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Evaluation of dECM hydrogel-NAP
on 3D organotypic human corneal
epithelium in diabetic keratopathy
model
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Diabetes mellitus, a global epidemic, is a leading cause of blindness due to its detrimental effects on
the retina, lens, and cornea. Diabetic keratopathy (DK), a significant ocular complication, severely
compromises the corneal epithelium structure, barrier function, and healing capacity, largely driven
by hyperglycemia-induced oxidative stress and apoptosis. Current therapeutic strategies for DK

are limited and primarily symptomatic, failing to address underlying cellular deficits. This study
investigates a novel regenerative approach utilizing a decellularized extracellular matrix (dECM)
hydrogel functionalized with the neuroprotective peptide NAP (dECM hydrogel-NAP). Both dECM
hydrogels and NAP have demonstrated promising regenerative and protective properties in various
tissues, though their combined efficacy for diabetic corneal repair remains unexplored. Using a three-
dimensional (3D) organotypic human corneal epithelium model of DK, we evaluated the therapeutic
potential of dECM hydrogel-NAP to promote epithelial wound healing, restore barrier function,
mitigate apoptotic responses, and support cellular viability under diabetic conditions. Our findings
suggest that dECM hydrogel-NAP holds significant promise as a therapeutic strategy for supporting
corneal epithelial regeneration in diabetic keratopathy.
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Diabetes mellitus, the fastest growing global public health concern!, is a well-established cause of ocular issues
and represents one of the major contributors to blindness in developed nations, due to its deleterious effects on
the retina, lens and cornea®>.

The corneal epithelium plays a crucial role in preventing eye infections and maintaining the cornea’s clarity
and stability. Timely repair of epithelial damage is essential for restoring vision. However, diabetic keratopathy
(DK) affects the corneal epithelium by altering its structure and increasing its fragility, disrupting the basement
membrane, impairing epithelial attachment and healing, and compromising its barrier function?. Furthermore,
diabetes can cause corneal nerve damage and changes in the corneal stroma, Descemet’s membrane, and
endothelium®®. The complex pathophysiology of DK involves hyperglycemia-induced oxidative stress and
inflammation, leading to apoptosis. The increased rates of programmed cell death are observed in different
corneal cell types, particularly in epithelial cells’. Elevated apoptosis in epithelial cells compromises the integrity

of the corneal barrier, affecting proper wound closure®.
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Despite scientific community efforts, effective therapeutic strategies for DK remain limited and primarily
focused on symptomatic relief rather than addressing the underlying cellular and molecular deficits. In this
scenario, decellularized extracellular matrix (lECM) hydrogels have emerged as highly promising biomaterials
in regenerative medicine’. Derived from native tissues, dECM hydrogels retain the complex biochemical cues
and structural components of the original extracellular matrix (ECM), providing a biocompatible and bioactive
scaffold that can promote cell adhesion, proliferation, differentiation, wound healing and tissue remodeling9‘“.
Recently, bovine pericardium dECM hydrogel has demonstrated to be biocompatible in vitro and in vivo,
facilitating wound closure and demonstrating its great potential for regenerative applications!®!2. Nevertheless,
the ability of this hydrogel to repair damaged diabetic cornea has not been investigated. Concurrently, a small
peptide derived from activity-dependent neuroprotective protein (ADNP), known as NAP, have demonstrated
significant antioxidant, anti-apoptotic and protective properties in tissues and cells of various organs'*-1°. In
the eye, studies showed that intravitreal administration of NAP protects rat retinal ganglion cells (RGCs) after
retinal ischemia and optic nerve crush!®. NAP treatment provided corneal protection against ultraviolet B (UV-
B) radiations induced apoptosis'”"'®. Moreover, NAP prevented hyperglycemia/hypoxia-induced apoptosis in
vivo and in vitro model of diabetic retinopathy'-22. Hence, this study aims to evaluate the therapeutic efficacy
of a novel dECM hydrogel functionalized with NAP (dECM hydrogel-NAP) on a three-dimensional (3D)
organotypic human corneal epithelium model of DK. By utilizing a 3D model that closely mimics the human
corneal epithelium, we seek to investigate the capacity of dECM hydrogel-NAP to promote epithelial wound
healing, restore barrier function, mitigate apoptotic responses, and support cellular viability under diabetic
conditions. Results suggest the potential of dECM hydrogel-NAP as a therapeutic approach for supporting
corneal epithelial regeneration under DK.

Results
Optical properties of dECM hydrogel
The cornea is a transparent tissue refracting most of the light entering the eye to the lens and retina, the
hydrogel suitable for the cornea tissue must have similar light transmittance properties. The hydrogel provided
by Tissuegraft was extensively characterized for the use with regenerative purposes as reported previous
studies!?!0, In order to select the optimal concentration for corneal use, we characterized the visible light
(595 nm) transmittance of dECM hydrogel at different concentrations (9 mg/ml, 4 mg/ml and 2 mg/ml)
(Fig. 1). In Fig. 1b, the transmittance in the visible light range is shown over time. After 1 week the 2 mg/ml
maintained the transmittance slightly decreased from 92% to around 89%, which is similar to that of the human
cornea (87%)?*2%. Moreover, the transmittance remained the same over one week, suggesting to consider this
concentration as carrier matrix for NAP enrichment. After two weeks the transmittance of the hydrogel was
decreased in all the concentrations.

Then, we evaluated the light transmission in presence of the peptide (Fig. 1c). The dECM 2 mg/ml with
NAP smoothly decreased the transmittance of the hydrogel compared to dECM 2 mg/ml alone but did not
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Fig. 1. 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. The bar graphs show quantitative analysis obtained by three independent experiments.
Data represent means + SD. *p-value <0.05.
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alter the overall optical properties, remaining around the 85% of average transmittance, confirming the optimal
concentration for the corneal application.

Biocompatibility of dECM hydrogel

Biocompatibility of the dECM hydrogel is critical to support corneal epithelium regeneration. To establish its
biocompatibility and determine the optimal concentration for subsequent experiments, we performed, MTT
assay was performed in human corneal epithelial cells (hCECs) and Statens Seruminstitut rabbit corneal (SIRC)
epithelial cells at 24 and 72 h, by using 9 mg/mL or 6 mg/mL or 4 mg/mL, or 2 mg/mL of dECM hydrogel. As
shown in Fig. 2, hCECs seeded with 9 mg/mL dECM hydrogel showed a significant reduction in cell number as
compared to the control (**p <0.01). At 72 h, both hCECs (Fig. 2a) and SIRC cells (Supplementary Fig. 1a) seeded
with 9 mg/mL or 6 mg/mL, or 4 mg/mL dECM hydrogel significantly reduced their cell number (***p<0.001
and ***p<0.0001).

The cytotoxic potential of the biomaterials on dECM hydrogel was evaluated by spectrophotometric
quantification of the LDH released in culture medium. The extracellular LDH activity in hCECs seeded with
9 mg/mL or 6 mg/mL dECM hydrogel was increased at 24 h and 72 h, as compared to the control group
(**p<0.001 and ****p<0.0001) (Fig. 2b). At 72 h, also SIRC cells cultured with 9 mg/mL or 6 mg/mL dECM
hydrogel showed a significant increased cytotoxicity as compared to control (****p <0.0001) (Supplementary
Fig. 1b). These results indicated that the optimal concentration of dECM hydrogel in terms of cytocompatibility
is 2 mg/ml, which was the concentration used in all subsequent experiments with NAP, whose concentration (10
nM) was chosen based on efficacy in previous works!718:2021,

Next, we investigated the effect of NAP alone or in combination with the 2 mg/mL dECM hydrogel on cell
viability. As shown in Supplementary Fig. 1c, at 72 h, SIRC cells treated with NAP showed an increase in cell
number as compared to control (*p <0.05). Both hCECs and SIRC cells cultured with dECM hydrogel + NAP
showed a significant increase in cell number (Fig. 2¢ and Supplementary Fig. 2c). Moreover, Phalloidin staining
(Fig. 3) performed at 3 and 7 days, reveals how the presence of the dECM hydrogel with or without the presence
of NAP did not alter the morphological properties of the primary human corneal epithelial cells (PCs) cells.

Effect of dECM hydrogel-NAP on corneal epithelium healing

We performed a wound healing assay to evaluate the effect of the dECM hydrogel-NAP on the migration of
corneal epithelial cells and wound repair capability. As shown in Fig. 4, at 24 h after confluent hCECs were
scratched, a significant wound closure was observed when cells were seeded with NAP and even more in the
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Fig. 2. Cytocompatibility of dECM hydrogel. (a) The relative percentage increase or decrease in hCECs
number was measured at 24 h and 72 h in cells cultured in different dECM hydrogel concentrations. The bar
graphs show quantitative analysis obtained by three independent experiments. Data represent means = SEM.
**p<0.01 vs. CTRL 24 h; ****p <0.0001 vs. CTRL 72 h by one-way ANOVA. (b) Extracellular LDH activity in
hCECs cultured in different hydrogel concentrations for 24-72 h. The extracellular LDH activity was measured
using CyQUANT™ LDH cytotoxicity assay kit according to the manufacturer’s instructions. The bar graphs
show quantitative analysis obtained by three independent experiments. ***p <0.001; ****p <0.0001 vs. CTRL
24 h; ¥**p <0.0001 vs. CTRL 72 h by one-way ANOVA. (c) The relative percentage increase or decrease in
hCECs number was measured at 24 h and 72 h in cells cultured 2 mg/ml dECM hydrogel with or without

10 nM NAP. The bar graphs show quantitative analysis obtained by three independent experiments. Data
represent means = SEM. **p <0.01 vs. CTRL 24 h by one-way ANOVA.
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Fig. 3. Morphological evaluation of PCs cells after 3 and 7 days of culture with dECM hydrogel with or
without NAP. To determine the phenotype, morphology, and general condition of the cells, PCs cells were
stained with Fluorescein Phalloidin (green) staining. Nuclei were stained with DAPI (blue). Images represent
control cells, and cells cultured onto surfaces previously coated with dECM hydrogel, or NAP, or dECM
hydrogel-NAP. Images are representative of all results obtained in the three different experiments. Scale bar
=100 yum.
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Fig. 4. dECM hydrogel promotes wound closure in hCECs. Representative images of wound healing assays
performed in hCECs onto surfaces previously coated with dECM hydrogel, or NAP, or dECM hydrogel-NAP
at 0, 24, and 48 h. The bar graph shows the average wound area expressed in the percentage of CTRL. Data
are shown as mean + SD (from # =3 independent experiments). ***p <0.001 and ***p <0.0001 vs. CTRL 24 h;
*p<0.05, **p<0.01 vs. CTRL 48 h by one-way ANOVA.

presence of dECM hydrogel-NAP (***p <0.001 and ****p <0.0001). SIRC cells showed a significant reduction of
wound area when seeded in dECM hydrogel-NAP (****p <0.0001) (Supplementary Fig. 3). At 48 h, a significant
reduction in wound area was observed in the presence of NAP or dECM hydrogel, but the greatest effect was
observed in the presence of dECM hydrogel-NAP for both cell lines (**p<0.01 and ****p <0.0001) (Fig. 4 and
Supplementary Fig. 2). Although we did not perform experiments to verify whether scratching with the 200 uL
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pipette tip compromised the integrity of the dECM hydrogel in the wound area, the results demonstrated that
the hydrogel promoted wound repair, and its support was essential for effective wound healing.

The regenerative potential of dECM hydrogel with or without NAP, was also investigated in PCs cells, that
were seeded in 96-well plates at a density of 10 000 cells/well to create a confluent monolayer. Twenty-four
hours after cell plating, the IncuCyte WoundMaker device was used to create a homogeneous scratch wound in
each well of the 96-well plate. Images were analyzed using the IncuCyte Zoom Scratch Wound analysis module
measuring the relative wound confluence over time. As shown in Supplementary Fig. 3, the dECM with or
without NAP seemed to slightly increase the ability of the PCs to migrate into the wound site of the scratch
wound assays, nevertheless none of the results have a significant effect on PCs migration.

dECM hydrogel-NAP preserves 3D organotypic corneal epithelium barrier against high
glucose (HG)-induced damage

To investigate the possible effect of dECM hydrogel-NAP on DK, a 3D organotypic corneal epithelium model,
through the ALI culture system (Fig. 5a), was first constructed. As shown in Figs. 3D and 5b organotypic corneal
epithelium displays a similar morphology to human corneal epithelium in vivo. Moreover, immunohistochemical
(IHC) analysis showed positive staining for cytokeratin 3 (CK3) and cytokeratin 15 (CK15), which represent
typical markers of human corneal epithelium?>*. No CD34 staining was detected, confirming the purity of our
model (Fig. 5b).

Next, to reproduce the DK model, the 3D organotypic corneal epithelium was cultured in high glucose
(HG) levels (25 mM), alone or in the presence of dECM hydrogel-NAP (Fig. 5c). As shown in Fig. 5d, the 3D
organotypic corneal epithelium cultured in HG, showed a strong reduction in the number of layers, as compared
to the epithelial corneal barrier cultured under normal glucose condition and consequently a decreased
expression of the specific epithelial marker CK3. Noteworthy, dECM hydrogel-NAP supported the phenotype of
3D organotypic corneal epithelium grown under HG, as demonstrated by restored corneal epithelium barrier in
terms of number of layers and CK3 expression.

Morphological evidence was corroborated by the analysis of the thickness of the 3D corneal epithelium.
As shown in Fig. 6a, the thickness of the 3D corneal epithelium barrier was strongly reduced in the HG group,

ORGANOTYPIC CULTURE OF HUMAN 3D-CORNEAL EPITHELIAL BARRIER INVESTIGATING HYDROGEL-NAP ON 3D DIABETIC CORNEAL EPITHELIOPATHY MODEL
CORNEAL EPITHELIUM
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Fig. 5. Realization and characterization of 3D organotypic corneal epithelium. (a) Graphical overview of

the workflow. (b) Representative hematoxylin-eosin (H&E) and immunohistochemical (IHC) staining of

CK3, CK15 and CD34 in ALI tissue at 15 days. Digital micrographs are representative results of fields taken

in randomly selected slides and obtained using the Zeiss Axioplan light microscope (Carl Zeiss) fitted with a
digital camera (AxioCam MRc5; Carl Zeiss). Scale bars, 20 um, magnification 400x. (c) ALI tissue cultured
under high glucose (25 mM) levels to mimic aqueous humor glucose levels in patients with DK. (d) CK3 signal
(red fluorescence) was detected in 3D organotypic corneal epithelium cultured in NG (A), or in HG (B) or in
HG onto surfaces previously coated with dECM hydrogel-NAP (C). Cell nuclei were stained with DAPI (blue
fluorescence). The photomicrographs are representative results taken from different fields in randomly selected
slides and scanned by confocal laser scanning microscopy (CLSM). Scale bars, 50 um and 20 pm.
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Fig. 6. dECM hydrogel-NAP counteracts HG induced-corneal epithelium barrier damage. (a) H&E at 15
days of 3D corneal epithelium cultured on NG (A), or in HG (B) or in HG onto surfaces previously coated
with dECM hydrogel-NAP (C). Digital micrographs are representative results of fields taken in randomly
selected slides and obtained using the Zeiss Axioplan light microscope (Carl Zeiss) fitted with a digital camera
(AxioCam MRc5; Carl Zeiss). Scale bars, 20 um, magnification 400x. The bar graph shows ALI thickness
measured at 15 days. Data resulting from three independent experiments are represented as means+ SEM.
*p<0.05 vs. HG, **p <0.01 and ****p <0.0001 vs. NG by one-way ANOVA. (b) TEER expressed in Q-cm2, was
evaluated on 3D corneal epithelium cultured on NG or HG, or in HG onto surfaces previously coated with
dECM hydrogel-NAP, at days 3, 9 and 15. Data resulting from three independent experiments are represented
as means + SEM. *p <0.05 vs. NG and #p <0.05 vs. HG + Hydro-NAP by one-way ANOVA. (c) Representative
immunoblots of ZO-1 expression in hCECs cultured under NG, or HG, or in HG onto surfaces previously
coated with dECM hydrogel-NAP. The bar graphs show quantitative analysis obtained by three independent
experiments. Data are presented as the mean + SEM. *p <0.05 vs. NG by one-way ANOVA. Relative band
densities were quantified by using Image] software. Protein levels are expressed as arbitrary units obtained
following normalization to B-actin, which was used as loading control. The original blots/gels are presented

in Supplementary Fig. 4. (d) Staining for the ZO-1 marker in ALI tissue cultured on NG (A), or in HG (B) or
in HG onto surfaces previously coated with dECM hydrogel-NAP (C). Digital micrographs are representative
results of fields taken in randomly selected slides and obtained using the Zeiss Axioplan light microscope (Carl
Zeiss) fitted with a digital camera (AxioCam MRc5; Carl Zeiss). Scale bars, 20 um, magnification 400x.

compared to the normal glucose (NG) group (****p <0.0001). The dECM hydrogel-NAP counteracted the HG
microenvironment-induced effect, as demonstrated by the increase of barrier thickness as compared to the HG
group (*p <0.5). The positive role played by the dECM hydrogel-NAP was also confirmed through transepithelial
electrical resistance (TEER) analysis, which allowed us to monitor barrier tissue development, formation, and
functional maturation. As shown in Fig. 6b, on day 15, the TEER values of the NG group were ~740 Q-cm?,
which are comparable to those reported in human studies, where the mean corneal TEER was 690 + 69 Q-cm?>%’.
High glucose levels inhibited the proper development of the corneal epithelial barrier, as demonstrated by the
low TEER levels measured on day 9 (~ 530 Q*cm?) and day 15 (~ 380 Q*cm?) as compared to the TEER values of
the NG group (p <0.0001). On the contrary, higher TEER values (day 9 and day 15: ~670 2*cm2) were measured
on 3D corneal barrier cultured under HG and in the presence of the dECM hydrogel-NAP. We also evaluated
the expression and distribution of zonula occludens (ZO)-1, which is localized in superficial and sub-superficial
cell layers of the corneal epithelium, contributing to the barrier function. As shown in Fig. 6¢, ZO-1 expression
is drastically decreased in hCECs cultured under HG levels (*p <0.05). Whereas, ZO-1 expression levels were
restored in the HG + dECM hydrogel-NAP group. Moreover, as shown by IHC analysis (Fig. 6d), in NG and
HG + dECM hydrogel-NAP groups, high-intensity levels of ZO-1 were detected throughout the various corneal
epithelial layers. Exposure of the 3D organotypic corneal epithelium to HG levels drastically affected ZO-1
pattern distribution. This data supports the idea that the dECM hydrogel-NAP helps the corneal epithelium to
regain its organized structure, counteracting HG-induced damage.
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Fig. 7. dECM hydrogel-NAP attenuates apoptosis and sustains proliferation of 3D corneal epithelium in

DK model. (a) Representative immunoblots of Ki67 and Cleaved-caspase 3 expression in hCECs cultured
under NG, or HG, or in HG onto surfaces previously coated with dECM hydrogel-NAP. The bar graphs show
quantitative analysis obtained by three independent experiments. Data are presented as the mean + SEM.
**p<0.01 and ***p<0.001 vs. NG; ***p <0.001 and ****p < 0.0001 vs. HG by one-way ANOVA. Relative band
densities were quantified by using Image] software. Protein levels are expressed as arbitrary units obtained
following normalization to B-actin, which was used as loading control. The original blots/gels are presented

in Supplementary Fig. 4. (b-c) Ki67 and Cleaved-caspase 3 signal (red fluorescence) were detected in 3D
organotypic corneal epithelium cultured in NG (A), or in HG (B) or in HG onto surfaces previously coated
with dECM hydrogel-NAP (C). Cell nuclei were stained with DAPI (blue fluorescence). The photomicrographs
are representative results taken from different fields in randomly selected slides and scanned by confocal laser
scanning microscopy (CLSM). Scale bars, 50 um and 20 pum. (d-e) Fluorescence intensities were obtained with
the “Profile view” function of ZEN-2011 software; the fluorescence red was read for each pixel along the line,
and the violin plots reflect, in arbitrary units, the proportion of the pixel intensity in the wavelength. Data
represent means = SEM (from n =3 independent experiments). *p <0.05, **p <0.01 and ***p <0.001 vs. NG;
**p<0.01 vs. HG by one-way ANOVA.

dECM hydrogel-NAP attenuates apoptosis of 3D corneal epithelium in DK model

We have provided evidence that 3D organotypic corneal epithelial barrier cultured in the presence of dECM
hydrogel-NAP are largely maintained even under a high-glucose environment. Therefore, we analyzed its effect
against apoptotic cell death induced by HG. As shown in Fig. 7a, exposure to elevated glucose caused reduced
proliferation marker Ki67 expression levels and increased pro-apoptotic marker cleaved caspase-3 expression
(Fig. 7a). Noteworthy, 3D organotypic corneal epithelium cultured under high glucose in the presence of dECM
hydrogel-NAP showed inverted results, with significantly increased and decreased Ki67 and cleaved caspase-3
levels, respectively.

In addition, through confocal microscopy, we assessed that the expression of the proliferation marker
Ki67, strongly expressed in the entire epithelium and in particular in the basal epithelium of normal glucose
conditions, was drastically reduced in the HG group. As expected, the 3D culture, grown on dECM hydrogel-
NAP, showed restoration of Ki67 expression (Fig. 7b). In the diabetic-mimetic 3D corneal epithelium, many
cleaved caspase-positive cells were observed across the entire epithelium (Fig. 7c). Conversely, barely any cleaved
caspase 3-positive cells were observed in the HG+ dECM hydrogel-NAP group (Fig. 7c). That is, the dECM
hydrogel-NAP treatment markedly reversed the apoptotic response. Taken together, these results suggested that
dECM hydrogel-NAP can counteract apoptosis of corneal epithelium during DK and more rapidly regenerate
the epithelium.

Discussion
Diabetes mellitus is associated with systemic morbidities among the human population. Progressive damage
occurs in major end-organs. However, the most superficial organ affected by diabetes is the cornea. All the
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corneal components, epithelium, nerves, immune cells, and endothelium, are affected by diabetes. The corneal
epithelium consists of keratocytes linked by tight junctional complexes, residing in an ECM predominantly made
of type 1 collagen. The corneal epithelium is constantly exposed to wear and tear and needs to be regenerated. At
the ocular surface, the loss of innervation and trophic support reduces the corneal sensitivity, induces apoptosis,
and is associated with reduction of lacrimal production, inducing persistent epithelial defects and impaired
wound healing function?. Disruption of tight junctional complexes, loss of basal corneal epithelial cells with
changes in epithelium thickness and stroma cause corneal opacification, affecting light transmission and
vision?. While corneal denervation and diabetic retinopathy are targets of early metabolic and microvascular
disease, diabetic keratopathy and impaired corneal epithelial wound healing appear at a later stage, implying
a widespread disease?. Restoration of corneal epithelial homeostasis and the associated corneal nerve plexus
challenge the conventional therapies, due to the anatomical and functional complexities. Considering the global
shortage of donor, corneal tissue engineering introduced the potential of hydrogel-based materials, which have
been identified as promising tools for drug delivery and tissue repair. It is well known that the use of natural
hydrogels (e.g., collagen, gelatin, hyaluronic acid and alginate) and synthetic materials, such as polyethylene
glycol (PEG) and polyvinyl alcohol (PVA), on epithelial cells demonstrated to have high adhesion, proliferation
and migration, which are vital processes for corneal repair during wound healing. Moreover, the natural
materials, contain collagen and hyaluronic acid which support epithelialization, minimize inflammation and
fibrosis to establish an ideal healing environment. In this context, the hydrogels derived from decellularized
extracellular matrix (dECM) 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. These hydrogels can be engineered and tailored in a tissue-specific manner, providing both
mechanical compliance while creating a bioactive biochemical environment, allowing cells to adhere, migrate
and proliferate®. Although several corneal applications of hydrogels exist, they remain in an early phase of
development’!. Our functionalized dECM biomaterial is based on the idea that both the lamellar ECM and
keratocytes health contributes significantly to the cornea’s transparency and function'?. The dECM hydrogel is
biocompatible to corneal cells, maintains the transparency and allows the functionalization with NAP peptide,
which in turn has been shown to have protective effects in the eye!®. In particular, in corneal epithelium exposed
to UV-B radiation, NAP has been shown to reduce reactive oxygen species formation by indirectly inhibiting the
c-Jun N-terminal Kinase (JNK)/Bax signaling pathway'®. In the same model, the treatment with NAP showed to
counteract the expression of inflammatory cytokines in corneal epithelial cells, affecting nuclear factor-xB (NF-
kB) activation!”. Considering that reactive oxygen species (ROS) generation, resulting in the activation of JNK
pathway and NF-«B activation, represents key elements involved in the pathogenesis of DK>*, the protective
effects of NAP may be ascribed to these ways. By mitigating oxidative stress and suppressing pro-inflammatory
signaling cascades, including the JNK/Bax and NF-«B pathways, NAP may help preserve corneal integrity in
diabetic conditions. Furthermore, the modulation of these pathways suggests a broader cytoprotective role,
potentially reducing apoptosis and maintaining epithelial barrier function.

In this work, the application of dECM hydrogel-NAP was tested on human and rabbit corneal epithelial
cells and in a 3D-organotypic corneal epithelium model with hCECs derived from donor cornea that closely
mimic the morphology and function of the native corneal epithelium. Upon high glucose levels, to reproduce
the DK microenvironment, the 3D-organotypic corneal epithelium showed clinically relevant disease hallmarks,
including increased apoptosis and consequently corneal epithelium barrier alterations, in terms of resistance and
reduced expression of ZO-1. Consistent with our findings, in vitro and in vivo studies showed alteration of tight
junction complexes expression in DK, leading to delayed wound healing, epithelial defects, corneal infections,
and other complications®*. Our results showed that the application of dECM hydrogel restored the corneal
epithelium architecture, with the enhancement of the effects in the presence of NAP functionalization.

Our study has some limitations. Light transmittance was evaluated only at a single representative wavelength
(595 nm). While this wavelength corresponds to the peak transmittance of the human cornea and is a reliable
indicator of clinical opacity, a full spectral analysis was not performed. Future studies will include measurements
across the entire visible spectrum (400-800 nm) to provide a more comprehensive optical characterization of
the hydrogels. Although our model accurately replicates the corneal epithelium barrier, it lacks incorporation
of the tear film and eyelid mechanics, as well as corneal innervation. Moreover, an investigation on the role
of dECM hydrogel-NAP against the oxidative stress and inflammatory process characterized DK is necessary.
Therefore, future research will test the anti-oxidant and anti-inflammatory effects of dCEM hydrogel-NAP on
a full-thickness 3D organotypic cornea to address these limitations. Moreover, the use of cornea-on-a-chip can
reproduce the interaction with the aqueous humor and tear fluid.

In conclusion, we examined the efficacy of a novel dECM hydrogel functionalized with NAP on a 3D
organotypic human corneal epithelium model exposed to high glucose levels mimicking conditions of DK.
We successfully reproduce essential characteristics of DK, such as disrupted epithelial structure and increased
apoptotic cells death. Interestingly, dECM hydrogel-NAP counteracts the cascade of events involving disrupted
cellular structure, and altered cellular viability, fostering the advancements for in-vivo preclinical studies. Overall,
the dECM hydrogel-NAP has several potential applications, including topical treatment, bioactive contact lenses
coated with or embedded with the dECM hydrogel-neuropeptide formulation and/or post-surgical therapy to
enhance recovery in diabetic patients undergoing corneal procedures.

Materials and methods

Ethics statement

This study was performed according to the tenets of the Declaration of Helsinki. The sclerocorneal button stored
in organ culture at 31° C were provided for penetrating keratoplasty by the Eye Bank, Fondazione Banca degli
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Occhi del Veneto (Venezia-Mestre, Italy), which obtained informed consent for all tissue samples held and
cultured (Ethical approval was granted on 19 February 2024; number 09/2024/PAR by the Institutional Review
Board of the University of Catania).

Decellularization of the bovine pericardial extracellular matrix

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 (New England Peptide, MA, USA) at a final concentration of 2 mg/ml was finally
used for cytocompatibility and regenerative potential testing. In all experiments, the surfaces were coated with
50 pL/cm? of dECM hydrogel.

Optical characterization

dECM hydrogels at different concentrations (9 mg/ml, 4 mg/ml 2 mg/ml and 2 mg/ml with NAP) were prepared
in 96 well plate in triplicate and transmittance to visible light (595 nm) was assessed using Victor4X Multilabel
Plate Reader (Perkin Elmer, Milan, Italy), phosphate buffered saline (PBS) was used as blank. The obtained
absorbance values were converted to transmittance by Beer Lamberts law. Mean transmittance was derived
by averaging the values obtained. Moreover, in order to assess the transparency over time, transmittance was
observed up to two weeks at different hydrogel concentrations.

Cell cultures

Human corneal epithelial cells (hCECs) were obtained from donor corneas [1n=>5] as previously described®%.
Briefly, triangular-shaped pieces from donor corneas were placed epithelial side down, in a six-well plate,
previously treated with fibronectin (FNC Coating Mix, Catalog Number: 0407, Baltimore, USA), and cultured for
24 h with a drop of antibiotics-free culture medium (PCS-700-030, ATCC, USA), containing corneal epithelial
growth factor (PCS-700-040, ATCC) at 37 °C in a humidified atmosphere of 95% air and 5% CO?2 The next day,
1 ml of medium was added to each well, and the day 5, the corneal pieces were removed. At 80% confluence, cells
were split and seeded in T25 flasks previously treated with fibronectin.

Statens Seruminstitut rabbit corneal (SIRC) epithelial cells (ATCC CCL-60) were cultured in 75 cm? flasks,
and grown in Eagle’s Minimum Essential Medium (ATCC" 30-2003TM) supplemented with 10% fetal bovine
serum (FBS, 10108-165, GIBCO, Milan, Italy).

Primary human corneal epithelial cells (PCs) (ATCC PCS-700-010, LGC Standards, Italy) were cultured in
75 cm? flasks and grown in Corneal Epithelial Cell Basal Medium (PCS-700-030, ATCC) supplemented with
Corneal Epithelial Cell Growth Kit (PCS-700-040, ATCC) following the manufacturer instructions. Cells were
seeded at density of 1 x 10* at cm?.

Cell viability assay

The relative percentage increase or decrease in cell number was assessed using 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide salt (MTT) (Sigma-Aldrich), as previously described*. Briefly, hCECs and SIRC
cells were seeded at a density of 1 x 10* cells/well in 100 pL of culture medium for 24 h and 72 h in 96-well plates
coated with 16,5 pL of different dECM hydrogel concentrations. Then the medium was replaced with a fresh
medium with MTT salt added to each well for 3 h. Finally, dimethyl sulfoxide (DMSO) was used to dissolve
formazan salts, and absorbance was measured at 570 nm in a plate reader (VariosKan, Thermo Fisher Scientific,
Waltham, MA, USA). Six replicate wells were used for each group. The medium alone was used as a blank.

Lactate dehydrogenase (LDH) release assay

The extracellular LDH activity was evaluated by using the CyQUANT LDH Cytotoxicity Assay (Thermo Fisher
Scientific). Briefly, hCECs and SIRC cells were seeded at 1x 10* cells/well in 100 uL of culture medium for
24 h and 72 h in 96-well plates coated with 16,5 pL of different dECM hydrogel concentrations. Then, 50 pL of
medium was transferred into a new 96-well plate, and 50 pL of working solution was added. After 30 min at
room temperature, 50 uL of stop solution was added. A Varioskan microplate reader was used to measure the
absorbance values at 490 nm. LDH release was documented as LDH (% control) as follows: (abs_+ abs_, ) x
100, where absx is the absorbance in the x well, and absctrl L s the average absorbance of internal positive control
cells (untreated lysed cells). Absorbance values were edited by removing blanks.

Wound-healing assay

hCECs and SIRC cells were cultured in six-well dishes (5 x 10* cells/well) coated with 450 uL of dECM hydrogel
at a final concentration of 2 mg/mL alone or in combination with 10 nM NAP. After reaching the confluence,
they were scratched with a 200 uL pipette tip. Each well was washed with PBS solution. Then, the cells were
cultured in culture medium. Wound area was analyzed from six different wells for each treatment, and all images
were acquired with a Leica microscope using a x100 magnification. The average wound area, expressed in the
percentage of control (CTRL), was determined using Image] Software (Broken Symmetry Software, Bethesda,
MD, United States)™’.

The Wound-Healing Assay was also performed on PCs and imaged using the IncuCyte Zoom Live Cell
Imaging System and Scratch Wound analysis module per the manufacturer’s instructions (IncuCyte, Sartorius).
Briefly, PCs cells were seeded in 96-well plates pre-coated (2 mg/ml dECM hydrogel with and without NAP)
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
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to remove cell debris, and the plate was imaged every 4 h using the IncuCyte for 24 h. Wound closure was
calculated using IncuCyte’s wound confluence analysis module for each image over time.

3D organotypic corneal epithelium tissue

To generate 3D organotypic corneal epithelium, hCECs were cultured (2.4 x 10° cells/cm?) in transwell inserts
with FNC-precoated polycarbonate membrane with pore size 0.4 um (CLS3401, Meck, Darmstadt, Germany)
as previously described®. Antibiotics-free medium with growth factors was added both in the bottom and the
apical part. The day after, the medium in the apical part was removed and cells were cultured in air-liquid
interface (ALI) to generate 3D organotypic corneal epithelium. The medium was changed every 3 days up to the
15th day.

Diabetic keratopathy model condition

The 3D organotypic corneal epithelium was cultured under high glucose levels based to literature-reported in
vitro models of diabetic keratopathy®*>%’. In particular, cells were cultured in culture medium (PCS-700-030)
contains 6.2 mM glucose representing the control group (normal glucose, NG), or in the presence of 18.8 mM
glucose to reach a final concentration of 25 mM glucose (high glucose, HG). Mannitol (18.8 mM) was used in
NG group as an osmotic control.

Histological and immunohistochemical characterization

The 3D organotypic corneal epithelium tissues were fixed in 10% formalin for 24 h, dehydrated in graded
ethanol, and paraffin-embedded. The histological analysis was made on 5 pm sections obtained through a rotary
manual microtome (Leica RM2235, Milan, Italy). Cellular and tissue structures were viewed by hematoxylin and
eosin staining.

The expression and distribution of CK3, CK15, CD34 and ZO-1 in histological sections from 3D organotypic
corneal epithelium was analyzed through immunohistochemistry using the following primary antibodies: anti-
cytokeratin 3 (CK3) (3850-MSM1, NeoBiotechnologies, USA); anti-cytokeratin 15 (CK15) (cat. no. MA1-90929,
Invitrogen); anti-CD34 (cat. No. PA5-89536, Invitrogen); anti-ZO-1 (cat. no. 61-7300, Thermo Fisher, MA,
USA), diluted in phosphate-buffered saline (PBS) and 1% bovine serum albumin (BSA). The immunoreaction
was observed using a 3,3’-diaminobenzidine solution (DAB substrate, D7304, Sigma-Aldrich, USA). The
samples were lightly counterstained with hematoxylin mounted in the vecta mount (Vector Laboratories).

The sections were examined using a Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen, Germany)
and the pictures were acquired with a digital camera (AxioCam MRc5, Carl Zeiss, Oberkochen, Germany).

Measurement of epithelial layer thickness

The 3D organotypic corneal epithelial layer thickness at day 15 was determined on sections stained with
hematoxylin and eosin. The thickness of the epithelium at three positions per image in up to three images per
experiment was measured by using Image]J software (NTH, Bethesda, MD; available at http://rsb.info.nih.gov/ij/
index.html, accessed on 5 May 2025).

Transepithelial electrical resistance

Transepithelial electrical resistance (TEER) of 3D organotypic corneal epithelium was measured by using a
Millicel-Electrical Resistance System (ERS2, Millipore, Epithelial Volt-Ohm Meter)*!. Values are expressed as
Q-cm?. The combined resistance of the filter was subtracted from the values of filter cultured organotypic ALI
3D to calculate the resistance of the corneal epithelium barrier. Measurements were performed at days 3, 9 and
15, in three different wells for each experimental condition.

Western blot analysis

About 30 pg of proteins, extracted from total cell lysate with RIPA homogenizer, were loaded on 4-12% tris—
glycine gel. Membranes were incubated overnight (4 oC) with specific primary antibodies: anti-ZO-1 (cat. no.
61-7300, Thermo Fisher, MA, USA); anti-cleaved caspase 3 (#9661, Cell Signaling Technology); anti-Ki-67
(30-9) (cat. no. 790-4286, Roche); anti- B-actin (C4) (SC-47778, Santa Cruz Biotechnology). The secondary
antibody, goat anti-rabbit IRDye 800CW (926-32211; Li-Cor Biosciences) and goat anti-mouse IRDye 680CW
(926-68020D; Li-Cor Biosciences), was used at 1:20,000. Blots were scanned with an Odyssey Infrared Imaging
System (Odyssey, Li-Cor Biosciences, Lincoln, NE, USA) as previously described*?. Image] software was used for
the densitometric analyses of Western blot signals. Values were normalized to f-actin used as a loading controls.

Immunofluorescence analysis

PCS cells were seeded onto pre-coated (50 pL/cm? of 2 mg/ml dECM hydrogel with and without NAP) glass
coverslips. After 7 days, cells were fixed with 4% formalin in PBS (pH 7.4), 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 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.

To evaluate in ALI tissue the cellular distribution of CK3, Cleaved caspase-3 and Ki67, immunofluorescence
analysis was performed as previously described?’. The sections were incubated overnight at 4 oC with the
specific antibodies: anti-CK3 (3850-MSM1, NeoBiotechnologies); anti-cleaved caspase 3 (#9661, Cell Signaling
Technology) and anti-Ki67 (30—-9) (cat. no. 790-4286, Roche). Signals were revealed with Alexa Fluor 488
goat anti-mouse and Alexa Fluor 594 goat anti-rabbit, for 1.5 h at room temperature (shielded from light).
DNA was counter-stained with 4,6-diamidino-2-phenylindole (DAPIL; cat. no 940110; Vector Laboratories,
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Burlingame, CA, USA). Immunolocalization was analyzed by confocal laser scanning microscopy (Zeiss
LSM700, Oberkochen, Germany).

Statistical analysis

Data are represented as the mean + standard error of the mean. One-way analysis of variance was used to compare
the means between two or more groups, and statistical significance was assessed by the Tukey-Kramer post hoc
test. The level of significance for all statistical tests was set at p <0.05. Data were analyzed using GraphPad Prism
9 (GraphPad Software, La Jolla, CA, USA).

Data availability

Data is provided within the manuscript or supplementary information files.
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