 2, 3, 4, 5, 6, 7, 8 and
24 h), 0.3 mL aliquots of the release solution were collected for drug

Table 1
Composition of the eight hydrogels synthesized. Amounts of solids expressed in
mass units and of liquids in volume units.

Hydrogel HEMA TRIS NVP APMA AIBN EGDMA
(mL) (mL) (mL) (mg) (mg) (uL)
HEMA 3.0 0 0 0 15 17
HEMA25 3.0 0 0 13.5 15 17
HEMAS50 3.0 0 0 27.0 15 17
HEMA100 3.0 0 0 54.0 15 17
TRIS 0.65 1.1 1.25 0 15 17
TRIS25 0.65 1.1 1.25 13.5 15 17
TRIS50 0.65 1.1 1.25 27.0 15 17
TRIS100 0.65 1.1 1.25 54.0 15 17
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quantification and renewed with fresh PBS. The drug was quantified by
UV-Vis spectrophotometry as described in section 2.2.1.

2.5. Physicochemical characterisation of the hydrogels

Based on the in vitro release profiles (section 3.3.1), TRIS-VITE1 was
selected as the most promising hydrogel for the daily sustained release of
RA. Thus, it was subjected to further characterisation. TRIS hydrogel
was used as a control to evaluate the effect of VitE on the material’s
properties.

The surface wettability of the hydrogels was evaluated using a
goniometer by the captive bubble method. The samples (n = 2) were
hydrated in DD water, placed in a support and immersed in a quartz
liquid cell filled with water. A micrometric syringe with a curved needle
was used to form and place air bubbles under the material. A video
camera (JAI CV-A50, Novaut, Alava, Spain) attached to an optical mi-
croscope (Wild M3Z, Leica Microsystems, Germany) was used to capture
images. A total of 8 bubbles was produced for each sample. The images
were analysed using the ADSA software (Applied Surface Thermody-
namics Research Associates, Canada).

The impact of VitE pre-treatment on the chemical structure of the
hydrogel TRIS was assessed through Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) spectroscopy using a spectrom-
eter Spectrum Two FT-IR from PerkinElmer® (Waltham, MA, USA), in
the wavenumbers range 400-4000 cm . The hydrogels (TRIS and TRIS-
VitE1l) were dried for 24 h at 40 °C before the analysis. VitE was also
tested for comparison. During the analysis, the samples made contact
with the diamond crystal ATR accessory (PerkinElmer®, Waltham, MA,
USA). The spectra were recorded with a resolution of 1 c¢m~ ! and nor-
malised using Prism 9.5.1 software (GraphPad, San Diego, CA, USA).

Hydrogel’s surface morphology was assessed with a scanning elec-
tron microscope (SEM) (S-2400, Hitachi, Japan). The samples were
previously lyophilized overnight at —60 °C and 0.025 mbar, and coated
in a gold/palladium film with a Quorum Technologies sputter coater.
The SEM images of the hydrogels’ surface were acquired at 3500x
magnification.

The tensile behaviour of the hydrogels was studied using a TA.XT
Express Texture Analyser (Stable Micro Systems, Godalming, UK). The
samples were cut into a dog-bone shape (2.5 mm width and ~ 0.5 mm
thickness, n = 4). Testing was conducted at 0.5 mm/s up to failure, with
a trigger force of 0.005 N. The Young's modulus (E) was determined as
the slope of the stress-strain curve in the 5-20% strain range (Vivero-
Lopez et al., 2021).

As RA may affect the light transmittance of the hydrogels, loaded
samples (n = 3) were characterized regarding this property. Measure-
ments were done using a UV-Vis spectrophotometer in the range 200 to
800 nm, to ensure the material fulfilled the optical requirements to be
used as CLs.

The equilibrium swelling ratio (ESR) of the hydrogels upon immer-
sion in the drug solution was also determined. The hydrogel discs’ (n =
3) were weighted prior to and after soaking, and ESR the was calculated
using Equation (1), where W}, represents the final (hydrated) weight of
the samples and Wy their initial (dry) weight.

Wy — Wy

ESR(%) = W
f]

x 100 (@]

2.6. Biocompatibility study

2.6.1. Sterilization

Hydrated hydrogels were sterilised by autoclave (Uniclave 88, AJC,
Portugal) at 121 °C for 20 min (Galante et al., 2018). Due to the thermal
instability of VitE and RA, the VitE pre-treatment and drug loading were
performed after the material’s sterilisation and under sterile conditions
(the used solutions were filtered using filters with 0.2 pm pores). The
effect of sterilisation on the release profile and on the hydrogel’s
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properties (in terms of chemical structure and mechanical properties)
was assessed as described in Sections 2.4.2 and 2.5.

2.6.2. Cytotoxicity

Cell viability tests were conducted to (i) evaluate the potential
cytotoxicity of the designed hydrogels and (ii) determine the minimum
cytotoxic concentration of RA. The assays were conducted using human
primary corneal epithelial cells (ATCC PCS-700-010), according to the
ISO 10993-5:2009 standard (ISO 10993-5, 2009). Cells were cultured in
corneal epithelial cell basal medium (ATCC PCS-700-030) enriched
with corneal epithelial cell growth kit (ATCC PCS-700-040) and 1%
penicillin-streptomycin, at 37 °C in a humidified environment with 5%
COa,.

The cytotoxicity of sterile TRIS-VitE1 hydrogels, either unloaded or
loaded with RA, was evaluated by indirect contact (Meschini et al.,
2020). First, cells were seeded in a 12-well plate (9x104 cells/well) and
incubated for 24 h. Then, the hydrogel discs (n = 4, 8 mm diameter)
were rinsed in PBS, blotted and placed in 12 mm diameter inserts
(Transwell®, Corning, Glendale, AZ, USA). The inserts were then
transferred onto the cell-seeded plate, with 500 pL of fresh medium on
the bottom side and 200 pL on the apical side to reach a total of 700 pL/
well. After an additional 24 h incubation, the inserts were removed from
the plate and cells were rinsed with warm PBS before performing the
MTT assay.

For the evaluation of the RA cytotoxic limit, cells were seeded in a
96-well plate (1X104 cells/well) and incubated for 24 h. Then, the me-
dium was substituted with 100 pL of previously prepared RA dilutions
(9.8-625 pg/mlL in culture medium). After 24 h of incubation, cells were
rinsed with warm PBS before performing the MTT assay.

Positive (cells 4+ culture medium with 10% DMSO) and negative
(cells + culture medium) controls were prepared.

For the MTT assay, 300 pL and 30 pL of MTT solution (10% MTT and
90% culture medium) were added to each well in the 12- and 96-well
plates, respectively. The plates were incubated for 3 h. Afterwards, a
formazan-dissolving solution (IGEPAL 0.1% in isopropanol with hy-
drochloric acid 4 mM) was added to the plates. The plates were placed
overnight in a shaker at room temperature, protected from light. The
absorbance was then measured at 565 nm in a microplate reader
(Infinite 200 PRO, Tecan, Mannedorf, Switzerland). The obtained values
were normalised to the negative control to quantify cell viability.

2.6.3. Ocular irritability test (HET-CAM)

The potential irritant effect of the hydrogels was estimated by the
Hen’s Egg test on the chorioallantoic membrane (HET-CAM) (ICCVAM,
2010; Wilson et al., 2015).

Fertilised hens’ eggs (Sociedade Agricola da Quinta da Freiria, SA,
Portugal) were incubated for 9 days at 37 °C and 60% relative humidity.
Then, the eggshell was cut above the air pocket and the inner membrane
was hydrated with 0.9% NaCl. After 30 min of incubation, the inner
membrane was removed, exposing the CAM. Sterile TRIS-VitE1 hydro-
gels (n = 3, 8 mm diameter), unloaded and loaded with the drug, as
previously described (section 2.4.1), were placed on top of the CAM for
5 min. As positive and negative controls, 1 M NaOH and 0.9% NaCl were
used, respectively.

The irritation score (IS) was assessed by observing the time of
appearance (in seconds) of the following indicators: haemorrhages (ty),
lysis () and coagulation (t;) (Equation (2)):

301-6) o (301-1) . (301-¢)

_(
Is= 300 300 300

X 9 (2)

According to the obtained value, the systems were classified as: non-
irritating (0 < IS < 0.9); slightly irritating (1 < IS < 4.9); moderately
irritating (5 < IS < 8.9); or severely irritating (9 < IS < 21).
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2.7. Prediction of ocular drug distribution based on in vitro and ex vivo
data

2.7.1. Hydrodynamic drug release

To better simulate the ocular environment, in vitro drug release was
also performed under hydrodynamic conditions using a previously
developed microfluidic cell (Pimenta et al., 2016). Briefly, RA-loaded
TRIS-VitE1 hydrogel discs (n = 3, 12 mm diameter) were rinsed,
blotted and placed within the inner chamber of the cell. The chamber
was filled with 45 pL of PBS and incubated at 36°C. A constant flow rate
of 3 uL/min was applied using a syringe pump (NE-1800 Eight Channel
Programmable Syringe Pump, KF Technology, Rome, Italy) to simulate
the tear renovation rate in a tolerant contact lens wearer (1.4-4.3 uL/
min) (Glasson et al., 2006). At predetermined time points (1.5, 3, 4.5, 6,
7.5 and 24 h), aliquots of the release medium were collected from the
exit port and drug concentration was determined by UV-Vis spectro-
photometry (section 2.2.1).

2.7.2. Ex vivo permeability evaluation

An ex vivo permeability assay was conducted to determine the drug’s
ability to cross the cornea and sclera, and reach the internal tissues of the
eye (Menduni et al., 2018). Freshly enucleated porcine eyes were
collected from a local slaughterhouse (SICASAL - Inddstria e Comércio
de Carnes, S.A., Gradil, Portugal) and transported to the lab, immersed
in PBS in an ice bath. The eyes were used within 3 h of animal death.
Uniform portions of the cornea and sclera (n = 4) were isolated and
clamped inside Franz diffusion cells (permeation area: 0.785 cm?). A
volume of 6.5 mL of PBS was added to the receptor chamber and 1 mL to
the donor chamber. The Franz cells were placed in a thermostatic bath at
36°C with magnetic stirring of the receptor chamber, and allowed to
equilibrate for 30 min. Then, the liquid in the donor chamber was
replaced by 1 mL of 250 pg/mL RA solution in PBS, except for the
control cells, where fresh PBS was left. The control was used to verify if
any compounds that could interfere with the HPLC analysis were
released from the tissues. At each time point (i.e., hourly up to 7 h), 1 mL
aliquot was collected from the receptor chamber for drug quantification
(section 2.2.1) and renewed with fresh PBS.

The cumulative amount of RA permeated, normalised by the
permeation area, was plotted against time. The slope of the obtained
linear regression represented the flux (J, in ug/cm3s). The apparent
permeability (Pg,,) was then calculated as follows, where [RA]y is the
initial RA concentration in the donor chamber (Kim et al., 2021):

J

P = Ral,

3)

The partition coefficient (K) of RA between the ocular tissues and PBS
was calculated to estimate the potential for drug accumulation after
administration. Briefly, samples of isolated tissues (cornea and sclera, n
= 3, 10 mm diameter) were weighted and immersed in 1 mL of 250 pg/
mL RA solution in PBS overnight. Then, the final concentration of the
soaking solution (Csoution) Was analysed by HPLC (section 2.2.1).
Concurrently, the tissues were removed from the solution, blotted on
absorbent paper and placed overnight in 1 mL of a solution of 65%
acetonitrile in DD water for the extraction of the drug. The validation of
this extraction method, performed by extraction of a known amount of
drug from the tissues, is presented in the Supplementary Information
(Fig. S2). After HPLC quantification, the drug extracted from the cornea
and sclera was normalised by the weight of the tissues, obtaining the RA
concentration in the tissue (Cyssye). The partition coefficient was calcu-
lated as follows:

K= Cfix:ue ( 4)

Cxolua’on

2.7.3. Modelling ocular drug distribution
Distribution of the RA eluted from the TRIS-VitE1l hydrogels in the
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various ocular parts was predicted using a previously validated
physiology-based mathematical model (Toffoletto et al., 2023). The
computational model included one mass balance differential equation
for each tissue. This enabled the estimation of RA’s concentration in the
tears, aqueous humour, sclera and choroid, retina and vitreous humour.
The model’s inputs included characteristics of the drug and of the
hydrogel, and anatomical and physiological ocular features of an animal
model.

The drug-specific input values used for the simulation are reported in
Supplementary Information (Table S1). In particular, the ex vivo
permeability data across the sclera and the partition coefficient of RA
with this tissue, obtained experimentally as described in Section 2.7.2,
were used. Other required input values (the permeability of the drug
through the conjunctiva and the inner limiting membrane, the partition
coefficient of RA with retina, and the drug bioavailability in the aqueous
humour) were estimated from previous research involving other drugs
considered similar to RA in terms of lipophilicity (logD7 4 = -2.1) and
molecular weight (360.3 g/mol) (ChemSpider, n.d.; Serrano et al.,
2021).

The in vitro drug release rate (R) was also required as an input value.
R was obtained as the derivative of the release curve f over time, while f
was obtained by fitting the release data from the hydrodynamic release
(section 3.7.1) to an exponential curve (Equation (5)):

f = Meteased X (1 - eit/T) (5)

where Myeleased 1S the total amount of RA released, and T is the time
constant obtained by curve fitting.

2.8. Evaluation of the therapeutic efficacy

2.8.1. Antioxidant activity

The antioxidant potential of the RA-eluting system was assessed by
examining its ability to scavenge the stabilised radical DPPHe. To do
this, hydrogel discs (8 mm diameter, n = 3) of (i) unloaded TRIS, (ii)
unloaded TRIS-VitE1 and (iii) RA-loaded TRIS-VitE1l were immersed in
3 mL PBS for 24 h at 36 °C under agitation (180 rpm). A fresh RA so-
lution (50 pg/mL) was also prepared to be tested as a control. Then,
dilutions of the obtained release solutions and of the fresh RA solution
were prepared in the concentration range of 3-50 pg/mL.

DPPH was dissolved in 100% ethanol at a concentration of 0.1 mM.
The solution was obtained by 30 min of magnetic stirring, followed by
30 min of sonication. A volume of 200 pL of each of the previously
prepared dilutions was mixed with 800 pL of the DPPH solution and left
for 30 min protected from light. Afterwards, the absorbance was read at
517 nm.

The scavenging effect of the samples was determined with the
following equation (Biswas et al., 2010):

A
DPPH Scavenging Effect (%) = <1 - f) x 100 (6)
C
where A denotes the absorbance of the sample, and A, represents the
absorbance of the control (800 pL DPPH solution + 200 pL PBS).

2.8.2. Ex vivo neuroprotective activity

An ex vivo assay using porcine eyes was conducted to assess RA's
neuroprotective potential in the retina (Teixeira et al., 2024). Firstly, the
explant’s culture medium, consisting of Dulbecco's Modified Eagle Me-
dium/Nutrient Mixture F-12 (DMEM F12) supplemented with 5% Fetal
Bovine Serum (FBS) and 2% antibiotic—antimycotic solution (Penicillin/
Streptomycin/Amphotericin B) was prepared and stored at 4 °C. RA was
diluted in the medium to achieve different concentrations: 86 ng/mL
and 400 ng/mL.

The retina, choroid, and sclera were isolated from fresh porcine eyes.
The tissue samples were cut with a 6 mm biopsy punch and placed in 12
mm cell culture inserts (Millipore® PIHP01250, Merck KGaA, Germany)
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within a 24-well plate, where they were rinsed with PBS. The explants
(n = 3) were divided into two groups: day 0 (D0) samples as negative
controls, and day 2 (D2) samples to evaluate the neuroprotective effects
of RA on degenerating tissues.

The DO samples were fixed in 4% paraformaldehyde (PFA). After 1 h,
the samples were washed twice in PBS and dehydrated by immersion for
1 h in sequentially increasing concentrations of sucrose-PBS solutions
(10%, 20% and 30%) (Dewan et al., 2016). After being left overnight in
30% sucrose, the tissues were embedded in an optimal cutting temper-
ature (OCT) compound within cryosectioning moulds, frozen on dry ice,
and stored at —20°C until cryosectioning.

The D2 samples were incubated at 37°C and 5% CO; in a 24-well
plate containing the previously prepared explants culture media sup-
plemented with RA. Control explants were incubated in the medium
without RA. After 2 days, the samples were fixed, dehydrated, and
cryopreserved as described above.

The samples were cryosectioned with a cryostat (Leica CM3050 S,
Leica Biosystems, Germany), yielding 14 pm-thick sections of the retina-
choroid-sclera complex, which were then mounted in adhesive slides
and stored at —20°C until the immunofluorescence (IF) assay. For the IF
assay, the slices were washed thrice in 0.25% PBS-Triton X (PBS-T) (15
min of immersion each) before a blocking solution (0.25% PBS-T with
1% Bovine Serum Albumin (BSA) and 3% Donkey Serum (DS) was
applied for 1 h at RT. To evaluate the neuroprotective potential, the
slides were incubated with anti-brain-specific homeobox/POU domain
protein 3A (Brn3a; 1:200) diluted in 0.25% PBS-T. Brn3a is a specific
marker for retinal ganglion cells (RGCs), enabling the quantification of
RGC survival (Meng et al., 2024).

The following day, samples were thawed for 20 min, washed with
0.25% PBS-T, and incubated for 1 h at RT with the secondary antibody
(Alexa Fluor 488 goat anti-rabbit) and 4',6-diamidino-2-phenylindole
(DAPI; 1:10000) diluted in 0.25% PBS-T.

Finally, Mowiol® 4-88 was applied on top of the slides to facilitate
the placement of a coverslip, before being stored overnight at —20°C to
allow proper adherence. The slides were then sealed with nail polish.
The microscopic images of randomly selected regions of the samples
were captured at 40x magnification using an Axio Imager 2 microscope
(ZEISS, Oberkochen, Germany) equipped with an Axiocam 506 mono
microscope camera (ZEISS, Oberkochen, Germany) and illuminated
with a HXP 120 V lighting unit (Leistungselektronik Jena GmbH, Jena,
Germany). The number of Brn3a™ cells per millimetre of tissue (cells/
mm) was manually quantified using the Fiji Software.

2.9. Statistical analysis

All quantitative data are presented as mean + standard deviation.
Statistical analysis was performed using GraphPad Prism 10.3.1
(GraphPad, San Diego, CA, USA). Variables' conformity to the normal
distribution was examined through the Shapiro-Wilk test. For normally
distributed data, unpaired t-test (between two groups) or one-way
ANOVA (for three or more groups) followed by Tukey's multiple com-
parisons tests were conducted. Non-normally distributed data were
analysed using either the Mann-Whitney or Kruskal-Wallis with Dunn's
multiple comparisons test. The threshold for statistical differences was
considered p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001
(****) with a confidence level of 95%.

3. Results and discussion
3.1. Drug stability

A decrease in absorbance was observed in the UV-vis spectra of the
RA solution over time, indicating degradation of the drug
(Supplementary Fig. S3). Such degradation appeared exacerbated by
increased temperature (i.e., 36 °C) and, to a minor extent, by exposure to
light. The stability of RA in solution was maintained for the longest

International Journal of Pharmaceutics 691 (2026) 126591

period (ie., at least one week) when stored at 4 °C without light.
Therefore, these conditions were selected for the drug loading process,
namely, in the soaking of the hydrogels in the RA solution.

3.2. Hydrogels synthesis

The use of a computational tool to simulate the affinity of RA with a
range of monomers helped in the selection of the most suitable com-
ponents for the polymer’s structure. The results obtained from the mo-
lecular docking are displayed in Table 2.

A more negative value of E indicates that the drug-monomer pair
presents a stronger interaction (Du et al., 2016). Likewise, a low value of
Kg4, indicates that the pairing tends to form a complex rather than
separating (Nambiar et al., 2022). Consequently, TRIS and APMA were
considered, amongst the tested monomers, the components with the
strongest interactions with RA. This led to the design of two classes of
hydrogels: acrylic-based hydrogels and silicone-based hydrogels, which
were enriched with increasing APMA concentrations (Table 1).

After polymerisation, yellow aggregates were visible in the matrix of
the TRIS-based hydrogels with the highest concentration of APMA (i.e.,
TRIS50 and TRIS100, Supplementary Fig. S4A), which were therefore
discarded as potential CL materials. The other hydrogels (i.e., HEMA,
HEMAZ25, HEMA50, HEMA100, TRIS and TRIS25) resulted macroscop-
ically homogeneous and were further tested.

3.3. Drug release in static conditions

3.3.1. Invitro drug release

The release profile of RA from the designed hydrogels in static con-
ditions is shown in Fig. 1. For the HEMA-based hydrogels (Fig. 1A), the
introduction of increasing APMA concentrations resulted in a slight in-
crease in the cumulative amounts of drug released. Also, the presence of
APMA did not improve the release kinetics, which was characterised by
an initial burst in the first 2 h of release, followed by a plateau. The
release profiles expressed in percentage of the drug released relatively to
the total amount of drug loaded are reported in Supplementary
Fig. S5Ai: 100% of the total amount loaded was released in the first 4 h,
confirming the negligible effect of APMA on the release kinetics of RA in
HEMA-based hydrogels.

TRIS hydrogels (Fig. 1B) released significantly higher amounts of RA
compared to HEMA-based hydrogels and ensured a controlled release
for 4 h, followed by a slower release over the subsequent hours.
Nevertheless, the initial drug diffusion was still too rapid for the use of
TRIS hydrogels as a daily drug-delivery platform. The addition of APMA
(samples TRIS25) altered the release profile kinetics, resulting in a
sustained release over 24 h. The improved kinetics of TRIS25 is clear
when the release profiles are expressed as percentage of drug released
(Supplementary Fig. S5Aii). Despite this improvement, the amount of
drug released decreased significantly. Subsequently, to improve the

Table 2
Results of the molecular docking between each RA-monomer pairing in terms of
interaction energy (E) and dissociation constant (Kd).

E [Kcal/mol] Kd [mM]
HEMA —1.60 66.77
BEM —1.58 68.92
APMA —3.84 1.54
AAm -1.94 37.96
AAc -1.13 149.72
TRIS —2.82 8.60
NVP —-1.96 36.54
MAA -1.38 96.57

HEMA = Hydroxyethyl methacrylate, BEM = Butyl methacrylate, APMA =
Aminopropyl methacrylamide, AAm = Acrylamide, AAc = Acrylic acid, TRIS =
Tris(hydroxymethyl)aminomethane, NVP = N-vinylpyrrolidone, MAA = Meth-
acrylic acid.
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Fig. 1. Cumulative release of RA from (A) HEMA, HEMA25, HEMAS50, HEMA100 and (B) TRIS, TRIS25, TRIS-VitE1 and TRIS-VitE2 in static conditions.

release kinetics without compromising the high RA-releasing capacity of
TRIS hydrogels, these samples were subjected to a VitE pre-treatment.
This resulted in an improvement in the release kinetics of the treated
hydrogels, enabling a controlled drug release for 7 h and 24 h for TRIS-
VitE1l and TRIS-VitE2 samples, respectively. All hydrogels released at
least 70% of the drug amount loaded in the 24 h of the release experi-
ment (Fig. S5Aii in Supplementary Information).

The described behaviour is in line with the work of other authors,
who used VitE as a strategy to optimise the stability and control of the
drug release from similar delivery systems. In fact, it has been reported
that VitE accumulates at the interface between the hydrophilic phase of
the hydrogel and its hydrophobic TRIS domains, (Quinn, 2007) acting as
an inner barrier that increases the diffusional path of hydrophilic drugs
across the material and, consequently, delays their release (Peng et al.,
2010). For the same reason, if compared to the TRIS hydrogels, the
incorporation of VitE decreased the cumulative drug amount released
throughout the 24 h (~15% and = 30% lower for TRIS-VitE1 and TRIS-
VitE2, respectively).

Based on these preliminary in vitro drug release results, TRIS-VitE1
hydrogels appeared as the most promising to be used as the material
of RA-loaded daily CLs, as they enabled a 7 h controlled release whilst
maintaining a high amount of eluted drug.

3.4. Drug amount loaded

Hydrogels loading was performed by soaking in RA solution in PBS.
Although RA is hydrophilic, diffusion-based loading occurs because RA
can form hydrogen bonds with the polymer chains and diffuses into the
hydrated free volume of the hydrogel matrix. The amount of RA loaded
onto each hydrogel is presented in Fig. 2. The TRIS-based hydrogels
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Fig. 2. Amount of RA loaded by each system, normalised by the weight of the
dry hydrogel lens.

loaded the highest amount of RA, which is consistent with the results
obtained from the molecular interaction analysis (section 3.2). Howev-
er, the addition of APMA as a functional monomer to both HEMA and
TRIS did not improve the drug loading.

The obtained results for the acrylic hydrogels were consistent with
the release profiles reported in Fig. 1A and demonstrated that, during
the 24 h of release in vitro, the totality of the drug loaded was released
from these hydrogels.

The VitE pre-treatment did not significantly alter RA loading onto
the TRIS-based hydrogels. Based on the release profiles previously ob-
tained from these hydrogels (Fig. 1B), it is possible to conclude that,
with increasing doses of VitE, an increasing fraction of RA remains
unreleased in the 24 h period of the test (=15% for TRIS-VitE1l and
~31% for TRIS-VitE2).

3.5. Characterisation of TRIS-VitE1 hydrogels

TRIS-VitE1l hydrogels, selected as the most promising system, were
further characterised to ensure compliance with the required standards
to be used as CLs. TRIS hydrogel was used as a control to investigate the
effect of the VitE pre-treatment. The hydrogel’s light transmittance,
chemical composition, liquid uptake, wettability, surface morphology,
and mechanical properties were assessed (Fig. 3).

All hydrogels’ transmittance spectra were above 90% at wavelengths
above 550 nm (Fig. 3A), which corresponds to the minimum require-
ment for CLs (Efron et al., 2011). The pre-treatment with VitE did not
have any impact on the material’s transmittance within the visible
range.

The equilibrium swelling ratio (ESR) of the TRIS hydrogel in the RA
loading solution assumed the value of 91 + 7% (Fig. 3B), which can be
attributed to the presence of the highly hydrophilic monomer NVP in the
silicone hydrogels' structure (Maheswari et al., 2014). Such value is
coherent with previously obtained data for the same hydrogel (Vivero-
Lopez et al., 2021). VitE pre-treatment appears to have a tendency to
lower the ESR of the hydrogel to 81 + 7%, possibly due to the hydro-
phobic nature of VitE. Both values are higher than those found for
commercial CLs (38-74%) (Gonzalez-Méijome et al., 2006). However,
hydrogels with ESR values in the 56-140% range have been previously
reported as suitable CL materials (Vivero-Lopez et al., 2021).

The VitE-treated and non-treated hydrogels displayed a similar
spectrum (Fig. 3C), with only minor alterations detected in the TRIS-
VitEl sample as small peaks around 1377 em ! and 2928 cm™!, cor-
responding to C-H bending in the methyl group and the stretch of C-H in
the methylene group, respectively (Coates, 2000; Pang et al., 2017).
Since these bands were not observed in the non-treated samples and only
in the pure VitE spectrum, it is reasonable to infer that the compound
penetrated the polymer matrix and was the cause of these alterations in
the chemical composition of the lens.

The SEM images of the TRIS hydrogel’s surface revealed a smooth
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Fig. 3. Characterisation of TRIS and TRIS-VitE1 hydrogels. (A) Light transmittance after drug loading. The minimum light transmittance required for CLs (550 nm) is
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TRIS-VitE1 hydrogels. (F) Water contact angle of hydrated TRIS and TRIS-VitE1 hydrogels.

homogeneous surface (Fig. 3Di). After pre-treatment in VitE, distinct
spots appeared on the hydrogels’ surface (Fig. 3Dii), which were iden-
tified as VitE aggregates (Dixon et al., 2018).

The hydrogels' Young's moduli (Fig. 3E) were obtained in tensile tests
to infer whether the VitE treatment impacted the material's stiffness.
TRIS hydrogels exhibited an elastic modulus of 4.6 + 0.2 MPa, which is
significantly above the values reported for commercial silicone CLs
(0.3-1.9 MPa) and could cause eye irritation (Efron et al., 2011). The
addition of VitE significantly decreased the Young's modulus to a value
of 0.7 + 0.1 MPa, which is comparable with commercial CLs. As the VitE
pre-treatment is performed in ethanol, the effect of the solvent per si was
also hypothesised, and TRIS-samples pre-soaked in ethanol were also
tested. The results indicate that although ethanol contributed to the
reduction, VitE further reduced the Young’s modulus. In fact, the pres-
ence of VitE could hinder the chain-chain interactions of the polymer,
therefore increasing its elasticity.

The static contact angle of hydrated TRIS and TRIS-VitE1l samples
resulted equal to 41 + 7° and 36 + 10°, respectively, with no statistical
difference between the two (Fig. 3F). Such values indicate the hydro-
philic nature of the surfaces (Law, 2014), regardless of the presence of
VitE. These results are consistent with previous data reported in the
literature for these hydrogels (Paradiso et al., 2016).

3.6. Biocompatibility study

The effect of sterilisation on the TRIS hydrogels, prior to the VitE pre-
treatment, is reported in Supplementary Fig. S6. Briefly, autoclaving did
not alter the chemical structure and mechanical properties of the ma-
terial. The hydrogels were then loaded with VitE in sterile conditions.
The drug release profile was not affected by the previous sterilisation of
the hydrogel (data not shown). Thus, autoclaving was adopted as ster-
ilisation method of the hydrogels to ensure the biological safety of the
system.

In vitro viability of human corneal cells in the presence of TRIS-VitE1l

hydrogels either loaded or unloaded with RA, was 86.6 + 22.5% and
95.7 + 8.9%, respectively (Fig. 4Ai), which means that both systems can
be considered non-cytotoxic according to the ISO 10993-5: 2009 stan-
dard (ISO 10993-5, 2009) Additional testing with dilutions of a fresh RA
solution (Fig. 4Aii) allowed us to identify a RA concentration of 625 pg/
mL as the cytotoxicity threshold, which is comparable to literature
values (Vieira et al., 2020).

The HET-CAM assay has been performed to determine the ocular
irritability of the designed systems, as the CAM blood vessels have
similarities to the vasculature of the ocular conjunctiva (Budai et al.,
2021). Images of the CAM exposed to the samples (Fig. 4B) suggest that
both RA-loaded and unloaded hydrogels shall not be irritant for the
ocular surface, as no signs of haemorrhage, lysis or coagulation were
observed within the duration of the test.

3.7. Prediction of ocular drug distribution based on in vitro and ex vivo
data

To provide an estimation of ocular drug distribution in vivo after CL
wearing, in vitro release data and ex vivo permeability results were in-
tegrated into a previously developed mathematical model. This
approach provides a theoretical prediction that supports the optimiza-
tion and selection of the most promising hydrogels prior to in vivo
studies; it does not constitute a direct in vivo measurement nor aims to
replace in vivo experiments.

3.7.1. Hydrodynamic drug release

Drug release experiments were performed in a release medium vol-
ume lower than that used in static conditions (section 3.3) and with
continuous renovation of the medium at a constant rate, allowing for an
approximation to the hydrodynamic functioning of the eye. Compared
to the drug release profile obtained in static conditions, a more gradual
and sustained release of RA was observed during the 24 h assay
(Fig. 5A). While in static conditions ~ 90% of the loaded drug was
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Fig. 5. Estimation of in vivo behaviour. (A) Comparison between the release profile of RA from TRIS-VitE1l hydrogels in static and hydrodynamic conditions,
indicated as pg released per mg of dry hydrogel. (B) Drug amount permeated across the (i) cornea and (ii) sclera over time. (C) Predicted drug concentration in the
eye after wearing of a loaded TRIS-VitE1 CL, zoomed representations are shown on the right.

released by the end of the experiment (24 h), in hydrodynamic conditions this percentage was lowered to ~ 40% (Fig. S5B in
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Supplementary information). The use of a smaller release volume (45 pL
instead of 3 mL) decreased the concentration gradient between the
release medium and the hydrogel, resulting in a lower diffusion rate.
This is also the reason why the amount of RA released during 24 h was
much lower (~ 32 pug/mg of dried lens, compared to the ~ 62 pg/mg
released under static settings). Looking at the slope of the release curve
obtained in hydrodynamic conditions, a plateau was not achieved
within the 24 h of the test, which suggests longer release times may be
achieved in vivo.

3.7.2. Ex vivo permeability evaluation

The cumulative amount of RA that permeates across the cornea and
the sclera along the first 6-7 h of contact with drug solutions is presented
in Fig. 5B. The scleral permeability of RA was found to be 3.4 + 0.5 x
107 cm/s, which falls within the range of permeability values reported
in the literature (0.5-7 x 10 cm/s) for drugs of similar molecular
weight and lipophilicity (logD7 4 values) (Pereira-da-Mota et al., 2022;
Prausnitz et al., 1998).

Conversely, the corneal permeability (5.0 + 0.5 x 10" ® cm/s) was
above the reported values for similar drugs (0.1-2 x 10 cm/s) (Ramsay
et al., 2018). The permeability coefficients for ocular tissues vary greatly
in the literature due to differing setups, test conditions and quantifica-
tion techniques. However, a higher permeability across the cornea,
when compared to the sclera, is unusual as the cornea's epithelial tight
junctions generally hinder drug diffusion. Although RA is considered a
hydrophilic molecule (multiple hydroxyl groups), its aromantic rings
suggest some lipophilic potential. The drug's nature could therefore aid
its crossing through both lipophilic (epithelium and endothelium) and
hydrophilic (stroma) corneal layers. Moreover, RA exhibited a higher
affinity for the sclera than the cornea, as shown by their partition co-
efficient values (K = 3.9 &+ 0.1 and K = 8.1 + 0.6 for the cornea and
sclera, respectively), which may lead to the accumulation of RA in the
sclera and a potential delay in its permeation through this tissue.

3.7.3. Modelling ocular drug distribution

The drug concentration in the different segments of the eye after
applying the RA-loaded SCLs was estimated using a previously devel-
oped mathematical model (Toffoletto et al., 2023). The simulation was
done by using as an input the exponential fitting of the in vitro hydro-
dynamic release profile (Supplementary Fig. S7), as this is expected to
better mimic the release conditions in the eye. Other drug-specific input
values for the model are reported in Table S1.

Regarding the posterior segment of the eye, RA retinal concentration
is expected to reach a peak of 86 ng/g of tissue, 6 h after application of
the therapeutic CL, followed by a slow decline (Fig. 5C). Although no
minimal therapeutic concentrations have been reported in the literature
for retinal pathologies, RA has been documented to have neuro-
protective effects, which are desirable for the management of several
retinal pathologies, at a concentration as low as 1 nM (0.36 ng/mL) (Du
et al., 2010), which suggests a potential protective effect of the designed
RA-eluting CLs. Regarding antioxidant and anti-inflammatory activity, a
concentration of 1 pM (360 ng/mL) was found to be effective (Ku et al.,
2013; Lu et al., 2017). To determine the minimum antioxidant con-
centration of RA, an in vitro test was performed in the present work
(Section 3.8.1), while the minimum neuroprotective concentration of
RA was assessed by an ex vivo assay on porcine retina (Section 3.8.2).

In the anterior segment of the eye, RA concentration in the aqueous
humour is expected to reach a peak of 9 pg/mL, indicating that RA
would be able to counter oxidative stress and inflammation, thus pro-
tecting the crystallin of diabetic patients from complications such as
cataracts (Bron et al., 1993). Furthermore, it has been reported that
exposure to 12.5 pM (4.5 pg/mL) of RA effectively inhibits crucial stages
of angiogenesis (Huang et al., 2006). Although neovascularisation issues
are more frequently associated with the posterior segment of the eye, an
anti-angiogenic effect is desired to counteract pathologies such as neo-
vascular glaucoma, which affects the iris (Tang et al., 2023).
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RA concentration in all ocular tissues is estimated to remain below
the cytotoxicity limit (625 pg/mL on human corneal epithelial cells,
Section 3.6), with only a slightly higher value predicted in tears at peak
concentration (658 pg/mL). Notably, the drug concentration in tears is
expected to decrease below the cytotoxicity limit after the first 3 h of CL
wear (Fig. 5C), whereas in vitro cytotoxicity tests were performed over
24 h. Therefore, it is plausible that corneal cells could tolerate the
transiently elevated RA levels in tears during the initial hours of CL
wear. In vivo studies would be valuable to ascertain if corneal cells can
tolerate prolonged exposure to RA at such doses.

3.8. RA’s therapeutic activity

3.8.1. Antioxidant effect

A DPPH assay was performed to assess the antioxidant capacity of
the drug released from the TRIS-VitE1l hydrogels and examine if RA’s
therapeutic activity was impacted by the loading and release process.

A scavenging effect of 75 + 2% was observed at a concentration of
50 ug/mL (Fig. 6), demonstrating the antioxidant potential of the sys-
tem. As a comparison, a study on resveratrol-releasing hydrogels
considered the system to have an antioxidant effect when the scavenging
effect was between 26 + 5% and 59 + 2% (Vivero-Lopez et al., 2021).
Dilutions of released RA were tested down to a minimum of 3 pg/mlL,
which presented 28 + 6% scavenging effect. This confirmed the anti-
oxidant potential of the designed system in the tears and aqueous hu-
mour, where the estimated drug concentration shall reach peaks of 685
pg/mL and 9 pg/mlL, respectively (section 3.7.3). Additionally, a com-
parison between the scavenging effect of fresh RA solutions and RA
released from the hydrogels revealed that the antioxidant potential was
not significantly affected by the loading and release processes.

To predict if any additional antioxidant effect may take place in vivo
due to the presence of VitE (a known antioxidant) (Li et al., 2024) do-
mains in the hydrogel, the supernatants of TRIS and TRIS-VitEl
hydrogels were also submitted to the DPPH test. However, no signifi-
cant effect was found after the hydrogel’s pre-treatment in VitE (Fig. 6).
Nevertheless, in the ocular environment, this molecule could still
potentially contribute to the contact lenses’ antioxidant activity.
Although it does not diffuse from the hydrogel, it may aid in scavenging
radical species that diffuse into the CL matrix.

3.8.2. Neuroprotective effect

In a diabetic context, there will be a progressive loss of the retinal
ganglion cells (RGCs) (Potilinski et al., 2020). To confirm the neuro-
protective effect of RA, an ex vivo assay was conducted to evaluate the
preservation of RGCs (Brn3a™ cells) in porcine retinal explants after 2
days of RA treatment (Fig. 7).

The 2-day incubation of the explants (D2) resulted in a significant
decrease in the number of Brn3a™ cells compared to DO, indicating the
occurrence of neurodegeneration (Meng et al., 2024). However, the
retinal explants treated with RA showcased an improvement in RGC
survival compared to D2, with Brn3a™ cells tending to approach those
observed at DO. This suggests a preservation or recovery of functional
RGCs and reinforces the neuroprotective potential of RA, as previously
documented (Du et al., 2010; Fallarini et al., 2009; Le et al., 2021). RA’s
neuroprotective effect appears to be concentration-dependent, with a
tendency for increased efficacy at higher concentrations. At a concen-
tration of 86 ng/mL, the drug already tended to have a protective effect
compared to D2, but at 400 ng/mL, RA demonstrated a pronounced
neuroprotective outcome. Although the estimated peak concentration of
RA in the retina is 86 ng/mL (section 3.7.3), it was noted that in this
tissue the drug turnover is slow. This implies that, as the RA-eluting SCLs
are to be replaced daily, the drug could gradually accumulate in the
retina and, after approximately 4 to 5 days, reach concentrations able to
exert a substantial neuroprotective effect.
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Fig. 7. Assessment of RA neuroprotective activity in ex vivo porcine retina cultures. (A) Representative immunofluorescence staining for RGC (Brn3a™ cells, in red)
and nuclei (DAPI, in blue) on retinal sections of porcine explants at day 0 (DO) or after 2 days in culture, without (D2) or with treatment of RA at 86 ng/mL (D2-86) or
400 ng/mL (D2-400) (Scale bar = 200 pm); ONL (outer nuclear layer), OPL (outer plexiform layer), INL (inner nuclear layer), IPL (inner plexiform layer), GCL
(ganglion cell layer) and NFL (nerve fibre layer). (B) Quantification of Brn3a™ cells across the GCL. Data represent mean =+ SD of 3 independent experiments, with at

least 10 images per condition.
4. Conclusions

This work aimed to develop a simple-to-manufacture hydrogel able
to release RA, a natural polyphenol, to be used in therapeutic CLs for the
treatment of diabetic ocular complications.

Both acrylic and silicone-based hydrogels were produced, with the
optimal release kinetics being obtained with the silicone-based hydro-
gels pre-treated with VitE. This specific system demonstrated a
controlled release profile for up to 7 h in sink conditions and 24 h under
hydrodynamic conditions, which more closely resembled the ocular
environment. The hydrogel’s physical, chemical and biological
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properties were assessed to ensure their suitability as commercial CLs.
Importantly, the material maintained high transparency above 550 nm,
while filtering UV radiation and blue light, which can potentially exert
harmful effects on the eye. The system also presented a hydrophilic
surface and an equilibrium water content that ensures the required
comfort for the user. Moreover, the TRIS-VitEl hydrogels showed a
suitable stiffness. Regarding biocompatibility, the system revealed no
signs of cytotoxicity or irritation. By performing an ex vivo permeability
study, RA’s ability to diffuse across the cornea and sclera was confirmed.
With the obtained permeability parameters, a drug distribution simu-
lation was conducted, which predicted therapeutically relevant
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concentrations in the target ocular tissues. The drug’s bioactivity ap-
pears to be unaffected by the loading and release processes, as the
released RA still demonstrated a strong antioxidant activity. Tests on the
neuroprotective also revealed that, with the accumulation of RA in the
retina, the system has the potential to reach relevant concentrations for
the preservation of the RGC layer.

Altogether, the TRIS-VitE1 hydrogels developed in this study offer a
promising platform for the sustained delivery of RA in the treatment of
diabetic-related ocular pathologies. This therapeutic device not only
holds significant potential for improving ocular clinical outcomes but
also for enhancing the quality of life for patients struggling with the
chronic challenges of diabetes.

Future work will involve the production of the hydrogels in curved
contact lens moulds, allowing the assessment of contact-lens-specific
parameters such as curvature stability, refractive power, and corneal
fitting, particularly after drug loading and release. Anti-inflammatory
activity evaluation tests on appropriate retinal cell lines should also be
performed to further characterize the therapeutic effect of the device.
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