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ARTICLE INFO ABSTRACT

Keywords: Contact lenses (CLs) have been suggested as drug delivery platforms capable of increasing the drug residence
Peptide time on the cornea and therefore its bioavailability. However, when targeting the posterior segment of the eye,
Penetratin the drug released from CLs still encounters the barrier effect of the ocular tissues, which considerably reduces the
Anti-inflammatory efficacy of administration. This work aims at the development of CLs able to simultaneously deliver an anti-
Dexamethasone

inflammatory drug (dexamethasone sodium phosphate) and a cell-penetrating peptide (penetratin), the latter
acting as a drug carrier across the tissues. Hydroxyethyl methacrylate (HEMA)-based hydrogels were function-
alized with acrylic acid (AAc) and/or aminopropyl methacrylamide (APMA) to serve as CL materials with
increased affinity for the drug and peptide. APMA-functionalized hydrogels sustained the dual release for 8 h,
which is compatible with the wearing time of daily CLs. Hydrogels demonstrated suitable light transmittance,
swelling capacity and in vitro biocompatibility. The anti-inflammatory activity of the drug was not compromised
by the presence of the peptide nor by sterilization. The ocular distribution of the drug after 6 h of CL wearing was
evaluated in vivo in rabbits and revealed that the amount of drug in the cornea and aqueous humor significantly
increased when the drug was co-delivered with penetratin.

Drug-eluting contact lens
In vivo ocular biodistribution

sustained release over time, while being a patient-friendly and easily
replaceable device (Toffoletto et al., 2021). Moreover, as CLs increase

1. Introduction

Contact lenses (CLs) have recently emerged as potential platforms for
drug delivery to the anterior segment of the eye, and the first com-
mercial drug-eluting CL was introduced to the market in 2022 for the
treatment of ocular allergy symptoms (ACUVUE® Theravision® with
Ketotifen, by Johnson & Johnson). Therapeutic CLs can provide a
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the drug residence time on the cornea (Hui, 2017), they allow for a
higher drug bioavailability if compared to commonly used eye drops.
Lacrimal fluid renewal, increased post-administration tearing, the
anatomical barrier of the ocular tissues and extensive systemic drug
absorption are among the causes of a low drug delivery efficiency of eye
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drops (i.e., only < 5 % of the administered drug reaches the target tis-
sues (Maulvi et al., 2015)), which reflects on the multiple daily in-
stillations required (Hsu et al., 2015).

Recent animal studies (Ross et al., 2019; Pereira-da-Mota et al.,
2022; Gade et al., 2020) evidenced that small drugs delivered from CLs
could also be detected in the vitreous humor and retina, opening the
possibility of treating pathologies that affect the posterior segment of the
eye without the need for invasive intraocular drug injections. Despite
the promising results, the presence of the anatomical ocular barriers still
limits the penetration of the drugs through the tissues, thus requiring the
release of massive drug doses from the CLs to reach a therapeutic con-
centration in the posterior segment.

Much effort has been made to implement strategies that allow to
increase drug transport across the ocular barriers, and therefore the
efficiency of topical administration, when the interior of the eye is the
target (Moiseev et al., 2019; Ghosh et al., 2018). Among these, peptides
have gained interest as potential drug carriers (Thareja et al., 2021;
Pescina et al., 2018). Cell penetrating peptides (CPPs) are non-toxic
short-chain peptides, which are named as such due to their ease of
internalization across cellular membranes. They have been recently
proposed as delivery enhancers of a variety of ocular therapeutic agents
including small drugs and macromolecules, such as anti-fungal drugs
(Jain et al., 2015; Amit et al., 2019), anti-inflammatory drugs (Gonzalez-
Pizarro et al., 2019), growth factors (Wang et al., 2010), anti-VEGF (de
Cogan et al., 2017), recombinant proteins (Johnson et al., 2010), siRNA
and plasmid DNA (Johnson et al., 2008). Both physical and covalent
drug-peptide associations have been reported in the literature. The
possibility of simply co-delivering the carrier and the cargo represents
an advantageous option, since no drug modification is required.

A therapeutic CL able to simultaneously release a carrier peptide
(either penetratin or kyotorphin) and dexamethasone sodium phosphate
(DexSP) was developed in the current study with a dual purpose: provide
a sustained drug release throughout the day and increase the perme-
ability of DexSP across the ocular tissues. The combination of these two
effects is expected to significantly improve the efficacy of DexSP treat-
ment, while maintaining the low invasiveness of topical drug
administration.

Dexamethasone is a widely used corticosteroid, used in ophthalmic
applications in the form of injections (e.g., Dexycu® by Icon Bioscience,
for the treatment of postoperative inflammation) or implants (e.g.,
Ozurdex® by Allergan, for the treatment of uveitis and macular edema).
DexSP, the phosphate ester of Dex, is characterized by a much higher
solubility in aqueous media, and therefore it is commonly used for
topical administration in the form of eye drops (generally in a concen-
tration of 1 mg/mL).

Penetratin (RQIKIWFQNRRMKWKK-NH,) is a well-known natural
CPP derived from the antennapedia of Drosophila melanogaster (Pescina
et al., 2020). It was shown to increase drug transport across biological
membranes both when forming a covalent complex with the cargo (Xia
et al., 2012) and when simultaneously delivered in solution (Cohen-
Avrahami et al., 2012; Frgslev et al., 2022; Kristensen et al., 2015).
Kyotorphin is a small endogenous neuropeptide, which, due to its
analgesic effect, has been investigated as a safer alternative to opioids in
pain relief applications. Used in its amidated form (YR-NHy), it was
shown to cross the blood-brain barrier in rats (Ribeiro et al., 2011).

Ex vivo permeability tests were performed on porcine conjunctivas to
select the most promising drug-peptide combination. Hydroxyethyl
methacrylate (HEMA) based CLs incorporating functional monomers (i.
e., N-(3-aminopropyl) methacrylamide (APMA) and/or acrylic acid
(AAc)) were designed to tune the amount of drug and peptide loaded
and their release kinetics. The obtained devices were characterized in
terms of their physical properties and biocompatibility in vitro. In view
of a clinical use of the device, the effect of pressure-assisted thermal
sterilization was assessed. Finally, in vivo tests on rabbits were con-
ducted to evaluate the effectiveness of the strategy for the first time.
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2. Materials and methods
2.1. Materials

Dexamethasone sodium phosphate (DexSP, CAS 2392-39-4; 516.4
g/mol) and dexamethasone (Dex, CAS 50-02-2; 392.5 g/mol) were
purchased from Carbosynth (Compton, UK). Penetratin trifluoroacetic
salt (PEN, CAS 214556-79-3; 2245.8 g/mol) was purchased from
Bachem AG (Bubendorf, Switzerland). Custom-made amidated kyotor-
phin (KTP-NH,) was purchased from INTAVIS Peptide Services GmbH
(Tiibingen, Germany). The structures of the studied molecules are pre-
sented in Fig. S1.

Ethylene glycol dimethacrylate (EGDMA, CAS 97-90-5), 2,2-azobis
(isobutyronitrile) (AIBN, CAS 78-67-1), 2-hydroxyethyl methacrylate
(HEMA, CAS 868-77-9) and N-(3-aminopropyl) methacrylamide hy-
drochloride (APMA, CAS 72607-53-5) were purchased from Sigma-
Aldrich (Steinheim, Germany). Acrylic acid (AAc, CAS 79-10-7) was
purchased from Alfa Aesar (Kandel, Germany).

Distilled and deionized water (resistivity > 18 MQcm) was obtained
from a Millipore system. Acetonitrile HPLC grade (CAS 75-05-8) was
purchased from Carlo Erba Reagents (Val-de-Reuil, France). Phosphate
buffer saline (PBS), pH 7.4, was purchased from Sigma-Aldrich (Stein-
heim, Germany). Phosphate buffer (pH 6.0) was prepared with the
following composition: NaOH 1.15 mM (VWR—Leuven, Belgium) and
KH5PO4 10 mM (ITW Reagents, Barcelona, Spain).

Porcine eyes were obtained from a local slaughterhouse (Macello
Annoni S.p.A., Parma, Italy). Eyeballs were enucleated from 10 to 11-
month-old animals (Landrance and Large White breeds, 145-190 kg,
female and male), transported at 4 °C in PBS and used for ex vivo tests
within 2-3 h from enucleation.

Human Corneal Epithelial Cells (ATCC PCS-700-010), Corneal
Epithelial Cells Basal Medium (ATCC PCS-700-030), Corneal Epithelial
Cell Growth Kit (ATCC PCS-700-040) and RPMI-1640 medium (ATCC-
30-2001) were purchased from LGC Standards (Barcelona, Spain). THP-
1 human monocytes cell line (ATCC TIB-202) was kindly provided by Dr.
Nuno Taveira from the University of Lisbon, Faculty of Pharmacy. Fetal
bovine serum, penicillin, streptomycin, lipopolysaccharides (LPS) from
Escherichia coli 0111:B4, yellow tetrazolium (3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide) (MTT), dimethyl sulfoxide
(DMSO, >99 %), isopropanol and hydrochloric acid were purchased
from Sigma-Aldrich (Steinheim, Germany). IGEPAL® and phorbol 12-
myristate 13-acetate (PMA, CAS 16561-29-8) were purchased from
Merck (Darmstadt, Germany).

Schirmer test strips were purchased from Contacare Ophthalmics
and Diagnostics (Gujarat, India). Propofol injectable solution (10 mg/
mL) was purchased from B. Braun VetCare SA (Rubi, Spain), while
Dolethal injectable solution (200 mg/mL) was purchased from Veto-
quinol Especialidades Veterinarias SA (Madrid, Spain). Glutaraldehyde,
sodium cacodylate, osmium tetroxide and propylene oxide were pur-
chased from Sigma-Aldrich (Steinheim, Germany).

2.2. Drug and peptide selection ex vivo

The drug permeability across the porcine conjunctiva and the effect
of the presence of peptides (either KTP-NH, or PEN) on such parameter
were assessed ex vivo. Porcine conjunctivas (n > 3) were examined to
select a uniform tissue portion, then clamped in Franz diffusion cells
(permeation area: 0.2 cm?) while still attached to the eyeball to simplify
tissue handling (Pescina et al., 2019). The conjunctival epithelium was
placed facing the donor chamber. After clamping, the eyeball was
removed, the receptor chamber was filled with approximately 4 mL of
degassed PBS and the Franz cells were placed in a thermostatic bath at
37 °C with magnetic stirring of the receptor chamber. The donor
chamber was then filled with 200 pL of drug solution in PBS without
peptide (i.e., 500 ug/mL DexSP or 80 pg/mL Dex, due to solubility
limitations) or with peptides (i.e., DexSP: KTP-NH, in a 1:1 molar ratio;
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DexSP: PEN in a 10:1 molar ratio; Dex: PEN in a 10:1 molar ratio) and
covered with parafilm to prevent evaporation. When PEN was tested, a
molar excess of drug was placed in the donor chamber of the Franz cells
to account for the seven theoretical charges of PEN at pH 7.4 and the
possibility for a single PEN molecule to simultaneously interact with
multiple drug molecules. At each time point (i.e., 0, 0.5, 1, 2, 3 and 4 h),
300 L of medium was removed from the receptor chamber for analysis
of the drug concentration and replaced with fresh PBS. The cumulative
amount of drug permeated, normalized for the permeation area, was
plotted against time and fitted to a linear least squares regression. The
steady state flux, J (ug/cm?s), was obtained as the slope of the regression
line. The apparent permeability coefficient, P,p, (cm/s), was then
calculated as the ratio between J and the initial drug concentration (ug/
mL) in the donor chamber (Kristensen et al., 2015; Pescina et al., 2019).

DexSP and Dex were quantified using an HPLC/UV-Vis system (In-
finity 1260, Agilent Technologies, Santa Clara, CA, USA) fitted with a
C18 Novapak® column (3.9 x 150 mm; particle size: 4 ym) (Waters,
Ireland). The analysis was performed setting a 50 pL injection volume
and 1 mL/min flow rate. The mobile phase for DexSP quantification
consisted in a mixture of 0.01 M phosphate buffer (pH 6.0) and aceto-
nitrile in the ratio of 80:20 v/v. The mobile phase for Dex was a mixture
of water and acetonitrile in a 62:38 v/v ratio. DexSP was detected at a
wavelength of 242 nm, with a retention time of 2.9 min, while Dex was
detected at 246 nm with a retention time of 2.4 min. The HPLC methods
were validated for linearity, accuracy and precision in the 0.2-50 pg/mL
and 0.2-10 pg/mL concentration range for DexSP and Dex, respectively.

2.3. Hydrogels design and synthesis

Hydrogels were synthesized with the compositions reported in
Table 1. HEMA was selected as the backbone monomer of all hydrogels.
APMA and/or AAc (Fig. 1) were added to the prepolymer mixture as
potential functional monomers due to their high affinity to either DexSP
(Toffoletto et al., 2021) or cationic peptides such as PEN (Malakooti
et al., 2015), respectively, with the purpose of tuning the drug/peptide
amount loaded and the release kinetics. AIBN and EGDMA were added
as initiator and crosslinker, respectively.

The prepolymer mixtures were injected into molds made of two
silanized glass plates (10 x 10 cm) with a 0.3 mm thick Teflon frame.
Thermal polymerization was performed at 60 °C for 24 h. The obtained
hydrogel sheets were immersed in distilled water to remove the
unreacted monomers. Water was renewed twice a day until the peaks
associated with the presence of residual monomers could not be detected
by UV-Vis spectrometric analysis of the washing solution. Then, the
hydrogel sheets were cut into flat discs with a biopsy puncher (& = 14
mm for all samples, unless when explicitly stated otherwise), to
resemble the size of commercial CLs. The obtained discs were dried at
40 °C for 24 h prior to storage.

2.4. Drug and peptide loading

Dry hydrogel discs were loaded following a two-phase protocol: first,
the discs were soaked into 2 mL of DexSP solution (0.5 mg/mL in PBS)
for 3 days at room temperature, followed by soaking into 0.5 mL of a
drug + peptide solution (0.5 mg/mL DexSP + 0.5 mg/mL PEN in PBS)
for 3 days at 4 °C.

To evaluate the effect of the simultaneous drug and peptide loading

Table 1

Composition of the hydrogels tested as potential CL materials.
Code HEMA APMA AAc AIBN EGDMA
H1 4.5 mL - - 10 mg 0.15 mL
H2 4.5 mL - 600 mM 10 mg 0.15mL
H3 4.5 mL 100 mM - 10 mg 0.15mL
H4 4.5 mL 100 mM 600 mM 10 mg 0.15 mL

International Journal of Pharmaceutics 650 (2024) 123685

when compared to single loading, the hydrogel with the most adequate
dual release profile (H3 hydrogel, as will be proved below) was also
individually loaded with either DexSP (3 days soaking into 2 mL of 0.5
mg/mL DexSP in PBS at room temperature, followed by 3 days into 0.5
mL of 0.5 mg/mL DexSP in PBS at 4 °C) or PEN (3 days soaking into 0.5
mg/mL PEN in PBS at 4 °C).

The loading kinetics of DexSP into the hydrogel was previously
monitored to optimize the two-phase loading protocol and determine
the required total soaking time (Fig. S2). Briefly, a 20 uL aliquot of the
DexSP loading solution was collected for quantification every 24 h
during the hydrogel soaking period (under the conditions described
above) until no variation in the drug concentration was detectable. The
short period of peptide stability in solution (Figs. S3 and S4) imposed the
shorter soaking period and lower temperature for the second phase of
the loading procedure, while the smaller loading volume (0.5 mL) was
selected for a cost-effective protocol.

The total amount of drug and peptide loaded into the hydrogel discs,
after either single or dual loading, was calculated as the difference in
concentration between the loading solution at the end of the loading
phase and a control solution stored under the same conditions of the
loading solution, but with no hydrogel disc, to eliminate any storage
effect on quantification. Quantification was performed with a UV-Vis
spectrophotometer (MultiskanGO, ThermoScientific, Porto Salvo,
Portugal), measuring the absorbance of DexSP at 242 nm and the
absorbance of PEN at 280 nm. Calibration curves were obtained in the
10 — 120 pg/mL and 2 — 125 ug/mL concentration range for DexSP and
PEN, respectively. In the case of dual loading, the full spectrum was
deconvoluted considering it as the linear combination of the single
spectra of the drug and the peptide (Equation (1)), as previously
described by Kim and Chauhan (Kim and Chauhan, 2008).

AbSpua = A ® AbSpesp + P ® Abspey [¢))

Briefly, the constants o and p were determined by a least-square fit be-
tween the dual spectrum (Abspya) and the individual drug or peptide
spectra (Abspexsp and Abspgy, respectively) using the function ‘fmin-
search’ in MATLAB (v2019b, The MathWorks Inc., Natick, MA, USA).
The procedure assumes that the absorbance spectra are additive and
linear in concentration. All drug/peptide loading studies were per-
formed at least in triplicate.

2.5. In vitro release profile

The release profile from the hydrogel discs (n = 3), loaded with
DexSP, PEN or both, as described in Section 2.4, was evaluated in vitro
for 24 h. The discs were removed from the loading solution, rinsed in
distilled water to remove the drug/peptide excess from the surface and
gently blotted with absorbent paper. Each disc was then immersed in 3
mL of PBS to ensure sink conditions and incubated at 36 °C with 180 rpm
shaking. At different time points (i.e., hourly for 8 h and after 24 h),
aliquots of 0.3 mL were collected for drug/peptide quantification and
were replaced by the same volume of fresh PBS. Drug and peptide
quantification was performed by UV-Vis spectrophotometry as
described in Section 2.4.

2.6. Physical characterization

The wettability of the hydrogels was determined by the captive
bubble method on hydrogel discs which were pre-hydrated in water for
24 h. The samples were placed horizontally in a measuring cell filled
with distilled water, then air bubbles (3—-4 uL) were formed and released
underneath the inferior surface of the hydrogels by using a micrometer
syringe with a curved needle. Images were acquired during 60 s using a
video camera (JAI CV-A50, Copenhagen, Denmark) mounted on an
optical microscope (Wild M3Z, Leica Microsystems, Jena, Germany) and
connected to a frame grabber (Data Translation DT3155, Measuring
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Fig. 1. Molecular structure of the hydrogel monomers: HEMA, selected as the backbone monomer; APMA, used as a functional monomer for interaction with the

anionic DexSP, and AAc, used as a functional monomer for interaction with PEN.

Computing Corp., Norton, MA, USA). The measurements were per-
formed over 2 discs for each hydrogel formulation, and 10 bubbles were
created for each formulation. The acquisition and analysis of the images
were performed using the ADSA-P software (Axisymmetric Drop Shape
Analysis Profile, Applied Surface Thermodynamics Research Associates,
Toronto, Canada).

The liquid uptake of the hydrogels was evaluated after immersion in
the drug + peptide solution. For this, dry hydrogel discs (n = 3) were
weighted before soaking and at the end of the dual loading procedure
referred to in Section 2.4. The liquid uptake was calculated as in
Equation (2), where wg and w; are the weights of the dry and swollen
discs, respectively. The liquid uptake of the hydrogels was also evalu-
ated in plain PBS, immersing dry discs (n = 3) at room temperature for 3
days, followed by 3 days at 4 °C.

Wy — Wo

Liquid uptake(%) = { } e 100 (2)

Wo

The transmittance of the hydrogels (n = 3) was recorded at the end of
the drug + peptide loading by UV-Vis spectrophotometry in the
200-700 nm range, to ensure the fulfillment of the optical requirements
and prove the suitability of the hydrogels as CL materials.

2.7. Sterilization

Pressure-assisted thermal processing (PATP) was selected as the
sterilization method due to the possibility of maintaining low temper-
atures throughout the process, thus avoiding drug and peptide degra-
dation. PATP is an FDA-approved pasteurization method in the food
industry (Wang et al., 2016), and, due to its advantages, it has been
recently suggested as an alternative sterilization technique in the med-
ical field (Topete et al., 2020; Daoud-Mahammed et al., 2008).

Hydrogel discs (n = 3) were subjected to PATP either on day 4 or on
day 6 of the loading procedure (i.e., at the beginning or the end of the
second phase of loading). To perform the procedure, the discs were
packed in heat-sealed polyamide/polyethylene bags with 0.5 mL of
drug + peptide loading solution (0.5 mg/mL DexSP + 0.5 mg/mL PEN in
PBS). The obtained packages were pre-heated at 50 °C for 10 min in a
water bath and then placed in a PTFE insulation vessel with a piston
containing pre-heated water to perform the procedure. A high-pressure
equipment (Hiperbaric 55, Hiperbaric S.A., Burgos, Spain) was used at
validated operating conditions (Topete et al., 2020), i.e., 50 °C with a
pressure of 500 MPa for 5 min. The effect of PATP on the release profile
of the hydrogels was assessed and results were compared to the release
profile of non-processed hydrogels.

To evaluate the stability of the drug and the peptide after the ster-
ilization procedure, bags containing solutions of either DexSP or PEN (1
mg/mL) were also subjected to PATP. Circular dichroism (CD) was
performed on the PEN solution before and after sterilization, to detect
any changes in the peptide secondary structure. Briefly, spectra resultant
from three accumulations between 198 and 250 nm were recorded on a
JASCO J-720 spectropolarimeter (JASCO, Hiroshima, Japan) using
quartz cells with an optical path of 2 mm. The eventual DexSP degra-
dation was instead monitored using a HPLC-UV system as described in
Section 2.2.

2.8. In vitro biological characterization

2.8.1. Cytotoxicity

After dual loading with drug and peptide, H3 hydrogel discs (@ ~ 10
mm, n = 4, sterilized on day 6 of the loading procedure) were tested for
cytotoxicity using primary Human Corneal Epithelial Cells (HCEC).
Unloaded sterilized hydrogel discs (n = 4) were also tested to assess the
potential toxicity of the material.

Cytotoxicity was evaluated by indirect contact (Toffoletto et al.,
2021; Zhang et al., 2016) according to the ISO 10993-5: 2009 standard,
placing the hydrogels in cell culture inserts (Transwell®, Corning,
Glendale, AZ, USA; 12 mm diameter). Cells were cultured at 37 °Cin a
humidified 5 % CO incubator with Corneal Epithelial Cells Basal Me-
dium supplemented with a Corneal Epithelial Cell Growth Kit according
to the ATCC guidelines. Cell suspension, from passages 2 to 4, was
seeded in a 12-well culture plate to obtain 0.7 x 10° cells/well and
incubated for 24 h at the growth conditions. Then, the culture medium
was renewed. Hydrogels were rinsed in sterile PBS, blotted, and trans-
ferred into the inserts, and these were placed in the wells. 200 uL of fresh
medium was added on top of the hydrogels to ensure complete immer-
sion, to reach a total of 700 uL/well. Negative (cells with HCEC medium)
and positive (cells with HCEC medium and 10 % DMSO) control wells (n
= 4) were also prepared. After 24 h, inserts were removed, cells were
rinsed with PBS and incubated with 400 uL/well MTT solution (0.5 mg/
mL MTT in HCEC medium) for 3 h. Then, 600 pL of a formazan-
dissolving solution (0.1 % IGEPAL in isopropanol with hydrochloric
acid 4 mM) was added to each well. Plates were shaken in a dark
environment at room temperature for 1 h. The absorbance was
measured at 565 nm in a microplate reader (Infinite® 200 PRO, Tecan,
Mannedorf, Switzerland). The relative quantification of cell viability
was normalized to the negative control.

2.8.2. Ocular irritability test (HET-CAM)

H3 hydrogels (n = 3), loaded with both drug and peptide and ster-
ilized on day 6 of the loading procedure, were evaluated for potential
ocular irritation using the Hen’s Egg Test on the Chorioallantoic Mem-
brane (HET-CAM) as reported in previous studies (Pereira-da-Mota
et al., 2022; Silva et al., 2021). Briefly, fertilized hen’s eggs (Sociedade
Agricola da Quinta da Freiria, SA, Portugal) were incubated for 8 days at
37 °C and 60 % RH. Then, each eggshell was cut above the air cell and
the inner membrane was exposed. After hydration with 0.9 % NacCl for
30 min, the membrane was detached, thus giving access to the CAM.
Hydrogels were placed on the CAM and the time (in seconds) until
eventual hemorrhage (ty), vascular lysis (t.) or coagulation (tc) was
recorded for 5 min. Solutions of 0.9 % NaCl and 1 M NaOH were used as
negative and positive control, respectively. The irritation score (IS) was
then calculated as follows (Equation (3)) (Budai et al., 2010):

(301—tw)e5 (301 —1)e7 (301 -1ic)e9

Is = 300 300 300

3)
Depending on the obtained IS value, the samples 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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2.8.3. Anti-inflammatory activity

An in vitro anti-inflammatory assay was performed with THP-1
human monocytes to evaluate the effect of (i) the presence of the pep-
tide and (ii) PATP sterilization on the anti-inflammatory activity of
DexSP.

THP-1 cells were cultured in suspension at 37 °C in a humidified 5 %
CO; incubator with RPMI-1640 supplemented with 10 % fetal bovine
serum and 1 % penicillin-streptomycin. Cells were seeded in a 24-well
culture plate to obtain 7 x 10* cells/well. Differentiation of monocytes
into macrophages was achieved by adding 600 pL of a 200 nM PMA
solution in each well (Lorenzo-Veiga et al., 2020). After incubation for
54 h, the medium was renewed and the cells were exposed overnight to a
pre-treatment (Pereira-da-Mota et al., 2022; Olajide et al., 2021; Tomani
et al., 2020) with the following solutions: DexSP 20 uM; PEN 10 uM; a
combination of DexSP and PEN (20 uM DexSP and 10 uM PEN); a
combination of DexSP and PEN after PATP sterilization (20 pM DexSP
and 10 pM PEN). Then, after rinsing the cells with PBS, the medium was
renewed and cells were stimulated with 100 ng/mL LPS to provoke an
inflammatory response. Unstimulated cells, not pre-treated with drug/
peptide solutions nor exposed to LPS, were used as negative control,
while cells treated with only LPS served as positive control. Each case
was prepared in quadruplicate.

After 24 h, cell culture supernatants were collected and stored at
—80 °C for quantification of secreted Interleukin 6 (IL-6), an inflam-
matory mediator. The concentration of IL-6 was analyzed without the
need for sample dilution by specific ELISA (RAB0307 by Merck, Darm-
stadt, Germany), following the manufacturer’s instructions.

2.9. In vivo experiments

2.9.1. CLs production

Curved CLs were produced from H3 hydrogel to be tested in vivo with
rabbits. The composition of H3 hydrogel (Table 1) was modified by
doubling the amount of AIBN, the initiator, to ensure a complete poly-
merization of the thinner CLs within the 24 h of thermal treatment
(Pereira-da-Mota et al., 2022). CLs were polymerized inside curved
custom-made Teflon molds (10.5 mm diameter, 5.6 mm curvature) with
a 0.1 mm Teflon spacer, following the procedure described in Section
2.3. The obtained CLs had the final dimensions of approximately 13 mm
diameter, 8 mm curvature, and 0.3 mm thickness in the hydrated state
(PBS, pH 7.4). CLs loading was performed as indicated in Section 2.4,
except for the volume of the loading solution, which was doubled due to
the larger dimensions of the CLs if compared to flat discs. Sterilization
was performed as in Section 2.7, on day 6 of the loading procedure.
Then, the CLs were stored at —20 °C in the loading solution for a
maximum time of 10 days until being used in vivo.

The effect of the storage and of the hydrogel modifications (i.e.,
increased AIBN amount and curved shape) on the drug/peptide release
profiles was assessed in vitro following the protocol described in Section
2.5. The effect of the hydrogel modifications on the physical properties
(i.e., liquid uptake and thermal behavior) was also assessed. The liquid
uptake of H3 discs and H3 CLs in PBS was quantified as described in
Section 2.6. For the thermal characterization, samples of H3 discs and
H3 CLs (n > 3, dry weight ~2.5 mg) were dried in a vacuum oven at
40 °C for 72 h and placed in sealed crucibles to be tested through a
differential scanning calorimeter (DSC 200 F3 Maia by NETZSCH, Selb,
Germany). Thermograms were obtained by heating the samples between
25°Cand 250 °C, at a rate of 10 °C/min, for two cycles. The thermogram
of the second cycle was used to determine the glass transition temper-
ature (Tg) of the material (Bhat et al., 2019), which was extrapolated
using Proteus Thermal Analysis software (NETZSCH, Selb, Germany).

2.9.2. Study design

In vivo experiments were performed according to the Association for
Research in Vision and Ophthalmology (ARVO) Statement for the Use of
Animals in Ophthalmic and Vision Research and to the European
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Directive 2010/63/EU. Protocols were approved by the Ethics Com-
mittee for Animal Experimentation of Universidad Complutense de
Madrid [Registration number: CEEA-UCM- 4618072022-2022]. The
sample size was selected applying the 3Rs principle.

Ten New Zealand white rabbits (male, age 3 months, weight 3.86 +
0.46 kg) were included in the study. The animals were kept in individual
cages in a controlled room (12 h light/dark cycles, 18 °C, 50 % relative
humidity), with total access to food and water, for at least one week
before the beginning of the experiment. The rabbits were randomly
divided into three groups: the first group (4 rabbits) wore CLs loaded
with DexSP only; the second group (5 rabbits) wore CLs loaded with
DexSP and PEN; the third group (1 rabbit) was set as control for the
histological analysis, and did not wear any CL. All animals received the
same treatment in both eyes.

A slit lamp examination (VX75, Luneau Technology - Chartres,
France) was performed at the beginning of the experiment to exclude the
presence of defects on the ocular surface. Then, the CLs were removed
from the sterilized bags, rinsed twice with sterile saline solution to
remove excess drug on the CL surface, and carefully applied on the
rabbits eyes, below the nictitating membrane, without local anesthesia.
Rabbits were placed in individual restrainers for 6 h, with constant
monitoring, to minimize the possibility of CL removal. Due to the low
blinking rate, the rabbits eyes were kept closed for 1 min every 15 min to
prevent the CL from drying. Tear fluid samples were collected at fixed
time points (t = 30 min, and hourly until the 6™ h) using Schirmer test
strips. Briefly, the strips were placed on the palpebral conjunctiva of the
lower eyelid for 10 s, keeping the rabbits eyes closed during the
collection of tears. The volume of the collected samples was recorded as
the length of moistened strip, each mm corresponding to 1 uL of tears.
Rabbits were euthanized at the end of the experiment by intravenous
administration of 0.75 mL/kg of propofol and 0.7 mL/kg of pentobar-
bital sodium (Dolethal 200 mg/mL).

2.9.3. Drug extraction and quantification

Preliminary ex vivo studies were performed to validate the drug
extraction method from the ocular tissues. Briefly, samples of thawed
porcine ocular tissues (previously stored at —20 °C) were weighted in
1.5 mL Eppendorf® tubes. Then, 20 uL of DexSP stock solution (1 mg/
mL DexSP in 90 % ethanol) was applied onto the tissues, allowing for
solvent evaporation (Gonzalez-Fernandez et al., 2023). After 1 h, 1 mL
of extraction medium was added (i.e., 65 % v/v acetonitrile in water).
The aqueous humor and vitreous humor were considered an aqueous
phase, and were therefore immersed in pure acetonitrile to reach a final
concentration of 65 % acetonitrile in the samples. All samples were
sonicated for 10 min and incubated overnight at 4 °C to extract the drug
and precipitate the proteins. Then, samples were vortexed for 1 min and
centrifuged at 13000 rpm for 10 min. Supernatants were collected for
HPLC quantification. Expecting DexSP to be metabolized by the ocular
tissues into dexamethasone (Dex) (Gonzalez-Fernandez et al., 2023), all
samples were analyzed twice by HPLC to detect both DexSP and Dex.
The amount of drug extracted was compared to the amount of DexSP
initially applied.

At the end of the in vivo experiment, the ocular tissues were isolated
after euthanasia. Firstly, the aqueous humor was collected from the
anterior chamber of the eyes with a 1 mL syringe equipped with a 25G
needle. Then, the eyes were enucleated and immediately dissected to
isolate the cornea, sclera, and vitreous humor. All collected tissues were
separately weighted and treated as follows: the cornea and sclera were
immersed in 500 pL and 800 pL of extraction medium, respectively; the
aqueous humor and vitreous humor were immersed in pure acetonitrile
to reach a final concentration of 65 % acetonitrile in the samples. Then,
all samples were processed following the validated drug extraction
method. Finally, the supernatants were collected and stored at —80 °C
until Ultra High-Performance Liquid Chromatography (UPLC) analysis,
which was performed detecting both DexSP and Dex.

To evaluate the drug concentration in the tears over time, Schirmer
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strips containing the collected tear fluid samples were placed in 150 pL
of extraction medium and processed as previously described for the
ocular tissues (i.e., 10 min sonication, overnight incubation at 4 °C, 1
min vortex and 10 min centrifugation at 13000 rpm). The supernatants
were stored at —80 °C until HPLC analysis.

The remaining amount of drug in the CLs after 6 h of in vivo wearing
was also quantified at the end of the test. To do this, the CLs were placed
in 1 mL of extraction medium for 24 h at room temperature, vortexed for
1 min and centrifuged at 13000 rpm for 10 min. Then, the amount of
remaining drug was quantified by HPLC.

HPLC quantification of DexSP and Dex in the tears was performed as
in Section 2.2. UPLC analysis of the ocular tissues eluates was performed
with a Waters Acquity UPLC H-Class with a Xevo TQD MS System in the
Laboratério de Analises of Instituto Superior Técnico. The chromato-
graphic separation was performed with a BEH C18 column (Waters, 1.7
pm, 2.1 x 75 mm) at 40 °C, with a flow rate of 0.5 mL/min. The mobile
phase consisted of component A (0.1 % formic acid in water) and
component B (0.1 % formic acid in acetonitrile). A gradient elution was
applied as follows: 5-100 % B (0-5 min), 100-5 % B (5-6 min), and 5 %
B (6-7 min). Electrospray ionization was run in positive mode with the
following conditions: source temperature 150 °C; desolvation tempera-
ture 500 °C; capillary voltage 0.5 kV. The cone voltage was set at 20 V
for Dex and 60 V for the DexSP. Desolvation gas flow was 1000 L/h,
while cone gas flow was 50 L/h. Both drugs were monitored for quan-
tification in selected ion recording (SIR) mode using the m/z of 396.2 —
373.2 for Dex, and the m/z of 517.1 — 124.9 for DexSP. Calibration
curves were obtained in the 0.5-40 ng/mL and 0.1-40 ng/mL concen-
tration range for DexSP and Dex, respectively.

2.9.4. Corneal histology

Histological analysis was performed on a portion of the excised
corneas to evaluate the effect of the CLs application on the epithelial
structure. Briefly, corneas (either treated with DexSP CLs, DexSP + PEN
CLs, or untreated taken as control) were isolated from the rabbit eyes
and immersed in 1.5 mL of glutaraldehyde solution (3 % glutaraldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4) for 3 h to fix the tissues. The
procedure was performed immediately after euthanasia, to avoid post-
mortem cellular degradation. After fixation, corneas were stored in
1.5 mL of sodium cacodylate buffer. Then, samples were rinsed, post-
fixed for 1 h in 1 % w/v osmium tetroxide in the same buffer, and
dehydrated with graded ethanol passages. Corneal fragments were then
subjected to two 15-min passages in propylene oxide and finally
embedded in an Epon-Araldite mixture. Semi-thin sections (1 pm
thickness) were cut on a Reichert Ultracut II Ultramicrotome (Leica
Microsystem - Wetzlar, Germany) equipped with a glass knife, and
stained with toluidine blue for light microscope observation. Thin sec-
tions were cut with a diamond knife and stained on the grid with uranyl
acetate and lead citrate for observation by transmission electron mi-
croscope (TEM) on a JEOL 1200-EX apparatus (JEOL USA, Peabody,
MA, USA) (Carapeta and do Bem B, McGuinness J, Esteves A, Abecasis A,
Lopes A, 2015).

2.10. In vitro-in vivo correlations

Invitro-in vivo correlations (IVIVC) were attempted through Levy plot
analysis, representing the percentage of drug released in vitro and in vivo
at predetermined time points on the x- and y-axes, respectively. The
drug amount released in vivo to the tear fluid was calculated as the cu-
mulative area under the tear fluid concentration-time curve (AUCy.¢) at
each time point normalized by the theoretical AUC that could be ob-
tained assuming a complete release from the CLs (AUCy..,)(Equation
(4)).

AUC-,

In vivo drug release (%) = AVC— © 100 4)
0-00
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AUCy. was calculated from the experimental data applying the trape-
zoidal rule (Hiratani et al., 2005) and AUCy.,, was obtained as follows
(Equation (5)):

AUCy_en
=0

AUCy_ = 100 %)

t=6h

P,_¢n represents the percentage of drug released at the end of the
experiment (t = 6 h) and was calculated as the difference between the
average amount of drug loaded on the CLs and the drug amount
extracted from each CL at the end of the experiment (Section 2.9.3),
normalized by the total drug amount loaded. Regression analysis was
carried out using Prism 8.0.1 software (GraphPad, San Diego, CA, USA).

2.11. Statistical analysis

Quantitative data are presented as the mean + standard deviation.
Statistical analysis was performed on Prism 8.0.1 software (GraphPad,
San Diego, CA, USA) by t-test if two groups were compared, or, in case of
multiple groups, by one-way ANOVA with Tukey’s multiple compari-
sons post hoc test. The normality of the variables was previously
assessed by the Shapiro-Wilk test. The significance level was set at p <
0.05.

3. Results and discussion
3.1. Ex vivo permeability test

The effect of the peptides on drug permeability across the ocular
tissues was evaluated ex vivo. The conjunctiva was selected as a model
tissue as it covers the vast majority of the accessible eye surface, and,
due to its wider intercellular space if compared to the cornea, it con-
stitutes an important absorption route for topically applied drugs
(Subrizi et al., 2019). A statistical increase in the Py, of the drug was
observed when DexSP was co-delivered with PEN (1.3 + 0.2x10°° cm/s
vs 0.6 & 0.3 x10 cm/s), while the presence of KTP-NH> did not cause a
relevant change in the Pyp, value (0.9 + 0.3 x107° em/s vs 0.6 + 0.3 x10°
5 cm/s) (Fig. 2). A comparable two-fold increase in permeability was
reported by Cohen-Avrahami et al. (Cohen-Avrahami et al., 2012), who
co-delivered diclofenac sodium, a non-steroidal anti-inflammatory drug,
with PEN across the porcine skin in ex vivo tests.

To explore the potential of the use of PEN as a permeability enhancer
for a wider range of drugs, the peptide was then tested in the presence of
the hydrophobic Dex, with no significant increase in the Py, of the drug
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Fig. 2. Apparent permeability of DexSP and Dex across the porcine conjunctiva
when administered in solution with either KTP-NH, (1:1 drug-peptide ratio) or
PEN (10:1 drug-peptide ratio), compared to the permeability of the drugs alone.
One-way ANOVA, ** p < 0.01 (n > 3).
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(1.3+0.5 x10° cm/s vs 1.0 + 0.2 x10™ cm/s) (Fig. 2). Interestingly, a
recent permeability study by Frgslev et al. (Frgslev et al., 2022) across an
in vitro model of blood-brain barrier also evidenced a dependence of the
efficacy of PEN on the cargo properties, namely its hydrophilicity: PEN
increased 10-fold the passage of '*C-mannitol, a hydrophilic para-
cellular flux marker, while resulted ineffective on the Py, of *H-prop-
anolol, a hydrophobic transcellular flux marker.

The reported results are characterized by a wide data dispersion,
which is commonly observed when biological tissues are involved. The
inter-animal differences, the difficulty in tissue handling and the spatial
variability in the selection of the clamped conjunctival area all
contribute to the obtained standard deviations. Despite these limita-
tions, ex vivo tests are considered a useful tool in comparative studies,
and allows for a preliminary screening of numerous drug delivery for-
mulations, thus reducing the need for in vivo testing (Agarwal and
Rupenthal, 2016).

Given the results obtained, DexSP and PEN were selected for further
studies.

3.2. Loading capacity and in vitro drug release

The total amount of DexSP and PEN present in the dual-loaded
hydrogels is reported in Fig. 3A. H1 and H2 hydrogels loaded 2.1 +
0.8 and 1.2 £ 0.4 pg of DexSP per mg of dry hydrogel, respectively, with
no significant differences between the two. H3 hydrogel, functionalized
with APMA, was able to load a higher amount of DexSP (3.6 + 0.6 ug/
mg of dry hydrogel, p < 0.05) due to the affinity of the monomer for the
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drug. The positive effect of APMA on drug loading, however, was
masked when AAc was also included in the hydrogel composition (H4
hydrogel, 1.0 & 0.1 pg of DexSP/mg dry hydrogel).

AAc, on the other hand, significantly increased (p < 0.0001) the
amount of PEN loaded in H2 and H4 hydrogels (6.8 + 0.3 ug/mg and 6.5
+ 0.4 pg/mg of dry hydrogel, respectively) if compared to H1 and H3
(1.4 +£ 0.2 yg/mg and 1.2 + 0.3 pg/mg of dry hydrogel, respectively).
Similarly to what was previously observed for DexSP, the presence of
AAc was predominant over APMA in the determination of the loading
behavior of H4 hydrogel.

The drug and peptide release profiles were then obtained in vitro
(Fig. 3B, also reported as percentage of the amount loaded in Fig. S7).
H3 hydrogel, which was able to load the highest amount of DexSP, also
released the highest amount of drug. The presence of APMA as a func-
tional monomer improved the release kinetics and allowed H3 to sustain
the delivery of DexSP for at least 24 h. However, the effect of APMA was
hindered by AAc presence in H4 hydrogel, which presented a release
behavior comparable to H2 hydrogel.

The release profiles of PEN from the four tested hydrogels were
comparable. All hydrogels sustained the release of the peptide for about
8 h in vitro. H2 and H4 hydrogels, despite the higher amount of PEN
loaded, were unable to fully release it in PBS. It is possible that the
strong interaction between AAc and PEN resulted in a permanent bond
between the functional monomer and the peptide, causing a large
fraction of PEN to be trapped in H2 and H4 hydrogels.

Variants in the composition of H3 hydrogel were also tested to reach
an equilibrium between APMA and AAc concentrations and tune the
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Fig. 3. Amount of drug (left) and peptide (right) loaded into the hydrogel discs by the end of the soaking process (A); simultaneous drug and peptide release profiles
from the hydrogels in vitro, normalized by the dry weight of the hydrogels (B). Hydrogels composition as in Table 1.
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loading and release of both DexSP and PEN (Table S1). However,
increasing the amount of APMA (i.e., 200 mM and 300 mM) led to
visibly opaque hydrogels, therefore not suitable for optical applications,
while decreasing the amount of AAc (i.e., 100 mM) still hindered the
interaction of APMA with DexSP (Fig. S8).

Based on the obtained results, H3 hydrogel was selected as the most
promising CL material as it allowed for the simultaneous release of
DexSP and PEN for at least 8 h, which is compatible with the wearing
time of a daily CL.

To investigate the impact of dual loading on the performance of H3
hydrogel as a delivery platform, DexSP and PEN were also individually
loaded into the hydrogel. The obtained release profiles are reported in
Fig. 4, being compared to the previously observed dual-release curves.
While the variation in the release profile of DexSP was negligible, PEN
was released from the H3 hydrogel in higher amounts (5-fold increase)
when loaded in the presence of the drug. As described in Section 2.4, the
amount of drug and peptide loaded into the hydrogels was calculated as
the difference in concentration between the external solution at the end
of loading and a control solution with no hydrogel. When PEN was
individually loaded in H3, no statistical differences were observed in the
concentration of the two solutions. This implies a very low amount of
peptide individually loaded in H3, which is consistent with the low
amount of PEN subsequently released. Besides increasing the amount of
PEN loaded, the presence of DexSP in the hydrogel also improved the
release kinetics of the peptide. This effect, caused by the molecular in-
teractions of the drug and the peptide not only with the hydrogel matrix
but also between each other, was previously reported in studies
involving dual-loaded hydrogels (Topete et al., 2019). In this specific
case, as PEN is only added during the second loading phase, the
increased affinity of the peptide with the hydrogel is probably due to the
interaction between the negative charges of DexSP (already present in
the hydrogel after the first loading phase) and the positive charges of
PEN in solution at pH 7.4.

3.3. Physical characterization

The designed hydrogels were characterized for their wettability,
swelling capacity and light transmittance to evaluate their suitability to
be used as contact lens materials (Fig. S9).

All hydrogels exhibited a similar wettability, with contact angle
values in the range of 33° — 46° (p > 0.05). Such values indicate the
hydrophilic nature of the hydrogels surface, and are comparable to
previously reported data for HEMA-based hydrogels (Vivero-Lopez
et al., 2021).

The liquid uptake was then evaluated in PBS and at the end of the
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dual loading procedure. In PBS, H1 hydrogel presented a liquid uptake
of 47 £+ 2 %, which was not altered (p > 0.05) by the addition of APMA
as a functional monomer (H3 hydrogel, 52 + 1 %). Hydrogels H2 and
H4, functionalized with AAc, increased their swelling capacity up to 116
+ 1 % and 109 + 4 %, respectively, due to the increased hydrophilicity
of the polymeric matrix.

At the end of the dual loading procedure, the liquid uptake of H1 and
H3 hydrogels did not significantly differ from the result obtained in PBS,
with a swelling of 54 = 1 % and 50 + 2 %, respectively. H2 and H4
hydrogels, instead, further increased their liquid uptake capacity in the
presence of the drug and peptide, reaching a final swelling of 136 + 2 %
and 125 + 7 %, respectively. This effect could be due to the high amount
of PEN, which is highly hydrophilic, loaded into H2 and H4 hydrogels
(Fig. 3A, a 4-fold increase in PEN content if compared to H1 and H3).
Since the water content values reported for commercial contact lenses
fall in the 40-70 % range (Tranoudis and Efron, 2004), H1 and H3
hydrogels were considered adequate to be used as CL materials.

Regarding light transmittance, all hydrogels fulfilled the optical re-
quirements as contact lens materials (Rahmani et al., 2014), with values
higher than 95 % in the visible range (i.e., between 380 and 700 nm).

3.4. Sterilization

Sterilization of H3 hydrogels in the loading solution was performed
by PATP on either the 4% or the 6% day of the loading process. The effect
of the sterilization procedure on the release profile in vitro is reported in
Fig. 5A. The release kinetics of DexSP and PEN was not affected. How-
ever, the amount of DexSP released by the hydrogels during 24 h
decreased by ~ 20 % due to sterilization. When sterilization was per-
formed on the 4" day of loading (i.e., at the beginning of the dual
loading phase), the amount of peptide released also decreased by =~ 26
%. This effect was avoided for PEN when PATP was performed on day 6,
which was therefore selected as the optimal time point for the sterili-
zation step. The dependence of the drug amount released on the timing
of the PATP treatment during the loading procedure has been previously
addressed (Topete et al., 2020), and should be experimentally evaluated
for each drug/peptide and hydrogel combination.

The comparison between the HPLC spectra of DexSP before and after
sterilization confirmed the absence of drug degradation caused by the
procedure (Fig. 5B). Circular dichroism analysis did not detect any sig-
nificant structural change in PEN following PATP. Therefore, steriliza-
tion on day 6 of the loading procedure was considered suitable for the
drug + peptide-loaded hydrogels.

In view of a scale-up of the CL manufacturing process, the dual-
loading could be directly performed in the commercial CL case. The
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Fig. 4. Invitro release profile of DexSP (left) and PEN (right) after dual loading into H3 hydrogel discs, compared to the release profiles of either DexSP or PEN when

individually loaded into H3 hydrogel discs.
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Fig. 5. Invitro simultaneous release profile of DexSP (left) and PEN (right) obtained before and after sterilization by PATP (A). The stability of DexSP and PEN after

sterilization was assessed by HPLC (left) and CD (right), respectively (B).

use of soft cases or flexible lids would allow for PATP sterilization at the
end of the loading phase.

3.5. In vitro biological characterization

The viability of primary HCEC was evaluated after exposure to H3
hydrogels either unloaded, to test the material’s toxicity, or loaded with
both DexSP and PEN to test the therapeutic device. Cell viability resulted
equal to 75 £ 6 % and 76 + 3 % of the negative control after 24 h
exposure to the unloaded and loaded hydrogel, respectively (Fig. 6A).
Therefore, the designed device was considered non-cytotoxic according
to the ISO 10993-5: 2009 standard, which requires minimum cell
viability of 70 %.

The HET-CAM test was then performed to predict the irritability
potential of loaded H3 hydrogels. The CAM tissue is a recognized model
of the ocular mucosal tissues (Budai et al., 2010), as it presents a similar
response to irritation. After 5 min of exposure, the IS of the loaded H3
hydrogel resulted equal to 0.35, as opposed to the positive control (IS =
17.45) (Fig. 6B). Therefore, the dual-loaded H3 hydrogel was considered
potentially non-irritating for the ocular surface.

The secretion of IL-6, a pro-inflammatory cytokine, from THP-1 cells

stimulated with LPS was quantified to evaluate the effect of the presence
of PEN and of PATP sterilization on the anti-inflammatory activity of
DexSP. A significant reduction (**** p < 0.0001) in the IL-6 secretion
was observed when cells were pre-treated with DexSP (Fig. 6C), if
compared to the positive control. The presence of PEN in the solution
(DexSP + PEN) did not reduce the therapeutic activity of the drug. No
statistical decrease (p > 0.05) in the anti-inflammatory activity was
observed between non-sterilized and sterilized (PATP) dual solutions,
thus confirming the suitability of the sterilization method.

3.6. In vivo experiments

Two systems were tested in vivo (i.e., H3 hydrogel-based CLs loaded
with DexSP alone, and H3 hydrogel-based CLs loaded with both DexSP
and PEN) with the objectives of (i) observing the ocular drug distribu-
tion after 6 h wearing of the CLs and (ii) evaluating the efficacy of PEN as
a drug carrier across the ocular tissues when simultaneously adminis-
tered with the drug.

For in vivo testing, H3 hydrogel was produced in the shape of CLs
(Fig. 7A), loaded with drug and peptide, sterilized, and stored at —20 °C
until being used on rabbit eyes. Prior to in vivo experiments, the possible
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Fig. 6. Cell viability after exposure to unloaded and dual loaded H3 hydrogel, compared to the negative (plain medium) and positive (medium + 10 % DMSO)
controls. The minimum cell viability to ensure non-toxicity was set at 70 % of the negative control (red dashed line) (A). HET-CAM images after 5 min of exposure to
loaded H3 hydrogels, compared to the negative (0.9 % NaCl) and positive (1 M NaOH) controls (B). Effect of the pre-treatment with DexSP, PEN, or a dual-solution
(prior and after PATP sterilization) on the secretion level of IL-6 from THP-1 cells stimulated with LPS, compared to the negative (no LPS) and positive (no pre-
treatment) controls (C). n = 4; ANOVA, **** p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

effect of storage, CL composition (i.e., double amount of initiator if
compared to discs) and hydrogel shape (i.e., curved CLs vs flat discs) was
studied. Storage at —20 °C for as long as 10 days was demonstrated not
to affect the release profile of either drug or peptide (Fig. S10). If
compared to discs, the CLs showed a 25 % reduction in the amount of
DexSP released in vitro within 6 h of the expected CL wear (Fig. S11A).
Differently, no effect was observed on the release of PEN (Fig. S11B).
The influence of the higher amount of AIBN, however, resulted negli-
gible in terms of thermal behaviour of the hydrogels: a Tg of 102 + 3 °C
and 102 + 2 °C was extrapolated from the DSC thermogram of discs and
CLs, respectively (Fig. S11C). Similarly, the liquid uptake in PBS showed
no significant variation between discs and CLs (52 £ 1 % vs 54 + 1 %,
respectively) (Fig. S11D). This suggests a higher influence of the sample
surface area-to-volume ratio (~ 0.35 mm thickness and ~ 52 mm® vol-
ume vs ~ 0.3 mm thickness and ~ 65 mm? volume for hydrated discs and
CLs, respectively) on the release profile of DexSP, rather than a change
in the hydrogel structure due to the amount of AIBN. The fact that the
hydrogel shape did not affect the release of PEN was attributed to a
loading of PEN only in the external layers of the hydrogel, and not in its
bulk. This can be justified with a state of non-equilibrium between the
hydrogel and the loading medium after 3 days of PEN loading. Longer
loading times, however, are discouraged by the short stability time of
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PEN in solution (Fig. S3).

The drug concentration in the tears was quantified over time up to 6
h (Fig. 7B), with no significant difference in values between the DexSP
group and the DexSP + PEN group. A peak in concentration was regis-
tered after 30 min of CL wearing (16 + 6 pg/mL and 20 + 11 ug/mL for
DexSP delivered alone or with PEN, respectively), which correlates well
with the initial burst release from the hydrogels observed in vitro during
the first hour of immersion in PBS (Fig. 3B). Nonetheless, the sustained
release profile observed in vitro in the following hours is reflected on the
controlled drug concentration obtained in vivo, and confirms the suit-
ability of the developed CLs in providing a gradual release throughout
the daytime wearing of the device.

The amount of drug accumulated in the ocular tissues was quantified
after 6 h of CL wearing. In a preliminary ex vivo test, the extraction
method was shown to recover at least 90 % of the drug present in the
tissues (Fig. S5). The obtained ocular biodistribution in vivo is reported
in Fig. 7C. As expected, the highest drug concentration was observed in
the anterior segment, namely in the cornea, which remained in direct
contact with the CL during the experiment, and in the aqueous humor.
However, quantifiable drug amounts were also detected in the sclera
and vitreous humor, which confirms the possibility of reaching the
posterior segment with drug delivery from therapeutic CLs. Similar
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Fig. 7. In vivo tests were conducted by placing the developed drug-loaded or drug + peptide-loaded CLs (A, left) on the rabbit eyes below the nictitating membrane
(A, right). The obtained CLs contained an average amount of 104.5 ug of DexSP. The concentration of Dex was quantified in the tears over time (B) and in the ocular
tissues at t = 6 h (C). n > 5 eyes; t-test, * p < 0.05; ** p < 0.01. The reported data refer to the amount of Dex detected in the tears and ocular tissues. DexSP was
metabolized by the ocular tissues and/or hydrolyzed during the CLs wear, being at least 97 % of the drug amount detected in the eluates identified as Dex.

findings were previously obtained with other drug-eluting CLs (Ross
et al., 2019; Pereira-da-Mota et al., 2022; Gade et al., 2020). In all the
reported studies, the efficiency of drug delivery from CLs to the posterior
segment resulted considerably lower than delivery to the anterior
segment, due to the barrier effects of the ocular tissues.

The simultaneous delivery of PEN and DexSP, if compared to DexSP
alone, significantly increased the drug amount accumulated in the
cornea (6114 + 796 ng vs 4423 + 1241 ng per g of tissue, p < 0.05) and
aqueous humor (1062 + 259 ng vs 522 + 222 ng per mL of aqueous
humor, p < 0.01), thus proving the efficacy of the peptide when used as
a drug carrier. Despite the promising results in the anterior segment of
the eye, the presence of PEN did not lead to a higher drug accumulation
in the posterior segment, with a drug concentration of 118 + 46 ng/g vs
120 + 66 ng/g in the sclera and 13 + 5 vs 11 + 10 ng/mL in the vitreous
humor, when DexSP was delivered alone or with PEN, respectively.

All data reported in Fig. 7 refer to the amount of Dex detected in the
tears and ocular tissues, which constituted at least 97 % of the drug
amount detected in the samples. The conversion from DexSP to Dex was
attributed to the metabolic activity of the tissues as it was not witnessed
in vitro. This effect had been previously observed ex vivo during the drug
extraction test (Fig. S6), and resulted even more noticeable in vivo due to
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the higher metabolic activity of living tissues, if compared to thawed ex
vivo tissues.

The presence of PEN enhanced the transport of DexSP across the
corneal epithelium without disrupting the tissue, as confirmed by his-
tological analysis. No signs of corneal abrasion nor epithelial cell loss
were observed in the treated eyes (wearing CLs releasing either DexSP
(Fig. 8B) or DexSP + PEN (Fig. 8C)), if compared to the control eye
(Fig. 8A).

TEM images of the rabbit corneas were also acquired to identify
eventual cell modifications caused by the presence of the peptide. The
normal ultrastructural features of the cornea in the control sample (i.e.,
eyes not treated with the CL) are reported in Fig. 9 A-C: the corneal
epithelial cells (Fig. 9A), a keratocyte enveloped into alternating layers
of collagen (Fig. 9B) and the characteristic striation of collagen (Fig. 9C),
organized into perpendicularly arranged fibers in the adjacent layers.
Corneas treated with DexSP-loaded CLs (Fig. 9 D-F) maintained the ul-
trastructural integrity of the tissue, with no sign of necrotic modifica-
tion. Mild reversible alterations were indicated by the swelling of the
cytoplasmatic organelles in the epithelial cells (vacuoles in Fig. 9D),
probably induced by the drug activity. Similar observations are possible
for the eyes treated with DexSP + PEN-loaded CLs (Fig. 9G), with no
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A

Fig. 8. Optical microscopy images of the rabbit corneal epithelium: untreated eye (A) and treated eyes after 6 h wearing of the developed H3 hydrogel CLs, loaded

with either DexSP (B) or DexSP + PEN (C). Scale bar 50 um.

signs of ulterior alteration caused by the presence of PEN (Fig. 9 H and
D.

Overall, a few considerations need to be raised regarding the possi-
bility of using peptides to increase the drug delivery efficiency to the
back of the eye after topical drug administration. First, the present study
is, to the best of the authors’ knowledge, the only reported in vivo
application of therapeutic CLs simultaneously delivering a cargo drug
and a carrier peptide. Although it brings some insight into the potential
of using this strategy to overcome the ocular barriers, further investi-
gation would be needed to get more information on the efficacy of the
peptide. In particular, it would be useful to measure the drug concen-
tration in the tissues at multiple time points after repeated CL wearing
since pathologies affecting the posterior segment of the eye are generally
chronic and, therefore, the developed therapeutic CLs are designed for
daily application for as long as needed.

Regarding the clinical relevance of the device, a study by Nehmé and
Edelman (Nehmé and Edelman, 2008) reported that Dex inhibited the
hypersecretion of various inflammatory and angiogenic mediators in
stimulated human retinal pericytes, THP-1 monocytes and retinal
endothelial cells at doses as low as 1-20 ng/mL (ICs), depending on the
tested mediator. Higher doses (400 ng/mL) were suggested for the in-
hibition of a broader range of pathologic mediators. Even if the drug
concentrations detected in the posterior segment after 6 h of CL wearing
(i.e.,, ~ 120 ng/g and ~ 13 ng/mL in the sclera and vitreous humor,
respectively) did not reach such value, it is possible that repeated CL use
may lead to a higher drug accumulation in the posterior segment tissues.
Then, as the obtained results evidenced an increased drug transport
across the cornea to the aqueous humor, it is reasonable to expect a
subsequent drug transport to the adjacent tissues in both the anterior
and posterior segment (Toffoletto et al., 2023) and, consequently, an
eventual higher drug amount also in the vitreous and retina. Again,
repeated CL applications could confirm this hypothesis. Moreover, as the
drug amount detected in the vitreous humor and sclera was close to the
detection limit of the UPLC equipment, and considering the natural
inter-animal variation associated with in vivo experiments, it is pre-
dictable that more conclusive results would be available after repeated
CL use. Safety studies are required to evaluate the performance of the
CLs in terms of toxicity and side effects after extended application.

Last, PEN is suggested to act as a carrier for DexSP by establishing a
physical association with the drug. The obtained physical complex could
be efficient in crossing the first encountered tissues (i.e., the corneal
epithelium and the conjunctiva), but, afterwards, this association may
be overcome by other interactions, as those between the drug/peptide
and the various ocular tissues. A covalent association between the
peptide and the drug could help overcome this limitation, and has been
reported for other carrier-cargo combinations for ophthalmic applica-
tions (Jain et al., 2015; Wang et al., 2010). However, the synthesis of a
covalent complex implies drug modification and would require stability
studies of the obtained molecule at physiological conditions and during
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CL loading and storage.

Nonetheless, the proposed CLs, simultaneously releasing DexSP and
PEN, demonstrated potential as alternative therapeutic devices able to
increase the efficiency of drug delivery across the ocular tissues, mainly
in the anterior segment of the eye. The wide range of available peptide
carriers and the easy-to-implement strategy of simultaneously delivering
the carrier and the cargo open the possibility of tuning CLs as platforms
for the treatment of a variety of ocular conditions.

3.7. In vitro-in vivo correlation

Establishing a correlation between the in vivo and in vitro behaviour
of a new drug-loaded medical device is crucial for its rational design
since the early stages of product development.

The obtained CLs loaded an average amount of 104.5 ug of DexSP. At
the end of the experiment (t = 6 h), the percentage of drug released in
vivo (Pi_gp) resulted equal to 49 + 10 % and 57 + 9 % for the drug-
loaded and drug + peptide-loaded CLs, respectively, with no statistical
difference between the two groups.

The in vitro release profile, represented as the percentage of drug
release from the total amount of drug loaded, is compared in Fig. 10A to
the estimated drug release in vivo over time, either from the drug-loaded
or drug + peptide-loaded CLs. As expected, considering the previous in
vitro results (Fig. 4), no statistically significant differences were
observed between the release profiles obtained when administering the
drug alone or together with the peptide (Fig. 10A). However, the per-
centage release was higher in vitro than in vivo, especially for the first
hour (35 % vs approx. 16 % of drug released). This effect could be caused
by the larger volume of the release medium used in vitro (3 mL) if
compared to the tears (=~ 7 pL), which may produce a higher driving
force for drug diffusion from the CL (Vivero-Lopez et al., 2022). It is also
possible that this effect was emphasized by an underestimation of the
drug amount released in vivo at the very beginning of the experiment,
since the drug concentration in the tears was measured for the first time
only after 30 min of CL wearing, allowing the continuous tears renewal
to possibly mask an initial burst release in vivo and contributing to an
underestimation of the AUC of the concentration-time curve of the tears
in the 0-30 min interval (Fig. 7B).

After the first hour, a strong correlation between the in vitro and in
vivo release rate was observed. As reported in Fig. 10B, which represents
the Levy plot of the in vivo/in vivo percentage release, the correlation
coefficient (R?) is close to 1 for both drug-loaded and drug + peptide-
loaded CLs (R? = 0.988 and 0.997, respectively). The positive deviation
from the slope 1 line (m = 1.17 and 1.32 for the drug-loaded and drug +
peptide-loaded CLs, respectively) is in accordance with previously re-
ported studies (Pereira-da-Mota et al., 2022; Zhu et al., 2018).
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DexSP + PEN

Fig. 9. TEM images of the rabbit cornea: untreated eye (A-C) and treated eyes after 6 h wearing of the developed H3 hydrogel CLs, loaded with either DexSP (D-F) or
DexSP + PEN (G-I). Labels: N = nucleus; V = swollen vacuoles; Cy = cytoplasm; % = collagen; KF = keratocyte.

4. Conclusion

The possibility of producing hydrogel-based CLs, simultaneously
loaded with penetratin and DexSP, acting respectively as carrier and
cargo, was evaluated. HEMA-based hydrogels, functionalized with
APMA, sustained the release of the peptide and the drug for at least 8 h in
vitro, consistent with daily CLs” wearing time. The optical properties of
the hydrogels and the liquid uptake were considered appropriate for
their application as CL materials. The obtained device proved to be non-
toxic and biocompatible in vitro. In vivo tests performed on rabbits
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revealed a significant increase (p < 0.05) in the drug amount detected in
the cornea and aqueous humor when DexSP was administered in the
presence of penetratin. The developed CLs could increase the drug
bioavailability in the internal ocular tissues and contribute to substitute
or, at least, minimize the use of intraocular injections. Further investi-
gation, including repeated CL wearing, would be needed to better
simulate the clinical use of the device, as pathologies affecting the
posterior segment of the eye are generally chronic.
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