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ABSTRACT

The cornea serves as a transparent protective barrier for the eye, with epithelial homeostasis and renewal crit-
ically dependent on limbal epithelial stem cells residing in a specialized niche characterized by stromal in-
vaginations that form limbal crypts. Elegant advanced in vitro models of the limbal niche have been described,
but most are technologically demanding, requiring multi-step fabrication that limits scalability. We developed a
simple and rapid strategy to fabricate 3D scaffolds with undulating topography using a shape-morphing hydrogel
concept. A photocrosslinkable bioink composed of methacrylated collagen, hyaluronic acid, and silk fibroin was
patterned using grayscale UV projection. Digital Light Processing technology enabled spatially controlled het-
erogeneous crosslinking densities in a single-step process. The undulating topography was then formed through
differential shrinking dynamics of the hydrogel at 37 °C; specifically, the volume of areas exposed to lower UV
doses decreased while areas exposed to higher UV doses remained stable. The addition of silk fibroin proved
essential for both temperature-dependent shape morphing and sustained corneal epithelial cell adhesion and
growth. The undulating scaffolds supported epithelial stratification for at least three weeks in culture. Physio-
logically relevant corneal mechanotransduction and apicobasal organization was achieved, with nuclear YAP
localization in soft areas, P63-positive progenitor cells enriched in basal layers and PAX6-positive differentiated
cells in apical layers. Additionally, progressive epithelial maturation was demonstrated by increased CK3
expression, establishment of tight junctions, and the deposition of a basement membrane.

Statement of significance: Paschalidis et al. This work offers dual significance. First, we introduce an innovative,
simple and single-step bioprinting approach to create 3D scaffolds with complex topography. Using Digital Light
Processing technology, a silk fibroin-containing photocurable bioink is exposed to spatially heterogeneous UV
doses. This enables differential crosslinking densities in the printed scaffold, which undergoes programmable
shape-morphing. Second, we applied this methodology to engineer advanced corneal models that recapitulate
the structural features of the epithelial stem cell niche, an undulating topography. This addresses critical needs in
human disease modeling and preclinical testing while reducing animal use. The resulting model sustains three-
week cultures and faithfully mimics physiological epithelial organization, with progenitor markers expressed in
basal layers and differentiation markers indicating barrier function in apical layers.
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1. Introduction

Advanced in vitro models, microphysiological systems and organoids
on a chip have gained increasing attention over the past decade. The
convergence of tissue engineering, stem cell biology and regulatory
demands has underscored the need for human-relevant and ethically
acceptable experimental platforms. These models are designed to pro-
vide controlled environments that guide self-assembly of tissue-like
structures with physiological and/or pathological relevance, enabling
the study of complex biological processes with a high degree of repro-
ducibility and tunability [1-3]. Beyond fundamental research, such
platforms carry direct translational relevance, for instance, in the pre-
clinical development of Advanced Therapy Medicinal Products (ATMPs)
targeting corneal pathologies such as Aniridia-Associated limbal stem
cell deficiency [4]. In this context, human biomimetic limbal niche
models offer a scalable and ethically advantageous alternative to animal
models, particularly for assessing the functionality, the potency,
epithelial penetration, and biological activity of novel therapeutics such
as engineered extracellular vesicles, parameters that are inherently
difficult to evaluate in species-mismatched murine systems or classical
cell culture systems.

In the case of the cornea, several strategies have been explored to
engineer corneal curvature [5-7] and limbal structures [8-11] with
varying degrees of biomimicry. The limbus is a circumferential transi-
tion zone between the cornea and conjunctiva. It is characterized by
radially oriented ridges known as the palisades of Vogt and associated
stromal invaginations that form limbal crypts, which constitute the
niche for limbal epithelial stem cells (LESCs) [12]. Early studies using
collagen hydrogel molding demonstrated that engineered limbal
crypt-like geometries promoted stratification of P63-positive epithelial
progenitors along these biomimetic niches [9]. Subsequent work
employing microstereolithography of polyethylene glycol diacrylate
(PEGDA) generated ring-shaped constructs with micropockets
mimicking limbal crypts, enhancing epithelial migration and prolifera-
tion [8]. More recently, two-photon polymerization of gelatin meth-
acryloyl (GelMA) was used to reproduce complex limbal topographies,
inducing spatial zonation of proliferative and differentiating epithelial
phenotypes along 3D gradients [10]. Collectively, these studies have
demonstrated that bioengineering approaches enable the fabrication of
advanced in vitro corneal limbal models with physiological relevance in
regulating epithelial stemness, migration, regeneration, and
differentiation.

Despite these significant advances, most existing models remain
technologically demanding, relying on multi-step fabrication processes
and low-throughput workflows that limit scalability. Additionally, sus-
taining epithelial cultures over extended periods remains challenging
across platforms, especially when seeking to maintain both mature and
immature epithelial cells on a self-organized basement membrane (BM).
As a result, translation into routine laboratory use, screening or toxi-
cological platforms remain limited.

Our goal was to develop a model that preserves the essential bio-
mimetic and functional properties of previous systems while reducing
technological complexity, fabrication time, and cost. To this end, we
aimed for a one-step, versatile, tunable and scalable process capable of
generating 3D architectures conducive to epithelial cell attachment,
stratification, and differentiation. We employed Digital Light Processing
(DLP), a high-resolution photocuring technology that we had previously
applied to biliary and vascular tissue engineering [13,14] and here
adapted for corneolimbal applications.

By applying smart design to create heterogeneous crosslinking den-
sities within a smart material (a photocurable composite bioink
composed of methacrylated silk fibroin, collagen type I, and hyaluronic
acid), we fabricated undulating scaffolds in a single step. These scaffolds
reproduced key topographical features of the limbal niche in a scalable
and reproducible manner.

In this study, we first identify an optimal bioink composition that
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ensures scaffold stability and printability while supporting cell growth.
We then investigate how crosslinking density regulates cellular
mechanotransduction, in line with published data on YAP signaling in
corneal epithelial cells [15]. Additionally, we analyze how
shape-morphing induced surface topography leads to the formation of
wavy hydrogels promoting corneal epithelial cell stratification. We have
successfully demonstrated that this system supports limbal epithelial
cell culture for up to three weeks, exhibiting an apicobasal organization
indicative of epithelial differentiation.

2. Materials and methods
2.1. Hydrogel solution preparation

Three different natural polymers modified with methacryloyl groups
(MA), along with the photoinitiator (LAP), were used in this project
(Table 1). All components were provided as sterile products by the
manufacturer. LAP, HAMA and SFMA were resuspended from their
freeze-dried form in 1x PBS under sterile conditions in a laminar flow
hood. Collagen I methacrylate (ColMA) was resuspended in (20 mM)
acetic acid at 4 °C overnight. Before use, ColMA was neutralized with a
solution provided by the manufacturer. The final bioink was prepared
just before printing by sequentially mixing all components. All solutions
were kept on ice, to prevent premature gelation of collagen I.

2.2. Printing

The printing setup has been described in previous works [13,14]. In
summary, to allow firm attachment of the crosslinked hydrogel, the glass
coverslips (20x20 mm, 150 pm thick; VWR) were methacrylated. Cov-
erslips were exposed for 15 min at 1 cm to a deep-UV lamp (Novascan
PSDP-UV PSD Pro Series Digital UV; Ozone System), incubated for 10
min in a solution of 1% v/v silane methacrylate (3-(Trimethoxysilyl)
propyl methacrylate; Sigma-Aldrich) and placed in a dry oven at 120 °C
for 1 hour. A 250 pm thick silicone frame (SIN 400 T; Sterne) was fitted
around the edges of the coverslip, and a rectangular PDMS pad was
placed on top, creating a chamber with a defined height.

Using a positive displacement pipette, the bioink (40 pl) was injected
into the chamber (Fig. 1C). Subsequently, the coverslip was placed on
top of a standard glass slide fitted under an inverted microscope (IX83;
Olympus) equipped with a DMD-based UV patterned illumination de-
vice (PRIMO, Alvéole). A pre-defined pattern, provided as a digital
grayscale image designed in InkScape (Inkscape Project), was loaded
onto the software of the PRIMO device and projected through a 10x
objective with UV light at a wavelength of 375 nm, as explained in more
detail by Strale et al. [16]. The UV dose was calibrated by intensity and
curing time to a maximum of 50 mJ/mm?, and fractions of this dose
were applied through specification of the gray value on the design,
namely the maximum dose (“High UV”, white) or 10% of it (“low UV”,
dark gray). After printing, each coverslip was transferred to a 6-well
plate filled with PBS, where the PDMS pad and silicone frame were
manually removed, and any unreacted components of the bioink were
washed out with PBS two times for at least 5 min each, at room tem-
perature (RT, approximately 18 to 22 °C). The hydrogel structures
remained firmly attached to the methacrylated glass coverslip. For
ATR-FTIR experiments, after 72 h of incubation in PBS, hydrogels were
fixed for 30 min in 4% formaldehyde solution (Merck), rinsed three
times for 5 min each in PBS and 2 times for 5 min each in H20, and dried
for 24 h.

2.3. Cell culture

All cell types were incubated at 37 °C with 5% COs. Primary Limbal-
derived Corneal Epithelial Cells (hLCECs) were isolated from human
postmortem patients. All procedures conformed to the tenets of the
Declaration of Helsinki for biomedical research involving human
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Table 1
List of raw materials used for hydrogel formulation.
Material Abbreviation =~ Manufacturer& Source concentration Degree of Molecular
reference w/v) methacrylation* weight*
kD:
Stock  final (kDa)
Collagen I methacrylate ColMA Advanced Biomatrix Bovine 3% 1% >20% ~404
#5198
Hyaluronic Acid methacrylate HAMA Advanced Biomatrix Bacterial 4% 0.4%  45-65% 100-150
#5212
Silk Fibroin methacrylate SFMA Matexcel Bombyx 10% 2.5% 70-90% >100
BINK-017 mori
Lithium phenyl (2,4,6-trimethylbenzoyl) LAP Advanced Biomatrix N/A 5% 1% N/A N/A
phosphinate #5269
" Data provided by manufacturers.
A X B 5mm
Software (design) Chamber c Silicon
stencil
[ High uv (100% dose
of 50mJ/mm2) Glass.
uv coverslip
[l Low LV (10% dose \
of 50mJ/mm2) ) AL} PDMS
. No UV Fe—s] Bioink cover
D Printed patterns
. Objective m

300 pm

Fig. 1. Experimental process to print gel scaffolds. A) A grayscale design is loaded into the software of the DLP system and is translated into a projection of UV
light, transmitted via a Digital Micromirror Device (DMD) through a 10x microscope objective onto a chamber containing the pre-loaded photocurable bioink (B),
which within seconds solidifies according to the projected shape. C) The chamber containing the bioink is formed by an underlying glass coverslip and an overlying
PDMS pad supported by a silicone frame. D) The produced scaffold used for culture is illustrated, which takes shape after grayscale UV projection induces anisotropic
crosslinking densities within the gel and therefore differential swelling dynamics that give rise to this undulating geometry. The red square shows the area of the

design corresponding to the illustrated printed scaffold.

subjects. The Agence de la Biomédecine (France) authorized limbus
procurement for research (PFS21-013). Limbal cell isolation and
amplification were described in a previous work [17]. To summarize,
the limbus was harvested from corneoscleral rims and then placed in a
balanced salt solution (Alcon) before proceeding with cell isolation.
Meanwhile, growth-arrested 3T3-J2 fibroblasts (Kerafast) following
Mitomycin C treatment (Merck Millipore) were suspended in DMEM
(Gibco) with 10% fetal bovine serum (FBS, Biowest) and seeded at a
density of 4.6 x 10* cells/cm?. The next day, the hLCECs were dissoci-
ated (TrypLE Express; Gibco), resuspended in a growth medium (3:1
mixture of DMEM:F12 with 10% fetal bovine serum, (0.4 pg/mL) hy-
drocortisone, (5 pg/mL) insulin, (1.4 ng/mL) triiodothyronine, (24
pg/mL) adenine, (8.4 ng/mL) cholera toxin, (10 ng/mL) epidermal
growth factor and 1% antibiotic-antimycotic (ABAM; Gibco)), and
seeded on growth-arrested 3T3-J2 fibroblasts. The medium was changed
on the third day and every other day thereafter. After 7 days, the 3T3-J2
feeder cells were detached using Versene (Gibco) and after washes with
PBS, hLCECs were dissociated (TrypLE Express) and cryopreserved in
DMEM, 20% FBS and 10% DMSO (Sigma-Aldrich). 3T3-J2 feeder cells
were only used for initial amplification purposes and not in any other
experiment of this study. Two independent male donors, aged 50 and 62
years, were used in this study. As sex-related differences may influence
ocular surface biology, the exclusive use of male donors should be
acknowledged as a limitation of this study [18].

After printing and washing, hLCECs (passages 2-3) were seeded at a
density of 2 x 10* cells/cm? on the scaffolds, in KSFM medium (Gibco),
supplemented with 1% ABAM. Upon confluency at day 5, the medium
was switched to DMEM/F12 (1:1; Gibco) supplemented with 10% FBS,
(1.2 mM) Calcium Chloride (CaCl2; Merck), Epidermal Growth Factor
(EGF, (10 ng/ml)) and 1% ABAM to induce differentiation and

stratification of the epithelial layer. The samples were cultured for up to
3 weeks and the medium was changed every 2-3 days.

All phase contrast images were taken using a CKX53 microscope
(Olympus), equipped with a camera (Digital Sight DS-Filc, Nikon).

2.4. Fluorescence staining

Samples were fixed in 4% formaldehyde solution for 30 min, per-
meabilized for 5 min with 0.1% Triton-X (Sigma-Aldrich) in PBS and
then placed in blocking solution for 1 hour (5% FBS, 0.05% Triton X-
100, 0.05% Tween-20 (Fisher Scientific)) under mild agitation. Primary
antibodies (see Table 2) were incubated overnight at 4 °C in blocking
solution. After 3 x 5 min washes in PBS with mild agitation, samples
were incubated with secondary antibodies for 1 h at RT in blocking
solution (see Table 2), counterstained with DAPI (Invitrogen) and, when
indicated, stained with Phalloidin-647 (Invitrogen). After 3 x 5 min
washes in PBS under mild agitation, samples were mounted onto a mi-
croscope glass slide with Permafluor mounting medium (Epredia). The
samples were imaged using a confocal microscope (LSM800, Zeiss).

The live/dead assay was performed after 6 h and 24 h of culture on
gel scaffolds, using a solution of Calcein AM and Propidium Iodide (see
Table 2) in PBS, to label live and dead cells respectively. After 30 min of
incubation, imaging was performed by confocal microscopy. For each
sample, two Z-stack images covering a significant portion of the scaffold
were taken for quantification using the FIJI (ImageJ) software. The
percentage of live cells was calculated by dividing the number of live
cells by the total number of cells (live + dead).
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Table 2
List of reagents for fluorescence staining.

Primary Species Manufacturer Reference Dilution

antibody

Keratin 3/CK3 Mouse Abcam ab77869 1:200
[AE5](KRT3) monoclonal

Z01 (TJP1) Rabbit Invitrogen 61-7300 1:200

polyclonal

P63 [4A4] Mouse Abcam ab735 1:200
(TP63) Monoclonal

Laminin 5 Rabbit Abcam ab14509 1:200
(LAMA3) Polyclonal

YAP [63.7] Mouse Santa Cruz sc- 1:200
(YAP1) Monoclonal Biotechnology 101,199

PAX6 Rabbit BioLegend PRB-278P 1:1000

Polyclonal

Secondary antibody Species Manufacturer ~ Reference  Dilution

Anti-Mouse IgG (H+L) Goat Invitrogen A11001 1:500
488 Polyclonal

Anti-Rabbit IgG (H+L)  Goat Invitrogen A21428 1:500
555 Polyclonal

Fluorescent dye Species  Manufacturer ~ Reference  Dilution

DAPI N/A Invitrogen D3571 1:500

Alexa Fluor™ 647 Phalloidin N/A Invitrogen A22287 1:500

Calcein AM N/A Invitrogen C1430 2uM

Propidium Iodide N/A Invitrogen P3566 500nM

2.5. Image analysis and quantification

Image processing was done using FIJI (ImageJ) software. Determi-
nation of P63-positive and PAX6-positive cell ratios was based on
measurement of the fluorescent signal intensity of these nuclear
markers. All samples were processed in paired fashion (printing, cell
culture, immunostaining and image acquisition). For each sample, two
representative images from two printed patterns on the same coverslip
(each containing both high and low UV-exposed areas) were taken and
measured. The analysis was based on 4 pm thick optical Z stack images,
merged into a single image by applying an “average projection”. These
optical sections were taken from 3 different areas of a scaffold: 1) apical
cells on an area which received a low UV dose, 2) basal cells of the same
area, and 3) the monolayer cells on an area which received a high UV
dose. Nuclei were segmented based on pixel intensities of the DAPI
signal, and then the region of interest (ROI) of each nucleus was applied
to the channel of the marker of interest (P63 or PAX6 staining) to obtain
the mean nuclear intensity value of each cell. The threshold of “posi-
tivity” was fixed for each independent sample at the 66th percentile of a
list of an equal number of randomly selected values from the three
different areas (1- apical low UV dose, 2- basal low UV dose, 3- high UV
dose).

For the quantification of YAP nuclear/cytoplasmic ratio, for each
sample, two representative images from two scaffolds on the same
coverslip (each containing both high and low UV-exposed areas) were
acquired. Analysis was based on 2.5 pm thick optical Z stack images,
merged into a single image by applying an “average projection”. Then,
based on the DAPI staining, the nuclei were segmented. The ROI of each
nucleus was dilated radially by 2 pixels (corresponding to 1.2 pm) and
the original nuclear area was subtracted, resulting in a new donut-
shaped ROI corresponding to a similar surface area as the nuclear
area, but representing the cytoplasmic (perinuclear) region of the cell.
The cytoplasmic and nuclear ROIs were applied on the YAP channel to
extract the signal intensity of the nucleus and cytoplasm of each cell. The
nuclear/cytoplasmic ratio was calculated by dividing the two values
(nuclear and cytoplasmic) for each cell (data point), and all data points
were then averaged into a single representative mean value for the
condition of interest.

Background noise was quantified by selecting 5 random areas devoid
of cells per image, and the mean background values were subtracted to

Acta Biomaterialia xxx (xxxx) Xxx

values of interest. High UV-exposed and low UV-exposed regions of the
scaffold had different levels of autofluorescence, so, for YAP staining
quantification, distinct background intensities were quantified per
image.

For the quantification of epithelial thickness (Fig. 4D), each image/
sample was sagittally sectioned (orthogonal projection) into three
different 70 pm thick optical stacks. Within each section, measurements
were taken at three equally spaced positions and plotted as signal in-
tensity (DAPI) against distance (in pixels). The epithelial thickness was
determined by the width of the DAPI signal peak, which was clearly
distinguishable from the background signal. This pixel distance was then
converted to micrometers using calibrated image metadata.

2.6. Scanning electron microscopy

hLCECs seeded on printed scaffolds were fixed after 24 h in a solution
of 2% paraformaldehyde (Thermo Fisher Scientific), 2.5% glutaralde-
hyde (Alfa Aeasar) in sodium cacodylate at pH 7.3 (Acros Organics).
After washing in cacodylate buffer, samples were dehydrated through a
graded concentration of ethanol from 30% to 100% and critical point
dried (Leica). Samples were mounted on 12 mm SEM stubs, sputtered
with 4 nm of platinum (Leica) and imaged using a field emission gun
scanning electron microscope (GeminiSEM300, Carl Zeiss) with an ac-
celeration voltage of 2 keV under high vacuum. Secondary electrons
were collected. Scan speed and line averaging were adjusted during
observation. Images were not processed further.

2.7. Mechanical testing and swelling assay

The Young’s (elastic) modulus of photopolymerized hydrogels was
determined using the Microtester G2 (CellScale). Individual square 2 x 2
mm gel pads were printed at 100% or 10% of 50 mJ/mm?, for high and
low UV respectively, with an initial thickness after printing of 250 pm. It
is important to note that the square pads printed at low and high UV
doses were tested separately, as our setup did not allow accurate mea-
surement of the two conditions in a patterned context. Measurements
were performed at RT or 37 °C, after overnight incubation in the
respective temperature, to reach equilibrium. Force and displacement
data upon compression (1 pm.s ! rate) were collected and converted
into a stress-strain curve. The Young’s modulus (E) was calculated from
the linear region of the stress-strain curve (ranging from 5-15% strain),
from the average value of five compressive cycles, where E = 6/¢ (6 =
stress = force/area; ¢ = strain = % of displacement from original gel
height). Following the manufacturer’s recommendation, we tailored
each gel condition to a different cantilever, while accounting for the
diameter of the cantilever in the equations relating to applied force,
therefore normalizing to a certain degree the obtained values.

2.8. ATR-FTIR

Attenuated Total Reflection Fourier-Transform InfraRed (ATR-FTIR)
spectra were recorded at the SMIS beamline of synchrotron SOLEIL
(Saint Aubin, France) using a ThermoFisher Scientific Nicolet 5700 FTIR
spectrometer equipped with a Smart MIRacle ATR accessory, a KBr
beamsplitter and a DTGS detector. The ATR accessory was equipped
with a 2 mm single bounce diamond Internal Reflection Element (IRE).
Spectra were collected at 4 cm™ resolution between 600 and 4000 cm ™,
averaging 128 scans. Spectra were preprocessed in Omnic 7.2 with the
Atmospheric suppression routine and Automatic smoothing. Spectra
were analyzed with Quasar 10.

2.9. Statistical analysis
All data was analyzed on GraphPad Prism 10. Each experiment

represents at least three independent samples (as indicated in each
Figure), and all values are expressed as the mean =+ standard deviation.
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Statistical significance was assessed with a Student’s t-test (paired,
parametric), with p < 0.05 considered to be statistically significant.

For the data on YAP nuclear/cytoplasmic localization, extreme out-
liers were removed with the ROUT method (Q = 0.1%) and a
Kolmogorov-Smirnov test was performed (unpaired, non-parametric),
with p < 0.05 considered to be statistically significant.

3. Results

This study aimed to develop a robust limbal corneal model that
supports long-term growth and differentiation of limbal epithelial cells
while addressing the scalability versus complexity challenge in tissue
engineering. To this end, we developed an innovative single-step bio-
printing methodology based on the hypothesis that photocurable bio-
inks can undergo predictable shape changes without multiple processing
steps. We employed Digital Light Processing (DLP), a maskless photo-
lithography technology with the ability to fine-tune projected UV with
spatiotemporal sensitivity [16]. It allowed us to create scaffolds with
spatially heterogeneous crosslinking densities.

A
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3.1. Attachment and growth of human primary limbal-derived corneal
epithelial cells on printed scaffolds were favored by the addition of silk
fibroin methacrylate in the bioink composition

The grayscale design shown in Fig. 1 represents the digital mask used
in this study. This UV projection pattern is a 2700x1000 pm rectangle
composed of 9 alternating stripes, where 5 white stripes translate to
“high” UV dose, and 4 light grey stripes to a “low” UV dose (100% and
10% of 50 mJ/mm?, respectively). The design dimensions were selected
to reflect key limbal anatomical principles. The stripe length (1 mm)
approximates the radial width of the human limbus, while the stripe
width (300 um) was based on previous palisade-of-Vogt-mimicking
studies [8-10].

The primary objective of this study was to determine the optimal
bioink formulation for DLP bioprinting that allowed hLCEC adhesion
and growth. Several combinations of methacrylated polymers were
exposed to the above UV grayscale pattern. Initially, ColMA alone,
HAMA alone and the combination of CoIMA and HAMA (hereafter
referred to as “CH”) enabled good printability (Fig. 2A, Day 0) over a

ColMA/  HAMA/
SFMA SFMA

scaffold

500 pm

Low UV High UV

Fig. 2. Silk Fibroin Methacrylate influences primary human Limbal-derived Corneal Epithelial cell (hLCEC) attachment and growth. A) Representative
phase contrast microscopy images showing printing efficiency of scaffolds photopolymerized from bioinks of various formulations (top panel) and hLCEC adhesion
and growth 3 days post-seeding (bottom panel) on the same scaffolds. The scaffolds were printed according to the design shown on the left panel (white stripes
represent 100% of max UV dose and dark gray 10% of max UV dose). CH consists of ColMA (1%w/v) and HAMA (0.4%w/v), while CHS consists of ColMA (1%w/v),
HAMA (0.4%w/v) and SFMA (2.5%w/v). Red dashed square highlights the area in higher magnification, represented at the bottom right. B) Scanning electron
microscopy representative images showing the spreading of hLCECs seeded at low density, on scaffolds with (CHS) or without SFMA (CH) 24 h post-seeding, on areas
of the gel exposed to a high UV dose (white bars) and at low UV dose (dark gray bars). Colored squares represent the area of the image on the scaffold. C)
Representative fluorescent microscopy images of a live/dead assay of hLCECs 24 h post-seeding on scaffolds with (CHS) or without SFMA (CH) (live cells: calcein,
green and dead cells: propidium iodide, red) and quantification at 6 h and 24 h. n = 3. ColMA: Collagen Methacrylate, HAMA: Hyaluronic Acid Methacrylate; SFMA:
Silk Fibroin Methacrylate; CH: ColMA + HAMA; CHS: ColMA + HAMA + SFMA. * p < 0.05.
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wide range of concentrations and ratios (data not shown). However,
hLCEC seeding on these scaffolds resulted in very low cell attachment
and growth after 3 days of cell culture, on all tested formulations. In
phase contrast microscopy images, cells remained small, round and

A

High UV

Low UV
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highly refractive, characteristic of cells with impaired attachment and
spreading (Fig. 2A, Day 3). On the ColMA scaffold, some cells appeared
to be attached and spread on the high UV exposed areas, but these areas
were deformed compared to their post-printing state. On the HAMA

High UV

Low UV

1
*
1 ns
1000 i
T of®
< I B cowuv
@ 100
2 * (] High uv
H
= 10
©
c
3
S —
CH
sokokk
1
sk
—
ns ns ek
0 5 I 1 T 1 I 1
e
L
£ 4-
7]
=
g 31
5 |
T 29 i
..... m \
£ )|
g 1- |II-I4"|
3 Vs
< 0 ——
> CH
Day 1 Day 5

B owuv [ ] Highuv

CH

Fig. 3. Silk Fibroin Methacrylate induces structural hydrogel modification and photocrosslinking confers mechanical changes, both of which correlate
with YAP translocation. A) Representative scanning electron microscopy images showing the surface microtopography of scaffolds with (CHS) or without (CH)
SFMA. B) The Young’s modulus of scaffolds with (CHS) or without (CH) SFMA, and as a function of UV dose, 24 h post-printing in PBS at 37 °C. n = 5. C)
Representative confocal images of YAP immunostaining on hLCECs, seeded on scaffolds with (CHS) or without (CH) SFMA, at high and low UV dose conditions, after
1 and 5 days (for CHS) in culture. Each image includes adjacent regions of high and low UV exposure. White (high UV) and grey (low UV) dash squares highlight
areas in higher magnification, represented in the lower panel. Nuclear DNA was stained with DAPI. Violin plots show the quantification of YAP nuclear/cytoplasmic
ratio. n = 4 independent experiments, 1421 cells quantified in total for day 1, and 3850 for day 5. ns: non-significant; * p < 0.05; ** p < 0.01; **** p < 0.0001.
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scaffold, all cells remained round and refractive. On the low-UV exposed
area of the CH scaffold, cells remained round and refractive, as observed
in phase contrast microscopy images. SEM images provided additional
details: cells on CH scaffolds in low UV exposed areas were visibly
attached but maintained a round shape (Fig. 2B). In contrast, cells on
high UV-exposed areas exhibited a spread morphology, characterized by
a larger surface area, flatter appearance, and the presence of filopodia
(Fig. 2B).

Since collagen and hyaluronic acid, either alone or combined, failed
to support efficient cell adhesion, we next examined methacrylated silk
fibroin (SFMA) as a potential additive to our bioink [19,20]. Initially, to
achieve optimal printability of SFMA alone by DLP, concentrations
above 10% had to be used but cells were unable to adhere to this sub-
strate (Supplemental Figure 1A). At lower concentrations, SFMA did not
produce any recognizable patterns (Fig. 2A, Day 0). In combination with
ColMA and HAMA however, after screening a range of ratios and con-
centrations, we found that the triple formulation of ColMA, HAMA and
SFMA (now referred to as “CHS”) enabled consistent printability with
scaffolds closely matching the digital mask at various concentrations
(10% to 1% w/v of SFMA with ColMA at 1% w/v and HAMA at 0.4%
w/v). Notably, while ColMA alone, HAMA alone and the CHS combi-
nation enabled consistent printability with scaffolds closely matching
the digital mask, the combination of SFMA with either CoIMA or HAMA
was not suitable for DLP bioprinting as they did not produce robust
patterns (Fig. 2A, Day 0).

Interestingly, the (1% ColMA/0.4% HAMA/2.5% SFMA) “CHS”
formulation promoted hLCEC attachment and spreading (Fig. 2A, Day
0 and Day 3; supplemental Figure 1A and 1B). In the following, CHS now
refers to the above composition, and CH refers to the 1% ColMA/0.4%
HAMA formulation. After 3 days of culture, phase contrast microscopy
images revealed confluent and non-refractive hLCECs on both high and
low UV-exposed areas, indicating effective attachment and growth
compared to cells on the CH scaffold. On SEM images, cells exhibited a
spread morphology with formation of lamellipodia and filopodia, in
both low and high exposed areas. Additionally, hL.CEC viability was high
on both CH and CHS scaffolds at 6 h and 24 h post-seeding, suggesting
that the deficit in adhesion and growth on CH scaffolds was not due to
any initial toxicity linked to printing settings or gel composition
(Fig. 2C). In summary, these results demonstrated that the triple CHS
formulation, printed using the striped digital mask by DLP at both high
and low UV doses, was a suitable substrate for hLCEC adhesion and
growth.

Interestingly, on CH and CHS scaffolds, we also seeded other cell
lines (corneal, hepatic and bronchial immortalized cell lines) to compare
their behaviors with hLCEC (Supplemental Figure 2). Both hTCEpi and
HLCE corneal epithelial cell lines exhibited the same behavior as pri-
mary hLCECs. BEAS-2B bronchial cells, however, attached, spread and
grew better on CH scaffolds compared to CHS scaffolds, while HepaRG
hepatic cells displayed similar behavior on both CHS and CH scaffolds.
These results suggest that the improved corneal cell adhesion and
growth observed on the CHS formulation is cell type specific.

3.2. Influence of silk fibroin methacrylate on hydrogel scaffold properties

To explore the impact of SFMA on hydrogel properties that could
enhance corneal epithelial cell growth, we first performed SEM imaging
to observe the structure of scaffolds with and without SFMA (Fig. 3A).
The images revealed qualitative differences between the two scaffolds,
particularly in surface topography. The fibrils on CHS scaffolds were
more pronounced and spaced out, with a higher contrast indicating a
broader range of feature sizes.

Next, we assessed the influence of SFMA on scaffold stiffness
(Fig. 3B). At 37 °C, CHS scaffolds exhibited a higher Young’s (elastic)
modulus compared to CH scaffolds at low UV dose (x1.7; CHS = 19 kPa,
CH = 11 kPa), while the difference was not statistically significant at
high UV doses (CHS = 340 kPa, CH = 249 kPa) (Fig. 3B). High UV dose
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had a dramatic effect on stiffness, regardless of the combination used.

Interestingly, in contrast to measurements done at 37 °C, CHS scaf-
folds at RT and lower UV dose were significantly softer than their CH
counterparts and CHS at 37 °C (at RT, low UV dose, CHS = 6 kPa and CH
= 21 kPa, while at high UV dose, CHS = 273 kPa and CH = 331 kPa),
whereas CH scaffold stiffness remained similar at both RT and 37 °C
(Supplemental Figure 3A).

Notably, from a corneal bioengineering perspective, the CHS com-
bination remained transparent in high and low UV exposed areas, even
after 3 weeks of culture (supplemental Figure 4A and B) and was robust
enough to withstand manipulation with forceps (supplemental Video 1).

3.3. Gel composition and crosslinking modulate mechanotransduction
signaling

To investigate the influence of substrate properties on cellular
response, we analyzed the nuclear/cytoplasmic localization of YAP, a
protein known to sense and transduce mechanical signals [21], and for
its involvement in LESC homeostasis [15,22]. We observed that hLCECs
seeded and grown for 24 h on CHS scaffolds exhibited a significantly
higher nuclear/cytoplasmic ratio of YAP compared to CH scaffolds,
regardless of whether the cells were on high or low UV dose areas on the
scaffold (representing stiff and soft substrates respectively) (Fig. 3C, Day
1). On the other hand, we did not observe a statistically significant
difference in the YAP nuclear/cytoplasmic ratio between cells on stiff
and soft areas of the same scaffold formulation 24 h post cell seeding
(CH or CHS respectively) (Fig. 3C).

It is worth highlighting that after 5 days of culture in growth me-
dium, on CHS scaffolds, cells formed a confluent monolayer regardless
of the UV exposure of the substrate. Cells grown on low-UV dose areas,
corresponding to the softer substrate, retained a significantly higher YAP
nuclear/cytoplasmic ratio than cells on high-UV dose areas corre-
sponding to the stiffer area of the scaffold (Fig. 3C, Day 5).

3.4. Alternating UV exposures generate undulating architecture in silk
fibroin containing scaffolds via a shape morphing process

Our initial hypothesis was that spatially controlled UV crosslinking
of the bioink would induce a predictable and programmable shape
transformation of the scaffold. Inmediately after printing, low-exposed
regions of CHS scaffolds exhibited enhanced swelling compared to high-
exposed regions (Fig. 4A, h1). However, upon placing the scaffolds at 37
°C, this phenomenon reversed (Fig. 4A, d1, d14), as the volume of low
exposed regions decreased and formed “grooves” between the (now
thicker) high UV exposed regions. On scaffolds bearing cells, we
observed that the depth of the grooves, measured between the top of the
ridge and the bottom of the groove, increased progressively from day 1
to day 21, reaching a maximum of approximately 26 pm at day 14
(supplemental Figure 5A). Conversely, the width of the grooves and the
ridges remained stable over 21 days (supplemental Figure 5B). This
resulting undulating architecture was not observed at RT (supplemental
Figure 3B). Additionally, the undulating topography could not be
reproduced with CH bioink (supplemental Figure 3B).

To investigate the molecular basis of this temperature-dependent
shape transformation, ATR-FTIR spectroscopy was performed on fixed
and air-dried CHS and CH scaffolds subjected to the four experimental
conditions (Low vs High UV, RT vs 37 °C for 72 h). It revealed an in-
crease in p-sheet content, evidenced by a typical growing absorption
band at 1620 cm™, in CHS scaffolds incubated at 37 °C (Supplemental
Figure 6A). This p-sheet formation was absent in CH scaffolds under all
conditions tested (Supplemental Figure 6B), demonstrating that it is
strictly dependent on the silk fibroin component (Supplemental
Figure 6A-D). Quantification of the B-sheet/a-helix ratio by peak area
integration confirmed that 37 °C incubation significantly increased
p-sheet content compared to RT in both low UV (x3.4 fold increase, p <
0.01) and high UV (x1.7 fold increase, p < 0.0001) conditions (Fig. 4B
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Fig. 4. Grayscale UV projection triggers shape morphing of scaffolds into undulating topography. A) Sagittal views of the scaffolds showing alternation of
high (represented in white) and low (represented in grey) UV dose was applied to the bioink, where low-exposure areas exhibited more advanced shrinking over time
at day 1 (d1) and day 14 (d14), despite initial swelling 1 hour post-printing (h1). This phenomenon created a wavy surface. The red square represents the area of the
image on the scaffold. B) p-sheet/a-helix ratio in CHS scaffolds exposed to a uniform low or high UV dose and incubated for 72 h at Room Temperature (RT) or 37 °C.
Spectra were normalized on the intensity of the amide I band at 1656 cm™. n = 3 C) Representative confocal images displayed in orthogonal projection (70 ym in Y
axis) of hLCECs grown for 14 days on glass, on scaffolds exposed to a uniform low or high UV dose, and scaffolds with alternation of areas exposed to low and high UV
level. Nuclear DNA stained with DAPI. D) Epithelial layer thickness quantification based on DAPI staining. “Uniform” refers to scaffolds printed with a single uniform
UV dose, “pattern” refers to scaffolds printed with alternation of high and low UV doses, C: glass coverslip, L: Low UV dose, H: High UV dose. n = 4 per condition from
2 independent cell donors. E) Representative confocal images of basal and apical hLCECs stained with phalloidin (F-actin cytoskeleton) on areas exposed to low UV,
after 14 days of culture on scaffolds with alternation of areas exposed to low and high UV dose. The red square represents the area of the image on the scaffold. ns:
non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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and supplemental figure 6E). High UV exposure further amplified this
increase compared to low UV at 37 °C.

Collectively, these results establish that spatially controlled UV
crosslinking combined with the temperature-responsive properties of
silk fibroin-containing bioink produces predictable and programmable
3D shape transformation, associated with increased p-sheet formation
upon incubation at 37 °C. The digital mask used allows the generation of
scaffolds with a wavy surface. As we have established that CHS scaffolds
provide the most appropriate substrate for our purpose, the rest of this
study deals exclusively with this formulation.

3.5. 3D-engineered scaffold topography enables local corneal-limbal
epithelial cell stratification and tissue organization

Upon induction of an undulating topography, we looked more
closely at the interaction of corneal epithelial cells with these different
scaffold topographies, particularly in terms of stratification. Remark-
ably, cells stratified more extensively on areas exposed to low UV doses
that formed grooves within patterned (undulating) scaffolds, while the
stratification remained more limited on areas exposed to a high UV dose
within patterned scaffolds (p < 0.01) (Fig. 4C lower panel and Fig. 4D).
The extent of stratification depended on the depth of the local undula-
tion; at the apex of low exposed areas, cells would meet those of the
adjacent ridge, forming a relatively smooth planar continuum of cells,

A PAX6
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while at the bottom the thickness of the epithelium varied according to
the undulations of the underlying substrate. Upon decoupling topog-
raphy from stiffness by producing isolated flat soft gels, we observed
that the cells did not significantly stratify, despite a slight increase in
epithelium thickness on low-UV dose gels compared to the glass
coverslip control (p < 0.05) (Fig. 4C and 4D). Nevertheless, where
stratification was present in topographical grooves of low UV dose-
exposed areas, F-actin staining revealed that upon stratification,
epithelial cells exhibited a distinct morphology along the Z-axis. Basal
cells displayed a compact, rounded structure, while apical cells showed
a more spread, elongated morphology (Fig. 4E).

3.6. Local stratification on 3D-engineered scaffold topography was
accompanied by apico-basal cell organization and expression of
immaturity and differentiation markers in a physiologically-relevant
manner

Following our results showing stratification and morphological
changes based on topography, we mapped relevant markers that nor-
mally exhibit location-specific expression (Fig. 5A). In the corneal tissue,
P63 is expressed in basal limbal epithelial immature cells [23,24] and
PAX6 is one of the earliest corneal epithelial differentiation markers,
expressed in suprabasal and superficial cells [9,25]. After 14 days of
culture, we observed that P63-positive cells were mostly found in the
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Fig. 5. Stratification of cells on topographical hydrogel scaffolds is followed by functional organization. A) Representative confocal images of hLCECs
immunostained for P63 and PAX6, at the apical and basal layers, after 14 days of culture on scaffolds with alternation of low and high UV dose areas (left panel).
Representative images in orthogonal view (top right panel). Quantification of P63 and PAX6 positive cells at basal and apical layer on low and high UV dose areas
(bottom right panel). n = 6 for P63 and n = 4 for PAX6. *p < 0.05, **p < 0.01, ***p < 0.001. B) Representative confocal images of areas covering both high and low
UV dose areas, showing a gradual increase in expression of differentiation markers (ZO-1, CK3) up to day 21. An orthogonal projection of a local crypt-like undulation
of a low UV dose area also shows parallel increase of Laminin 5 (LAMA3) expression, a basement membrane component.
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basal layer of the stratified epithelium of low-UV exposed areas, with
more than half of the cells (~51%) exhibiting positive P63 staining. At
the apical layer of low UV exposed areas and in high-UV exposed areas, a
significantly lower proportion of P63 positive cells was observed (~15%
and ~21% respectively; p < 0.01) (Fig. 5A). Conversely, PAX6-positive
cells were predominantly found at the apical layer of low-UV exposed
areas (~52%) and at high-UV exposed areas (~49%), while basal cells of
low-UV exposed areas showed very low expression (~4%; p < 0.001)
(Fig. 5A). No overlap between the two markers was detected within
individual cells, and orthogonal views revealed a distinct layering of P63
and PAX6 positive cells (Fig. 5A).

The model was maintained in culture over a period of 21 days and
demonstrated systematic differentiation patterns with a basal-apical
gradient, with immature cells in the basal layer, and differentiation to-
ward apical cells. The CK3 differentiation marker, naturally found in the
central cornea and suprabasal limbus [9,26,27], gradually increased
(Fig. 5B). In parallel, the tight junction protein ZO-1 [28,29] gradually
organized as a mesh, demonstrating the organization of the barrier
function of the epithelium. Lastly, in orthogonal projections, we
observed the production and progressive organization of Laminin 5, a
ubiquitous BM component (Fig. 5B, bottom panel). This marker of BM
maturation not only increased over time but also displayed a progres-
sively sharper linear pattern.

4. Discussion

Creating a minimal yet suitable environment for the differentiation,
growth, and ideally the self-renewal of human limbal-derived corneal
epithelial cells remains challenging in corneal tissue engineering. Many
groups have successfully published elegant and functional 3D models to
grow limbal epithelial cells using various technologies such as molding
[9], microstereolithography [8], or two-photon polymerization [10].
However, most of these systems remain technologically demanding,
time-consuming, requiring multi-step fabrication, or low-throughput
workflows that limit scalability. Furthermore, while several models
have achieved short-term epithelial stratification or transient progenitor
maintenance, very few enabled the long-term coexistence of progenitor
and differentiated cells together with progressive BM maturation in a
minimal epithelial-only context. Our bioprinting approach coupled with
shape morphing hydrogel [30,31] should facilitate the scalability of
bioprinting 3D scaffold substrates with complex topographies for
advanced in vitro modeling. The platform uses a DLP bioprinter [16] to
project UV light based on a digital mask (alternating stripes at 100% and
10% of 50 mJ/mm?) into a volume of bioink composed of methacrylated
collagen, hyaluronic acid and silk fibroin (CHS) on methacrylated glass
coverslips. Following UV exposure and washing, the hydrogel undergoes
programmed 3D deformation at 37 °C, creating an undulating topog-
raphy. The depth of the grooves increased progressively over 21 days,
whereas the widths of both the grooves and ridges remained stable. We
hypothesize that the stiffer ridges, which present a greater UV-exposed
area, act as structural "pillars" that resist lateral contraction of the
grooves; consequently, the grooves contract vertically, giving rise to the
observed undulations. The stability of groove and ridge dimensions in
cell-seeded scaffolds, further suggests that scaffold degradation over this
period is minimal. The groove depth reached an average maximum of 26
um, which remains below the ~70 pm reported for human native limbal
crypts [9]; nevertheless, optimization and fine-tuning of the system will
investigate whether the design can more closely approach native di-
mensions, further improving the system.

This shape transformation appears to be driven by silk fibroin. In
fact, scaffolds composed only of methacrylated collagen and hyaluronic
acid exhibited printability similar to CHS scaffolds when exposed to UV
according to our digital mask, but remained flat at both RT and 37 °C.
The same was observed for CHS scaffolds at RT, suggesting temperature-
sensitive behavior specific to silk fibroin. Higher temperature is known
to trigger a transition in the secondary molecular structure of silk
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fibroin, with unraveled random coils turning into compact p-sheets [19,
32]. This conformational change is accompanied by water expulsion due
to hydrophobicity and reduction of steric freedom and free volume [33].
Using ATR-FTIR, we confirmed that scaffolds exposed to high and low
UV doses exhibit an increase in -sheet content at 37 °C compared to RT
(x3.4- and x1.7-fold increase, respectively). Of note, p-sheet content was
also higher in highly crosslinked regions at both RT and 37 °C. The
photopolymerization of methacrylate groups by LAP is an exothermic
reaction that generates local heat transiently during crosslinking [34],
which may contribute to the initial nucleation of p-sheet structures in
silk fibroin. Beyond this thermal effect, covalent crosslinking polymers
are known to directly promote p-sheet formation in silk fibroin by
restricting chain mobility and reducing the free volume available to
protein segments, thereby lowering the energetic barrier for the random
coil-to-p-sheet conformational transition [35]. Scaffold regions exposed
to high UV doses displayed the highest p-sheet formation, yet did not
undergo any detectable shape transformation. This apparent paradox
may be explained by two non-exclusive mechanisms: first, higher stiff-
ness of the fully crosslinked network may resist the contractile forces
generated by p-sheet formation, preventing their translation into
macroscopic deformation; second, the high UV dose may already drive
substantial f-sheet formation during the printing process itself, such that
the additional conformational change occurring upon 37 °C incubation
is insufficient to generate the volumetric differential required for shape
transformation (x1.7 fold increase in p-sheet formation between RT and
37 °Q).

In this model we also observed, as expected, that stiffness was pri-
marily influenced by UV dose, with higher doses yielding stiffer
hydrogels regardless of bioink composition. However, at low UV dose
and RT, CHS scaffolds were significantly softer than CH scaffolds. This
apparent softness can be explained by the conformational state of silk
fibroin under these conditions. As confirmed by ATR-FTIR, SFMA re-
mains in a predominantly random coil conformation at RT and low UV
dose, contributing negligible physical crosslinking to the network. In
this amorphous state, the addition of SFMA may also dilute the covalent
crosslinking density available to CoIMA and HAMA, resulting in a less
dense network compared to CH alone. At 37 °C however, CHS scaffolds
became stiffer than their CH counterparts, consistent with the p-sheet
crystallization observed by ATR-FTIR, as it is well established that
physical crosslinks from silk p-sheet domains are an important deter-
minant of silk fibroin hydrogel stiffness [32,36].

The literature on corneal mechanical properties is notoriously het-
erogeneous, reflecting differences in measurement methodology,
loading mode, strain range, hydration state, and tissue anisotropy,
making direct numerical comparisons difficult. Nevertheless, order-of-
magnitude estimates and regional trends (central vs. peripheral/lim-
bal) can still be informative. Reported values of Young’s modulus span a
wide range, from 0.1 to 57 MPa [37], though more clinically relevant
low-strain, in vivo measurements generally fall between 0.2 and 1 MPa,
with a mean of 0.25 + 0.10 MPa reported across 100 healthy human
corneas in vivo [38]. From our own preliminary experiments, ex vivo
measurements on human central corneas yielded a value of approxi-
mately 0.3 MPa (n = 2; data not shown), consistent with this range.
Collectively, these central cornea values are of a similar order of
magnitude to those measured on our high UV-exposed CHS gels. Data on
limbal elasticity specifically is more limited; however, Eberwein et al.
[39] measured human corneoscleral rims by nanoindentation and re-
ported a Young's modulus of approximately 10 kPa for the limbal region,
a value that aligns closely with our low UV-exposed CHS gels.

Beyond its role in shape morphing, silk fibroin also proved essential
for cell adhesion. While methacrylated collagen and hyaluronic acid
(either alone or in combination) printed well, they failed to support cell
attachment and growth. Cells remained small, round, and highly
refractive after three days regardless of UV dose. Addition of silk fibroin
to the bioink enabled hLCECs attachment and growth [40], with cultures
maintained for at least three weeks, matching or exceeding previously
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published models. This is particularly interesting given that biosourced
silk fibroin from Bombyx mori lacks conventional cell-binding motifs
such as RGD. Scanning electron microscopy revealed that CHS scaffolds
had a rougher substrate with more pronounced and spaced-out fibrils,
which could promote cell attachment and growth by providing a larger
surface area and offering more binding sites for cell adhesion [41].

Upon adhesion and growth until confluency of hLCECs, the medium
was switched to favor differentiation. On any flat gel scaffold, whether
cured by uniform high or low UV dose, as well as on glass coverslips,
stratification was very limited with no more than two cell layers.
However, within undulating scaffolds, cells stratified more extensively
on areas exposed to low UV doses (softer areas that formed grooves)
reaching up to five layers, while stratification remained very limited on
areas exposed to a high UV dose (stiffer areas that formed ridges) within
the same scaffolds. Taken together, these observations show that
reduced stiffness alone is not sufficient to induce stratification in our
system and undulation is necessary, but we cannot rule out that a softer
substrate in grooves also participates in epithelial stratification [42-44].
Although a fully stratified epithelium comparable to native limbal tissue
was not achieved, the present model using primary epithelial cells suc-
cessfully recapitulated epithelial differentiation, BM maturation, and
the persistence of progenitor cells. Among the strategies being consid-
ered to further promote stratification, epithelial-stromal crosstalk will
be introduced through the encapsulation of corneal stromal cells within
the scaffold, as discussed further below. Additionally, air-lifting will be
implemented to better recapitulate the ocular surface microenvironment
and further promote differentiation and stratification.

The influence of substrate properties on cellular response was further
investigated by analyzing the nuclear/cytoplasmic localization of YAP, a
co-activator known, among other functions, to transduce mechanical
signals [21]. After 24 h, hLCECs seeded on CHS scaffolds exhibited a
significantly higher nuclear/cytoplasmic ratio of YAP compared to CH
scaffolds, regardless of whether cells were on high or low UV dose areas.
Two interpretations can account for this observation. On one hand,
intrinsic gel properties such as porosity and surface topography in the
CHS composition may provide additional mechanosensing cues that
promote early YAP nuclear translocation. On the other hand, cells at 24
h post-seeding on CH scaffolds may retain a more rounded morphology
with limited spreading, a cellular state that is inherently associated with
cytoplasmic YAP retention irrespective of substrate stiffness [45].
However, after five days of culture on CHS scaffolds, when the epithe-
lium is confluent and monolayered, cells on low-UV dose areas (softer
substrate) retained a significantly higher YAP nuclear/cytoplasmic ratio
than cells on high-UV dose areas (stiffer substrate). This shift likely re-
flects cell-matrix interactions, as a stiffness gradient is well established
as a regulator of YAP signaling [15,46-48]. This observation is in
accordance with recent studies demonstrating that LESCs on a soft
substrate display a nuclear localization of YAP. The effect of substrate
rigidity on YAP localization is cell-type dependent; canonically, reports
of YAP nuclear localization correlated with cells on stiff substrates [21].
On LESCs, elevated nuclear YAP on softer substrates has been associated
with maintenance of an undifferentiated state both in vitro and in vivo
[15]. Corneal limbal epithelial cells with nuclear YAP localization have
been shown to display high proliferative capacity and increased P63
expression [15]. This underscores the critical role of substrate biome-
chanics in regulating YAP localization and consequently LESC stemness.

In our system, stratification was accompanied by functional organi-
zation. After 14 days of culture, PAX6 and P63-positive cells were
quantified at the apical and basal layers of stratified epithelium in order
to assess differentiated corneal epithelial cell fate and progenitor-
competent cells respectively. P63-positive cells were mostly found in
the basal layer of the stratified epithelium at low-UV exposed areas (soft
grooves). On the apical layer of the grooves and on the ridges (high-UV
exposed, stiff areas, with monolayered epithelium), a significantly lower
proportion of P63-positive cells was observed. Conversely, PAX6-
positive cells were predominantly found at the apical layer of the
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grooves and ridges. The model was maintained in culture over a period
of 21 days and demonstrated systematic differentiation patterns with a
basal-apical gradient and no overlap between P63 and PAX6 within
individual cells. The arrangement of progenitors at basal levels and
differentiated cells at apical levels follows native limbal tissue organi-
zation [49]. It is worth noting that P63 expression was enhanced but not
limited to the low-UV exposed regions, as reported before for the limbal
niche [50]. Additionally, the CK3 corneal differentiation marker
expression gradually increased over the 3-week period and in parallel
the tight junction protein ZO-1 gradually organized as a mesh, demon-
strating the organization of the barrier function of the epithelium.
Importantly, we also observed the production and progressive organi-
zation of laminin-5, a ubiquitous BM component. This marker of BM
maturation not only increased over time but also displayed a progres-
sively sharper linear pattern. BM maturation has scarcely been described
in epithelial cell culture systems, as the accumulation of BM proteins
usually requires complex epithelial-stromal-endothelial interactions
[51,52].

The long-term coexistence and spatial organization of progenitors
and mature cells in our model, along with de novo production of BM-
specific components and barrier function creates a biologically rele-
vant advanced limbal in vitro system that supports “native-like” tissue
development and organization. While our undulating architecture dif-
fers from other models, it yields interesting outcomes in terms of
epithelial cell behavior and BM maturation. From a technological
standpoint, the single-step DLP procedure, coupled with silk-based
photocurable bioink, allows reproducibility and precise control of
scaffold properties: local topography, shape and stiffness, enabling fine-
tuning for biological model engineering. Our approach allows the from-
scratch fabrication of approximately 5 scaffolds in 10 min, including
bioink loading, printing, and washing. Although conceived in an
epithelial-only configuration, our system supports BM deposition and
long-term epithelial cell maturation, but it lacks stromal, immune,
vascular and neural compartments known to regulate niche
homeostasis.

A key next step will be the incorporation of primary corneal stromal
fibroblasts directly into the bioink prior to DLP printing. We have pre-
viously demonstrated high cell viability following photocrosslinking
using the same technology [13,14], lending support to the feasibility of
this approach. The main technical challenges associated with this
development will include preserving stromal cell viability and pheno-
typic stability post-printing, particularly given the differential me-
chanical environments generated by the high and low UV-exposed
regions of the scaffold. Additionally, scaffold transparency and struc-
tural integrity will need to be evaluated following stromal cell encap-
sulation. Finally, it will be essential to verify that the shape-morphing
process is preserved in cell-laden constructs. Beyond corneal applica-
tions, our bioprinting approach based on shape-morphing hydrogels,
where spatially programmed crosslinking densities are exploited to
induce secondary conformational transitions, applies broadly to other
models where shape and topography are closely intertwined to tissue
function [53,54]. We believe that our single-step workflow bridges
tissue-engineered complexity with practical accessibility.

5. Conclusions

This work establishes a simple, single-step Digital Light Processing
platform to fabricate undulating 3D hydrogel scaffolds. It recapitulates
some of the architectural features of the limbal niche and supports long-
term organization of primary human limbal-derived corneal epithelial
cells. By combining methacrylated collagen, hyaluronic acid, and silk
fibroin into a photocurable bioink, and exploiting grayscale UV pro-
jection to generate heterogeneous crosslinking densities that induce
temperature-dependent shape morphing, the system generates stable
grooves and ridges within a single fabrication step. These scaffolds
sustain epithelial adhesion, stratification, and apicobasal organization
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for up to three weeks. Mechanotransduction analysis revealed differ-
ential YAP nuclear localization at confluency between areas exposed to
different UV doses, consistent with mechanosensing described in the
cornea. After prolonged culture, we observed basal enrichment of P63-
positive progenitors, apical localization of PAX6-positive differentiated
cells, progressive tight junction formation, and basement membrane
deposition.

Beyond demonstrating proof-of-concept for a scalable, accessible
technology to fabricate complex 3D scaffolds based on shape-morphing
hydrogels, this study establishes the biological relevance of this
approach for advanced epithelial tissue modeling. The platform's
versatility extends beyond corneal applications: the ability to create
spatially defined topographies through programmable UV patterns po-
sitions this approach as a broadly applicable tool for engineering com-
plex curved biological systems [55], such as epithelial niches in
microphysiological systems and/or organoid-on-chip platforms where
architectural complexity is essential. Furthermore, this system offers
substantial room for optimization, including systematic tuning of gray-
scale patterns (including continuous grayscale gradients), hydrogel
thickness, and bioink composition to expand the range of achievable
topographies and to establish design rules for this methodology.
Together, these findings provide a technological foundation for rapid,
reproducible fabrication of biomimetic scaffolds that bridge
tissue-engineered complexity with practical accessibility for advanced in
vitro modeling in basic science [56], disease modeling, drug screening,
and regenerative medicine.
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