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Surface modified electrospun scaffold
supports iPSC-derived limbal stem cell
function

Check for updates
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This study focuses on the development of an electrospun Poly Lactide-co-Glycolic Acid (PLGA)
scaffold for ocular surface regeneration, specifically for the treatment of Limbal Stem Cell Deficiency
(LSCD). The scaffold is designed to support the attachment, proliferation, andmaintenanceof induced
pluripotent stem cell-derived limbal stem cells (iPSC-LSCs). To address the hydrophobic nature of
PLGA and enhance biocompatibility, the scaffold surface was functionalized with extracellular matrix
proteins, specifically Collagen IV and Laminin-521, through atmospheric plasma treatment. Micro-
perforationswere introducedusing laser cutting to improve transparencyandmembranepermeability.
Results indicate that Laminin-521 is essential for iPSC-LSC attachment and survival, with enhanced
expression of LSC stemness markers and corneal epithelial differentiation markers observed on the
functionalized scaffold. These findings suggest that this scaffold can serve as a viable platform for
iPSC-LSC transplantation. Future work will focus on refining scaffold design parameters and
conducting in vivo studies to assess therapeutic efficacy.

The cornea, a transparent, avascular tissue located at the front of the eye, is
fundamental to vision due to its role in refracting light and acting as a
protective barrier1. It consists of five layers, including the epithelium,
Bowman’s layer, stroma,Descemet’smembrane, and endothelium,with the
outermost epithelium being in constant turnover, maintained by a unique
population of unipotent stem cells called limbal stem cells (LSCs). These
LSCs reside in the limbus, bordering the corneal circumference, separating
the cornea from the conjunctiva, and are essential for the regeneration of the
corneal epithelium2,3. Damage to these LSCs, either through chemical burns,
infections, or autoimmune disorders, leads to a condition known as Limbal
StemCell Deficiency (LSCD), which severely impairs corneal regeneration.
LSCD results in a range of complications, including corneal opacification,
vascularization, and scarring, all ofwhich culminate in visual impairment or
complete blindness4–6. Precise epidemiological data about LSCD is limited,
and due to regional variability makes it challenging to establish accurate
disease prevalence rates. Specialized referral cornea practice U.S. center has
reported encountering LSCD in approximately 4.25% of patients seen for
ocular surface disorders7.

LSCD presents a significant clinical challenge, as the body is unable to
regenerate the corneal epitheliumwithout functional LSCs, and this leads to
persistent epithelial defects. The loss of a functional limbal regiondisrupts its

barrier function, allowing conjunctival epithelial cells to invade thenormally
clear, avascular cornea. This results in conjunctivalization, neovasculariza-
tion, scarring, and an irregular ocular surface, leading to significant vision
impairment and potential blindness. One of the most promising treatment
strategies for LSCD is the transplantation of healthy LSCs to restore corneal
surface integrity5,6,8–10. Healthy LSCs can be either obtained from the
patient’s own healthy eye (in cases of unilateral LSCD) or from donor tissue
(in bilateral cases). However, this therapeutic approach hinges on the
development of a suitable carrier or scaffold to deliver these cells to the
affected cornea. The scaffold must not only provide structural support but
also offer an environment conducive to cell survival, proliferation, and
differentiation. Currently, biological scaffolds derived from natural tissues,
such as amnioticmembrane, collagen, or fibrin, are commonly employed in
clinical settings. While these materials exhibit good biocompatibility and
have been successfully used in corneal regeneration, they present several
limitations, including batch-to-batch variability due to their biological ori-
gin, limited supply, and the potential for immune rejection. Moreover,
biological scaffolds often lack tunable mechanical properties, which may
compromise their ability to mimic the native limbal niche or support long-
term stem cell function. For example, amniotic membrane’s inconsistent
degradation rate can necessitate additional surgeries. These drawbacks have
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increased interest in synthetic or bioengineered alternatives. PLGA was
selected over ophthalmic materials commonly used in contact lenses (e.g.,
hydrogels, PMMA)because it offers a degradable,mechanically supportable
fibrous architecture that can be electrospun tomimic basement-membrane-
like topography. Also, PLGA permits control of support duration via lac-
tide:glycolide ratio. On the other hand, non-degradable PMMA and many
lens-grade hydrogels lack tunable degradation and tend to provide limited
structural reinforcement for transplant handling. These attributes made
PLGA a suitable platform for a temporary, bioactive carrier11–17.

This study focuses on the development of a synthetic scaffold designed
to address the limitations associated with existing biological carriers and to
provide a reliable platform for LSC transplantation in the treatment of
LSCD and other ocular surface disorders. The scaffold is based on Poly
Lactide-co-Glycolic Acid (PLGA), a biodegradable and biocompatible
polymer that has beenwidely studied in tissue engineering and regenerative
medicine. PLGA is attractive for this application due to its adjustable
degradation rate, mechanical stability, and ease of processing. Its degrada-
tion rate can be tailored by altering the ratio of lactide to glycolide, which
allows for precise control over the duration of scaffold support in vivo18–23.

The fabrication of the scaffold is achieved through electrospinning, a
versatile technique utilized high voltage to generate nano/microscale-
dimension materials with a high surface-area-to-volume ratio. The porous
and interconnected fibrous network produced by electrospinning can
emulate the topography of the extracellular matrix (ECM) fibrils, providing
a suitable 3D environment for cell growth and organization. The tailoring of
fibrous structure and surface chemistry can be altered to promote cell
proliferation and attachment, which are crucial for tissue repair and
regeneration. Furthermore, the scaffold’s porous architecture facilitates
efficient diffusion of nutrients and removal of waste products, thereby
maintaining cell viability. In the case of ocular surface regeneration, the
nanofibrous structure of the scaffold provides a biomimetic environment
that can promote the adhesion andproliferation of LSCs, facilitating corneal
epithelial repair18,19.

Despite its favorable mechanical properties and biodegradability,
PLGA is inherently hydrophobic and lacks the bioactive cues such as cell-
adhesive motifs, growth factor-binding domains, and matrix-derived sig-
naling peptides necessary for optimal cell-material interactions. These
characteristics can limit the scaffold’s ability to support cell adhesion and
proliferation, particularly for sensitive cell types such as LSCs. To address
these limitations, surface functionalization techniques are employed to
modify the scaffold and enhance its biocompatibility. In this study, we
functionalize the PLGA scaffold with ECM proteins, specifically Collagen
IV and Laminin-521, both of which play critical roles in maintaining the

stem cell niche in the limbus. Collagen IV is a key structural component of
the basement membrane, while Laminin-521 is known to support stem cell
adhesion, survival, and differentiation24,25. Plasma treatment is widely used
tomodify polymer surfaces by introducing functional groups such as amino
and carboxyl, enhancing the covalent attachment of bioactive molecules
without affecting bulk material properties26. This surface functionalization
improves the stability and bioactivity of immobilized proteins and enzymes,
making it especially advantageous for biomedical applications. Recent
researchhas indicated that plasma-treatedsurfaces significantly enhance the
durability of binding for bioactive molecules, thereby improving the per-
formance and longevity of biomaterials under physiological conditions27,28.
In our case, by immobilizing the proteinsmentioned above onto the scaffold
surface, we aim to replicate the microenvironment of the limbal niche,
providing bioactive sites that promote the attachment and maintenance
of LSCs.

Another critical consideration in the design of a scaffold for ocular
surface regeneration is transparency. Since the cornea is responsible for
transmitting and focusing light, any scaffold used in its repairmustmaintain
a high degree of optical clarity. Traditional electrospun scaffolds, while
highly porous, are not inherently transparent due to the random arrange-
ment of fibers, which can scatter light and reduce transmittance18,29. To
overcome this issue, we incorporated micro-scale perforations into the
electrospun PLGA scaffold using a picosecond laser cutting technique. This
method allows for the precise creation of micro-pores without causing
significant damage to the surrounding scaffold structure.

The goal of this study is to evaluate the efficacy of the surface-modified
electrospun PLGA scaffold in supporting the attachment, proliferation, and
differentiation of iPSC-derived LSCs (iPSC-LSCs) in vitro. iPSC-LSCs offer
several advantages over traditional donor-derived LSCs, including the
potential for autologous transplantation, which eliminates the risk of
immune rejection, as well as the ability to generate large numbers of cells for
therapeutic use. Furthermore, iPSCs can be derived from the patient’s own
cells, paving theway for personalizedmedicine approaches to ocular surface
regeneration30–32.

Results
The schematic illustration of the experimental process is shown in Fig. 1.

Morphology and optical properties of scaffold
Through successful optimization of electrospinning properties, electrospun
membranes of consistent fiber diameter with random orientation were
obtained (Fig. 2A). Scaffold characterization from SEM images reveals an
average fiber diameter of 1.757+ 0.20 μm. After fabrication of the

Fig. 1 | Experimental design depicting scaffold fabrication, post modification, and interaction with iPSC-LSC for treatment of LSCD.
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electrospun membrane, perforations were introduced using a picosecond
laser cutter. The holeswere introducedwithminimal damage to the scaffold
with desired diameter and spacing. The electrospun scaffolds were suc-
cessfully perforated with holes of 200 μm and with varying distance of
100 μm (Fig. 2B) or 50 μm (Fig. 2C) between them. These perforations
improve visibility as can be seen from the digital photograph when com-
pared with non-perforated PLGA scaffold (Fig. 2D–F). Visible light
absorption spectra observed using microplate, shows that decreasing dis-
tance between perforations improved light transmittance from 44 ± 0.14%
to 60 ± 0.15% (Fig. 2G).

Surface characterization of scaffold
From the TOF-SIMS analysis, we observed that atmospheric plasma
treatment enhanced the uniformity and density of Col-IV coating on PLGA
scaffolds compared to untreated controls (Fig. 3A). The homogeneous
distribution of Col-IV, as indicated by ToF-SIMS, suggested improved
surface properties conducive to cell adhesion and interaction. To further
validate the spatial distribution and preservation of bioactive epitopes of the
adsorbed Col-IV, immunofluorescence staining was conducted (Fig. 3B).
Immunofluorescence results supported the ToF-SIMS findings, confirming
that atmospheric plasma treatment effectively promoted the adsorption and
retention of Col-IV on the scaffold surface. Thismethod not only enhanced
surface coverage but alsomaintained the integrity and bioactivity of Col-IV,
critical for subsequent cellular recognition and response.

Viability and proliferation of iPSC-LSCs on scaffold
We compared the ability of electrospun PLGA scaffolds with different
surface treatments to support iPSC-LSC adherence, viability, and pro-
liferation. After 24 h, a viable cell population was observed on samples
that were plasma-treated and coated with Ln-521 and both Ln-
521+ Col-IV (Fig. 4A). For other plain and surface treatment condi-
tions of PLGA, some iPSC-LSC adhered to the substrates, butmanywere
stained as dead cells. From day 3 onward, these conditions resulted in
iPSC-LSCs detached from the substrates or being mostly stained as dead
cells, indicating their inability to support iPSC-LSC maintenance.
Whereas samples that were plasma-treated and coated with Ln-521 and
both Ln-521+ Col-IV could sustain iPSC-LSC culture for at least 7 days.
A similar trend was observed when the metabolic and proliferation
activity of iPSC-LSCs was observed and quantified using an alamarBlue
assay (Fig. 4B). Compared to all other conditions, plasma treated and
coated with Ln-521 had the highest metabolic activity. Specifically,
compared to Ln-521 coated TCP on Day 3 (p < 0.001), Day 5
(p < 0.0001), and Day 7 (p < 0.0001), there was significantly higher
metabolic activity for plasma treated and coated with Ln-521. Plasma-
treated and coatedwith both Ln-521+ Col-IV also had highermetabolic
activity compared to Ln-521-coated TCP. In light of these results, sub-
sequent in vitro experiments were performed only on electrospun PLGA
substrates that were plasma-treated and coated with Ln-521 and both
Ln-521+Col-IV without any perforations.

Fig. 2 | Fabrication and laser perforation of elec-
trospun scaffold. A SEM image prior perforation.
B, C Optical micrograph after perforation with
100 μm (B) and 50 μm (C) spacing.
D–F Transparency of perforated scaffold demon-
strated using photography at 100 μm (E) and 50 μm
(F) spacing. G Transmittance of light at different
wavelengths through the scaffolds.
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Morphology of iPSC-LSC on PLGA
Morphology of iPSC-LSCs was analyzed using both phalloidin staining and
SEM imaging. In all culture conditions, iPSC-LSCs exhibited a tightly
packed, cobblestone-like epithelial morphology and exhibited an extensive,
well-organized network of actin filaments interconnecting adjacent cells
(Fig. 5A). Compared to Ln-521 coated TCP, iPSC-LSCs cultured on PLGA
surfaces appeared smaller. SEM imaging (Fig. 5B) after 7 days of culture
further demonstrated that iPSC-LSCs established confluent, multilayered
sheets with strong adherence to the plasma-treated PLGA substrates.

Stemness and commitment towards corneal epithelial lineage
iPSC-LSC on scaffold
Finally, we investigated whether iPSC-LSC cultured on surface functiona-
lized PLGA can maintain their stemness and their commitment towards
corneal epithelial lineage. The expression of several LSC markers were
evaluated through immunocytochemistry (Fig. 6). iPSC-LSCs after 7-day
culture on both surface modified PLGA and Ln-521 coated TCP strongly
expressed markers related to stemness and used to identify LSCs (ΔNp63,
ABCG2, PAX6). Faint and very low levels of CK12 were detected in all
conditions.Analysis of relative gene expression reveals that compared toLn-
521 coated TCP, there was upregulation of LSC stemness markers P63,
ABCG2, and CK14 on electrospun scaffolds (Fig. 7). There was also upre-
gulation in gene expression of CK3 and IVL, markers related to corneal
epithelial differentiation and maturation on scaffolds surfaces compared to
Ln-521 coated TCP. However, there was downregulation in expression of
ABCB5 and CEBPd on scaffolds surfaces compared to Ln-521 coated TCP.

Discussion
In this study, we developed the optimal biomaterial that fulfills all the
scaffold design essential properties required for ocular surface
regeneration18,19. Randomlyorientedporousnanofibrous structure obtained
through electrospinningmimics the topography of basement membrane of
corneal epitheliumproviding themwith topographical cues similar tonative
conditions18. Basedonprior literaturefindingsweusedPLGAdue to its bulk
structure properties, which mimics the native ECM architecture of limbal
region consistently and has been used in FDA-approved devices for various
clinical uses33. Thenative ECMarchitecture of the limbal region is a spatially
organized, interwoven network of collagen fibrils (types IV) and laminin
isoforms (e.g., laminin-521) arranged into a stratified, anisotropic matrix
that mechanically stabilizes LSCs while facilitating nutrient diffusion and
signaling. Prior findings show electrospun scaffolds from PLGA could
support growth of LSCs and have been used in clinical trials20,23,34. Degra-
dation and other mechanical properties can also be changed by controlling
the lactic acid/glycolic acid ratio. Usually, to improve transparency and
biocompatibility of a scaffold, a synthetic polymer is blended with natural

polymers such as collagen. However, this increases the variability in scaffold
properties as seen in our previous studies35. We wanted to create scaffolds
using only a synthetic polymer and we were able to getmore consistent and
uniform fiber diameters in this study, we introducedmicro-perforations on
the scaffoldmembrane which improved light transmittance up to 60% (Fig.
2G). This value is less than light transmittance of native corneawhich ranges
from80 to94%36. Still, this suggests applicationof surface-modified scaffolds
will not obstruct vision when used as a graft. Prior studies have shown that
perforations can provide an additional layer of control on the mechanical
and degradation properties of the developed scaffold while keeping the
polymer and fabrication parameters consistent22. In our scaffolds, a major
portion of the nanofiber matrix remains intact to support cell adhesion.
While some migration through pores is possible, we predict most cells will
remain localized on the seeded surface even though this interaction was not
evaluated in this study as it focused onmore on functionalizing scaffold and
watch its effect on iPSC-LSC. This is consistent with prior reports where
porous membranes aided nutrient and oxygen exchange without sig-
nificantly disrupting cell localization during transplantation (20, 22, 23).

One of the drawbacks of using synthetic polymers such as PLGA is low
cellular attachment due to its hydrophobic nature and low surface energy37.
Atmospheric plasma treatment provides quick and efficient method of
functionalizing the surface of electrospun PLGA with ECM proteins with-
out affecting the bulk properties. One study demonstrated that XPS analysis
revealed oxygen plasma treatment of PLGA nanofibers slightly increased
the O/C ratio and significantly enhanced C–O bonding; indicative of
hydroxyl orperoxyl group formationwhich improves surfacehydrophilicity
and enables biomolecule attachment38. In our study, we also observed that
after the plasma treatment and protein mobilization, TOF-SIMS detected
the fragment characteristics of protein side chains (-CNO). The spatial
distributions of these signals are absent or minimal in untreated PLGA but
consistently prominent in treated samples, confirming successful protein
immobilization and enhanced attachment of bioactive molecules (Fig. 3).
Due to the relatively low density of laminin (0.5 µg cm−2) deposition
compared to collagen-IV (5 µg cm−2), TOF-SIMS detectionwas not feasible
in our setup.While immunostainingwas attempted, the signal intensitywas
not strong enough for reliable imaging. Also, comparison of protein
adhesion on surface was determined qualitatively instead of using a quan-
titative measure which is a limitation of this study.

Adult stem cells, such as LSCs, are typically sensitive to their sur-
rounding microenvironment, residing in a specialized niche where ECM
proteins crucially regulate stemness and cellular activity39–41. This study
explored Col-IV, an important ECM protein prevalent in the limbal niche
with additional LN-521 to determine their effects on iPSC-LSCs. Our
findings revealed that LN-521 was essential for supporting the attachment
and survival of iPSC-LSCs on PLGA surfaces (Fig. 4). Both LN-521 alone

Fig. 3 | Surface characterization of plasma-treated
PLGA scaffolds. A ToF–SIMS imaging showing
overlay of Col-IV in green on PLGA in red.
B Immunofluorescence staining of Col-IV (green).
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and in combination with Col-IV effectively supported cell attachment and
survival. This finding aligns with a prior study that used plasma-activated
bacterial nanocellulose coated with Col-IV and Ln-52141. Prior studies have
shown that LSCsmaintained in the presence of LN-521 or LN-511 could be
supported to adhere and proliferate without hampering stemness42. Neither
plasma activation nor surface functionalization with only Col-IV could
produce a favorable interaction between electrospunPLGAand iPSC-LSCs.
The downward trend in metabolic signal over time likely reflects medium
conditioning and known variability across iPSC-derived cultures over
multi-day assays, rather than loss of scaffold support43,44.

Electrospun PLGA surfaces functionalized exclusively with Col-IV
could not support iPSC-LSCs, an interesting finding considering that
Col-IV is widely recognized as a critical ECM component in limbal
niches and suggested to be one of the most prominent proteins within
this microenvironment24,41,45. Col-IV is also considered essential for
adhesion andmaintaining the stemness of LSCs46. Additional studies are
necessary to elucidate why Col-IV alone was insufficient for supporting

iPSC-LSC attachment and survival. In our preliminary trials, an elec-
trospun PLGA surface functionalized only with Col-IV performed sig-
nificantly better than plasma-activated or plain electrospun PLGA
scaffolds when seeded with a human corneal epithelial cell line (Cel-
progen, data not shown). To further examine this effect, Col-IV was also
tested on tissue culture plastic (TCP), where iPSC-LSCs similarly failed
to attach or survive. This discrepancy may suggest that preferences for
adhesion moieties differ based on the differentiation state or maturation
level of cells. Differentiated epithelial cells might possess broader or
distinct ECM preferences compared to pluripotent stem cell-derived
LSCs, likely due to differences in integrin expression profiles and reduced
dependence on niche-specific signals. We also recognize that differences
in adhesion between iPSC-LSCs and Celprogen cells may be related to
culture adaptation of the latter, or to variability in enzymatic singular-
ization of iPSC-LSCs prior to seeding, in addition to maturation state.
Further investigation is warranted to confirm whether these preferences
are specific to iPSC-LSCs relative to epithelial cell lines.

Fig. 4 | Cell viability and proliferation of iPSC-LSC at different time points on
scaffolds. ALive/Dead staining of iPSC-LSCwhere alive cells are shown in green and
dead cells are in red. Representative images shown here. Scale bar: 275 µm.
B Proliferation of iPSC-LSC on scaffolds at different time points. The error bars

represent SEM and **** denotes statistical significance at p < 0.0001 between the
control and PLGA-Plasma treated+Ln-521 at each timepoint using two-way ana-
lysis of variance followed by Tukey’s multiple comparison post hoc test.
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Fig. 5 | Morphology of iPSC-LSC on Scaffold.
A Staining of F-actin using to visualize cytoskeleton
of iPSC-LSC on Scaffold at Day 7. Representative
images shown here. Scale bar: 100 µm.
B Representative Scanning Electron Microscopy
images of iPSC-LSC on Scaffolds at Day 7. Scale
bar: 20 µm.

Fig. 6 | Expression of iPSC-LSCmarkers atDay 7. AExpression ofΔNp63 (green) and PAX6 (red).BExpression of CK 12 (green) andABCG2 (red). Representative images
shown here. Scale bar: 100 µm.
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We also investigated the impact of surface functionalized electropsun
scaffolds on iPSC-LSC phenotype and stemness. iPSC-LSCs showed their
characteristic epithelial-like morphology and formed confluent cell sheets
on the surface functionalized electropsun scaffolds. While these images
suggest possible multilayer organization, more definitive confirmation will
require 3D reconstruction of Z-stacked confocal images, whichwe highlight
as an important next step for future studies. This indicates preference of
iPSC-LSC for the developed substrate and its suitability to act as a carrier for
transplantation. Immunofluorescence analysis showed robust expression of
canonical stemness markers such as ΔNp63 and ABCG2, with only faint
expression of CK12, a marker of terminally differentiated corneal epithelial
cells. These findings were consistent with the expression patterns observed
on LN521-coated TCP, suggesting that the scaffold supports a progenitor-
like phenotype. At the gene expression level, iPSC-LSCs cultured on the
functionalized electrospun scaffolds showed upregulation of ABCG2 and
CK14 markers associated with stemness and basal epithelial identity.
Simultaneously, there was increased expression of CK3 and IVL, which are
indicative of early corneal epithelial differentiation and maturation. The
expression of CEBPD, a marker linked to cellular quiescence, was down-
regulated compared to cells grown on LN521-coated TCP. Taken together,
these results suggest that iPSC-LSCs maintained on surface-functionalized
electrospun scaffolds are phenotypically heterogeneous. The expression
profile reflects a dominant population of active LSCs,many ofwhich appear
to be transitioning into early transient amplifying cells (TACs), a state
associated with regenerative activity rather than dormancy30,47. The distinct
cytoskeletal organization and morphology observed on the nanofiber sub-
strate, compared with TCP, further indicate that iPSC-LSCs may interact
more favorably with the scaffold surface. This dynamic, yet stem-like phe-
notype supports the potential use of these scaffolds as effective carriers for
ocular surface reconstruction therapies.

Looking forward, our future plan is to further refine the scaffold design
by exploring additional parameters such as fiber stiffness, diameter, and
topography, aiming to better mimic the native LSC niche. These physical
characteristics are known to influence cell behavior and may enhance the
scaffold’s ability to support iPSC-LSC maintenance and function; We also
intend to develop more accurate in vitro models to test the scaffold’s per-
formance under conditions that closely resemble the human ocular surface,
such as air-liquid interface (ALI) cultures, co-culture systems with other
limbal niche cells (e.g., limbal stromal or melanocyte populations), and
dynamic flow models that simulate tear film shear stress. In parallel, future
studies will incorporate quantitative image analysis, and functional assays
such as barrier integrity testing to further strengthen reproducibility and
translational relevance. Ethanol sterilization was used only for in vitro
studies, and clinically appropriate sterilization methods (e.g., gamma irra-
diation, ethylene oxide) will be evaluated moving forward. Ultimately,
preclinical animal studies will be essential to assess the in vivo efficacy of the

scaffold in supporting corneal regeneration and restoring ocular surface
integrity. Together, these future investigations will facilitate the optimiza-
tion of a biomimetic, scalable scaffold platform for clinical application in
LSCD and other corneal epithelial disorders.

In conclusion, this study represents a substantial advancement in the
development of biomaterials for ocular surface regeneration, particularly in
the treatment of LSCD. Previous research has focused on using primary
LSCs onfibrous surfaces; however, this is the first study that examines iPSC-
LSCs on an electrospun scaffold, opening new avenues for stem cell-based
therapies. The electrospun PLGA scaffold developed in this study, with its
enhanced surface properties through micro-perforations, plasma functio-
nalization, and ECM protein coating, provides a more consistent and reli-
able platform for the attachment, proliferation, and maintenance of iPSC-
LSCs compared to traditional natural scaffolds.

Method
Fabrication of nanofibrous PLGA scaffold
PLGA (50:50 ratio; Purasorb® PDLG 5010; Corbion Amsterdam, Nether-
lands) was used tomake electrospun scaffolds. The electrospinning solution
was created by dissolving PLGA (14% w/v) in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (H0424; TCI America, Portland, OR, USA) by overnight
magnetic stirring. The following electrospinning conditions was used to
collect nanofibers on the stationary copper shim collector: 15 cm needle
collector distance; 20 G needle tip; 16 kV voltage applied to needle tip, flow
rate of 4mL/hr.

Laser perforation
The LPKF ProtoLaser R at the Northwestern University Atomic and
Nanoscale Characterization Experimental Center (NUANCE) was used to
make laser perforation in the electrospun scaffolds. These microscale per-
forations in the electrospun scaffold will improve transparency, porosity,
and gas transport. Additionally, it will provide another additional layer of
control onmechanical and degradation properties. The hole diameters were
kept consistent at 200 μm with varying hole spacings 50 and 100 μm.

Surface functionalization
The electrospun PLGA scaffolds were functionalized with various ECM
protein combinations: (1) 5 µg cm−2 Collagen-IV (Col-IV) (Col IV, Sigma-
Aldrich, St. Louis, MO, USA), (2) 0.5 µg cm−2 Laminin-521 (Ln-521, Bio-
lamina, Sundbyberg, Sweden), (3) Col-IV+ LN-521 in DPBS by overnight
incubation at 4 °C. Plasma treatments were conducted with e-RioTM
Atmospheric Pressure Plasma System Model APPR-D300-13 (APJeT, Inc.
Santa Fe, New Mexico). It is a glow-discharge plasma reactor powered by
radio frequency. Plasma treatment was conducted for 5min at 300W
plasma power with 2mm distance between electrode and sample on both
sides of the sample. The plasma treatment chamber was supplied with a

Fig. 7 | Gene expression analysis for LSC related
markers in iPSC-LSC seeded on scaffold onDay 7.
The error bars represent SEM and statistical sig-
nificancewere determined using two-way analysis of
variance followed by Tukey’s multiple comparison
post hoc test.
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mixture of helium and oxygen (90:10). The plasma treated samples were
immediately submerged in various ECM protein combinations as pre-
viously mentioned.

Scanning Electron Microscopy (SEM)
The samples were mounted on aluminum SEM stub carbon adhesive fol-
lowed by sputter-coating (SC7620 Mini Sputter Coater; Quorum Tech-
nologies, East Sussex, UK) to achieve a layer of gold and palladium with a
thickness of 10 nm prior to examination using the Hitachi TM4000 SEM
(Tokyo, Japan).

Light transmittance measurement
To measure light transmittance, the samples were cut into circles with a
diameter of 6.5mmandplaced intowells of 96-well plate. The blank control
was 100 μm of DPBS and 100 μm of DPBS was also added to each sample.
The microplate reader (Synergy HT; BioTek, Winooski, Vermont, US) was
used to determine the light transmittance of the constructs under wave-
lengths in the range between 400 and 750 nm.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
The samples were put into the ToF-SIMS and set under vacuum overnight
prior to the analysis. ToF-SIMS analyses were conducted using a TOF SIMS
V (ION TOF, Inc. Chestnut Ridge, NY) instrument equipped with a Bin

m+

(n = 1–5, m = 1, 2) liquid metal ion gun, Cs
+ sputtering gun and electron

flood gun for charge compensation. The analyzed surface area was
500 × 500 μm2 for acquisition of mass spectral images.

Immunostaining for Collagen IV on scaffold surface
To further ensure presence andbio functionality of theECMproteins on the
scaffold surface, immunostaining for ECM proteins were performed. The
samples were washed with PBS thrice and blocked for 1 h using a blocking
buffer composed of 2% bovine serum albumin (BSA) and 2% goat serum.
Then the sampleswere incubatedwith primary antibodies overnight at 4 °C.
Later, the samples were washed with PBS and incubated with secondary
antibodies at room temperature for 1 h. Imaging was done using a fluor-
escent microscope (EVOS FL Auto 2; ThermoFisher). Antibodies used for
this study are listed in Supplemental Table 1.

Induced pluripotent stem cell-derived limbal stem cell (iPSC-
LSC) culture and seeding
For this study, iPSCs (iPS-DF19-9-7T, WiCell, Madison, WI) were used.
The iPSCs were cultured on a 6 well plate (3506, Corning, Glendale, AZ,
USA) coated as per the manufacturer’s instruction with LN-521 using E8
flex media (A2858501, ThermoFisher Scientific, Waltham, MA, USA).
Differentiation towards LSC was done using modified protocol from
Abdalkader et al.48. In brief, the iPSCswere plated at 1 × 104 cell/cm2 density
on LN-521 coated plate with E8 media supplemented with 10 µM Y27632
dihydrochloride (1254, R&D Systems, Minneapolis, MN, USA). On the
second day, the culture media was changed to E8 media only. For next
4 days, induction medium was used which consisted of E6 (A1516401,
ThermoFisher) supplemented with Wnt pathway inhibitor (IWR-1 endo)
(3532, R&D Systems), TGF-β inhibitor (A83-01) (72024, STEMCELL
Technologies, Cambridge, MA, USA), and basic fibroblast growth factor
(bFGF) (3718-FB-025, R&D Systems) at 2.5 μM, 10 μM, 50 ng/mL,
respectively. Following plating, cells were maintained in E6 only media for
6 days to obtain differentiated iPSC-LSC prior to seeding them on the
scaffolds. The consistent differentiation of iPSC to LSC using the current
protocol was confirmed through analysis of various protein expression
markers related to pluripotency and LSC. Currently, there is no universally
accepted singlemarker to identify LSC population instead a combination of
LSC markers is used for evaluating efficiency30. We also observed that the
morphology of the cells changed to polygonal epithelial cell-like char-
acteristic of LSCs aroundday 10of the differentiationwith loss of expression
of pluripotency marker OCT4 (Supplemental Fig. 1). Expression of PAX6,
ΔNp63, and ABCG2 was evaluated through immunocytochemistry and

quantified to ensure consistent differentiation with minimal batch to batch
variation (Supplemental Fig. 2). Prior to seeding iPSC-LSCs on the scaffolds
without any perforations, the scaffolds were sterilized by immersing in 70%
ethanol for 30min. After that, the scaffolds were washed with DPBS three
times for 5minutes each time. Then the samples were cut into 1 × 1 cm2

before placing in the wells of a non-treated 24-well plate (10861-558, VWR,
Radnor, PA, USA) with sterile stainless-steel washer (In Dia: 6.4mm, Out
Dia: 12mm placed on top of each sample. iPSC-LSCs were detached from
6-well plates using TrypLE™ Select Enzyme (12563029, ThermoFisher) after
10 days of differentiation and added to eachwell at a densityof 0.1 × 105 cells
per scaffold.Wells coatedwithLN-521,withcells seeded at the samedensity,
were used as the control. The culture was maintained in E6 media.

Cell viability and proliferation assay
Both cell viability andproliferation assayswere conductedondays 1,3,5, and
7 post- seeding of iPSC-LSC, as described previously35. In brief, cell viability
was assessed using LIVE/DEAD™ Cell Imaging Kits (488/570) (R37601;
ThermoFisher) at 1:4 dilution ratiowithDPBS following themanufacturer’s
recommendations. After a 25-min incubation at 37 °C, imaging was con-
ducted using a fluorescent microscope (EVOS FL Auto 2; ThermoFisher).
For measuring cell proliferation rates, alamarBlue™ Cell Viability Reagent
(DAL1100; ThermoFisher) was used. iPSC-LSCs were washed once with
DPBS prior to incubation with alamarBlue reagent diluted at a ratio of
1:10 v/v in cell culture medium for 3 h at 37 °C in the dark. Following
incubation, supernatants were collected from each well and transferred to a
96-well plate (100 µL each well, 10861-666; VWR, Radnor, PA, USA).
Fluorescence intensity was measured using a microplate reader (Synergy
HT; BioTek, Winooski, Vermont, US) at 540-nm excitation and 590-nm
emission wavelengths.

Morphology analysis
To analyze the morphology of iPSC-LSC on scaffolds, we utilized both
f-actin filament staining and scanning electron microscopy (SEM). iPSC-
LSCs were fixed after 7 days of culture on scaffolds using 4% paraf-
ormaldehyde for 20min and three washes with DPBS before and after.
Permeabilizationwas carriedoutusing0.1%TritonX-100 for 15min. Serum
blocking was carried out using 2% bovine serum albumin+ 2% goat serum
for 1 hour. After that, iPSC-LSCs were stained with phalloidin (R37110;
ThermoFisher) overnight at a concentration recommended by the manu-
facturer (2 drops/ml). Prior to imaging using fluorescent microscope, the
iPSC-LSCs were washed with DPBS and counterstained with Hoechst
33342 (H3570, ThermoFisher). To prepare the scaffolds with iPSC-LSC for
SEM imaging, the samples were first washed with DPBS thrice for 5min
each time followed by fixing with 4% paraformaldehyde for 20min. DPBS
washing step was repeated after fixing. Then, the samples were washed with
0.1M sodium cacodylate buffer (11652, Electron Microscopy Sciences) at
pH 7.2 for 10min, followed by fixation in a solution of 2% Paraformalde-
hyde/2.5% Glutaraldehyde in 0.1M Sodium Cacodylate Buffer (15960-01,
Electron Microscopy Sciences) for 30minutes. Wash with 0.1M sodium
cacodylate buffer at pH 7.2 for 10min was repeated. The samples were
dehydrated using gradually increasing concentrations of ethanol washes
(35%, 50%, 70%, 80%, and 95%) for 10min, followed by three 10-min
washes in 100% ethanol, and a final 40-min wash in 100% ethanol. Fol-
lowing dehydration, drying was carried out using 50% ethanol and 50%
HMDS (Hexamethyldisilazane) (50-243-18, ElectronMicroscopy Sciences)
for 20min, followed by 100%HMDS for an additional 20min. The samples
were mounted on SEM stubs with carbon adhesive and sputter coated
(SC7620 Mini Sputter Coater; Quorum Technologies, East Sussex, UK)
prior to examination using the Hitachi TM4000 SEM (Tokyo, Japan).

Immunocytochemistry and fluorescent microscopy
To investigate stemness and commitment towards corneal epithelial lineage,
the expression of several proteins was analyzed using immunocytochem-
istry. The steps including fixing, permeabilizing, and blocking, were carried
out as described in the prior sections. Primary antibodies, diluted in
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blocking buffer, were applied and left to incubate overnight at 4 °C. The
following day, the samples were washed thrice with DPBS and incubated
with the secondary antibody diluted in 10% blocking buffer (prepared as a
1:10 dilution of the BSA/goat serum blocking solution described above) for
1 h at room temperature. Antibodies used for this study are listed in Sup-
plemental Table 1. Nuclei were counterstained with Hoechst 33342 (1:1000
dilution ratio, H3570, ThermoFisher) and imaged with a fluorescent
microscope. Immunofluorescence staining was repeated on at least three
independent iPSC-LSC batches (biological replicates).

Real-time quantitative polymerase chain (RT-qPCR) reaction
To analyze relative gene expression, RT-qPCR was used. Total RNA was
extracted and purified using Total RNAPurification PlusMicro Kit (48500,
Norgen Biotek, ON, Canada) following the manufacturer’s instructions.
The concentration and purity of the RNAwas determined using Nanodrop
(ND-ONE-W, ThermoFisher). Reverse-transcription was performed using
High-Capacity cDNA Reverse Transcription Kit (4368814, ThermoFisher)
as per the manufacturer’s instructions. The synthesized cDNA was then
amplified and analyzed using TaqMan Gene Expression Assays (4331182,
ThermoFisher), as listed in Supplemental Table 2 using QuantStudio 3
(A28567, ThermoFisher) as per the manufacturer’s recommendations.

Statistical analysis
All experiments were conducted with at least three biological replicates.
Each biological repeat is defined as a unique passage of cells and includes a
minimum of three technical replicates, unless otherwise stated. Data are
presented as mean ± standard error of the mean. For imaging-based assays
(e.g., ToF-SIMS, ECM immunostaining, Live/Dead, cytoskeletal staining),
representative images are shown from ≥3 independent experiments. Sta-
tistical analysis was carried out using GraphPad Prism version 9.4.1 for
Windows (GraphPad Software, San Diego, CA, USA) by one or two-way
analysis of variance followed by Tukey’s multiple comparison post hoc test,
and p < 0.05 was considered statistically significant and summarized as
* = <0.05, ** = <0.01, *** = <0.0001 for the calculated p-values.

Data availability
The data underlying this article will be shared on reasonable request to the
corresponding author.
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