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Summary

The human eye functions are a complex sensory organ, which detects visual data but remains
defenseless against physical harm and infectious diseases and age-related deterioration. The
cornea functions supports both clear vision and proper refraction. The cornea maintains both
optical clarity and mechanical stability through its specific multi-layered structure, which
includes the epithelium, Bowman’s layer, stroma, Dua’s layer, Descemet’s membrane and
endothelium. The high risk of corneal damage is due to the exposure to environmental factors
and physical stress, which leads to abrasions, chemical burns, radiation exposure and microbial
keratitis. The cornea fails to heal properly when treatment is delayed, resulting in permanent
vision damage through scarring, fibrosis and endothelial dysfunction. Standard treatment
methods, which include lubricants, antibiotics or surgical interventions, show limited success
in achieving complete transparency and functional tissue regeneration. In this context, the field
of regenerative ophthalmology now focuses on biomaterials and bioactive therapies as its main
promising approaches. The scientific community shows strong interest in hydrogels made from
decellularized extracellular matrix (dECM). In fact, the combination of optical clarity, high-
water content and biological activity in these materials makes them suitable for supporting cell
adhesion and proliferation. The inadequate mechanical properties and fast degradation rate of
these materials necessitate advanced modifications through chemical crosslinking and
functionalization techniques. The octapeptide NAP together with Pituitary Adenylate Cyclase-
Activating Polypeptide (PACAP) have proven themselves as effective therapeutic agents for
corneal restoration. The two peptides show protective effects against neuronal damage and
inflammation while also preventing cell death. Research on PACAP shows it accelerates
epithelial wound recovery while controlling oxidative stress and encouraging neuronal
development but NAP protects cells from ultraviolet radiation and oxidative damage through
its anti-apoptotic and mitochondrial protective effects. The combination of these peptides with
biomimetic hydrogels enables the development of a treatment system, which can fix epithelial
damage and protect corneal nerves and minimize inflammation. The research focused on how
a hydrogel derived from decellularized extracellular matrix (dECM) and enriched with
Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) and NAP peptides may support
corneal tissue repair. The combination of dECM structure with neuroprotective peptide activity
creates a system, which promotes epithelial cell survival and wound recovery and establishes
a therapeutic environment for corneal tissue repair. The method represents an advanced
therapeutic solution, which establishes a forward-thinking approach for ophthalmic tissue
restoration.



1. Introduction

The human eye stands as one of the most vital and intricate sensory organs which exists in our
body. The external environment gets recorded by the eye before the optic nerve sends these
signals to the brain.

Moreover, the eye faces different diseases, which include bacterial or viral infections together
with inflammation. The anterior segment pathologies show effective treatment possibilities
through pharmacological interventions. Thedelivery of therapeutic agentsto the
posterior segment of the eye presents significant challengesto medical practitioners. The
posterior segment contains diseases such asage-related macular degeneration, macular
edema, glaucoma, diabetic macular edema, proliferative vitreoretinopathy, cytomegalovirus
retinitis, endophthalmitis, and diabetic vitreoretinopathies, which cause severe vision loss
when untreated. The eye's special structure creates difficulties for drug delivery but tissue
engineering and regenerative medicine work todevelop new therapeutic approaches for
anterior and posterior eye diseases [1].

The blood-retinal barrier along with the corneaepithelium and tear film functions as
natural barriers, which protect the eye but simultaneously block drug delivery to the target area.
Simple eye drops fail to deliver their intended effect because the fluid exits rapidly or fails to
penetrate properly. Researchers have created innovative solutions to address these problems by
developing slow-releasing implants and in-situ gels and small particles [2].

1.1 Anatomy and physiology of the eye

The human eye consists of two main structural parts, which include the anterior segment and
the posterior segment (Figure 1). The anterior segment includes the cornea, conjunctiva,
iris, ciliary body, aqueous humor andlens which work together to letlight enter and
perform initial focusing. The posterior segment includesthe retina, choroid, optic nerve
and vitreous humor functions to detect images and send neuronal signals to the brain [3].
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Figure 1: Anatomy of the Human Eye Schematic of Eye Anatomy. Contributed by R.H.
Castilhos and Jordi March i Nogué (CC by SA-
3.0) https://creativecommons.org/licenses/by-sa/3.0/deed.en

1.1.1 Cornea

The cornea is represented by a transparent curved structure which serves as the front section of
the eye. It has two essential roles by upholding the inner eye structure and through its curvature
it directs about two-thirds of incoming light for optical power [1].

The cornea exists as a thin smooth structure which lacks of blood vessels and stands as one of
the most sensitive body tissues while receiving dense nerve supply. The cornea extends into
the transparent conjunctiva and the white-eye structure called sclera. A pluripotent stem cell
responsible for corneal surface regeneration existsat the limbus, which marks the
boundary between the cornea and sclera (Figure 2) [4].
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Figure 2: Corneal Architecture and Limbal Stem Cell Niche [5].The cornea consists of multiple
layers which include epithelium followed by Bowman layer thenstroma and Descemet
membrane and finally endothelium. The limbal region at the corneo-scleral junction contains
limbus epithelial cells that drive cornea epithelial regeneration and wound healing through their
centripetal migration process [6].


https://creativecommons.org/licenses/by-sa/3.0/deed.en

The cornea has two layers of protection: the tear film at the outer surface and aqueous humor
at the inner surface. The cornea becomes thinner and more curved moving from the centre to
the periphery [7]. The collagen fibers inthe stroma are highly organized to allow efficient
transmission and refraction of light with uniform diameters and spacing [8]. This structure
reduces light scattering helping to preserve corneal transparency. As it does not have a direct
blood supply, the cornea receives oxygen and nutrients from surrounding fluids [7].

Moreover, the cornea contains dense innervation, reaching 300—400 times higher than those
found in the epidermis [9]. The corneal nerves create a subepithelial plexus through sensory
fibers which stem from the ophthalmic branch of the trigeminal nerve. The fibers penetrate the
cornea through the limbal region before they shed their myelin sheath and split into branches
that penetrate the stromal layer [10]. The exposure of corneal nerve endings through epithelial
damage leads to intense ocular pain and significant discomfort [11].

Furthermore, the cornea contains five distinct specialized layers which include the epithelium
followed by Bowman’slayer then stroma and Descemet’s membrane and, finally, the
endothelium. The maintenance of the transparency, mechanical strength and optical
performance are made through the five distinct layers which differ in structure and cellular
composition and function. The appropriate treatment selection depends on how each corneal
layer responds to injury or disease [12].

1.1.2 Corneal Epithelium

The corneal epithelium represents the first protective layer on the eye surface which defends
against environmental threats and physical injuries, functioning as a protective barrier through
tightly bound non-keratinized, stratified, squamous epithelial cells. The tear film interaction
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with this layer determines the cornea's hydration level andits smoothness and optical
transparency (Figure 3). The corneal epithelium consists of five to seven flat cell layers that
function mainlyas an external barrier [5]. The epithelium receives itssupport from



limbal epithelial stem cells which reside in crypts at the corneoscleral junction also known
as the limbus [13], [14].

Figure 3: Human cornea: anatomy and structure. In the anterior segment, the cornea is
highlighted in relation to the rest of the eye. A schematic representation of the structure and
composition of the cornea is presented in the corneal cross-section. It consists of 3 cellular
layers (epithelium, stroma, and endothelium) and 2 basement membranes (Bowman’s layer
and Descemet’s membrane) (figure created using BioRender.com, BioRender, Toronto, ON,
Canada) [15].

1.1.3 Bowman’s Layer

The first layer ofthe corneal stromais Bowman’s layer which exists below the epithelial
basement membrane [16]. The layer measures between 15-18 um inthickness and
contains collagen fibrils that lack any lamellar arrangement [17], [18], [19]. The acellular layer
provides mechanical strength to the cornea which maintains its smooth curved shape [20]. The
layer shows age-related changes and does not heal after laser surgery injuries [21], [22]. The
Bowman’s layer connects to the epithelium through anchoring structures which include
collagentypes IV and VII [23], [24]. The Ilayer exists independently from other
stromal components because it possesses unique collagen structures and compositions

(Figure 4) [25], [26].
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Figure 4: Cornea's layer. The cornea is composed by five distinguishable layers, three of these
are cellular (epithelium, stroma and endothelium), and two acellular (Bowman's and
Descemet's membranes) [27].

1.1.4 Stroma of the cornea, Dua, and Descemet membrane

The corneal stroma represents the thickest part of the cornea which makes up 80-90% of its
total thickness [28], [29]. It consists of a structured collagen fibril network which contains type
I collagen as the main component, together with types III, V and VI and a proteoglycan (PG)-
rich ground substance that includes keratan sulfate (KSPG) and dermatan sulfate (DSPG). The
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collagen and  extracellular matrix (ECM)  structure  between Bowman’s membrane
and Descemet’s membrane maintains both optical transparency and mechanical strength
which are vital for maintaining a proper vision (Figure 5) [30], [31].

The anterior stroma lamellae are tightly packed creating a rigid structure that helps shaping the
cornea. The lamellae inthe posterior stromashow a morerelaxed arrangement. The
posterior stroma's loose structure makes it more prone to hydration imbalances that could result
in corneal edema or clouding if not properly managed. The main cellular component of the
corneal stroma consists of keratocytes which derive from neural crest fibroblast-like cells. The
maintenance of stromal homeostasis depends on keratocytes which produce extracellular
matrix components and control matrix remodeling through matrix metalloproteinases (MMPs)
enzymes [28].

Moreover, the newly discovered anatomical structure Dua’s layer exists directly below the
stroma according torecent findings [32]. The layer consists of 58 lamellae made of type
I collagen and is approximately 15 um thick, acellular and collagenous [28], [32]. Right below
the Dua’s layer, there is the Descemet membrane, which represents the basement membrane of
the corneal endothelium. The Descemet membrane starts its development in fetal development
at 8 weeks gestation and continues to be produced by endothelial cells throughout human life
[28]. The membrane consists mainly of type IV collagen and laminin. The membrane thickness
isabout 3 um at birth but it increases to 10 um in adulthood, presenting nine smooth layers
(amorphous) with a uniform structure that lacks organized bands [29], [33]. The Descemet
membrane serves asa communication link between the stromaland aqueous humor
compartments, while providing essential structural support to the corneal endothelium. The
three  layers  together (the stroma, Dua’slayer, and Descemet’s membrane) form
the basic structural and functional backbone of the cornea, contributing to
transparency, mechanical stability, and fluid homeostasis [34].
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Figure 5: The cornea contains multiple structural layers which include the epithelium and
Bowman’s layer and stroma and Dua’s layer and Descemet’s membrane and endothelium. The
figure shows age-related and pathological changes which include epithelial cysts and
Descemet’s membrane thickening and guttae outgrowths in the endothelium. The cornea
achieves transparency and maintains curvature and mechanical strength through the combined
function of these layers.

1.1.5 Corneal Endothelium

The corneal endothelium consistsof a single hexagonal cell layerthat covers the
posterior surface of the cornea (Figure 6). The endothelium exists as a single cell layer which
contacts the aqueous humor directly while Descemet’s membrane provides structural support
to this layer [35]. The corneal endothelial cells stay in the G1 phase of the cell cycle and have
limited proliferation potential in vivo compared to other corneal layers [36]. The layer enables
waste and nutrient exchange through active transport and diffusion processes [35]. Endothelial
cell loss from disease or trauma leads to corneal edema and opacity which eventually causes
vision loss [37].

corneal endothelium

monolayer
L] .

Figure 6: Cornea anatomy. Layers of the cornea depicted from inner to outer: endothelium,
Descemet’s membrane, stroma, Bowman’s layer, and epithelium. The endothelium is
highlighted to show its hexagonal monolayer arrangement of cells, crucial for maintaining
corneal transparency and hydration balance [38].

1.2 Corneal Damage

Vision loss primarily related to corneal opacities which affect mainly low—income regions of
Africa and Asia where timely diagnosis and treatment are not readily available [39]. The global
programs have reduced blindness caused by infectious conditions like trachoma, but non—
trachomatous corneal diseases continue to pose a significant and growing challenge. These
trends highlight the urgent need for effective, accessible, and biotechnology—based solution
that can be scaled across diverse healthcare settings [39]. The cornea suffers damage through
multiple causes including mechanical trauma from fingernail or paper abrasions and improper



contact lensuse and chemical injuries (Figure 7). Other notable examples include thermal
burns, infections such as herpes simplex keratitis or Acanthamoeba keratitis, degenerative
disorders like Fuchs’ endothelial dystrophy, and autoimmune conditions such as Stevens—
Johnson syndrome [31] [40], [41], [42], [43]. Among chemical agents, alkali
substances are particularly hazardous due to their ability to deeply penetrate ocular tissues [32],
[44]. The cornea becomes structurally weakened by radiation damage which includes UV
keratitis that affects skiers and welders [45].

Thus, the development of corneal damage results from multiple causes which trigger intricate
pathological and molecular processes [33], [44]. The corneal epithelium functionsas a
vital protective layer becauseit represents the outermostdefensive barrier which
usually sustains the initial damage. The cornea requires immediate and effective epithelial
wound healing because this process safeguards both optical clarity and long-term ocular
surface stability [46], [47], [48]. The regulatory mechanisms function in the most active ECM
environment of the human body which exists in the anterior part of Bowman’s layer that
continuously remodels to enable cell adhesion and migration and tissue regeneration [49], [50],
[51], [52], [53], [54].

The cornea  demonstrates  strong self-healing  properties = whenit  experiences
superficial epithelial injuries. The healing process of epithelial tissues depends on
cell migration which enables fast wound closure and normal function recovery. Moreover,
chronic injuries become more complex because it involves stromal keratocyte inflammatory
activation and fibrotic remodelling and permanent scarring risks [47]. In addition, corneal
healing depends also on the synchronized work of growth factors, cytokines and ECM
components which direct the tissue regeneration [55].
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Figure 7: Corneal injury (a) the different types of corneal damages are listed, in particular
burns, which comprise both chemical (for instance, induced by alkali exposure) and thermal
burns. (b) Anatomical detail of the damaged corneal area, highlighted in red. (¢) the damage
caused by alkali burn induces necroptosis and apoptosis (shown as dark cells) with result in the
release of factors that trigger the inflammatory process and have TNFa, IL1a and ILI as
primary drivers [56].

1.3 Treatments

The appropriate treatment for corneal epithelial injuries depends on the source of the injury and
the degree of epithelial damage. The initial treatment approach includes theuse of
artificial tears, together with topical antibiotic dropsto prevent infectionand topical
analgesicsto control pain [57]. The treatment of severeor unresponsive casesrequires
additional therapeutic approaches, including autologous serum eye drops, amniotic membrane
transplantation and therapeutic contact lenses [58], [59], [60].

The main goal of new treatments focuses on enhancing corneal epithelial regeneration and
neurotrophic support to achieve complete healing and functional recovery [61]. The list
includes ReGeneraTing Agents (RGTAs) and recombinant human nerve growth factor (thNGF
which is sold as Oxervate®) and corneal neurotization techniques [62], [63], [64].

However, the complex nature of corneal regeneration has led to the development of advanced
therapeutic methods which treat both tissue damage atthe macroscopic level and cellular
dysfunction. The therapeutic strategies for corneal regeneration include stem cell-based
therapies and emerging molecular interventions such as exosome-mediated delivery systems
gene therapy, gene therapy, and regulatory RNA technologies [65].

In this context, the field of regenerative ophthalmology has  seenrecent
advancements through biodegradable scaffolds made from dECM which create biochemical
and mechanical gradients that enhance epithelial surface regeneration through better cell
adhesion and structural similarity [66].

1.4 Hydrogels in Corneal Repair

The unique properties of hydrogels as highly hydrated polymers makethem similar to
native ECM which has led to significant interest in corneal tissue engineering applications.
The soft elastic nature and high- water content of hydrogels matches the natural corneal
stroma composition very closely, which makesthem suitable forocular surface
applications. Interestinlgy, the natural optical transparency of hydrogels makes them suitable
foruse without visionimpairment which remainsa critical requirement forany corneal
implant or regenerative scaffold [67].

The biomimetic scaffolds of hydrogels enable epithelial cells to adhere, proliferate and migrate,
which are vital processes for corneal repair during wound healing. The use of natural hydrogels
(e.g., collagen, gelatin, hyaluronic acid and alginate) and synthetic ones, such as polyethylene
glycol (PEG) and polyvinyl alcohol (PVA), have been explored for this purpose [68], [69], [70].
However, the preference for natural hydrogels results from their built-in bioactivity because
they possess biological signals which enable cell adhesionand signalling. The natural
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materials, in fact, contain collagen and hyaluronic acid which support epithelialization,
minimize inflammation and fibrosis to establish an ideal healing environment [71].

Thus, the development of injectableorin situ-forming hydrogels represents a future
breakthrough because they can gel at physiological temperatures or respond to physiological
conditions. These minimally invasive systems can be directly applied to the corneal wound area
and theycan fit irregular geometries of defects and provide a supportive and protective
microenvironment for new tissue formation [67].

The native cornea achieves its transparency because of the ordered lamellar arrangement
of collagen fibrils in the stroma and minimal light scattering. The hydrogels used for corneal
applications must be optically clear while supporting the regeneration of structured ECMs
torestore and maintain visual clarity [72]. The structural organization of the cornea will
be severely affected if any disturbance occurs from scarring or fibrosis or when implanted
materials have incompatible refractive indices [72].The development of smartor stimuli-
responsive hydrogels has become possible through recent advances which allow these
materials to detect local microenvironment changes including temperature and pH and enzyme
activity fluctuations to trigger structural modifications or therapeutic release. The control of
drug delivery is crucial for ocular applications because it enhances treatment outcomes and
minimizes adverse effects. Advanced hydrogel systemsdemonstrate effective results
in supporting epithelial and stromal regeneration and nerve repair and scar reduction [73], [74].

The hydrogels derived from decellularized extracellular matrix (lECM) hold great promises in
corneal tissue engineering. In fact, the preserved matrix contains essential components
including collagens, glycosaminoglycans (GAGs), laminin and fibronectin which create a
highly bioactive environment that closely resembles the native corneal microenvironment and
tissue-specific regeneration [75], [76]. These hydrogels can be engineered to match the shape of
the injured ocular surface, providing both mechanical compliance and optical transparency
while creatinga bioactive biochemical environment that enables epithelial cells to adhere,
migrate and proliferate [68], [74].

The main limitation ofusing dECM inhydrogels is its insufficient mechanical strength
andrapid degradation whenused in vivo. The stability and durability of dECM-based
hydrogels have been improved through several crosslinking methods, such as glutaraldehyde
and polyethylene glycol diacrylate (PEGDA) as well as natural crosslinkers like genipin and
enzymatic systems (e.g., EDC/NHS). These approaches have contributed, to some extent, to
the preservation of biocompatibility and optical transparency [75], [77]. The modifications
enable hydrogelsto stay onthe ocular surface for longer durations which extends their
therapeutic impact.

However, the ECM-mimicking structure, combined with slow degradation properties of these
hydrogels, makes them suitable for delivering bioactive compounds including growth factors
and anti-inflammatory agents and stem cells and therapeutic peptides [78], [79].

1.5 Bioactive Peptides: PACAP and NAP in Corneal Regeneration

Short peptide chains consisting of 2—-50 amino acids join through peptide bonds formed through
condensation reactions between adjacent residues' amino and carboxyl groups [80]. The basic
units of protein structure are peptides, but their limited length creates distinct biological and
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chemical and pharmacological characteristics that differ from proteins [81]. Thus, functional
bioactive peptides integrated into biomaterial scaffolds representa groundbreaking
approach for tissue engineering applications.

In the field of corneal regeneration, the neuropeptides NAP and PACAP have been identified as
promising therapeutic agents, due to their neuroprotective, anti-inflammatory, and epithelial-
healing properties. Preclinical studies have shownthat PACAP and NAP peptides
possess significant regenerative and cytoprotective effects for this purpose. In fact, the
peptides have been proven toboost epithelial healing while promoting corneal nerve
growth and maintaining tissue structure after damage according to preclinical research [78],
[79].

1.5.1 PACAP: A Multifunctional Regenerative Neuropeptide

The two biologically active isoforms of Pituitary Adenylate Cyclase-Activating Polypeptide
(PACAP) are PACAP38 and PACAP27. The signaling peptide functions to protect neurons,
prevent cell death, regulate immune responses and promote epithelial tissue repair [82] [83].
The properties of PACAP make it apromising candidate forcorneal wound healing
by supporting  epithelial  restoration and inflammation control.  Recent  animal
studies demonstrate that topical PACAP27 accelerates corneal epithelial healing and
promotes tissue recovery [78].

Particularly, PACAP controls the expression of genes that regulate inflammation (e.g., TNF-a)
and oxidative stress and apoptosis which demonstrates its extensive role in maintaining. The
development of biocompatible hydrogels and decellularized ECM scaffolds in advanced
bioengineering serves as delivery systems for PACAP through controlled release mechanisms
that protect the molecule from enzymatic breakdown [84], [85].

1.5.2 NAP (Davunetide): Cytoprotective Modulator of Stress and Apoptosis

The octapeptide NAP originates from activity-dependent neuroprotective protein (ADNP)
which was first recognized for its functions in brain development including synaptic plasticity
regulation and circadian rhythm control [86], [87]. The biologically active domain of ADNP
isNAP, which showshigh therapeutic potential becauseof its small size and
favourable pharmacokinetics and efficient permeability across the blood-brain barrier and
nasal bioavailability. The characteristics of NAP make ita promising therapeutic agent for
treating neurodegenerative and neuromuscular and ocular diseases [88]. Interestingly, NAP
shows strong antioxidant and anti-apoptotic effects in experimental models of corneal injury
caused by UV-B irradiation. In particular, the cytoprotective effects of NAP include blocking
mitochondrial reactive oxygen species (ROS) production and maintaining mitochondrial
membrane stability and blocking c-Jun N-terminal kinase (JNK) signalling, which is a major
pro-apoptotic pathway that activates during cellular stress [79].
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2. AIM

The proper functioning of vision depends on both corneal transparency and effective epithelial
regeneration. The extracellular matrix (ECM) provides essential mechanical and biochemical
signals whichdirect corneal cell activitiesand support wound healingand tissue
homeostasis. The current research investigates how a decellularized extracellular matrix
(dECM)-based hydrogel enriched with PACAPand NAP peptides affects tissue
regeneration. In particular, in this study we evaluated a dECM peptideenriched hydrogel in
order to promote corneal regeneration, improving epithelial cell viability.
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3. Materials and Methods

3.1 dECM Hydrogel Preparation and Characterization

Hydrogel was derived from bovine pericardium extracellular matrix (dECM) through a
decellularization process developed by Tissuegraft Srl (Alessandria, Italy) (Italian Patent:
102020000007567, International Patent: PCT/IB2021/052779). The decellularization method,
validated by Tissuegraft, effectively removed cellular components while preserving the ECM
essential protein content. The dECM liquid hydrogel alone or in combination with 10 nM NAP
(NAPVSIPQ) or 100 nM PACAP (HSDGIFTDSYSRYRKQMAVKKYLAAVLGK
RYKQRVKNK) (New England Peptide, MA, USA) at a final concentration of 2 mg/ml was
finally used for cytocompatibility and regenerative potential testing. Hydrogels at different
concentrations (9 mg/ml, 4 mg/ml 2 mg/ml and 2 mg/ml with NAP or PACAP) were prepared
in 96 well plate and transmittance to visible light was assessed using Victor4X Multilabel Plate
Reader (Perkin Elmer, Milan, Italy), PBS was used as blank. The obtained absorbance values
were converted to transmittance by Beer Lambert’s law. Mean transmittance was derived by
averaging the values obtained for the visible light (595 nm). Moreover, in order to assess the
transparency over time, transmittance was observed up to two weeks at different hydrogel
concentrations.

3.2 Cell culture:

The ATCC PCS-700-010 Normal Human Primary Corneal Epithelial Cells (ATCC, LGC
Standards, Milan, Italy) receivedstandard physiological medium incubationat 37°C
inside a 5% CO2 humidified incubator. The cells were maintained using the Corneal Epithelial
Cell Basal Medium (ATCC, LGC Standards, Milan, Italy) with Corneal Epithelial Cell Growth
Kit (ATCC, LGC Standards, Milan, Italy) supplemented with penicillin (100U/mL),
streptomycin (0.1 mg/mL), amphotericin (0.25 pg/mL) (Euroclone, Milan, Italy). The cells
underwent subculturing at 70-80% confluence through standard sub-culturing procedures.

3.3 Cell viability

Cell viability was assessed using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide salt (MTT) (Sigma-Aldrich). Briefly cells were seeded at a density of 1 x 104
cells/well for 3 and 7 days in 96-well plates coated with 2mg/ml dECM hydrogel with and
without NAP and PACAP. Then the medium was replaced with a fresh medium with MTT salt
added to each well for 4 h. Finally, dimethyl sulfoxide (DMSO) was used to dissolve formazan
salts, and absorbance was measured at 570 nm using the plate reader VICTOR4X
Multilabel Plate Reader (Perkin Elmer, Milan, Italy). The medium alone was used as a blank.

3.4 Cell Morphology

Cells were seeded onto pre-coated (2mg/ml dECM hydrogel with and without NAP and
PACAP) glass coverslips. After 3 and 7 days, cells were fixed with 4% formalin ultrapure water,
rinsed and stained with phalloidin (Sigma Aldrich, Milan, Italy) and with 300 nM Diamidine-
20-phenylindole dihydrochloride (DAPI) (Sigma Aldrich, Milan, Italy) for the nuclei dye. A
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final rinsing was done before the samples were mounted (60% glycerol in PBS) onto glass
slides and observed. Representative images were taken with the fluorescence Leica DM2500
microscope (Wetzlar, Germany) and acquired via Leica software.

3.5 Immunofluorescence

Immunofluorescence staining against Cytokeratin-3 and Cytokeratin-12 was conducted by
seeding the cells, at a density of 1 x 10* at cm? on pre-coated (2mg/ml dECM hydrogel with
and without NAP and PACAP) glass coverslips. After 7 days, the cells were fixed for 1 h at
room temperature in 4% formalin in ultrapure water. The primary antibodies were then added,
and incubation was performed overnight. The anti-cytokeratin-3 and anti-cytokeratin-12
antibodies (ThermoFisher, Milan, Italy) was each diluted 1:100 in 2% Goat Serum (Euroclone,
Milano, Italy), 1% BSA (Sigma Aldrich, Milan, Italy) and 0,1% TritonX (Sigma Aldrich,
Milano, Italy) in PBS at4°C. After overnight incubation, Cytokeratin-3 and Cytokeratin-12
were revealed by secondary Texas Red-labeled anti-rabbit IgG antibodies (1:500; Vector
TI12000, Vector Laboratories, CA, USA) and counterstained with 2-(4-Amidinophenyl)-6-
indolcarbamidin -dihydrochloride (DAPI) (Sigma Aldrich, Milan, Italy) for the nuclei dye.
The glass was then mounted (60% glycerol in PBS) and images were acquired using the Leica
DM2500 fluorescence microscope (Wetzlar, Germany), while Leica Application Suite software
handled image processing and analysis.

3.6 Wound healing assay

The scratch wound assay was performed and imaged using the IncuCyte Zoom Live Cell
Imaging System and Scratch Wound analysis module per the manufacturer’s instructions
(IncuCyte, Sartorius). Briefly, cells were seeded in 96-well plates pre-coated (2mg/ml dECM
hydrogel with and without NAP and PACAP) at a final density of 10 000 cells/well. The
following day, scratch wounds were performed using the IncuCyte WoundMaker following the
manufacturer’s instructions (IncuCyte, Sartorius). The media was then replaced to remove cell
debris, and the plate was imaged every 4 h using the IncuCyte for 24 hours. Wound closure
was calculated using IncuCyte’s wound confluence analysis module for each image over time.

3.7 Western Blotting

After 7 days of culturing, cells were lysed in boiling SDS (Tris-HC1 1 M pH 7,4, SDS 10%,
PBS pH 7.4, ultrapure water), and cellular lysates were collected and stored at —20 °C. Protein
concentration was determined using Pierce BCA Protein Assay Kit (Thermo Fisher, Milan,
Italy) according to the manufacturer protocol. Samples were prepared for electrophoresis by
dissolving in Laemmli Sample Buffer (62.5 mM Tris-HCI pH 6.8, 10% glycerol, 5% beta-
mercaptoethanol, 0,005% bromophenol blue, 2% SDS) (Sigma Aldrich, Milano, Italy).
Electrophoresis was performed using Sodium Dodecyl Sulphate-PolyAcrylamide Gel (SDS-
PAGE) using 7.5% N, N’-methylenebisacrylamide (acrylamide) and then electrophoretically
transferred to a nitrocellulose membrane (Amersham Biosciences, Little Chalfont, UK).
Blotted proteins were blocked with 5% non-fat dried milk on PBS for 1 h at room temperature,
then incubated overnight at 4 °C with using anti-rabbit cytokeratin 3 and 12 (Thermo Fisher
Scientific, Italy) and mouse anti- a-tubulin (Merck Millipore, Milan, Italy). After washing,
membranes were incubated with HRP-conjugated secondary antibody (1:2000; Perkin-Elmer,
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Milan, Italy) for 1 h at room temperature, and bands were visualized using a chemosensitive
visualizer (ChemiDocTM Touch Imaging System, Bio-Rad, Milano, Italy). Densitometric
analysis was performed using ImageLab (BioRad, Hercules, CA, USA) software. Experiments
were performed in triplicate.

3.8 Statistical analysis

The data were expressed as mean + standard deviation values. The Student’s t-test served
to determine statistical significance. The statistical analysis produced p-values which showed
significance (p < 0.05) with respect to CTR with * p < 0.05. All experiments were performed
at least three times to ensure reproducibility.
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4. RESULTS
4.1 dECM Hydrogel Preparation and Characterization

The dECM hydrogels underwent light transmittance evaluation for corneal applications
through transparency testing at 2 mg/ml, 4 mg/ml and 9 mg/ml concentrations as shown in
Figure 8. We conducted a general and macroscopical observation of the hydrogels: from left
to right in the image, the samples correspond to 2 mg/ml (clear), 4 mg/ml (slightly opaque),
and 9 mg/ml (most opaque), indicating that the lower concentration (2 mg/ml) has better
optical clarity than 4 and 9 mg/ml. Moreover, the right panel shows the percentage of light
transmittance over time (freshly prepared, 1 week and 2 weeks after preparation). The highest
transmittance (above 90%) was observed in 2 mg/ml hydrogels, which remained stable up to
1 weeks, while 9 mg/ml had the lowest transmittance. These results indicate that lower dECM
concentrations are more appropriate for corneal applications because of their better optical
properties.
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Figure 8: Transmittance of dECM hydrogels over time. A) General transparency
observation of hydrogels at different concentrations. B) Light transmission of hydrogels at
visible light. Results represented from three different experiments, expressed as mean + SD.
Statistical significance with respect to blank was indicated with *p < 0.05.

Then, we also evaluated the transparency of dECM hydrogels enriched with PACAP and NAP
peptides, in order to determine if peptides addition affected optical clarity (Figure 9). The
2 mg/ml dECM hydrogel enriched with PACAP or NAP peptides maintained their transparency
at about 83-85%, which remained within the suitable range for corneal applications. Overall,
the results indicate that the lower concentration (2 mg/ml) with or without peptide enrichment
maintains optical clarity.
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Figure 9: light transmittance (%) of dECM hydrogels at different concentrations and with
peptide enrichment. The transmittance of dECM hydrogels was measured at 2, 4, and 9 mg/ml
and for 2 mg/ml hydrogels enriched with PACAP or NAP peptides compared to a blank control.
The values represent mean + SD from three independent experiments (n = 3). Statistical
significance with respect to blank was indicated with *p < 0.05.

4.2 Effect of dECM and Peptide-Enriched Hydrogels on Corneal Epithelial Cell Viability

MTT assay evaluated primary corneal epithelial cell viability after 3 and 7 days of culture
(Figure 10). The dECM-based groups including PACAP and NAP-enriched samples
demonstrated equivalent absorbance values to the control group on day 7, which indicated
sustained cell viability. The peptide-only groups treated with PACAP without dECM
demonstrated decreased viability at a statistically significant level compared to the control.
The results indicate that dECM functions as a supportive matrix for epithelial cell survival
and the addition of PACAP or NAP maintain cell viability.
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Figure 10: The MTT assay measured primary corneal epithelial cell viability across different
conditions (CTR, dECM, dECM PACAP, dECM NAP, NAP, and PACAP) at day 3 and day 7.
The results show absorbance values at 590 nm (mean = SD, n = 3).

Statistical significance with respect to control was indicated with *p < 0.05.
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4.3 Effect of dECM and Peptide-Enriched Hydrogels on cellular morphology

Moreover, we evaluated how the hydrogel enriched with two different peptides affect corneal
epithelial cell morphology after 3 and 7 days. The Figure 11 shows how these substrates enable
epithelial cell structure formation, cell attachmentand spatial organization. All cell
cultures maintained epithelial-like cell morphology with polygonal shapes at day 3. The
cells seeded on dECM NAP developed uniform organization and better spreading patterns with
respect to the dECM with or without PACAP, which seemed to decrease slightly, indicating the
dECM NAP as a better support for epithelial growth atday 7. However, the observations
demonstrate that dECM creates an optimal environment for corneal epithelial structure
and morphology when used with peptides.

CTR dECM dECM NAP dECM PACAP

3 DAYS

7 DAYS

Figure 11: Fluorescence microscopy images showing the morphology of primary corneal
epithelial cells cultured under different conditions after 3 and 7 days. Cells were stained with
phalloidin (green) to visualize F-actin and DAPI (blue) to stain nuclei. Scale bar = 100 pm.

4.4 Migration assay for studying cell migration and wound healing:

The scratch wound migration assay evaluated how different hydrogel formulations affected
corneal epithelial cell motility across four conditions: control (CTR), dECM, dECM with NAP,
and dECM with PACAP (Figure 12). The images taken at 0, 8 and 16 hours showed progressive
wound closure in all groups with no significant differences.
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Figure 12: A) Scratch wound migration assay images of primary corneal epithelial cells under
different conditions at 0, 8, and 16 hours. The images demonstrate progressive wound closure
and cell migration patterns across all groups. B) Quantitative analysis of wound confluence (%)
over time for the four tested conditions (CTR, dECM, dECM NAP, dECM PACAP). Data are
expressed as mean = SD from three independent experiments.

4.5 Effect of dECM and Peptide-Enriched Hydrogels on corneal markers expression

The immunofluorescence  staining of Cytokeratin 3 (CK3) and Cytokeratin 12
(CK12) in primary corneal epithelial cells after 7 days of culture under different conditions is
shown in Figures 13.CK3 and  CKI12,which arekey  markers  ofcorneal
epithelial differentiation, were expressed across all groups. A slightly but
stronger fluorescence signal of CK3 was observedin the dECM NAP and dECM PACAP
groups compared tothe control, suggestingthatthese conditions may better support
epithelial differentiation. The cells displayed a clear cytoplasmic localization of these markers,
suggesting that the tested hydrogels contribute to maintaining the epithelial phenotype.
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— DAPI(nuclei)
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Figure 13: Immunofluorescence staining of A) Cytokeratin 12 (CK12) and B) Cytokeratin 3
(CK3) in primary corneal epithelial cells after 7 days of culture under different conditions (CTR,
dECM, dECM NAP, dECM PACAP). CK3 is shown in red, and nuclei are counterstained with
DAPI (blue). Scale bar = 50 and 20 pm.

In addition, western blot analysis was performed in order to evaluate corneal epithelial marker
expression of the CK3 and CK 12 in primary corneal epithelial cells as shown in Figure 14. Results
showed a statistically significant increase in CK12 expression in the dECM with NAP compared
to the control. Similarly, CK3 expression was also enhanced in both dECM peptide-enriched
conditions, even though only dECM with NAP showed statistical significance.
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Overall, these results indicate that the combination of dECM with NAP peptide may better support
corneal epithelial phenotype and specification.
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PACAP

Cytokeratin 12 (54kDa) " ” ﬁ “

Cytokeratin 3 (40kDa) - -'u -
=7 -
Tubulin (55kDa) ' - - ' »

CK12 CK3

1.8 * 1.8

12 12

0.8 0.8
0.6 0.6

0.4 0.4

Relative densitometry [a.u]
Relative densitometry [a.u]

0.2 0.2

CTR DECM DECM NAP DECM PACAP CTR DECM DECM NAP DECM PACAP

Figure 14: Western blot analyses with anti-cytokeratin 12 (CK12) and anti-cytokeratin
3 (CK3) antibodies. Tubulin expression was used to normalize the results. Proteins were
revealed on total lysates and all results were normalized with respect to control.
Densitometry obtained represent results from three different experiments, expressed as
mean + SD. Statistical significance with respect to control was indicated with * p <0.05.
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S. DISCUSSION

Corneal degenerative disorders and trauma still constitute today a major cause of vision loss in
the world, making a strong need for effective regenerative therapies. Decellularized
extracellular matrix dECM-based hydrogels have recently received attention as promising
scaffolds as they are biocompatible and capable of preserving native structural and biochemical
cues. In this study, we investigated the ability of dECM hydrogels supplemented by
biologically active peptides (NAP and PACAP) alone or in combination to promote corneal
epithelial cell proliferation and regeneration.

The research evaluated dECM-based hydrogels for corneal tissue engineering through
complete assessments of their structural properties and optical characteristics and biological
performance with and without PACAP and NAP bioactive peptide enrichment. The study
shows that hydrogel concentration together with peptide incorporation determine the,
cytocompatibility and regenerative capacity needed for corneal surface reconstruction without
significantly compromise the optical clarity. In fact, 2 mg/ml dECM hydrogel showed to be the
effective formulation according to quantitative transparency analysis, as it maintained light
transmittance above 90% throughout two weeks. The optical clarity of 4 mg/ml and 9 mg/mi
hydrogels appeared significantly lower than the other concentrations. This reduction in clarity
at higher hydrogel concentrations is due to the increased matrix density, which causes more
light scattering as a result of refractive index mismatches, as reported. The results obtained are
in agreement with previous findings that hydrogel microstructure controls the amount of
transmitted light [72], [90]. In particular, the ECM density lowers the light scattering since the
refractive index heterogeneity in the network is minimized [92]. The native corneal stroma
achieves transparency through its highly organized and uniformly spaced collagen fibrils [92],
[93]. Thus, any deviation from this structure in dense or disorganized hydrogels matrices will
result in micro-heterogeneities that scatter visible light and cause visual acuity loss. In our
study, the hydrogel containing 2 mg/ml demonstrated the optimal mechanical compliance in
terms of optical performance among the evaluated concentrations, and it is a promising
platform for therapeutic agent delivery with maintained vision quality.

We next evaluated how the dECM, enriched with NAP and PACAP peptides, affects optical
performance after optimizing concentration levels. The optical clarity of 2 mg/ml hydrogels
remained high at 83-85% after adding PACAP and NAP. In fact, the clinical success of corneal
grafts depends on their transparency. The small soluble molecules of PACAP and NAP
distribute uniformly throughout the hydrated collagen network without causing microstructural
disruption or refractive index changes [78], [94], [95] . Interestingly, PACAP and NAP have
been demonstrated to enhance epithelial wound healing while simultaneously decreasing
inflammation and NAP has been shown to promote corneal nerve regeneration [78], [94], [95].
The successful integration into a transparent scaffold demonstrates that multifunctional
hydrogels can provide structural support while delivering targeted therapeutic effects [96],
[97]. The cell viability assay showed that both PACAP- and NAP-functionalized hydrogels
preserved corneal epithelial survival rates at day 7 levels equivalent to controls although the
dECM-only group showed a slight decrease at day 3. Moreover, the morphological analysis
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confirmed that dECM, with or without peptides, supported cell-substrate interactions and
cytoskeletal arrangement [76], [94]. The results align with literature which reports that NAP is
able to stabilize actin cytoskeleton and strengthen cell—cell junctions, which were demonstrated
in UV-damaged corneal models for their anti-apoptotic and cytoprotective effects [92], [93].
Thus, these findings demonstrate the supportive function of dECM-derived scaffolds because
they intrinsically contain native collagen, laminin and glycosaminoglycans which enhance cell
adhesion and proliferation [76], [98].

Cell migration is an essential step in corneal wound healing, since epithelial closure is needed
swiftly to regain barrier function and avoid infection [46], [47]. In agreement, the cell migration
assays revealed that the dECM + NAP combination achieved wound closure rates at the same
level as controls during the 16-hour scratch wound test which indicated better motility and re-
epithelialization. In fact, literature reports that the NAP compound enables cell migration
through its ability to stabilize microtubules and block JNK signaling which are vital for
cytoskeletal rearrangement and directional cell movement [94], [95].0n the contrary, the
beneficial effects of PACAP on cell viability and morphology did not translate to significant
migration promotion because it activates different signaling pathways [86], [87]. In addition,
itis known that the dECM scaffold provides integrin-binding sites from fibronectin and laminin
proteins, which create a biochemical environment for cell migration, while NAP enhances
cellular responses to these signals [76], [97]. Notably, previous studies report that NAP
promotes cell survival and movement as well as terminal differentiation and cytoskeletal
specialization. The mechanisms behind these effects include oxidative stress reduction and
intracellular signaling environment stabilization [86], [95], [96]. The dECM matrix works in
conjunction with these effects by activating integrins and transcription factors that control
keratin gene expression [76], [98] .

The intermediate filament proteins Cytokeratins serve as epithelial differentiation markers
which include CK3 and CK12 as specific markers for corneal epithelial cells. The corneal
epithelium expresses CK3 in its suprabasal and superficial surface layers but CK12 shows
exclusive presence in corneal epithelial cells without appearing in conjunctival or limbal
epithelial cells [4]. CK3 and CK12 show their proper distribution in the cytoplasm which
indicates that the epithelial cells have correctly differentiated and developed their specific
structures. [94], [95]. Western blot analysis confirmed the molecular evidence of differentiation
through additional tests. The dECM/NAP group showed the highest CK12 expression which
matches central and suprabasal corneal epithelium and displayed elevated CK3 levels that
indicate more mature epithelial cells [99], [100], [101]. The CK3/CK12 expression in PACAP-
enriched hydrogels showed positive results but with lower intensity than NAP-treated samples
which indicates that PACAP supports cell survival and growth but NAP specifically accelerates
maturation processes [94], [102]. NAP functions as a well-established compound which
supports cell survival and organization and terminal differentiation through its stress-reducing
properties and stabilization of intracellular signaling pathways [86], [94], [95]. The research
shows that dECM scaffolds with NAP bioactive peptides create an optimal environment which
enables both structural organization and phenotypic preservation of corneal epithelial cells for
functional tissue engineering.
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To conclude, the formulation of the dECM, combined with peptides, provides excellent optical
transparency and cytocompatibility alongside structural support and promotes both enhanced
migration and mature epithelial phenotype development. The results show promise but
additional research with larger sample sizes and strict statistical validation must be performed
to establish reproducibility and clinical application potential. The combination of structural
integrity with targeted biochemical modification, especially in NAP-functionalized dECM
hydrogels, makes them an attractive approach for future corneal repair applications.
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