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Abstract

The growing strain placed on both society and the healthcare system due to an ageing
population should not be underestimated. Age-related macular degeneration (AMD) is a
leading cause of blindness worldwide and is projected to affect 288 million people globally by
2040. Current treatment options for AMD primarily focus on disease management rather than
offering a definitive cure. Retinal tissue engineering, which aims to develop targeted
regenerative strategies to restore or replace damaged retinal tissues, offers pioneering advances
that could provide curative solutions for AMD and revolutionize its therapeutic landscape. This
review aims to provide a comprehensive overview of biomaterial strategies for retinal repair
and regeneration, with a particular focus on scaffold design. To effectively address the
underlying causes of retinal degenerative diseases and develop functional scaffolds, the review
examines the retinal anatomy, the vision-impairing diseases associated with degeneration and
relevant cell types. Building on this foundation, it further discusses various scaffold design
strategies, including the selection of biomaterials, the structural and mechanical mimicry of
native tissues, and the fabrication of scaffolds for co-culturing. Beyond current strategies, we
also explore potential features, such as electrically conductive and photo-responsiveness, that
could shape the future of scaffold design in retina tissue engineering. Collectively, these
insights provide a robust framework to drive and accelerate the next generation of scaffold

development for retinal tissue engineering.
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conductive scaffold, photo-responsive biomaterials



1. Introduction

With ageing, retinal degeneration diseases are common occurrences that can lead to conditions

like age-related macular degeneration (AMD). In 2020, approximately 200 million people were

estimated to be affected by AMD[1]. The global demographic trends for AMD, depicted in

Figures 1 A and 1B, revealed that the condition is more common among females and individuals

aged 65-69[2]. By 2040, it is forecasted that AMD prevalence will reach 288 million, with Asia

taking the lead (Figure 1C)[3-5]. The number has yet to include other retinal degeneration cases

caused by diabetic retinopathy (DR), myopic macular degeneration (MMD) and inherited

retinal diseases (IRDs), for example, retinitis pigmentosa (RP) and Stargardt's macular

dystrophy (SMD) etc. Considering the imminent ageing population, the cost and medical

efforts required to address the issue of eye degeneration are expected to increase over the years.

Hence, it is of paramount importance to find ways to alleviate the situation immediately.
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Figure 1 A-B) Global trend of AMD cases A) Global number of AMD cases and age-
standardized occurrence rates from 1990 to 2019 B) AMD prevalence and its rates across
different age groups in 2019. Figures were obtained with permission from copyright © 2023
Jiang et al., Frontiers in Public Health.[2] C) The forecasted prevalence of AMD cases in
various regions by 2040. Figure was obtained with permission from copyright © 2023 Amini

et al., Chonnam Medical Journal.[5] D) Current and potential treatments for AMD

At present, clinical treatment strategies (Figure 1D) for retinal diseases exhibit a diverse
spectrum, with each therapeutic modality possessing specific indications and potential
limitations. For retinal vascular pathologies, such as wet AMD and DR, clinical approaches
may include anti-vascular endothelial growth factor (anti-VEGF) therapy or laser
photocoagulation, with ophthalmic surgical intervention employed when necessary. Anti-
VEGF therapy has become the preferred treatment option for wet AMD and plays a principal
role in the management of proliferative DR[6, 7]. Regarding geographic atrophy (GA), a
manifestation of advanced dry AMD, intravitreal injections of C3/C5 complement inhibitors
are used to mitigate its progression[8]. However, this treatment is associated with high cost,
injection-related risks, and limited efficacy[9]. Currently, researchers are exploring a variety of
novel technologies for the treatment of retinal diseases, including gene therapy, stem cell
transplantation, and artificial retina technology. IRDs are typically untreatable, with the
exception of Luxturna (voretigene neparvovec), a commercial gene therapy for a specific type
of Leber congenital amaurosis (LCA). Other gene therapy strategies, such as anti-VEGF genes,
pigment epithelium-derived factor (PEDF) genes, soluble fms-like tyrosine kinase-1 (sFLT-1),
and CD59 genes, are currently in clinical trials for the treatment of retinal vascular diseases[10-
14]. Stem cell therapy, by replacing damaged retinal cells or transplanting healthy retinal cells

to stimulate regenerative capacity, offers a new avenue for the treatment of retinal diseases[15].



Numerous preclinical and Phase I/II clinical studies have confirmed the safety of stem cell

therapy in treating human retinal diseases[16].

Tissue engineering enables the utilization of autologous cells to generate functional retinal
tissue constructs for the repair or replacement of injured tissues. This approach is advantageous
as it significantly reduces the risk of immunogenic rejection and mitigates limitations
associated with donor tissue availability. Furthermore, the scaffold in tissue engineering not
only provides structural support for cell attachment and tissue formation but also enhances
clinical outcomes by facilitating the transplantation of stem cells and their derivatives[15, 17].
While there are various approaches for retina repair or regeneration, this review will mainly
focus on material selection and scaffold design for retinal tissue engineering (Figure 2). The
versatility of scaffolds offers endless possibilities in terms of combinations among cells,
scaffolds, and growth factors, as scaffolds can be tailored in terms of materials, processing
methods, structure, and function. These scaffolds provide surfaces for cell attachment and
proliferation. Moreover, scaffolds can also encapsulate growth factors and may include

additional features such as conductivity and photosensitivity.

While prior reviews have extensively discussed scaffold materials[18, 19], fabrication
techniques[20], and tissue engineering strategies for various ocular diseases[21-23], this review
examines explicitly advanced scaffold fabrication approaches that enable multilayered cellular
integration, replicate the organized architecture of the native retina and incorporate novel
functional features to enhance the retinal repair (Figure 2). The first part of this review outlines
the anatomy of the retina and the diseases that impair vision, facilitating the understanding of
the areas that need attention. Subsequently, we summarize the various cell types relevant to
retinal tissue engineering and the strategies in designing scaffolds to inspire new development
in scaffolds for retina repair and regeneration. Particularly, we look into all aspects of the
scaffold design from material selection to replicating the native mechanical and structural
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properties and from simple to complex designs. We also examine the potential for incorporating

functional attributes, such as electrical conductivity and photo-responsiveness, to further

enhance scaffold performance in retinal repair.
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Figure 2 Schematic illustration of different strategies for designing functional scaffolds to

repair retinal damage

2. Anatomy of the Retina

The retina is a complex structure between the vitreous body and the choroid in the eye,

featuring the optic disc, where the optic nerve exits, and the macula, which has the highest

visual acuity and contains high lutein levels. The retina has 10 layers based on cell distribution.

The retinal pigment epithelium (RPE) is a monolayer of hexagonal cells connected by tight

junctions. It forms Bruch's membrane (BrM) with the basal lamina of RPE and choriocapillaris

endothelial basal lamina, creating the blood-retinal barrier[24]. The RPE has several important




functions. Its melanin-rich cytoplasm reduces UV damage to the retina and helps clear damaged
photoreceptor segments through phagocytosis, maintaining retinal stability[24, 25]. The
photoreceptor layer mainly has rods and cones, which are first-order neurons in visual signal
transduction. Rods, located in the peripheral retina, respond to low light and enable scotopic,
achromatic vision. Cones, concentrated in the central retina (macula), detect different colors,
allowing photopic vision, color perception, and visual acuity region)[26]. The outer limiting
membrane forms where photoreceptors meet Miiller cells. The outer nuclear layer contains
photoreceptor nuclei. The outer plexiform layer is a network of synapses connecting rods,
cones, bipolar cells, horizontal cells, and Miiller cell processes. The inner nuclear layer mainly
holds nuclei of bipolar, horizontal, amacrine cells, and retinal capillaries[27]. The inner
plexiform layer contains synapses between bipolar, amacrine, and ganglion cells, along with
Miiller cell fibres and retinal vessel branches. The ganglion cell layer mainly consists of
ganglion cell nuclei, which are crucial for transmitting visual information from the retina to the
brain cortex[28]. The nerve fiber layer contains ganglion cell axons and retinal vessels. The
inner limiting membrane is a thin layer between the retina and vitreous, made of Miiller cell

basal lamina cells.

3. Diseases Impairing Vision

The primary function of the retina is to transmit visual signals. Any dysfunction can lead to
visual impairment or blindness. Retinal diseases, such as AMD and DR, are among the leading

causes of vision loss[29].

AMD is one of the leading causes of blindness among individuals aged 50 and above
globally[30]. The exact mechanisms of AMD are not fully understood; however, advanced age
is its most significant risk factor. Ageing leads to the accumulation of undegradable by-products

in RPE cells, causing RPE dysfunction, abnormal extracellular matrix deposition (drusen



formation), retinal pigment changes, and neovascularization. Based on the presence of retinal
neovascularization, AMD can be classified into dry AMD and wet AMD forms. In wet AMD,
newly formed blood vessels are prone to repeated haemorrhage and leakage, leading to retinal
distortion, detachment, and, ultimately, fibrosis[30]. Dry AMD is primarily caused by the
gradual degeneration of the RPE and photoreceptors in the macular area, leading to impaired
central vision and causing difficulty in daily life, such as reading, recognizing faces, driving,

etc.

DR is a major microvascular complication of diabetes, a leading cause of blindness among
working-age individuals. The International Diabetes Federation predicts that by 2040,
approximately 600 million people globally will have diabetes, with one-third of them
developing DR, imposing a significant societal burden[31, 32]. DR is a neurovascular disease
where hyperglycemia initially impairs retinal neurosensory function[33]. Prolonged
hyperglycemic conditions can disrupt the blood-retinal barrier (BRB), leading to increased
vascular permeability and leakage. In the advanced stages of DR, optic disc atrophy,
widespread retinal vessel occlusion, neovascularization, repeated haemorrhages into the

vitreous, and fibrovascular traction detachment of the retina can occur[34].

With improving societal standards of living, the prevalence of pathologic myopia is sharply
increasing. Pathologic myopia results from abnormal elongation of the sclera, leading to
pathologic retinal changes. Pathological changes in the retina, such as retinal
neovascularization, retinal detachment, and macular hole, can cause significant irreversible

vision loss and blindness[35, 36].

Apart from the high prevalence of blinding retinal diseases caused by environmental, age-
related, and social factors, genetic factors can also lead to inherited retinal diseases (IRDs).

IRDs are single-gene eye diseases caused by genetic abnormalities affecting genes involved in



phototransduction, photoreceptor development, or intracellular protein transport, disrupting
normal retinal function. These gene mutations lead to early-onset blindness[37]. Dominant,
recessive, X-linked, digenic, and mitochondrial inheritance patterns have been reported for
IRDs. Retinitis pigmentosa (RP) is the most common IRD, primarily responsible for human
visual impairment and inherited blindness globally, with a prevalence ranging from 1 in 7,000
to 1 in 3,000[38]. RP is characterized by progressive degeneration of RPE, rods, and cones. It
typically begins insidiously in early life, clinically presenting as night blindness, follows by a
gradual loss of peripheral visual field, which can ultimately lead to blindness[39]. SMD has a
prevalence ranging from approximately 1 in 8,000 to 1 in 10,000[40]. Lesions in SMD are
located in the RPE layer, where abnormal lipofuscin deposition leads to photoreceptor cell
death and retinal atrophy. Clinically, it manifests most commonly during adolescence with a
progressive decline in central visual acuity, often reaching 0.1 or below. Leber congenital
amaurosis (LCA) is the earliest-onset and most severe form of IRD, primarily inherited in an
autosomal recessive manner, with a minority of patients inheriting it in an autosomal dominant
manner. LCA results from gene mutations causing photoreceptor cell degeneration[41]. Its
prevalence is approximately 1 in 81,000 to 1 in 30,000. Clinical manifestations include severe
vision loss occurring at or within a few months after birth, nystagmus, sluggish pupil response,

and retinal pigmentary changes[42].

4. Cells for Retinal Tissue Engineering

Cellular regenerative therapies with various cell types are being studied to treat these retinal
degeneration diseases. Different retinal diseases have diverse pathology and affect different
parts of the retina, which leads to the variation of investigation in cellular regenerative therapy
approaches. Current studies for retinal diseases include delivering RPE, photoreceptors,

ganglion cells, and retinal progenitor cells.



Retinal pigment epithelium. RPE is a single layer of highly pigmented polygonal cells
arranged at the outermost layer of the retina with minimal regenerative capability. In 2009,
human embryonic stem (ES) cells were differentiated into RPE-like cells[43, 44], and
subsequent work extended those results to human induced pluripotent stem cells (iPSCs)[45].
Following preclinical studies, diverse animal models of retinal degeneration were used to show
that RPE derived from pluripotent stem cells can survive, function, and slow photoreceptor cell
death following transplantation into an affected eye. In one of the completed clinical trials, the
persistence of the transplanted cells and modest improvement of retinal function were
observed, which examined the RPE transplantation outcomes in 18 patients with either AMD
or Stargardt’s disease[46]. These promising preclinical and early clinical trials underscore the
potential of regenerative medicine in restoring vision and offer a guide for replacing specialized

retinal cells.

Photoreceptors. Photoreceptors (rods and cones) are specialized light-detecting cells that
closely interact with RPE cells. Whereas RPE can be readily differentiated from stem cells in
2D cultures, the production of photoreceptors has been more challenging. In recent
developments, F cones or photoreceptor precursors can functionally integrate and rescue the
cone photoreceptor damage in animal models[47-49]. Moreover, in a safety study, iPSC-
derived retinal organoid sheets were successfully transplanted in two severe IRD patients[50].
The grafts survived without immune rejection or tumor formation for 2 years (clinical trial ID:
jRCTa050200027), and response to full-field light stimulus possibly improved in one of the
two patients. Moreover, the photoreceptors have a distinct, elongated shape in vivo, which made

it challenging to form and deliver the transplant.

Retinal ganglion cells (RGCs). RGCs are the neurons in the retina that collect and transmit
visual signals perceived by the eyes, sending them for processing in the brain. Neurons with
the molecular and morphological features of RGCs have been generated from iPSCs.
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Preclinical studies in small animals have demonstrated the feasibility of RGC transplantation,
both primary RGCs and stem cell-derived RGCs[51, 52]. Particularly, the transplanted primary
RGCs could integrate with the local retina and generate axons to connect with targets in the
central nervous system (CNS)[51]. However, RGC replacement therapy faces significant
challenges, including connecting RGCs with specific retinal neurons to form circuits and
facilitating the regeneration of RGCs’ axons to connect with the CNS. No human clinical trials

for RGC replacement have begun.

Retinal progenitor cells (RPCs). RPCs are multipotent stem cells found in the developing
retina and have the potential to differentiate into all the major cell types found in the retina,
including photoreceptors, ganglion cells, bipolar cells, and others. Human neural progenitor
cells were shown to survive and protect in rats dose-dependently, demonstrating long-term
safety and efficacy without differentiating into retinal cells or causing overgrowth[53].
Moreover, human clinical trials are ongoing (ClinicalTrials.gov IDs: NCT02464436 and
NCT04284293). In a Phase 1/2a study (ClinicalTrials.gov ID: NCT02320812), 28 patients
received an intravitreal injection of human RPCs[54], which suggested that the treatment was

relatively safe and that vision improved in patients receiving relatively high doses of cells.

5. Scaffold Design for Retinal Tissue Engineering

In retinal tissue engineering, scaffolds serve as critical frameworks alongside cells and
bioactive factors, providing spatiotemporal support to guide the maturation, integration and
organized tissue regeneration of retinal cells, particularly photoreceptor and RPE cells. Given
the intricate laminar structure of the retina and its limited regenerative capacity, scaffolds
should not only support cell growth, but also necessitate subsequent interactions with the
biological system, adhering several criteria: (1) Biocompatibility to prevent inflammation in

the immunologically active subretinal space, (2) Ultra-thin design at micrometer scale in

11



thickness to conform to retinal layers without altering the anatomy, (3) Tunable porosity to
enable nutrient diffusion and waste removal, (4) Biomimetic topography and biochemistry to
rebuild a healthy microenvironment that supports the long-term survival and functional
integration of transplanted cells, and (5) Biodegradability with clearance pathways that should
not trigger any immune response or avoid disrupting retinal architecture. In this section, we
will highlight the various scaffold design strategies that have been explored for retinal tissue

engineering so far, potentially inspiring future advancements in scaffold development within

the field.

5.1 Biodegradable and Biocompatible Scaffolds

Bioinert scaffolds, such as those composed of poly(methyl methacrylate)[55] and
polydimethylsiloxane[56], have traditionally been preferred for retinal tissue engineering due
to their capacity to minimize immunogenicity and maintain mechanical and structural integrity.
However, with the advances in science and technology, biodegradable materials have emerged
as the new generation of scaffolds, designed to facilitate native tissue regeneration. These
materials offer tunable degradation rate to match the tissue regeneration rate, enabling gradual
replacement by new tissue without releasing toxic byproducts[57]. In addition to
biodegradability, scaffold should also exhibit high biocompatibility to promote cell growth and
avoid chronic immune responses[58]. A variety of biomaterials, including both natural and

synthetic polymers, have been examined for the use in retina tissue engineering (Figure 3).
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Figure 3 Overview of biodegradable materials used in retinal tissue engineering, highlighting

their sources and features. Materials undergoing clinical trials are shown in bold.

5.1.1 Naturally-derived materials

Chitosan. Chitosan, a partially deacetylated form of chitin mainly procured from the
exoskeleton of crustaceans, is a material that occupies a distinct position amongst other
biomaterials due to its biodegradability, biocompatibility, and non-toxicity[59, 60]. Srivastava
et al. have suggested chitosan membrane (ChM), while supporting less adhesion and
proliferation of retinal stem cells (RSCs) in vitro, maintained the cell viability and phenotype,

indicating their potential as effective cell carriers for RSCs transplantation into the retina
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without altering cell behavior[61]. Chitosan/ gelatin nanofibrous scaffolds improved the
electrospinability and degradation rate of chitosan. The hydrophilic properties of gelatin
enhanced RPE cell proliferation. These scaffolds exhibited a high degradation rate and
facilitated optimal adhesion and viability of RPE cells, with strong expression of RPE65 and

cytokeratin 8/18[62].

Bacterial cellulose (BC). BC is a natural biopolymer produced by various species of bacteria
and has been used in numerous biomedical applications due to its biocompatibility and
permeability for gas and fluid exchange[63]. In a study, acetylated BC substrates were
developed to promote RPE cell adhesion and proliferation for 14 days in vitro[64]. In another
report, acetylated BC substrates coated with urinary bladder were used to enable the adhesion
and proliferation of RPE cells for 14 days in vitro, with the RPE cells expressing proteins

essential for their cytoskeletal organization and metabolic function (ZO-1 and RPE65)[65].

Alginate. Alginate is a naturally derived anionic polysaccharide distributed widely in the cell
walls of brown algae[66]. In a study, highly purified alginate scaffolds, which removed
contaminants and reduced mannuronic acid (an inducer of immune rejection), significantly
enhanced RPE cell proliferation, adhesion, and phenotypic expression in vitro, making them
promising scaffolds for RPE regeneration[67]. An RGD-alginate (arginine-glycine-aspartic-
alginate) scaffold demonstrated feasibility for cell derivation and transplantation of RPE and

neural retina in vivo[68].

Silk. Silk is primarily composed of two major proteins: fibroin, a structural protein that makes
up 70-80% of silk, and sericin, an adhesive protein that accounts for 20-30% of its composition.
Silk fibroin is the inner protein fraction of silk produced by many insects and has been widely
studied as a BrM mimic for RPE adhesion and culture owing to its remarkable properties,

including tunable surface modification, availability, and format variety[69]. Bombyx mori silk
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fibroin (BMSF) membranes, especially when pre-coated with vitronectin, significantly
supported the attachment, growth, and long-term culture of human retinal pigment epithelial
cell line (ARPE-19) and RPE cells in vitro, making them promising substrates for retinal tissue
engineering[70]. Recombinant spider silk protein membranes promoted the development of
more native-like cobblestone morphologies in RPE cells and enhanced intracellular DNA
content. They supported more consistent expression of key organizational proteins, such as
Z0-1 and F-actin, compared to control Transwell membranes, suggesting potential for in vivo
applications in retinal tissue engineering[71]. Sericin is a naturally occurring, hydrophilic
glycoprotein found in silk, primarily produced by silkworms (Bombyx mori) and other silk-
producing insects. It is rich in serine (Ser), glycine (Gly), and aspartic acid (Asp) amino acids,
which contribute to its specific bioactive properties. Sericin is generally considered to elicit a
less pronounced immune response compared to fibroin, making it superior in terms of
biocompatibility for many applications. As the glue-like protein that surrounds fibroin in silk,
sericin exhibits lower immunogenicity and has been shown to possess anti-inflammatory
properties, promoting cell adhesion and proliferation[72]. Kim and colleagues explored the
development of an injectable hydrogel composed of gellan gum (GG) and silk sericin (SS) for
retinal tissue engineering, focusing on its potential as a RPE cell carrier[73]. The cytotoxicity
test showed that the GG/SS hydrogels had higher cell proliferation than pure GG, with GG/SS
0.5% having the highest cell viability on day 3 among all hydrogels. Furthermore, ARPE-19
cells proliferated more in SS-containing hydrogels (p < 0.001), and GG/SS 0.1% and 0.5%
showed higher RPE-65 gene expression (p < 0.01). This shows that the GG/SS hydrogels hold

great potential as biomaterials for retinal tissue engineering.

Collagen. Collagen fibers, along with extracellular matrix components, are vital for the
structural integrity of the BrM. In particular, collagen types I, I, III, V and IX form long fibrils

that provide strength and elasticity. Collagen III supports fibril formation, Collagen V regulates
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fibril diameter, and Collagen IX enhances stability. Collagen 1V, a key component of the RPE
basal lamina, forms a mesh-like structure that provides support and filtration[74, 75]. Collagen,
an essential component of basement membranes, has proved to be a robust substrate for cell
proliferation[76]. Membranes composed of collagen I, the most prevalent type, supported by
Teflon showed cell attachment and viability at 25 days and a uitable cell phenotype in vivo[77].
According to Thumann et al., the transplantation of collagen type I membrane into the
subconjunctival and sub-retinal regions of rabbit models demonstrated favorable

biocompatibility and degradation by 24 weeks in vitro and in vivo[78].

Gelatin. Gelatin, a denatured form of collagen proteins, is advantageous over collagen due to
its lower immunogenicity in ocular applications, such as cell-sheet carriers, bio-adhesives and
bio-artificial grafts[79]. Gelatin with lower Bloom strengths were found to be more favorable
for interaction with RPE cells due to its higher biocompatibility and ability to trigger less
inflammation in vitro[80]. It was also easier to inject into the sub-retinal space using a cannula.
Additionally, gelatin scaffolds sterilized with low-dose vy-ray irradiation remained
biocompatible and no inflammation was observed when implanted into the sub-retinal space in

the rabbit model[81].

Decellularized extracellular matrix (dECM). Recently, dECM-based materials are
anticipated to better match the intricate environment of BrM tissue[82]. Kundu et al. used ionic
detergents to decellularize bovine eyes and developed them into thin decell-retina films, which
supported adherence and proliferation of human RPCs for 7 days in vitro[83]. On the other
hand, Maqueda et al. used two different detergents: non-ionic and ionic detergents to
decellularize mouse and porcine retinas and developed them into a 3D scaffold that supported
human induced pluripotent stem cell (hiPSC)-RPE maturation and function for 2 weeks in

vitro[84].
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5.1.2 Synthetic materials

PLGA. Poly(lactic-co-glycolic acid) (PLGA) is a widely used biodegradable polymer in retinal
repair, with a degradation period of 3 to 6 months. It was used to fabricate microchannel
scaffolds through soft lithography, which supported retinal cell viability and facilitated the
expression of differentiation markers for rod and Miiller glia[85]. A clinical-grade PLGA
scaffold seeded with iPSC-RPE, that degraded completely in 80 to 90 days, displayed improved
efficacy in rodent and porcine preclinical models for 10 weeks in vitro and in vivo[86]. In fact,
clinical trial assessing the efficacy of PLGA scaffold to transplant RPE to treat geographic
atrophy (GA) was approved to begin in 2020 (clinical trial ID: NCT04339764). The relevance
of PLGA was further demonstrated through its use in the Ozurdex® implant as a drug
carrier[87]. However, the use of PLGA also raises a concern as its degradation into lactic and
glycolic acids could lower the local pH, accelerate the degradation and trigger inflammatory
responses. Studies have shown that the pH can drop significantly during PLGA degradation,
which could affect the stability of encapsulated therapeutics and surrounding tissues[88]. To
mitigate these effects, strategies like buffering agents or polymer blending with PLGA are
being explored to neutralize the acidic byproducts and maintain a stable pH in the local

environment.

PCL. Polycaprolactone (PCL) is a biocompatible, biodegradable, aliphatic polyester, and its
breakdown products form naturally occurring metabolites, which are readily metabolised by
the body and eliminated without toxicity[86]. Redenti et al. demonstrated that RPCs cultured
on laminin-coated nanowire PCL scaffolds proliferated, differentiated, and migrated into the
retina of wild-type and rhodopsin knockout mice, supporting the use of PCL scaffolds for
retinal repair through cell migration and maturation[89]. PCL is also known to degrade slowly
in vivo, taking years to fully break down. However, studies have only evaluated PCL implants
over short periods, typically weeks, for retinal repair. One study on porous PCL scaffolds for

17



RPE cell culture found that they supported cell growth and maturation over eight weeks[90].
Another study on PCL intravitreal devices in rabbits reported no significant inflammation after
four weeks[91]. The longest study conducted on PCL scaffolds is 6 months in vivo, where thin
PCL films exhibited good ocular tolerance without adverse tissue responses, such as fibrosis
or biodeposits in the rabbit’s eye[92]. These findings suggest that while PCL degrades slowly,
its biocompatibility and structural stability make it suitable for short-term retinal repair
applications. However, for long-term retinal repair, further in vivo studies with extended
duration are necessary to fully assess the potential side effects of its degradation byproducts

over time.

PLCL. Poly(L-lactide-co-g-caprolactone) is a copolymer of poly(L-lactide) (PLLA) and PCL,
which is widely studied for retina repair/regeneration. A recent study explored electrospun
mini-MiSp spidroin/poly(L-lactide-co-g-caprolactone) (R2C/PLCL) nanofibrous scaffolds for
RPE cell therapy in AMDI[93]. The transcriptomic analysis showed that genes related to
inflammation, tumours and keratinisation were upregulated in ARPE-19 cells co-cultured with
the scaffolds, while genes related to substance transport and homeostasis were downregulated.
These findings suggest R2C/PLCL scaffolds warrant further investigation as potential carriers

for RPE transplantation.

PGS. Poly(glycerol sebacate) (PGS) is a biodegradable elastomer composed of glycerol and
sebacic acid, both of which are biocompatible and naturally occurring. PGS is widely used for
retinal regeneration because its carboxyl and hydroxyl groups can facilitate the integration of
bioactive molecules. It primarily degrades through surface erosion, breaking down into
glycerol and sebacic acid[94], which can be metabolized by the body via standard biochemical
pathways. While glycerol is rapidly metabolized via glycolysis, sebacic acid undergoes -
oxidation, which can be slower in specific tissues[95]. If degradation is uneven, local
accumulation of sebacic acid might alter pH, potentially affecting surrounding tissues. For
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example, in avascular or low-blood-flow regions (i.e. the subretinal space or vitreous body),
clearance of PGS can be slower, which could trigger localized inflammation or foreign body
responses[95]. Hence, many studies have investigated methods to modify the degradation rate
of PGS, as well as the incorporation of buffering agents to stabilize pH and enhance
biocompatibility[96, 97]. Nevertheless, PGS is still an appealing polymer for retinal repair.
Studies have shown that PGS membranes implanted subretinally in rabbit eyes degraded within
28 days, with minimal inflammatory response[98]. A thin, porous PGS scaffold developed for
RPC grafting had improved mechanical properties while resembling retinal tissue[99]. PGS
scaffolds supported proliferation, differentiation, and long-term survival of mouse retinal

progenitor cells (mRPCs) in vitro[100].

5.2 Scaffolds for retinal co-culture

While most studies concentrate on developing scaffolds to support the growth and proliferation
of a single cell type, this approach does not accurately reflect the complex physiology of the
retina. The normal functioning of tissues, particularly in repair and regeneration processes,
requires cell-cell interactions, making it essential to design scaffolds that facilitate co-culture.
In fact, it was reported that cells in co-culture were less affected by the materials compared to
cells in mono-culture[101]. At present, there are two main strategies for retinal co-culture,

which are known as the direct and indirect co-culture approaches.

The direct co-culture approach allows physical interaction between different cell types,
facilitating communication through surface receptors. This approach usually involves a
substrate to support cell growth. A design comprised a silk hydrogel seeded with mesenchymal
stem cells and Miiller cells sandwiched between two separate silk fibroin films, facilitating the
interaction between neurons and RPE cells on each film[102]. Successful neurite development

was observed, and the cell organization and phenotypes were preserved in vitro for up to seven
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days. In a different study, microglia and endothelial cells (ECs) were co-cultured using
bioprinting, where both cell types were incorporated into the bioink[103]. This co-culture

system was utilized to investigate the cellular interactions in response to varying glucose levels.

Indirect co-culture approach, also known as the transwell-based co-culture approach,
involves a physical separation between two types of cells, allowing them to interact through
their secretions only. An example was demonstrated by Yang et. al where ECs were cultured
within the Transwell inserts and eventually introduced into the well plates cultured with retinal
microvascular pericytes (RMPs)[104]. Although the cells were separated physically, the
indirect co-culture influenced MMP-2 expression, which subsequently affected the integrity of
the inner blood-retina barrier. However, this approach does not always require the use of a
transwell. Calejo et al. employed breath figure and Langmuir-Schaefer technology to develop
thin, porous and stable scaffolds composed of polylactide and collagen, designed for the
coculture of hiPSC-RPE and ECs[101]. The collagen IV layers, deposited using Langmuir-
Schaefer technology, served to prevent pre-matured cell migration while permitting the
exchange of soluble factors secreted by the cells across the substrate. This scaffold design
supported successful cell migration into the pores, and hiPSC-RPE displayed a compact
hexagonal structure. High-intensity cellular retinaldehyde-binding protein (CRALBP) staining

was detected in hiPSC-RPE.

Combination approach, is also possible whereby both direct and indirect co-culture methods
are utilized together. Song et al. employed a 3D bioprinting technique to fabricate an outer
blood-retina barrier (0BRB) tissue by bioprinting endothelial cells, pericytes and fibroblast
onto the basal side of a PLGA scaffold. On the apical side of the scaffold, they cultured a layer
of RPE cells. The resulting model successfully replicated both dry and wet AMD

phenotypes[105].
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5.3 Mechanical Mimetic

Mechanical signal transduction is the process in which cells perceive mechanical stimuli from
their surroundings and translate them into chemical signals within the cell[106]. These
mechanical signals may come from the external environment to which the cell is exposed, or
they may stem from the mechanical properties of the environment in which the cell resides.
Just like chemical signals (e.g. signaling molecules, growth factors, and chemoattractants),
mechanical signals can influence cell behaviors such as differentiation, proliferation, and
migration. Studies have demonstrated that scaffold stiffness (Young’s modulus) is a key
mechanical property that affects cell behavior[107, 108]. The mechanical strength of the
scaffold is important because it provides the initial biomechanical stimulus to the cell before
new tissue is formed[109]. Hence, the scaffold should be designed to offer mechanical support
and replicate the biophysical cues of natural tissue. The Young’s modulus of human BrM spans
from 1 MPa to 18.8 MPa[110]. For a desirable effect, the mechanical properties of the scaffold
should be close to those of native tissue[111]. Researchers are currently developing new
material scaffolds that can mimic the complexity and mechanical properties of natural retinal
(biomimetics) for simulated applications. To achieve retinal mimicry, scientists have conducted
mechanical studies on porous, fibrous, and hydrogel scaffolds. The relevant mechanical

information is presented in Table 1.

Fibrous scaffolds are widely used in the field of retinal tissue engineering. These fibrous
scaffolds feature a large surface area that facilitates cell attachment, along with interconnected
pores that promote nutrient transport. There are several methods to create micrometer or
nanometer scale fibers, the most common one being electrospinning[112]. Fakhari et al.
electrospun core-shell structured scaffolds using PGS, PCL and poly(1,8-octanediol citrate)
(POC). They measured the mechanical properties of the scaffolds under humid conditions[111].
The results showed that the core-shell structure (PGS/PCL-POC/PCL) scaffolds tensile
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modulus, ultimate tensile strength, and strain at break were 3.59 MPa, 2.23 MPa, and 118.3%
(Figure 4A-B), respectively, which are similar to those of retinal tissue. Figure 4C displayed
the scaffolds one day and seven days post-seeding validating its use to promote cell
proliferation. In another study, Chan et al. fabricated pectin-polyhydroxybutyrate (pec-PHB)
nanofibers that are tougher than the original PHB[113]. ARPE-19 cells adhered well and

proliferated actively on the pec-PHB nanofibers.

The existing techniques for preparing porous RPE scaffolds include phase separation, drop
casting, spin coating, breath mapping, and microscopic modeling. Among these, solvent casting
is the most widely used method, as it allows control over the pore structure and porosity by
adjusting the type and amount of pore-forming agent. Scaffold porosity plays a key role in cell
adhesion, spreading, and nutrient exchange, although it typically has an inverse relationship
with the scaffold's mechanical properties. Hence, it is crucial to strike an optimal balance
between the porosity and mechanical properties of the scaffold to ensure effective retinal repair
and regeneration. An example is the free-standing, porous and ultrathin PCL membranes, which
were constructed by drip irrigation of a polymer mixture over a liquid surface[109]. The porous
membranes had a Young’s modulus of 7.6 + 0.9 MPa, which falls within the reported Young's
modulus values of the BrM, and the membranes enhanced ARPE-19 growth and phenotype
compared to cells grown on transwell inserts and plates. This study also highlights the
importance of having mechanical proximity to BrM, which led to improved cellular behavior
of ARPE-19. In another study, Surrao et al. achieved membranes with a high porosity of
approximately 50% by using electrospinning technique[114]. The modulus of electrospun
membranes ranged from 16 MPa to 48 MPa, all within the reported values of BrM. In particular,
the membrane made up of poly(l-lactide) (PLLA) was reported to support human RPE cell

proliferation and RPE monolayer formation.
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Hydrogels are highly appealing for tissue engineering due to their high water content and
mechanical properties that closely resemble those of soft tissue[ 115]. The aqueous environment
of hydrogels protects cells, facilitates nutrient transport and metabolite exchange, allows
physical, chemical, and biological modifications, and generally exhibits high biocompatibility.
Collagen and hyaluronic acid are of interest due to their adjustable mechanical properties,
degradation rates, and their ability to maintain cell viability and morphology[116]. Previous
studies have demonstrated that for retinal survival and development in vitro, the stiffness of the
cell-hydrogel matrix should be similar to that of the native retina, approximately 10-20
kPa[117]. High-methacrylated hyaluronic acid hydrogel without cells had stiffness around 8
kPa, and it supported a higher survival rate of the RPEs compared to less stiff scaffolds[117].
Shin et al. noted that in pathological conditions, the damaged retina experienced a reduction in
modulus to 3-50% of its normal value[118]. They developed Agn and taurine (Tr)-loaded
alginate (Agn) (Tr/Agn) hydrogels that exhibited compressive strengths of 6.67 kPa and 6.01
kPa, respectively (Figure 4D), meeting the required specifications to support the damaged RPE.
Additionally, the extrusion force of these hydrogels from a 23-gauge needle was approximately
3.5N (Figure 4E), which complies with the injectable hydrogel requirement set by the Ministry
of Food and Drug Safety in Korea (KFDA)[118]. After 6 weeks post injection into the retina
of neonatal rabbits, pure Agn resulted in partial reconstruction of the epithelium with better cell
distribution and proliferation, but damaged areas remained at all time points, and Tr/Agn
resulted in more complete tissue reconstruction with homogeneous cell proliferation and

distribution and formation of a dense layer (Figure 4F).

It is critical to recognize that the damaged retina has a different modulus compared to the
normal retina[119, 120]. Hence, the repair must align with the existing retina condition. The
importance of matching the mechanical properties is demonstrated by Krishna et al.[121]. They

cultured two different types of ocular epithelial cells on nanofiber scaffolds poly(e-
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caprolactone) 500 (PCL 500) and PCL 1300, that had moduli of 7.4 and 11.1 kPa, respectively.
Human corneal epithelial (HCE-T) cells on PCL 500 scaffolds exhibited characteristic cell
morphology with higher expression of proliferation and differentiation markers and lower
expression of apoptosis markers. In contrast, on the PCL 1300 scaffold, the cells expressed
higher levels of corneal stem/progenitor and pluripotent stem cell markers. Essentially, the
mechanical properties of the scaffold can impact cell specificity and determine the
effectiveness of the repair. Besides being similar to the native tissue, the scaffold must possess
sufficient mechanical strength to withstand the surgical implantation or injection process. A
successful injection of the PLGA nanoscaffolds was demonstrated by Fujie et al. where the
nanoscaffolds bent within the needle without deformation or crease formation[122]. This
facilitated the delivery of the epithelial monolayer. If the hydrogel is in an injectable form, the

extrusion force from the needle would also need to be considered.
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Figure 4 A) The average elastic modulus, B) ultimate tensile strength, and C) The SEM images
of the RPE cell cultured on the scaffolds one and seven days post-seeding. Figures were
adapted with permission from copyright © 2021 Fakhari et al., Polymer Bulletin.[111] D)

Compressive strength and images and E) Extrusion force of Agn and Tr/Agn hydrogels F)
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Histological changes in the retrieved implanted samples for RPE regeneration were examined

using H&E and Toluidine blue-O staining images (control, damaged retina, and Agn and

Tr/Agn treated groups) after 6 weeks of sub-retinal injection. RPE: retinal pigment epithelium,

Cho: choroid; INL: inner nuclear layer; OPL: outer plexiform layer;, ONL: outer nuclear

layer; PIS: photoreceptor inner segment; POS: photoreceptor outer segment. Red arrows

indicate ectopic cells (migration of RPE to these locations is a common issue with various

implantation methods), while yellow arrows point to regenerated RPE cells. Figures were

obtained with permission from copyright © 2019 Shin et al., Materials Science and

Engineering:C.[118]

Table 1. Mechanical strength of different types of scaffolds

Types Materials Fi:ltl)::}(i?)g:n M?)fil:ls 1\::53::;21 Performance Ref
Fibrous | PGS/PCL- | Electrospun | ARPE-19 | 3.59 MPa (E) | - Scaffolds were [111]
POC/PCL cells 23 MPa (UTS) | biocompatible and supported
cell adhesion up to 7 days
PCL Electrospun HCE-T PCL 500: 7.4 | - When cultured on PCL 500, | [121]
ARPE-19 | £2.3 MPa (E) | HCE-T cells showed
cells increased expression of
PCL 1300: corneal differentiation
11.1£29 markers, while culturing on
MPa (E) PCL 1300 led to higher levels
of ocular stem cell markers
- ARPE-19 cells cultured on
PCL 1300 exhibited increased
phagocytic activity and
higher VEGF-A expression
compared to those cultured
on PCL 500
pec-PHB | Electrospun | ARPE-19 Pec-PHB10: | - ARPE-19 cells cultured on [113]
cells 0.11 £ 0 GPa | pec-PHB10 and pec-PHB20
(BE); nanofibers, which had higher
4.27+0.14 | pectin content and smaller
MPa (UTS) | fiber diameter, exhibited a
morphology similar to that of
Pec-PHB20: | normal RPE cells. These
0.08 £0.01 scaffolds also showed
GPa (E); increased cell proliferation on
3.03+0.04 | day 7 post-seeding.
MPa (UTS)
- ARPE-19 cells adhered well
to the pec-PHB nanofibers
Porous PCL Dropcasting | ARPE-19 | 7.6 +£0.9 MPa | - Cell viability attained using | [109]
ofa cells (B) the porous PCL membrane
polymer was comparable to that of the
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blend on a
liquid
interface

PET membrane in vitro and
the PCL membrane was
found to be biocompatible up
to 15 days

- The PCL membrane
enhanced the ARPE-19
phenotype compared to cells
cultured on transwell inserts
and plates.

Laminin
coated
PLLA

Electrospun

Clonetics™
human
RPE cells

48 +5 MPa
(E)

- In vitro evaluation showed
that the 70 nm electrospun
nanofibrous membranes
supported mature RPE
monolayers and exhibited
characteristics of mature RPE
monolayers

- In vivo evaluation at week 4
post implantation showed that
the scaffold did not trigger
long-term immune response

[114]

PLCL and
PLGA

Vapor-
induced
phase
separation

ARPE-19
cells

PLCL1/PLGA
1: 1.77 MPa

(E)

PLCL1/PLGA
2:5.35 MPa

(E)

- In vitro evaluation showed
RPE monolayers formation
with intact tight junctions.

- Scaffold enabled successful
delivery of ARPE-19 cells
through a catheter in an ex
vivo model

[123]

Hydrogel

PEG and
PLL

Cure/cross-
link
3D print

Retinal
ganglion
cells and
amacrine

cells.

1.4-23.1kPa
(E)

- RGCs adhered well on
hydrogels with a 3:1 or 4:1
ratio of amines to hydroxyl

and high molecular weight
PEG

- High cell viability was
observed in hydrogels with
elastic moduli around 3800 to
5800 Pa

- The hydrogel scaffold
supported neurite growth

[124]

Polyacryla
mide gels

Bonded to
the
activated
glass
surface of
the cover
slips

ARPE-19
cells

About 0.5 -5
kPa (E)

- ARPE-19 cells cultured on
scaffold with higher elastic
modulus showed less
phagocytosis.

[120]

Tr/Agn

Continuous
stirring

RPE cells

6.01 kPa (E)

- In vitro tests revealed that
Tr/Agn hydrogels resulted in
greater cell proliferation than
Agn hydrogels.

- In vivo tests showed that the
hydrogel was biocompatible
and biodegradable without
triggering inflammatory

[118]
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response. Additionally,
Tr/Agn hydrogels were found
to facilitate uniform cell layer
formation with extracellular
matrix synthesis, promoting
the retinal epithelium
reconstruction.

*E: Young’s modulus; UTS: Ultimate tensile stress

5.4 Structural Mimetic

The interaction between cells and ECM profoundly influences cell adhesion, migration and
differentiation. Scaffold topography can provide physical cues to regulate the stem cell destiny
and eventual function. Hence, closely mimicking the native ECM is advantageous to guide cell
development into the structured and intricate form of the retina. In fact, scaffold topography
has been documented to impact cell morphology, proliferation, gene expression, differentiation
and overall function[125]. Besides topography, scaffold design must also account for the spatial
cell alignment particularly the photoreceptors. Suboptimal alignment can compromise both
light sensitivity and visual resolution[126]. A key characteristic of the ECM is its hierarchical
structure, which provides a high aspect ratio. Electospun fibers, which range from microns to
nanoscale, are undoubtably promising candidates for replicating the nanoscale features and
have been extensively investigated as potential substitutes for the ECM. In one of the studies,
Jafari et al. synthesized a biocompatible and biodegradable scaffold with PCL, PGS and POC
via electrospinning[127]. Promising in vitro results were attained as demonstrated by the
attachment and proliferation of human RPE cells on the scaffolds. In fact, Liu et al. examined
the fiber diameter influence on the human fetal RPE cells[128]. They discovered that simply
being nanoscale was insufficient, the actual diameter of the fibers mattered. Their investigation
revealed that fibers with a diameter of 200 nm were more effective in supporting the growth of
RPE cells compared to those with a diameter of 1000 nm. Increased pigmentation rate was
found to associate with PLCL fibers with smaller diameter whereas tight junction signal was

comparably more uniform on the 200nm fibers.
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To promote retinal regeneration, it became clear that a simple layer of scaffold would not
suffice to address the complexities of the retinal special structure. The arrangement of the
photoreceptors needs to be highly polarized. A solution to this challenge was developing the
“wine glass” scaffold design, which was achieved through a combination of optimized
microfabrication techniques and micro-molding (Figure 5A-1)[129]. The design provided a
high level of cell guidance by incorporating highly organized cell capture areas and narrow
basal axon extension zones. The effectiveness of the scaffold was shown by the uniform
retention of PR cells one month after seeding. However, a notable limitation of the design is

that it only accommodates a monolayer of cells.

From the perspective of retina anatomy, densely packed PR is crucial for efficient light
detection. Earlier attempts to develop a single layer of polarized photoreceptors were too
simplistic. Lee et al. came up with the “ice cube tray” structure (Figure 5J) to address the issue,
particularly targeting increasing the cell payload capacity while reducing the biomaterial
burden[130]. Experimental data showed that the ice cube tray design could accommodate 3.4-
fold more cells than the wine glass design scaffold. Additionally, it could capture
photoreceptors up to three cell layers thick. The biomaterials used in the fabrication of ice cube
tray design were estimated to be 50% less than the amount needed for the wineglass scaffold
synthesis. Interestingly, the PR axons incubated in the ice cube tray design scaffold were found
to be in a reversed polarity as opposed to those in the wineglass design scaffold. This orientation
of the PR axons was beneficial in terms of reducing barriers at the donor-host synaptic interface
and facilitating the material exchange between the donor cells and the host cells. Expanding on
the original design, Lee et al. refined it into a honeycomb scaffold capable of reconstructing a
bilayered RPE and PR cell construct (Figure SK-M)[131]. The scaffold design was proven
effective with human pluripotent stem cells-derived photoreceptors (hPSC-PRs) located

primarily in the centers of the honeycomb wells, sitting atop a uniform monolayer of RPE cells.
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Various factors must be considered to successfully replicate the native ECM and special
alignment for optimal retinal regeneration, such as reconstructing highly polarized and dense
layers, as well as the different tissue layers. Meeting spatial requirements is equally crucial for
achieving desirable results. In this context, the scaffold should be ultra-thin (under 50 pm) to
fit in vivo and must possess a balance of flexibility and mechanical strength for handling and

conforming to the retinal surface[129].
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Figure 5 A-F) Schematic depiction of the 3D microstructured scaffold preparation through
microfabrication techniques and soft molding A) Fabrication of upper reservoir using isotropic
reactive ion etching of silicon B) To finish the primary mold, anisotropic etching of silicon was
performed below the reservoir to form vertical through-holes C) Development of the secondary
mold using hard-PDMS coating, along with the pouring and curing of soft-PDMS D) Separated
the molds E) Preparation of scaffold involved pressing the secondary mold against silicon
wafer with patterned soft-PDMS, allowing the scaffold to be removed after curing F)
Lllustration of the scaffold with cell capture reservoir and micro-channel for axon extension G)
Scanning electron microscopy (SEM) image of primary mold featuring patterned photoresist
H) SEM image of secondary mold I) SEM image showing the detachment of the scaffold from
secondary mold. Figures were obtained with permission from copyright © 2018 Jung et al.,
Advanced Materials.[129] J) SEM image showing the top view of the ice cube tray scaffold.
Figure was adapted with permission from copyright © 2021 Lee et al., Science Advances.[130]
SEM images of the honeycomb scaffold K) the top view L) the bottom view M) the cross-section
view. Figures were adapted with permission from copyright © 2023 Lee et al., Bioactive

Materials.[131]

Each scaffold design displays its own advantages and limitations (Table 2), which necessitate
careful evaluation to determine the most suitable option for the retinal repair and regeneration.
Key factors to consider include the biocompatibility, severity of retinal damage, mechanical
strength of the scaffold, support for cell function, surgical handling and the importance of
customization. While there is no single scaffold type for all applications, multifunctional
scaffolds integrating immunomodulation, cell support, and mechanical robustness represent a

key direction for future development.

Table 2. Advantages and limitations of different scaffold types

Processing

Scaffolds methods

Advantages Limitations Examples
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Spin coating,
Solvent casting,
Breadth figure

- Ultrathin, won’t

- Non-permeable
(Blocks nutrient,

scaffold
- Biocompatibility
and bioactive

- Potential antigen
rejection reaction

. alter the anatomy of Polyethylene
Thin films method, Langmuir- the retina gaseous and waste terephthalate, PCL,
Schaefer . exchange) . .
.. - Suitable for RPE gelatin, alginate
deposition, culture - Unfavourable
Layer-by-layer degradation rates
assembly
o ;OszZg;bﬁ}e]S BiM - Insufficient .
Electrospinning, - Tailorable porosity. robustness for surgical
Fibrous Phase separation, foldability and > | manipulation in PLCL, PLGA, silk
mesh Non-woven o'dabiiity ultrathin thickness fibroin, PCL, PLLA
fabrication rigidity - Chemical residues
- Suitable for RPE .
toxicity
culture
- Challenging to scale
- Structures with high | up
3D printed o reproducibilit - Requires optimization
scagf)‘olds 3D printing - gan reconstr};ct for bciocompgtibility PCL, PLA
RPE layers and mechanical
strength
- Tunable porosity to | - Mechanical properties
Solvent casting and facilitate nutrient, gas | inversely prgportional
Porous particulate leaching and waste exchange to pore density and PDMS, PGS, PCL,
scaffolds Freeze drying > | - Suitable for PR sizes PET, PLLA and
] culture -Insufficient robustness | PLGA
Phase separation .
- Promotes cell-cell for surgical
interactions manipulation
Scaffolds for - Can reconstruct - Challenging to re-
multi- retinal | Micromolding multiple retinal layers | establish alignment PGS
layers between RPE and PR
- Similar to native - Weak mechanical
ECM properties for surgical
- High handling
biocompatibility - Challenging to deliver | Alginate, Pullulan
Hvdrogels Self-assembly - Oxygen and nutrient | - Premature and dextran,
yarog Freeze-drying permeable degradation rate Hyaluronan and
- More suitable for - Risk of methylcellulose
PR culture cryopreservation
- Mimics BrM damage (ice crystal
softness formation)
- Existing native - Limited supply
structure )
- Suitable as RPE - Inconsistent feeds.tock Bovine, murine and
dECM Decellularization - Non-autologous tissue ’

porcine retinas

5.5. Electrically Conductive Scaffolds

In addition to addressing the essential requirements for retinal repair

and regeneration,

researchers are also motivated to accelerate the recovery process. There is a clear shift from

relying on bioinert and biocompatible materials towards the use of bioactive materials[132].
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Likewise, bioactive materials that offer additional functions, such as conductivity and
photoresponsivity, are increasingly preferred for retinal tissue engineering. Here, we discuss
the potential of electrical stimulation via conductive scaffolds, as it has been reported to
enhance cellular adhesion and maturation, boosting the regeneration of the neural

networks[133].

Conductive polymers such as polyaniline (PANI) and polypyrrole (PPy) exhibit good
biocompatibility and are often candidates for conductive biomaterials. Li et al. coated electro-
spun PCL with PANI and seeded it with human umbilical vein endothelial cells (HUVECs:),
which exhibits good viability of cell proliferation and maturation with electrical
stimulation[134]. Physical support and anchorage of RPE onto BrM are an integral part of
retina repair. In many cases where AMD occurs, the loss of eyesight is primarily due to the
detachment and death of RPE. Khodamoradi et al. build on a previous study to develop a PANI/
gelatin nanofiber for their electro-conductive scaffold region in the fabrication of artificial
BrM[135]. Conductive PANI nanofibers not only offer conductivity but also better mechanical
properties. Electroconductive nanofiber sheets in a multi-layered scaffold mimic the layers of
collagenous layers in the native BrM. PAG3 exhibits an electrical conductivity of 1.84 S/cm,
which is almost the native value of 2.5- 5 S/cm, and its mechanical enhancement was of key

significance to the cell proliferation.

Carbon nanotubes (CNTs) in neural tissue engineering have been reported to improve electrical
activities in cultured neural cells and influence the mechanical and degradation properties as
well as the topology[136-139]. Yang et al. developed a retinal sheet scaffold by electrospinning
CNTs with PLGA and subsequently seeded it with stem-cells-derived retinal organoids (Figure
6A)[140]. The addition of CNT increases the electrical conductivity of PLGA by 16%. The
enhanced electrical stimulation resulted in an increase in dendrite length, branches, and
intersections when the human induced pluripotent stem cells (hiPSCs) differentiated into RGCs
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fate, as compared to the PLGA scaffold. Furthermore, the neuron differentiation of the scaffolds
was evaluated with cell staining of neuron-specific markers such as Brn-3 and B-III-tubulin
(Figure 6B 1,11). The early development of neurons can be observed over 21 days. The cells on

CNT-PLGA exhibited dendrite networks and axon-like structures extensively.

Although the development of conductive scaffolds for the retina is in its infancy, it has garnered
significant research in the areas of bone healing, neural regeneration, muscular, and cardiac
repair[141, 142]. By simulating the body’s natural electrical cues through conductive/
electroactive scaffolds, the cellular growth and maturation of tissues can be significantly
enhanced. It can also facilitate cellular function by mimicking in vivo brain stimulation in in
vitro models[143]. Specifically to retinal tissues, Yu et al. demonstrated improvements in
photoreceptor survival and retinal functions in models with photoreceptor degeneration using
electrical stimulation[144]. With the rise in this field of research, conductive scaffolds can be

derived from various materials with a wide range of tunability to accommodate specific tissue
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engineering applications (Figure 6C)[145].

Figure 6 A) Schematic diagram of CNT-PLGA scaffold preparation for retinal regeneration,
B) DAPI, Brn-3 and B-IlI-tubulin staining of cells to observe the dendrite formation and
networking. Figures were obtained with permission from copyright © 2021 Yang et al.,
American Chemical Society.[140] C) A summary on the different electroactive biomaterials

and its possible tunability to match the tissue engineering applications.

5.6 Photoresponsive Scaffolds

Aside from conductive function, equipping the scaffold with photoresponsive property can be
an approach to tackle the major challenges of retina repair such as cellular disorganization,
incomplete maturation to fated cells and non-uniform cell densities[146]. Light stimuli can
alter the mechanical properties of scaffolds to stiffen or soften accordingly, or to induce
biochemical reactions to release or bind molecules[147-149]. In this section, we explore light
stimuli strategies that can be potentially translated and introduced to retina repair in the near

future.
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In regenerating retina tissues, the BrM 1is an integral part of the cellular attachment[112].
However, its artificial membrane properties may not be similar to those that would benefit the
growth of RPE or PR. The eventual degradation of cell scaffolds also increases the complexity
of the system. As a result, 3D scaffolding approaches or composite scaffolds have been
explored. Masaeli et al. bio-printed a carrier-free 3D retina tissue model for disease model
studies that had considerable formation of a functional RPE and PR in their respective printed
layers[150]. Lee et al. developed biodegradable scaffolds for high-density PR replacements
through a multi-layer microfabrication and micromolding process[130]. In this approach,
photosensitive scaffolds can potentially manipulate composite scaffolds to tune their photo-
crosslinks in layers to cater to different structures, porosity, and degradation. The gradient
characteristics of porosity and mechanical properties can benefit various biological

processes[151, 152].

Complex native structures can benefit from targeted photosensitivity to localized cells in its
fabrication. Cai et al. developed a hydrogel scaffold with photo-immobilized adhesive proteins
localized on the inside of the conduit design for spinal cord injury repair[153]. Protein-guided
cell adhesion via phenyl azide and collagen promotes controlled tissue engineering with spatial
configuration, and orientation regeneration of neurons. Photodegradation offers an avenue to
control the rate of hydrogel degradation, which can regulate cell maturation in tissue
engineering scaffolds[154-156]. Villiou et al. developed hydrogels that are able to encapsulate

cells and release as well as degrade slowly upon light exposure[157].

Light can induce polymer changes through photocleaving, photoisomerization and
photopolymerization. In addition to influencing the mechanical properties of scaffolds,
biochemical cues such as the release of growth factors or proteins can promote cell
differentiation towards its desired fate and orientation. This can be explored for retina tissues,
as PR and RPE are expressed differently from each other. Furthermore, cellular organization
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and density can be improved with the controlled representation or release of the specified
growth factors and proteins. Compared to another external stimulus, the usage of light can be
straightforward and user-defined. The duration of exposure, intensity, frequency and
wavelength can all be tuned to match the needs of the scaffold. Azagarsamy et al. developed
nitrobenzyl and coumarin-based photocleavable molecular moieties that respond to different
wavelengths of 405nm and 365nm, respectively[158]. Upon exposure to these wavelengths,
respective proteins can be released from the pre-loaded hydrogel depot, which can be
controlled to trigger protein signalling in cells. Mosiewicz et al. successfully used a photolabile
cage to mask an enzymatic peptide substrate, and the enzyme-mediated bioconjugation could
be controlled by light exposure[159]. This results in highly localized tethering of biomolecules
that can be applied to any desired proteins. These studies demonstrated that photochemistry

can be incorporated to facilitate spatiotemporal signalling in tissue engineering.

Photoresponsive scaffolds allow various modifications to accommodate the complexity of the
innate retina tissues, especially in limited space and size. In addition, there are extensive
strategies and libraries of photochemical moieties that can be incorporated to fit the
microenvironment. The versatility and modularity of these linkages, caging, and conjugations
can initiate platforms that guide cellular growth towards a more tissue-like function and

structure[160].

5.7 Translational Barriers and Solutions for Scaffold-Based Retinal Cell Implantation in

Clinical Trials

The clinical translation of scaffold-based cell transplantation for retinal degenerative diseases
faces several hurdles, including surgical delivery challenges, immune response management,
regulatory complexities, and manufacturing scalability. Delivering scaffolds into the subretinal

space requires precise, minimally invasive techniques to avoid trauma and ensure correct
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implant positioning and orientation. To address this, several custom devices and tools —such
as fluid injection systems for scaffold-free methods[161], forceps for foldable scaffolds[162],
and shooter devices for rigid patches[163, 164]—have been developed. Key factors include
optimizing scaffold design for strength, flexibility, and cell adhesion, while ensuring surgery
minimizes retinal damage and cell loss. Post-implantation immune reactions such as
inflammation, rejection, or fibrosis challenge the long-term survival of grafts. Most clinical
trials using allogeneic hESC- or iPSC-derived RPE cells require systemic immunosuppression,
which poses risks and compliance issues, especially in elderly patients[162, 163, 165-167]. The
scaffold’s composition is also crucial: biostable scaffolds may cause chronic inflammation if
not sufficiently porous, and biodegradable scaffolds can release products (such us lactic acid
and glycolic acid from PLGA) which may trigger inflammation or alter the pH[86]. Ongoing
research into hypoimmunogenic (HLA/MHC knockout) retinal cells and immunomodulatory
scaffolds is promising but remains preclinical[168-170]. Regulatory frameworks for scaffold-
based cell therapies are complex. Ensuring compliance with current Good Manufacturing
Practice (cGMP) standards is key for safety, purity, and efficacy. Agencies also require rigorous
characterization of scaffold materials, cell sources, and the integration of cell therapy in a long-
term follow-up duration. The scalable production of clinical-grade retinal cell-scaffold
constructs faces hurdles in terms of differentiation efficiency, purity, quality control, and
process automation[171]. Most ongoing clinical trials still rely on manual purification;
however, automated cell culture, robotics, bioprinting, and microcarrier technologies are under
exploration[172, 173]. Additionally, the ability to cryopreserve "ready-to-use" retinal cells,
especially sheets or scaffolded constructs, is a remaining challenge due to potential damage
during freezing and thawing, particularly for multicenter clinical studies. Overall, overcoming
these barriers requires coordinated advances in biomaterials, immunology, surgical innovation,

regulatory science, and biomanufacturing.
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6. Conclusion and Perspectives

Retinal degenerative diseases, set to increase with global ageing, require innovative solutions
in the upcoming years. This review summarizes the various strategies explored in retinal tissue
engineering, particularly in the aspects of scaffold designs, which bridge biomaterial
innovation with the retina’s unique structural and functional complexity. The approaches
involve materials selection to more complex designs of replicating the native environment in
terms of structural and mechanical properties, as well as creating designs that facilitate co-
culture to accelerate repair. By prioritizing biomimetic design—from Bruch’s membrane-
mimetic hydrogels to electrospun nanofibers replicating photoreceptor alignment—researchers
are now engineering scaffolds that are not only biocompatible and biodegradable but also foster
cellular crosstalk through co-culturing architectures. Beyond these considerations, other
features may play a greater role in future scaffold designs. For instance, a conductive scaffold
can support electrical stimuli to promote the repair and regeneration. Light stimulation can
tailor the mechanical properties of the scaffold or even trigger biochemical reactions to release
or bind molecules. While the development of conductive and photoresponsive scaffolds are
still in its infancy, they are promising tools to help create advanced scaffolds capable of

addressing the complexity of the retina.

Scaffold development for retinal repair presents unique challenges, particularly due to the
subretinal space’s confined anatomy, which necessitates ultra-thin, shape-adaptable scaffolds.
To enable accurate and minimally invasive placement, scaffold architecture must be optimized
for precise deployment. A recent study reported the development of ultrathin porous
membranes with shape memory properties for retinal tissue engineering[123], which presents
a promising advancement that could reshape future scaffold design for retinal repair. Another

critical factor in successful retinal repair is the integration between the scaffold and the host
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tissue. Age-related stiffening of BrM has been shown to disrupt the phagocytic activity of RPE
cells, contributing to the onset of macular degeneration[120]. Future scaffolds might include
stiffness gradients or enzymatic degradation triggers to align with the changing mechanics of
host tissues. Moreover, the emergence of organic semiconductors in artificial retinas presents
a convergence opportunity: conductive scaffolds could work alongside bioelectronic interfaces
to reestablish both structural and electrophysiological connectivity in advanced stages of
disease. A thorough understanding of these biomechanical changes will be crucial in informing
scaffold design to promote tissue-scaffold integration and enhance functional retinal

regeneration.

Looking ahead, scalable fabrication methods (e.g., 3D bioprinting with retinal progenitor cells)
and patient-specific scaffolds tailored to genetic profiles may unlock personalized therapies.
For instance, the treatment can be customized according to the age of the patient and the
severity of the retinal damage to promote faster recovery. Meanwhile, leveraging multi-omics
data to refine scaffold bioactivity, such as incorporating anti-inflammatory cytokines for AMD
or neurotrophic factors for photoreceptor survival, will be pivotal. As these technologies
mature, interdisciplinary collaboration among material scientists, clinicians, and regulatory
bodies will accelerate translation, ultimately transforming retinal tissue engineering from

experimental promise into sight-restoring reality.

39



CRediT authorship contribution statement

Pei Lin Chee: Conceptualization, Writing - original draft, Writing — review and editing. Ming
Hao: Writing - original draft. Gaodan Liu: Writing - original draft. Pek Yin Michelle Yew:
Writing - original draft. Eunjin Kim: Writing - original draft. Hang Liu: Writing - original
draft. Thenapakiam Sathasivam: Writing - original draft. Guojie Xu: Writing - original draft.
Zengping Liu: Conceptualization, Writing — review and editing, Supervision. Dan Kai:

Conceptualization, Writing — review and editing, Supervision.

Conflicts of interest

The authors declare that they have no known competing financial interests or personal

relationships that could have influence the work reported in this paper.

Acknowledgements

This work was supported by the National Medical Research Council (NMRC), Singapore,
under its Clinician Scientist-Individual Research Grant (MOH-001357-00). This Research was
financially supported by the RIE2025 Manufacturing, Trade and Connectivity (MTC)
Individual Research Grants (M22K2c0085) and Programmatic Funding (Grant No.
M2502b0016), administered by the Agency of Science, Technology and Research

(A*STAR), Singapore.

40



References

[1]A. Stahl, The Diagnosis and Treatment of Age-Related Macular Degeneration, Dtsch Arztebl Int
117(29-30) (2020) 513-520.https://doi.org/10.3238/arztebl.2020.0513

[2] B. Jiang, C. Jiang, J. Li, P. Lu, Trends and disparities in disease burden of age-related macular
degeneration from 1990 to 2019: Results from the global burden of disease study 2019, Frontiers
in Public Health 11 (2023).https://doi.org/10.3389/fpubh.2023.1138428

[3] M. Fleckenstein, T.D.L. Keenan, R.H. Guymer, U. Chakravarthy, S. Schmitz-Valckenberg, C.C.
Klaver, W.T. Wong, E.Y. Chew, Age-related macular degeneration, Nature Reviews Disease Primers
7(1) (2021) 31.https://doi.org/10.1038/s41572-021-00265-2

[4] W.L. Wong, X. Su, X. Li, C.M.G. Cheung, R. Klein, C.-Y. Cheng, T.Y. Wong, Global prevalence of
age-related macular degeneration and disease burden projection for 2020 and 2040: a
systematic review and meta-analysis, The Lancet Global Health 2(2) (2014) e106-
e116.https://doi.org/10.1016/52214-109X(13)70145-1

[51 M.A. Amini, A. Karbasi, M. Vahabirad, M. Khanaghaei, A. Alizamir, Mechanistic Insight into Age-
Related Macular Degeneration (AMD): Anatomy, Epidemiology, Genetics, Pathogenesis,
Prevention, Implications, and Treatment Strategies to Pace AMD Management, Chonnam Med J
59(3) (2023) 143-159.https://doi.org/10.4068/cmj.2023.59.3.143

[6]S. Day, K. Acquah, P. Mruthyunjaya, D.S. Grossman, P.P. Lee, F.A. Sloan, Ocular complications
after anti-vascular endothelial growth factor therapy in medicare patients with age-related
macular degeneration, American journal of ophthalmology 152(2) (2011) 266-272.

[7]1 R.D. Jager, L.P. Aiello, S.C. Patel, E.T. Cunningham Jr, Risks of intravitreous injection: a
comprehensive review, Retina 24(5) (2004) 676-698.

[8] L. Ferro Desideri, D. Artemieyv, E. Bernardi, K. Paschon, S. Zandi, M. Zinkernagel, R. Anguita,
Investigational drugs inhibiting complement for the treatment of geographic atrophy, Expert
Opinion on Investigational Drugs 32(11) (2023) 1009-
1016.https://doi.org/10.1080/13543784.2023.2276759

[9] X. Fei, S. Jung, S. Kwon, J. Kim, TW. Corson, S.-Y. Seo, Challenges and opportunities of
developing small-molecule therapies for age-related macular degeneration, Archives of
Pharmacal Research (2024) 1-20.

[10] D. Dhurandhar, N.K. Sahoo, |I. Mariappan, R. Narayanan, Gene therapy in retinal diseases: A
review, Indian Journal of Ophthalmology 69(9) (2021) 2257-
2265.https://doi.org/10.4103/ijo.1JO_3117_20

[11] P.A. Campochiaro, Q.D. Nguyen, S.M. Shah, M.L. Klein, E. Holz, R.N. Frank, D.A. Saperstein,
A. Gupta, J.T. Stout, J. Macko, Adenoviral vector-delivered pigment epithelium-derived factor for
neovascular age-related macular degeneration: results of a phase | clinical trial, Human gene
therapy 17(2) (2006) 167-176.

[12] I.J. Constable, C.-M. Lai, A.L. Magno, M.A. French, S.B. Barone, S.D. Schwartz, M.S.
Blumenkranz, M.A. Degli-Esposti, E.P. Rakoczy, Gene therapy in neovascular age-related macular
degeneration: three-year follow-up of a phase 1 randomized dose escalation trial, American
Journal of Ophthalmology 177 (2017) 150-158.

[13] J.S. Heier, S. Kherani, S. Desai, P. Dugel, S. Kaushal, S.H. Cheng, C. Delacono, A. Purvis, S.
Richards, A. Le-Halpere, Intravitreous injection of AAV2-sFLTO1 in patients with advanced
neovascular age-related macular degeneration: a phase 1, open-label trial, The Lancet
390(10089) (2017) 50-61.

[14] Q. Tang, F. Buonfiglio, EW. Bohm, L. Zhang, N. Pfeiffer, C.A. Korb, A. Gericke, Diabetic
Retinopathy: New Treatment Approaches Targeting Redox and Immune Mechanisms,
Antioxidants 13(5) (2024) 594.

[15] Y. Tian, R. Davis, M.R. Zonca Jr, J.H. Stern, S. Temple, Y. Xie, Screening and optimization of
potential injection vehicles for storage of retinal pigment epithelial stem cell before
transplantation, Journal of Tissue Engineering and Regenerative Medicine 13(1) (2019) 76-86.

41


https://doi.org/10.3238/arztebl.2020.0513
https://doi.org/10.3389/fpubh.2023.1138428
https://doi.org/10.1038/s41572-021-00265-2
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.4068/cmj.2023.59.3.143
https://doi.org/10.1080/13543784.2023.2276759
https://doi.org/10.4103/ijo.IJO_3117_20

[16] A. Sharma, B.G. Jaganathan, Stem cell therapy for retinal degeneration: the evidence to date,
Biologics: Targets and Therapy (2021) 299-306.

[17] A.H. Kashani, J.S. Lebkowski, F.M. Rahhal, R.L. Avery, H. Salehi-Had, W. Dang, C.-M. Lin, D.
Mitra, D. Zhu, B.B. Thomas, A bioengineered retinal pigment epithelial monolayer for advanced,
dry age-related macular degeneration, Science Translational Medicine 10(435) (2018) eaa04097.
[18] L.J. Rizzolo, I.0. Nasonkin, R.A. Adelman, Retinal Cell Transplantation, Biomaterials, and In
Vitro Models for Developing Next-generation Therapies of Age-related Macular Degeneration,
Stem Cells Translational Medicine 11(3) (2022) 269-281.https://doi.org/10.1093/stcltm/szac001
[19] B. Molins, A. Rodriguez, V. Lloreng, A. Adan, Biomaterial engineering strategies for modeling
the Bruch’s membrane in age-related macular degeneration, Neural Regeneration Research
19(12) (2024).

[20] H. Khalili, H.H. Kashkoli, D.E. Weyland, S. Pirkalkhoran, W.R. Grabowska, Advanced Therapy
Medicinal Products for Age-Related Macular Degeneration; Scaffold Fabrication and Delivery
Methods, Pharmaceuticals 16(4) (2023) 620.

[21] S. Bagewadi, S. Parameswaran, S. Krishnakumar, S. Sethuraman, A. Subramanian, Tissue
engineering approaches towards the regeneration of biomimetic scaffolds for age-related
macular degeneration, J Mater Chem B 9(30) (2021) 5935-
5953.https://doi.org/10.1039/d1tb00976a

[22] N. Jemni-Damer, A. Guedan-Duran, M. Fuentes-Andion, N. Serrano-Bengoechea, N.
Alfageme-Lopez, F. Armada-Maresca, G.V. Guinea, J. Pérez-Rigueiro, F. Rojo, D. Gonzalez-Nieto,
Biotechnology and biomaterial-based therapeutic strategies for age-related macular
degeneration. Part I: Biomaterials-based drug delivery devices, Frontiers in Bioengineering and
Biotechnology 8 (2020) 549089.https://doi.org/10.3389/fbioe.2020.549089

[23] S. Sasseville, S. Karami, A. Tchatchouang, P. Charpentier, P. Anney, D. Gobert, S. Proulx,
Biomaterials used for tissue engineering of barrier-forming cell monolayers in the eye, Frontiers
in Bioengineering and Biotechnology 11 (2023).https://doi.org/10.3389/fhioe.2023.1269385

[24] S. Yang, J. Zhou, D. Li, Functions and diseases of the retinal pigment epithelium, Frontiers in
pharmacology 12 (2021) 727870.

[25] O. Strauss, The retinal pigment epithelium in visual function, Physiological reviews (2005).
[26] W.N. Grimes, A. Songco-Aguas, F. Rieke, Parallel processing of rod and cone signals: retinal
function and human perception, Annual review of vision science 4(1) (2018) 123-141.

[27] E.R. West, C.L. Cepko, Development and diversification of bipolar interneurons in the
mammalian retina, Developmental biology 481 (2022) 30-42.

[28] U.S. Kim, O.A. Mahroo, J.D. Mollon, P. Yu-Wai-Man, Retinal ganglion cells—diversity of cell
types and clinical relevance, Frontiers in neurology 12 (2021) 661938.

[29]).D. Steinmetz, R.R. Bourne, P.S. Briant, S.R. Flaxman, H.R. Taylor, J.B. Jonas, A.A. Abdoli, W.A.
Abrha, A. Abualhasan, E.G. Abu-Gharbieh, Causes of blindness and vision impairment in 2020
and trends over 30 years, and prevalence of avoidable blindness in relation to VISION 2020: the
Right to Sight: an analysis for the Global Burden of Disease Study, The Lancet Global Health 9(2)
(2021) e144-e160.

[30] M. Fleckenstein, S. Schmitz-Valckenberg, U. Chakravarthy, Age-Related Macular
Degeneration: A Review, JAMA 331(2) (2024) 147-157.https://doi.org/10.1001/jama.2023.26074
[31] D.S.W. Ting, CX.-L. Cheung, G. Lim, G.S.W. Tan, N.D. Quang, A. Gan, H. Hamzah, R. Garcia-
Franco, LY. San Yeo, SY. Lee, Development and validation of a deep learning system for diabetic
retinopathy and related eye diseases using retinal images from multiethnic populations with
diabetes, Jama 318(22) (2017) 2211-2223.

[32] D.S.W. Ting, G.C.M. Cheung, TY. Wong, Diabetic retinopathy: global prevalence, major risk
factors, screening practices and public health challenges: a review, Clinical & experimental
ophthalmology 44(4) (2016) 260-277.

42


https://doi.org/10.1093/stcltm/szac001
https://doi.org/10.1039/d1tb00976a
https://doi.org/10.3389/fbioe.2020.549089
https://doi.org/10.3389/fbioe.2023.1269385
https://doi.org/10.1001/jama.2023.26074

[33] R. Sim¢, C. Hernandez, E.C.f.t.E.T.0.D. Retinopathy, Neurodegeneration is an early event in
diabetic retinopathy: therapeutic implications, British Journal of Ophthalmology 96(10) (2012)
1285-1290.

[34] E. Gucciardo, S. Loukovaara, P. Salven, K. Lehti, Lymphatic Vascular Structures: A New
Aspect in Proliferative Diabetic Retinopathy, International Journal of Molecular Sciences 19(12)
(2018) 4034.https://doi.org/10.3390/ijms19124034

[35] P.N. Baird, S.-M. Saw, C. Lanca, J.A. Guggenheim, E.L. Smith Ill, X. Zhou, K.-O. Matsui, P.-C.
Wou, P. Sankaridurg, A. Chia, Myopia, Nature reviews Disease primers 6(1) (2020) 99.

[36] J. Németh, B. Tapaszto, W.A. Aclimandos, P. Kestelyn, J.B. Jonas, J.-T.H. De Faber, I.
Januleviciene, A. Grzybowski, Z.Z. Nagy, O. Parssinen, Update and guidance on management of
myopia. European Society of Ophthalmology in cooperation with International Myopia Institute,
European Journal of Ophthalmology 31(3) (2021) 853-883.

[37] G.P. Tuohy, R. Megaw, A systematic review and meta-analyses of interventional clinical trial
studies for gene therapies for the inherited retinal degenerations (IRDs), Biomolecules 11(5)
(2021) 760.

[38] F. Newton, R. Megaw, Mechanisms of Photoreceptor Death in Retinitis Pigmentosa, Genes
11(10) (2020) 1120.https://doi.org/10.3390/genes11101120

[39] K.J. Wert, J.H. Lin, S.H. Tsang, General pathophysiology in retinal degeneration,
Developments in ophthalmology 53 (2014) 33.

[40] K.S. Cornish, J. Ho, S. Downes, N.W. Scott, J. Bainbridge, N. Lois, The epidemiology of
Stargardt disease in the United Kingdom, Ophthalmology Retina 1(6) (2017) 508-513.

[41]Y. Zhou, L. Huang, Y. Xie, W. Liu, S. Zhang, L. Liu, P. Lin, N. Li, Clinical and genetic studies for
a cohort of patients with Leber congenital amaurosis, Graefe's Archive for Clinical and
Experimental Ophthalmology (2024) 1-10.

[42] N. Kumaran, A.T. Moore, R.G. Weleber, M. Michaelides, Leber congenital amaurosis/early-
onset severe retinal dystrophy: clinical features, molecular genetics and therapeutic
interventions, British Journal of Ophthalmology 101(9) (2017) 1147-
1154.https://doi.org/10.1136/bjophthalmol-2016-309975

[43] S. Sonoda, C. Spee, E. Barron, S.J. Ryan, R. Kannan, D.R. Hinton, A protocol for the culture
and differentiation of highly polarized human retinal pigment epithelial cells, Nature protocols
4(5) (2009) 662-673.

[44] M. Idelson, R. Alper, A. Obolensky, E. Ben-Shushan, I. Hemo, N. Yachimovich-Cohen, H.
Khaner, Y. Smith, O. Wiser, M. Gropp, Directed differentiation of human embryonic stem cells into
functional retinal pigment epithelium cells, Cell stem cell 5(4) (2009) 396-408.

[45] ).S. Meyer, R.L. Shearer, E.E. Capowski, L.S. Wright, K.A. Wallace, E.L. McMillan, S.-C. Zhang,
D.M. Gamm, Modeling early retinal development with human embryonic and induced pluripotent
stem cells, Proceedings of the National Academy of Sciences 106(39) (2009) 16698-16703.

[46] S.D. Schwartz, C.D. Regillo, B.L. Lam, D. Eliott, P.J. Rosenfeld, N.Z. Gregori, J.-P. Hubschman,
J.L. Davis, G. Heilwell, M. Spirn, Human embryonic stem cell-derived retinal pigment epithelium
in patients with age-related macular degeneration and Stargardt's macular dystrophy: follow-up
of two open-label phase 1/2 studies, The Lancet 385(9967) (2015) 509-516.

[47] ). Ribeiro, C.A. Procyk, E.L. West, M. O’Hara-Wright, M.F. Martins, M.M. Khorasani, A. Hare,
M. Basche, M. Fernando, D. Goh, Restoration of visual function in advanced disease after
transplantation of purified human pluripotent stem cell-derived cone photoreceptors, Cell
reports 35(3) (2021).

[48] E. Aboualizadeh, M.J. Phillips, J.E. McGregor, D.A. DiLoreto, J.M. Strazzeri, K.R. Dhakal, B.
Bateman, L.D. Jager, K.L. Nilles, S.A. Stuedemann, Imaging transplanted photoreceptors in living
nonhuman primates with single-cell resolution, Stem Cell Reports 15(2) (2020) 482-497.

[49] S. Lingam, Z. Liu, B. Yang, W. Wong, B.H. Parikh, JY. Ong, D. Goh, D.S.L. Wong, Q.S.W. Tan,
G.S. Tan, cGMP-grade human iPSC-derived retinal photoreceptor precursor cells rescue cone
photoreceptor damage in non-human primates, Stem Cell Research & Therapy 12 (2021) 1-14.

43


https://doi.org/10.3390/ijms19124034
https://doi.org/10.3390/genes11101120
https://doi.org/10.1136/bjophthalmol-2016-309975

[50]Y. Hirami, M. Mandai, S. Sugita, A. Maeda, T. Maeda, M. Yamamoto, H. Uyama, S. Yokota, M.
Fujihara, M. Igeta, Safety and stable survival of stem-cell-derived retinal organoid for 2 years in
patients with retinitis pigmentosa, Cell Stem Cell 30(12) (2023) 1585-1596. e6.

[51] P. Venugopalan, Y. Wang, T. Nguyen, A. Huang, K.J. Muller, J.L. Goldberg, Transplanted
neurons integrate into adult retinas and respond to light, Nature communications 7(1) (2016)
10472.

[52] Y.-R. Wu, T. Hashiguchi, J. Sho, S.-H. Chiou, M. Takahashi, M. Mandai, Transplanted Mouse
Embryonic Stem Cell-Derived Retinal Ganglion Cells Integrate and Form Synapses in a Retinal
Ganglion Cell-Depleted Mouse Model, Investigative Ophthalmology & Visual Science 62(13)
(2021) 26-26.https://doi.org/10.1167/iovs.62.13.26

[53] B. Lu, P. Avalos, S. Svendsen, C. Zhang, L. Nocito, M.K. Jones, C. Pieplow, J. Saylor, S. Ghiam,
A. Block, GMP-grade human neural progenitors delivered subretinally protect vision in rat model
of retinal degeneration and survive in minipigs, Journal of Translational Medicine 21(1) (2023) 650.
[54] B.D. Kuppermann, D.S. Boyer, B. Mills, J. Yang, H.J. Klassen, Safety and Activity of a Single,
Intravitreal Injection of Human Retinal Progenitor Cells (jCell) for Treatment of Retinitis
Pigmentosa (RP), Investigative Ophthalmology & Visual Science 59(9) (2018) 2987-2987.

[55] S. Tao, C. Young, S. Redenti, Y. Zhang, H. Klassen, T. Desai, M.J. Young, Survival, migration
and differentiation of retinal progenitor cells transplanted on micro-machined poly (methyl
methacrylate) scaffolds to the subretinal space, Lab on a Chip 7(6) (2007) 695-701.

[56] C.H. Peng, J.H. Chuang, M.L. Wang, Y.. Jhan, K.H. Chien, Y.C. Chung, K.H. Hung, C.C. Chang,
C.K. Lee, W.L. Tseng, D.K. Hwang, C.H. Hsu, T.C. Lin, S.H. Chiou, S.J. Chen, Laminin modification
subretinal bio-scaffold remodels retinal pigment epithelium-driven microenvironment in vitro
and in vivo, Oncotarget 7(40) (2016) 64631-64648.https://doi.org/10.18632/oncotarget.11502
[57] P. Chocholata, V. Kulda, V. Babuska, Fabrication of Scaffolds for Bone-Tissue Regeneration,
Materials (Basel) 12(4) (2019) 568-.https://doi.org/10.3390/ma12040568

[58] M. Krishani, W.. Shin, H. Suhaimi, N.S. Sambudi, Development of Scaffolds from Bio-Based
Natural Materials for Tissue Regeneration Applications: A Review, Gels 9(2) (2023)
100.https://doi.org/10.3390/gels9020100

[59] Y. Huang, S. Onyeri, M. Siewe, A. Moshfeghian, S.\V. Madihally, In vitro characterization of
chitosan-gelatin scaffolds for tissue engineering, Biomaterials 26(36) (2005) 7616-
7627.https://doi.org/10.1016/j.biomaterials.2005.05.036

[60] V. Sencadas, D.M. Correia, C. Ribeiro, S. Moreira, G. Botelho, J.L. Goémez Ribelles, S.
Lanceros-Mendez, Physical-chemical properties of cross-linked chitosan electrospun fiber
mats, Polymer testing 31(8) (2012) 1062-
1069.https://doi.org/10.1016/j.polymertesting.2012.07.010

[61] G.K. Srivastava, D. Rodriguez-Crespo, A.K. Singh, C. Casado-Coterillo, I. Fernandez-Bueno,
M.T. Garcia-Gutierrez, J. Coronas, J.C. Pastor, Chitosan Feasibility to Retain Retinal Stem Cell
Phenotype and Slow Proliferation for Retinal Transplantation, Biomed Res Int 2014 (2014)
287896-10.https://doi.org/10.1155/2014/287896

[62] B. Noorani, F. Tabandeh, F. Yazdian, Z.-S. Soheili, M. Shakibaie, S. Rahmani, Thin natural
gelatin/chitosan nanofibrous scaffolds for retinal pigment epithelium cells, International journal
of polymeric materials 67(12) (2018) 754-763.https://doi.org/10.1080/00914037.2017.1362639
[63] F.K. Andrade, R. Costa, L. Domingues, R. Soares, M. Gama, Improving bacterial cellulose for
blood vessel replacement: Functionalization with a chimeric protein containing a cellulose-
binding module and an adhesion peptide, Acta Biomater 6(10) (2010) 4034-
4041.https://doi.org/10.1016/j.actbio.2010.04.023

[64]S. Gongalves, J. Padrao, I.s.P.c. Rodrigues, J.0.P. Silva, V.t. Sencadas, S. Lanceros-Mendez, H.
Girao, F. Dourado, L.g.R. Rodrigues, Bacterial Cellulose As a Support for the Growth of Retinal
Pigment Epithelium, Biomacromolecules 16(4) (2015) 1341-
1351.https://doi.org/10.1021/acs.biomac.5b00129

44


https://doi.org/10.1167/iovs.62.13.26
https://doi.org/10.18632/oncotarget.11502
https://doi.org/10.3390/ma12040568
https://doi.org/10.3390/gels9020100
https://doi.org/10.1016/j.biomaterials.2005.05.036
https://doi.org/10.1016/j.polymertesting.2012.07.010
https://doi.org/10.1155/2014/287896
https://doi.org/10.1080/00914037.2017.1362639
https://doi.org/10.1016/j.actbio.2010.04.023
https://doi.org/10.1021/acs.biomac.5b00129

[65] S. Gongalves, I.P. Rodrigues, J. Padrao, J.P. Silva, V. Sencadas, S. Lanceros-Mendez, H. Girao,
F.M. Gama, F. Dourado, L.R. Rodrigues, Acetylated bacterial cellulose coated with urinary
bladder matrix as a substrate for retinal pigment epithelium, Colloids Surf B Biointerfaces 139
(2016) 1-9.https://doi.org/10.1016/j.colsurfb.2015.11.051

[66] P. Aramwit, 1 - Introduction to biomaterials for wound healing, Elsevier Ltd2016.

[67] S.M. Jeong, EY. Kim, J.H. Hwang, G.. Lee, S.J. Cho, J.Y. Bae, J.E. Song, K.H. Yoon, C.K. Joo, D.
Lee, G. Khang, A Study on Proliferation and Behavior of Retinal Pigment Epithelial Cells on Purified
Alginate Films, Int J Stem Cells 4(2) (2011) 105-112.https://doi.org/10.15283/ijsc.2011.4.2.105
[68] N.C. Hunt, D. Hallam, A. Karimi, C.B. Mellough, J. Chen, D.H.W. Steel, M. Lako, 3D culture of
human pluripotent stem cells in RGD-alginate hydrogel improves retinal tissue development,
Acta Biomater 49 (2017) 329-343.https://doi.org/10.1016/j.acthio.2016.11.016

[69] B. Molins, A. Rodriguez, V. Lloreng, A. Adan, Biomaterial engineering strategies for modeling
the Bruch's membrane in age-related macular degeneration, Neural Regen Res 19(12) (2024)
2626-2636.https://doi.org/10.4103/NRR.NRR-D-23-01789

[70] A.M.A. Shadforth, K.A. George, A.S. Kwan, TV. Chirila, D.G. Harkin, The cultivation of human
retinal pigment epithelial cells on Bombyx mori silk fibroin, Biomaterials 33(16) (2012) 4110-
4117.https://doi.org/10.1016/j.biomaterials.2012.02.040

[71] T.l. Harris, C.A. Paterson, F. Farjood, I.D. Wadsworth, L. Caldwell, RV. Lewis, J.A. Jones, E.
Vargis, Utilizing Recombinant Spider Silk Proteins To Develop a Synthetic Bruch’s Membrane for
Modeling the Retinal Pigment Epithelium, ACS Biomater. Sci. Eng 5(8) (2019) 4023-
4036.https://doi.org/10.1021/acsbiomaterials.9b00183

[72]T. Yucel, M.L. Lovett, D.L. Kaplan, Silk-based biomaterials for sustained drug delivery, Journal
of Controlled Release 190 (2014) 381-397.

[73] S.i. Kim, GY. Jeon, S.E. Kim, S.H. Choe, S.J. Kim, J.S. Seo, TW. Kang, J.E. Song, G. Khang,
Injectable Hydrogel Based on Gellan Gum/Silk Sericin for Application as a Retinal Pigment
Epithelium Cell Carrier, ACS Omega 7(45) (2022) 41331-
41340.https://doi.org/10.1021/acsomega.2c05113

[74] M.D. Shoulders, R.T. Raines, Collagen structure and stability, Annual review of biochemistry
78(1) (2009) 929-958.

[75] C.A. Curcio, M. Johnson, Structure, function, and pathology of Bruch’s membrane, Retina
1(Part 2) (2013) 466-481.https://doi.org/10.1016/B978-1-4557-0737-9.00020-5

[76] I.N. Amirrah, Y. Lokanathan, I. Zulkiflee, M. Wee, A. Motta, M.B. Fauzi, A Comprehensive
Review on Collagen Type | Development of Biomaterials for Tissue Engineering: From
Biosynthesis to Bioscaffold, Biomedicines 10(9)
(2022).https://doi.org/10.3390/biomedicines10092307

[77] J.T. Lu, C.J. Lee, S.F. Bent, H.A. Fishman, E.E. Sabelman, Thin collagen film scaffolds for
retinal epithelial cell culture, Biomaterials 28(8) (2007) 1486-
1494.https://doi.org/10.1016/j.biomaterials.2006.11.023

[78] G. Thumann, A. Viethen, A. Gaebler, P. Walter, S. Kaempf, S. Johnen, A.K. Salz, The in vitro
and in vivo behaviour of retinal pigment epithelial cells cultured on ultrathin collagen
membranes, Biomaterials 30(3) (2009) 287-
294 .https://doi.org/10.1016/j.biomaterials.2008.09.039

[79] J.B. Rose, S. Pacelli, A.J. El Haj, H.S. Dua, A. Hopkinson, L.J. White, F.R.A.J. Rose, Gelatin-
Based Materials in Ocular Tissue Engineering, Materials (Basel) 7(4) (2014) 3106-
3135.https://doi.org/10.3390/ma7043106

[80] L. Lai, The role of bloom index of gelatin on the interaction with retinal pigment epithelial
cells, Int J Mol Sci 10(8) (2009) 3442-3456.https://doi.org/10.3390/ijms10083442

[81] G.-H. Hsiue, J.-Y. Lai, P.-K. Lin, Absorbable sandwich-like membrane for retinal-sheet
transplantation, J. Biomed. Mater. Res 61(1) (2002) 19-25.https://doi.org/10.1002/jbm.2000

45


https://doi.org/10.1016/j.colsurfb.2015.11.051
https://doi.org/10.15283/ijsc.2011.4.2.105
https://doi.org/10.1016/j.actbio.2016.11.016
https://doi.org/10.4103/NRR.NRR-D-23-01789
https://doi.org/10.1016/j.biomaterials.2012.02.040
https://doi.org/10.1021/acsbiomaterials.9b00183
https://doi.org/10.1021/acsomega.2c05113
https://doi.org/10.1016/B978-1-4557-0737-9.00020-5
https://doi.org/10.3390/biomedicines10092307
https://doi.org/10.1016/j.biomaterials.2006.11.023
https://doi.org/10.1016/j.biomaterials.2008.09.039
https://doi.org/10.3390/ma7043106
https://doi.org/10.3390/ijms10083442
https://doi.org/10.1002/jbm.2000

[82] S.F. Badylak, D. Taylor, K. Uygun, Whole-Organ Tissue Engineering: Decellularization and
Recellularization of Three-Dimensional Matrix Scaffolds, Annu Rev Biomed Eng 13(1) (2011) 27-
53.https://doi.org/10.1146/annurev-bioeng-071910-124743

[83]J. Kundu, A. Michaelson, K. Talbot, P. Baranov, M.J. Young, R.L. Carrier, Decellularized retinal
matrix: Natural platforms for human retinal progenitor cell culture, Acta Biomater 31 (2016) 61-
70.https://doi.org/10.1016/j.actbio.2015.11.028

[84] M. Maqueda, J.L. Mosquera, J. Garcia-Arumi, A. Veiga, A. Duarri, Repopulation of
decellularized retinas with hiPSC-derived retinal pigment epithelial and ocular progenitor cells
shows cell engraftment, organization and differentiation, Biomaterials 276 (2021) 121049-
121049.https://doi.org/10.1016/j.biomaterials.2021.121049

[85] A.C. McUsic, D.A. Lamba, T.A. Reh, Guiding the morphogenesis of dissociated newborn
mouse retinal cells and hES cell-derived retinal cells by soft lithography-patterned microchannel
PLGA scaffolds, Biomaterials 33(5) (2012) 1396-
1405.https://doi.org/10.1016/j.biomaterials.2011.10.083

[86] R. Sharma, V. Khristov, A. Rising, B.S. Jha, R. Dejene, N. Hotaling, Y. Li, J. Stoddard, C.
Stankewicz, Q. Wan, C. Zhang, M.M. Campos, K.J. Miyagishima, D. McGaughey, R. Villasmil, M.
Mattapallil, B. Stanzel, H. Qian, W. Wong, L. Chase, S. Charles, T. McGill, S. Miller, A. Maminishkis,
J. Amaral, K. Bharti, Clinical-grade stem cell-derived retinal pigment epithelium patch rescues
retinal degeneration in rodents and pigs, Sci Transl Med 11(475)
(2019).https://doi.org/10.1126/scitranslmed.aat5580

[87] Y. Cao, K.E. Samy, D.A. Bernards, T.A. Desai, Recent advances in intraocular sustained-
release drug delivery devices, Drug discovery today 24(8) (2019) 1694-1700.

[88]Y. Lu, D. Cheng, B. Niu, X. Wang, X. Wu, A. Wang, Properties of Poly (Lactic-co-Glycolic Acid)
and Progress of Poly (Lactic-co-Glycolic Acid)-Based Biodegradable Materials in Biomedical
Research, Pharmaceuticals 16(3) (2023) 454.https://doi.org/10.3390/ph16030454

[89] S. Redenti, S. Tao, J. Yang, P. Gu, H. Klassen, S. Saigal, T. Desai, M.J. Young, Retinal tissue
engineering using mouse retinal progenitor cells and a novel biodegradable, thin-film poly(e-
caprolactone) nanowire scaffold, J Ocul Biol Dis Infor 1(1) (2008) 19-
29.https://doi.org/10.1007/s12177-008-9005-3

[90] K.J. McHugh, S.L. Tao, M. Saint-Geniez, Porous poly (e-caprolactone) scaffolds for retinal
pigment epithelium transplantation, Investigative ophthalmology & visual science 55(3) (2014)
1754-1762.

[91] A. Silva-Cunha, S.L. Fialho, M.-C. Naud, F. Behar-Cohen, Poly-e-Caprolactone Intravitreous
Devices: An In Vivo Study, Investigative Ophthalmology & Visual Science 50(5) (2009) 2312-
2318.https://doi.org/10.1167/iovs.08-2969

[92] D.A. Bernards, R.B. Bhisitkul, P. Wynn, M.R. Steedman, O.T. Lee, F. Wong, S. Thoongsuwan,
T.A. Desai, Ocular biocompatibility and structural integrity of micro- and nanostructured
poly(caprolactone) films, J Ocul Pharmacol Ther 29(2) (2013) 249-
257.https://doi.org/10.1089/jop.2012.0152

[93] C. Liu, K. Yi, Z. Zhang, Q. Li, H. Li, C. Qu, M. Chen, K. Jin, E. Meng, Electrospun mini-MiSp
spidroin/poly (L-lactide-co-g-caprolactone) nanofibrous scaffolds for ARPE-19 cells,
Biotechnology & Biotechnological Equipment 37(1) (2023) 2219764.

[94] Y. Wang, G.A. Ameer, B.). Sheppard, R. Langer, A tough biodegradable elastomer, Nature
Biotechnology 20(6) (2002) 602-606.https://doi.org/10.1038/nbt0602-602

[95] Y. Wang, Y.M. Kim, R. Langer, In vivo degradation characteristics of poly (glycerol sebacate),
Journal of Biomedical Materials Research Part A: An Official Journal of The Society for
Biomaterials, The Japanese Society for Biomaterials, and The Australian Society for Biomaterials
and the Korean Society for Biomaterials 66(1) (2003) 192-197.

[96] M.-L.L. Bice, M.H. Yu, V.L. Ortega, C.-C. Hsu, K.J. McHugh, Methacrylated poly (glycerol
sebacate) as a photocurable, biocompatible, and biodegradable polymer with tunable
degradation and drug release kinetics, Drug Delivery and Translational Research (2024) 1-16.

46


https://doi.org/10.1146/annurev-bioeng-071910-124743
https://doi.org/10.1016/j.actbio.2015.11.028
https://doi.org/10.1016/j.biomaterials.2021.121049
https://doi.org/10.1016/j.biomaterials.2011.10.083
https://doi.org/10.1126/scitranslmed.aat5580
https://doi.org/10.3390/ph16030454
https://doi.org/10.1007/s12177-008-9005-3
https://doi.org/10.1167/iovs.08-2969
https://doi.org/10.1089/jop.2012.0152
https://doi.org/10.1038/nbt0602-602

[97] W. Trewby, D. Livesey, K. Voitchovsky, Buffering agents modify the hydration landscape at
charged interfaces, Soft Matter 12(9) (2016) 2642-2651.https://doi.org/10.1039/C5SM02445E
[98] F. Ghosh, W.L. Neeley, K. Arnér, R. Langer, Selective removal of photoreceptor cells in vivo
using the biodegradable elastomer poly (glycerol sebacate), Tissue Engineering Part A 17(13-14)
(2011) 1675-1682.

[99] W.L. Neeley, S. Redenti, H. Klassen, S. Tao, T. Desai, M.J. Young, R. Langer, A microfabricated
scaffold for retinal progenitor cell grafting, Biomaterials 29(4) (2008) 418-
426.https://doi.org/10.1016/j.biomaterials.2007.10.007

[100] S. Redenti, W.L. Neeley, S. Rompani, S. Saigal, J. Yang, H. Klassen, R. Langer, M.J. Young,
Engineering retinal progenitor cell and scrollable poly(glycerol-sebacate) composites for
expansion and subretinal transplantation, Biomaterials 30(20) (2009) 3405-
3414.https://doi.org/10.1016/j.biomaterials.2009.02.046

[101] M.T. Calejo, J. Saari, H. Vuorenpaa, E. Vuorimaa-Laukkanen, P. Kallio, K. Aalto-Setala, S.
Miettinen, H. Skottman, M. Kellomaki, K. Juuti-Uusitalo, Co-culture of human induced
pluripotent stem cell-derived retinal pigment epithelial cells and endothelial cells on double
collagen-coated honeycomb films, Acta Biomaterialia 101 (2020) 327-
343.https://doi.org/https://doi.org/10.1016/j.actbio.2019.11.002

[102] N. Jemni-Damer, A. Guedan-Duran, J. Cichy, P. Lozano-Picazo, D. Gonzalez-Nieto, J. Perez-
Rigueiro, F. Rojo, G. V. Guinea, A. Virtuoso, G. Cirillo, M. Papa, F. Armada-Maresca, C. Largo-
Aramburu, S.D. Aznar-Cervantes, J.L. Cenis, F. Panetsos, First steps for the development of silk
fibroin-based 3D biohybrid retina for age-related macular degeneration (AMD), Journal of Neural
Engineering 17(5) (2020) 055003.https://doi.org/10.1088/1741-2552/abb9c0

[103] H. Wu, F. Xu, Y. Luo, Y. Zhang, M. Tang, 3D bioprinted endothelial cell-microglia coculture
for diabetic retinopathy modeling, Biofabrication 15(4) (2023) 045025.

[104] T. Yang, L. Guo, Y. Fang, M. Liang, Y. Zheng, M. Pan, C. Meng, G. Liu, Pericytes of Indirect
Contact Coculture Decrease Integrity of Inner Blood-Retina Barrier Model In Vitro by Upgrading
MMP-2/9 Activity, Disease Markers 2021(1) (2021)
7124835.https://doi.org/https://doi.org/10.1155/2021/7124835

[105] M.J. Song, R. Quinn, E. Nguyen, C. Hampton, R. Sharma, T.S. Park, C. Koster, T. Voss, C.
Tristan, C. Weber, A. Singh, R. Dejene, D. Bose, Y.-C. Chen, P. Derr, K. Derr, S. Michael, F. Barone,
G. Chen, M. Boehm, A. Maminishkis, |. Singec, M. Ferrer, K. Bharti, Bioprinted 3D outer retina
barrier uncovers RPE-dependent choroidal phenotype in advanced macular degeneration,
Nature Methods 20(1) (2023) 149-161.https://doi.org/10.1038/s41592-022-01701-1

[106] A. Kumar, K.C. Nune, L.E. Murr, R.D.K. Misra, Biocompatibility and mechanical behaviour of
three-dimensional scaffolds for biomedical devices: process-structure-property paradigm,
International Materials Reviews 61(1) (2016) 20-
45.https://doi.org/10.1080/09506608.2015.1128310

[107] S. Molladavoodi, H.-J. Kwon, J. Medley, M. Gorbet, Human corneal epithelial cell response
to substrate stiffness, Acta Biomaterialia 11 (2015) 324-
332.https://doi.org/https://doi.org/10.1016/j.actbio.2014.10.005

[108] C.-M. Lo, H.-B. Wang, M. Dembo, Y.-l. Wang, Cell Movement Is Guided by the Rigidity of the
Substrate, Biophysical Journal 79(1) (2000) 144-
152.https://doi.org/https://doi.org/10.1016/S0006-3495(00)76279-5

[109] EY.S. Tan, S. Agarwala, Y.L. Yap, C.S.H. Tan, A. Laude, W.. Yeong, Novel method for the
fabrication of ultrathin, free-standing and porous polymer membranes for retinal tissue
engineering, Journal of Materials Chemistry B 5(28) (2017) 5616-
5622.https://doi.org/10.1039/C7TB00376E

[110] H. Liu, F. Wu, R. Chen, Y. Chen, K. Yao, Z. Liu, B.H. Parikh, L. Jing, T. Liu, X. Su, J. Sun, D.
Huang, Electrohydrodynamic Jet-Printed Ultrathin Polycaprolactone Scaffolds Mimicking
Bruch's Membrane for Retinal Pigment Epithelial Tissue Engineering, Int J Bioprint 8(3) (2022)
550.https://doi.org/10.18063/ijb.v8i3.550

47


https://doi.org/10.1039/C5SM02445E
https://doi.org/10.1016/j.biomaterials.2007.10.007
https://doi.org/10.1016/j.biomaterials.2009.02.046
https://doi.org/https:/doi.org/10.1016/j.actbio.2019.11.002
https://doi.org/10.1088/1741-2552/abb9c0
https://doi.org/https:/doi.org/10.1155/2021/7124835
https://doi.org/10.1038/s41592-022-01701-1
https://doi.org/10.1080/09506608.2015.1128310
https://doi.org/https:/doi.org/10.1016/j.actbio.2014.10.005
https://doi.org/https:/doi.org/10.1016/S0006-3495(00)76279-5
https://doi.org/10.1039/C7TB00376E
https://doi.org/10.18063/ijb.v8i3.550

[111] Z. Fakhari, S. Nouri Khorasani, F. Alihosseini, M.H. Nasr Esfahani, F. Karamali, S. Khalili,
Core-shell nanofibers of poly (glycerol sebacate) and poly (1,8 octanediol citrate) for retinal
regeneration, Polymer Bulletin 79(9) (2022) 7161-7176.https://doi.org/10.1007/s00289-021-
03850-3

[112] H. Liu, L. Jing, J. Sun, D. Huang, An Overview of Scaffolds for Retinal Pigment Epithelium
Research, Procedia Manufacturing 53 (2021) 492-
499.https://doi.org/https://doi.org/10.1016/j.promfg.2021.06.051

[113] SY. Chan, B.QY. Chan, Z. Liu, B.H. Parikh, K. Zhang, Q. Lin, X. Su, D. Kai, W.S. Choo, D.J.
Young, X.J. Loh, Electrospun Pectin-Polyhydroxybutyrate Nanofibers for Retinal Tissue
Engineering, ACS Omega 2(12) (2017) 8959-8968.https://doi.org/10.1021/acsomega.7b01604
[114] D.C. Surrao, U. Greferath, Y.-Q. Chau, S.J. Skabo, M. Huynh, K.J. Shelat, I.J. Limnios, E.L.
Fletcher, Q. Liu, Design, development and characterization of synthetic Bruch’s membranes,
Acta Biomaterialia 64 (2017) 357-
376.https://doi.org/https://doi.org/10.1016/j.actbio.2017.09.032

[115] A.S. Hoffman, Hydrogels for Biomedical Applications, Annals of the New York Academy of
Sciences 944(1) (2001) 62-73.https://doi.org/https://doi.org/10.1111/j.1749-
6632.2001.tb03823.x

[116] A. Sorkio, E.P. Vuorimaa-Laukkanen, H. Hakola, H. Liang, T.A. Ujula, J.J. Valle-Delgado, M.
Osterberg, M. Yliperttula, H.J.B. Skottman, Biomimetic collagen | and IV double layer Langmuir-
Schaefer films as microenvironment for human pluripotent stem cell derived retinal pigment
epithelial cells, 51 (2015) 257-269.

[117] P. Wang, X. Li, W. Zhu, Z. Zhong, A. Moran, W. Wang, K. Zhang, S. Chen, 3D bioprinting of
hydrogels for retina cell culturing, Bioprinting 12 (2018)
e€00029.https://doi.org/https://doi.org/10.1016/j.bprint.2018.e00029

[118] EY. Shin, J.H. Park, M.E. Shin, J.E. Song, M. Thangavelu, C. Carlomagno, A. Motta, C.
Migliaresi, G. Khang, Injectable taurine-loaded alginate hydrogels for retinal pigment epithelium
(RPE) regeneration, Materials Science and Engineering: C 103 (2019)
109787 .https://doi.org/https://doi.org/10.1016/j.msec.2019.109787

[119] K.S. Worthington, L.A. Wiley, A.M. Bartlett, E.M. Stone, R.F. Mullins, A.K. Salem, C.A.
Guymon, B.A. Tucker, Mechanical properties of murine and porcine ocular tissues in
compression, Experimental Eye Research 121 (2014) 194-
199.https://doi.org/https://doi.org/10.1016/j.exer.2014.02.020

[120] K.S. Boochoon, J.C. Manarang, J.T. Davis, A.M. McDermott, W.J. Foster, The influence of
substrate elastic modulus on retinal pigment epithelial cell phagocytosis, Journal of
Biomechanics 47(12) (2014) 3237-
3240.https://doi.org/https://doi.org/10.1016/j.jbiomech.2014.06.021

[121] L. Krishna, S. Nilawar, M. Ponnalagu, M. Subramani, C. Jayadeyv, R. Shetty, K. Chatterjee, D.
Das, Fiber Diameter Differentially Regulates Function of Retinal Pigment and Corneal Epithelial
Cells on Nanofibrous Tissue Scaffolds, ACS Applied Bio Materials 3(2) (2020) 823-
837.https://doi.org/10.1021/acsabm.9b00897

[122]T. Fujie, Y. Mori, S. Ito, M. Nishizawa, H. Bae, N. Nagai, H. Onami, T. Abe, A. Khademhosseini,
H. Kaji, Micropatterned Polymeric Nanosheets for Local Delivery of an Engineered Epithelial
Monolayer, Advanced Materials 26(11) (2014) 1699-
1705.https://doi.org/https://doi.org/10.1002/adma.201304183

[123]S. Jo, Y.-). Kim, T. Hwang, S.. Jang, S.-). Park, S. Ye, Y. Jung, J. Yoo, Injectable Ultrathin Porous
Membranes Harnessing Shape Memory Polymers for Retinal Tissue Engineering, Journal of
Materials Chemistry B (2025).https://doi.org/10.1039/D4TB02287D

[124] J. Hertz, R. Robinson, D.A. Valenzuela, E.B. Lavik, J.L. Goldberg, A tunable synthetic
hydrogel system for culture of retinal ganglion cells and amacrine cells, Acta Biomaterialia 9(8)
(2013) 7622-7629.https://doi.org/https://doi.org/10.1016/j.actbio.2013.04.048

48


https://doi.org/10.1007/s00289-021-03850-3
https://doi.org/10.1007/s00289-021-03850-3
https://doi.org/https:/doi.org/10.1016/j.promfg.2021.06.051
https://doi.org/10.1021/acsomega.7b01604
https://doi.org/https:/doi.org/10.1016/j.actbio.2017.09.032
https://doi.org/https:/doi.org/10.1111/j.1749-6632.2001.tb03823.x
https://doi.org/https:/doi.org/10.1111/j.1749-6632.2001.tb03823.x
https://doi.org/https:/doi.org/10.1016/j.bprint.2018.e00029
https://doi.org/https:/doi.org/10.1016/j.msec.2019.109787
https://doi.org/https:/doi.org/10.1016/j.exer.2014.02.020
https://doi.org/https:/doi.org/10.1016/j.jbiomech.2014.06.021
https://doi.org/10.1021/acsabm.9b00897
https://doi.org/https:/doi.org/10.1002/adma.201304183
https://doi.org/10.1039/D4TB02287D
https://doi.org/https:/doi.org/10.1016/j.actbio.2013.04.048

[125] K.J. McHugh, M. Saint-Geniez, S.L. Tao, Topographical control of ocular cell types for tissue
engineering, Journal of Biomedical Materials Research Part B: Applied Biomaterials 101(8) (2013)
1571-1584.https://doi.org/https://doi.org/10.1002/jbm.b.32968

[126] M.S. Eckmiller, Defective cone photoreceptor cytoskeleton, alignment, feedback, and
energetics can lead to energy depletion in macular degeneration, Progress in Retinal and Eye
Research 23(5) (2004) 495-522.https://doi.org/https://doi.org/10.1016/j.preteyeres.2004.04.005
[127] J. Fatemeh, S.N. Khorasani, F. Alihosseini, D. Semnani, S. Khalili, R.E. Neisiany,
Development of an Electrospun Scaffold for Retinal Tissue Engineering, Polymer Science, Series
B 62(3) (2020) 290-298.https://doi.org/10.1134/S1560090420030069

[128] Z. Liu, N. Yu, F.G. Holz, F. Yang, B.\V. Stanzel, Enhancement of retinal pigment epithelial
culture characteristics and subretinal space tolerance of scaffolds with 200 nm fiber topography,
Biomaterials 35(9) (2014) 2837-
2850.https://doi.org/https://doi.org/10.1016/j.biomaterials.2013.12.069

[129] Y.H. Jung, M.J. Phillips, J. Lee, R. Xie, A.L. Ludwig, G. Chen, Q. Zheng, T.J. Kim, H. Zhang, P.
Barney, J. Min, K. Barlow, S. Gong, D.M. Gamm, Z. Ma, 3D Microstructured Scaffolds to Support
Photoreceptor Polarization and Maturation, Advanced Materials 30(39) (2018)
1803550.https://doi.org/https://doi.org/10.1002/adma.201803550

[130] I.-K. Lee, A.L. Ludwig, M.J. Phillips, J. Lee, R. Xie, B.S. Sajdak, L.D. Jager, S. Gong, D.M.
Gamm, Z. Ma, Ultrathin micromolded 3D scaffolds for high-density photoreceptor layer
reconstruction, Science Advances 7(17) (2021)
eabf0344.https://doi.org/d0i:10.1126/sciadv.abf0344

[131]1.-K. Lee, R. Xie, A. Luz-Madrigal, S. Min, J. Zhu, J. Jin, K.L. Edwards, M.J. Phillips, A.L. Ludwig,
D.M. Gamm, S. Gong, Z. Ma, Micromolded honeycomb scaffold design to support the generation
of a bilayered RPE and photoreceptor cell construct, Bioactive Materials 30 (2023) 142-
153.https://doi.org/https://doi.org/10.1016/j.bioactmat.2023.07.019

[132] Z. Mousavi, M. Bagheri, G. Rostaminasab, A. Mikaeili, A.R. Djalilian, L. Rezakhani, Tissue
engineering strategies for ocular regeneration; from bench to the bedside, Heliyon 10(20)
(2024).https://doi.org/10.1016/j.heliyon.2024.e39398

[133] X. Zhang, T. Wang, Z. Zhang, H. Liu, L. Li, A. Wang, J. Ouyang, T. Xie, L. Zhang, J. Xue, W. Tao,
Electrical stimulation system based on electroactive biomaterials for bone tissue engineering,
Materials Today 68 (2023) 177-203.https://doi.org/https://doi.org/10.1016/j.mattod.2023.06.011
[134]Y. Li, X. Li, R. Zhao, C. Wang, F. Qiu, B. Sun, H. Ji, J. Qiu, C. Wang, Enhanced adhesion and
proliferation of human umbilical vein endothelial cells on conductive PANI-PCL fiber scaffold by
electrical stimulation, Materials Science and Engineering: C 72 (2017) 106-
112.https://doi.org/https://doi.org/10.1016/j.msec.2016.11.052

[135] M. Khodamoradi, M. Eskandari, H. Keshvari, R. Zarei, An electro-conductive hybrid scaffold
as an artificial Bruch's membrane, Materials Science and Engineering: C 126 (2021)
112180.https://doi.org/https://doi.org/10.1016/j.msec.2021.112180

[136] L. Bao, X. Cui, M. Mortimer, X. Wang, J. Wu, C. Chen, The renaissance of one-dimensional
carbon nanotubes in tissue engineering, Nano Today 49 (2023)
101784.https://doi.org/https://doi.org/10.1016/j.nantod.2023.101784

[137] A. Halim, K.-Y. Qu, X.-F. Zhang, N.-P. Huang, Recent Advances in the Application of Two-
Dimensional Nanomaterials for Neural Tissue Engineering and Regeneration, ACS Biomaterials
Science & Engineering 7(8) (2021) 3503-3529.https://doi.org/10.1021/acsbiomaterials.1c00490

[138] N. Nazeri, R. Karimi, H. Ghanbari, The effect of surface modification of poly-lactide-co-
glycolide/carbon nanotube nanofibrous scaffolds by laminin protein on nerve tissue engineering,
Journal of Biomedical Materials Research Part A 109(2) (2021) 159-169.

[139] L. Ye, H. Ji, J. Liu, C.H. Tu, M. Kappl, K. Koynov, J. Vogt, H.J. Butt, Carbon nanotube-hydrogel
composites facilitate neuronal differentiation while maintaining homeostasis of hetwork activity,
Advanced Materials 33(41) (2021) 2102981.

49


https://doi.org/https:/doi.org/10.1002/jbm.b.32968
https://doi.org/https:/doi.org/10.1016/j.preteyeres.2004.04.005
https://doi.org/10.1134/S1560090420030069
https://doi.org/https:/doi.org/10.1016/j.biomaterials.2013.12.069
https://doi.org/https:/doi.org/10.1002/adma.201803550
https://doi.org/doi:10.1126/sciadv.abf0344
https://doi.org/https:/doi.org/10.1016/j.bioactmat.2023.07.019
https://doi.org/10.1016/j.heliyon.2024.e39398
https://doi.org/https:/doi.org/10.1016/j.mattod.2023.06.011
https://doi.org/https:/doi.org/10.1016/j.msec.2016.11.052
https://doi.org/https:/doi.org/10.1016/j.msec.2021.112180
https://doi.org/https:/doi.org/10.1016/j.nantod.2023.101784
https://doi.org/10.1021/acsbiomaterials.1c00490

[140]R. Yang, S. Yang, K. Li, Z. Luo, B. Xian, J. Tang, M. Ye, S. Lu, H. Zhang, J. Ge, Carbon Nanotube
Polymer Scaffolds as a Conductive Alternative for the Construction of Retinal Sheet Tissue, ACS
Chemical Neuroscience 12(17) (2021) 3167-
3175.https://doi.org/10.1021/acschemneuro.1c00242

[141] G. Abd, R.S. Diaz, A. Gupta, T.H.R. Niepa, K. Mondal, S. Ramakrishna, A. Sharma, A.D.
Lantada, M. Islam, Carbon nanomaterials-based electrically conductive scaffolds for tissue
engineering applications, MedComm - Biomaterials and Applications 3(2) (2024)
e76.https://doi.org/https://doi.org/10.1002/mba2.76

[142] B. Ferrigno, R. Bordett, N. Duraisamy, J. Moskow, M.R. Arul, S. Rudraiah, S.P. Nukavarapu,
A.T. Vella, S.G. Kumbar, Bioactive polymeric materials and electrical stimulation strategies for
musculoskeletal tissue repair and regeneration, Bioactive Materials 5(3) (2020) 468-
485.https://doi.org/https://doi.org/10.1016/j.bioactmat.2020.03.010

[143] E. Tomaskovic-Crook, P. Zhang, A. Ahtiainen, H. Kaisvuo, C.-Y. Lee, S. Beirne, Z. Agrawe, D.
Svirskis, J. Hyttinen, G.G. Wallace, J. Travas-Sejdic, J.M. Crook, Human Neural Tissues from
Neural Stem Cells Using Conductive Biogel and Printed Polymer Microelectrode Arrays for 3D
Electrical Stimulation, Advanced Healthcare Materials 8(15) (2019)
1900425.https://doi.org/https://doi.org/10.1002/adhm.201900425

[144] H. Yu, S. Enayati, K. Chang, K. Cho, S.W. Lee, M. Talib, K. Zihlavnikova, J. Xie, H. Achour, S.I.
Fried, T.P. Utheim, D.F. Chen, Noninvasive Electrical Stimulation Improves Photoreceptor Survival
and Retinal Function in Mice with Inherited Photoreceptor Degeneration, Investigative
Ophthalmology & Visual Science 61(4) (2020) 5-5.https://doi.org/10.1167/iovs.61.4.5

[145] Y. Zhang, A. Le Friec, Z. Zhang, C.A. Mlller, T. Du, M. Dong, Y. Liu, M. Chen, Electroactive
biomaterials synergizing with electrostimulation for cardiac tissue regeneration and function-
monitoring, Materials Today 70 (2023) 237-
272.https://doi.org/https://doi.org/10.1016/j.mattod.2023.09.005

[146] D.S.R. Nair, M.J. Seiler, K.H. Patel, V. Thomas, J.C.M. Camarillo, M.S. Humayun, B.B.
Thomas, Tissue Engineering Strategies for Retina Regeneration, Appl Sci (Basel) 11(5)
(2021).https://doi.org/10.3390/app11052154

[147] M. Guvendiren, J.A. Burdick, Stiffening hydrogels to probe short-and long-term cellular
responses to dynamic mechanics, Nature communications 3(1) (2012) 792.

[148] C. Yang, M.W. Tibbitt, L. Basta, K.S. Anseth, Mechanical memory and dosing influence stem
cell fate, Nature materials 13(6) (2014) 645-652.

[149]J.A. Shadish, G.M. Benuska, C.A. DeForest, Bioactive site-specifically modified proteins for
4D  patterning of gel biomaterials, Nature Materials 18(9) (2019) 1005-
1014.https://doi.org/10.1038/s41563-019-0367-7

[150] E. Masaeli, V. Forster, S. Picaud, F. Karamali, M.H. Nasr-Esfahani, C. Marquette, Tissue
engineering of retina through high resolution 3-dimensional inkjet bioprinting, Biofabrication
12(2) (2020) 025006.https://doi.org/10.1088/1758-5090/ab4a20

[151]Y. Zhou, C.M. Duque, C.D. Santangelo, R.C. Hayward, Biasing Buckling Direction in Shape-
Programmable Hydrogel Sheets with Through-Thickness Gradients, Advanced Functional
Materials 29(48) (2019) 1905273.https://doi.org/https://doi.org/10.1002/adfm.201905273

[152] X. Zhou, S. Tenaglio, T. Esworthy, S.Y. Hann, H. Cui, T.J. Webster, H. Fenniri, L.G. Zhang,
Three-Dimensional Printing Biologically Inspired DNA-Based Gradient Scaffolds for Cartilage
Tissue Regeneration, ACS Applied Materials & Interfaces 12(29) (2020) 33219-
33228.https://doi.org/10.1021/acsami.0c07918

[153] Z. Cai, Y. Gan, C. Bao, W. Wu, X. Wang, Z. Zhang, Q. Zhou, Q. Lin, Y. Yang, L. Zhu,
Photosensitive Hydrogel Creates Favorable Biologic Niches to Promote Spinal Cord Injury Repair,
Advanced Healthcare Materials 8(13) (2019)
1900013.https://doi.org/https://doi.org/10.1002/adhm.201900013

50


https://doi.org/10.1021/acschemneuro.1c00242
https://doi.org/https:/doi.org/10.1002/mba2.76
https://doi.org/https:/doi.org/10.1016/j.bioactmat.2020.03.010
https://doi.org/https:/doi.org/10.1002/adhm.201900425
https://doi.org/10.1167/iovs.61.4.5
https://doi.org/https:/doi.org/10.1016/j.mattod.2023.09.005
https://doi.org/10.3390/app11052154
https://doi.org/10.1038/s41563-019-0367-7
https://doi.org/10.1088/1758-5090/ab4a20
https://doi.org/https:/doi.org/10.1002/adfm.201905273
https://doi.org/10.1021/acsami.0c07918
https://doi.org/https:/doi.org/10.1002/adhm.201900013

[154] A.M. Kloxin, A.M. Kasko, C.N. Salinas, K.S. Anseth, Photodegradable Hydrogels for Dynamic
Tuning of Physical and Chemical Properties, Science 324(5923) (2009) 59-
63.https://doi.org/doi:10.1126/science.1169494

[155] R.Yin, N. Zhang, K. Wang, H. Long, T. Xing, J. Nie, H. Zhang, W. Zhang, Material design and
photo-regulated hydrolytic degradation behavior of tissue engineering scaffolds fabricated via 3D
fiber  deposition, Journal of Materials Chemistry B 5(2) (2017) 329-
340.https://doi.org/10.1039/C6TB02884E

[156] P.J. LeValley, B. Noren, P.M. Kharkar, A.M. Kloxin, J.C. Gatlin, J.S. Oakey, Fabrication of
Functional Biomaterial Microstructures by in Situ Photopolymerization and Photodegradation,
ACS Biomaterials Science & Engineering 4(8) (2018) 3078-
3087.https://doi.org/10.1021/acsbiomaterials.8b00350

[157] M. Villiou, J.I. Paez, A. del Campo, Photodegradable Hydrogels for Cell Encapsulation and
Tissue Adhesion, ACS Applied Materials & Interfaces 12(34) (2020) 37862-
37872.https://doi.org/10.1021/acsami.0c08568

[158] M.A. Azagarsamy, K.S. Anseth, Wavelength-Controlled Photocleavage for the Orthogonal
and Sequential Release of Multiple Proteins, Angewandte Chemie International Edition 52(51)
(2013) 13803-13807.https://doi.org/https://doi.org/10.1002/anie.201308174

[159] K.A. Mosiewicz, L. Kolb, A.J. van der Vlies, M.M. Martino, P.S. Lienemann, J.A. Hubbell, M.
Ehrbar, M.P. Lutolf, In situ cell manipulation through enzymatic hydrogel photopatterning, Nature
Materials 12(11) (2013) 1072-1078.https://doi.org/10.1038/nmat3766

[160] H. Liu, S.S. Huang, G. Lingam, D. Kai, X. Su, Z. Liu, Advances in retinal pigment epithelial
cell transplantation for retinal degenerative diseases, Stem Cell Research & Therapy 15(1) (2024)
390.https://doi.org/10.1186/s13287-024-04007-5

[161] M. Mandai, A. Watanabe, Y. Kurimoto, Y. Hirami, C. Morinaga, T. Daimon, M. Fujihara, H.
Akimaru, N. Sakai, Y. Shibata, M. Terada, Y. Nomiya, S. Tanishima, M. Nakamura, H. Kamao, S.
Sugita, A. Onishi, T. Ito, K. Fujita, S. Kawamata, M.J. Go, C. Shinohara, K.-i. Hata, M. Sawada, M.
Yamamoto, S. Ohta, Y. Ohara, K. Yoshida, J. Kuwahara, Y. Kitano, N. Amano, M. Umekage, F.
Kitaoka, A. Tanaka, C. Okada, N. Takasu, S. Ogawa, S. Yamanaka, M. Takahashi, Autologous
Induced Stem-Cell-Derived Retinal Cells for Macular Degeneration, New England Journal of
Medicine 376(11) (2017) 1038-1046.https://doi.org/doi:10.1056/NEJM0oa1608368

[162] A.H. Kashani, J.S. Lebkowski, F.M. Rahhal, R.L. Avery, H. Salehi-Had, W. Dang, C.-M. Lin, D.
Mitra, D. Zhu, B.B. Thomas, S.T. Hikita, B.O. Pennington, L.\V. Johnson, D.O. Clegg, D.R. Hinton,
M.S. Humayun, A bioengineered retinal pigment epithelial monolayer for advanced, dry age-
related macular degeneration, Science Translational Medicine 10(435) (2018)
eaao4097.https://doi.org/doi:10.1126/scitranslmed.aao4097

[163] L. da Cruz, K. Fynes, O. Georgiadis, J. Kerby, Y.H. Luo, A. Ahmado, A. Vernon, J.T. Daniels, B.
Nommiste, S.M. Hasan, S.B. Gooljar, A.-J.F. Carr, A. Vugler, C.M. Ramsden, M. Bictash, M. Fenster,
J. Steer, T. Harbinson, A. Wilbrey, A. Tufail, G. Feng, M. Whitlock, A.G. Robson, G.E. Holder, M.S.
Sagoo, PT. Loudon, P. Whiting, P.J. Coffey, Phase 1 clinical study of an embryonic stem cell-
derived retinal pigment epithelium patch in age-related macular degeneration, Nature
Biotechnology 36(4) (2018) 328-337.https://doi.org/10.1038/nbt.4114

[164] B.V. Stanzel, Z. Liu, R. Brinken, N. Braun, F.G. Holz, N. Eter, Subretinal Delivery of Ultrathin
Rigid-Elastic Cell Carriers Using a Metallic Shooter Instrument and Biodegradable Hydrogel
Encapsulation, Investigative Ophthalmology & Visual Science 53(1) (2012) 490-
500.https://doi.org/10.1167/iovs.11-8260

[165] S.D. Schwartz, C.D. Regillo, B.L. Lam, D. Eliott, P.J. Rosenfeld, N.Z. Gregori, J.-P.
Hubschman, J.L. Davis, G. Heilwell, M. Spirn, J. Maguire, R. Gay, J. Bateman, R.M. Ostrick, D.
Morris, M. Vincent, E. Anglade, LV. Del Priore, R. Lanza, Human embryonic stem cell-derived
retinal pigment epithelium in patients with age-related macular degeneration and Stargardt's
macular dystrophy: follow-up of two open-label phase 1/2 studies, The Lancet 385(9967) (2015)
509-516.https://doi.org/10.1016/S0140-6736(14)61376-3

51


https://doi.org/doi:10.1126/science.1169494
https://doi.org/10.1039/C6TB02884E
https://doi.org/10.1021/acsbiomaterials.8b00350
https://doi.org/10.1021/acsami.0c08568
https://doi.org/https:/doi.org/10.1002/anie.201308174
https://doi.org/10.1038/nmat3766
https://doi.org/10.1186/s13287-024-04007-5
https://doi.org/doi:10.1056/NEJMoa1608368
https://doi.org/doi:10.1126/scitranslmed.aao4097
https://doi.org/10.1038/nbt.4114
https://doi.org/10.1167/iovs.11-8260
https://doi.org/10.1016/S0140-6736(14)61376-3

[166] M.S. Mehat, V. Sundaram, C. Ripamonti, A.G. Robson, A.J. Smith, S. Borooah, M. Robinson,
A.N. Rosenthal, W. Innes, R.G. Weleber, R.W.J. Lee, M. Crossland, G.S. Rubin, B. Dhillon, D.H.W.
Steel, E. Anglade, R.P. Lanza, R.R. Ali, M. Michaelides, J.W.B. Bainbridge, Transplantation of
Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial Cells in Macular Degeneration,
Ophthalmology 125(11) (2018) 1765-
1775.https://doi.org/https://doi.org/10.1016/j.0phtha.2018.04.037

[167] M. Nishida, Y. Tanaka, Y. Tanaka, S. Amaya, N. Tanaka, H. Uyama, T. Masuda, A. Onishi, J.
Sho, S. Yokota, M. Takahashi, M. Mandai, Human iPS cell derived RPE strips for secure delivery of
graft cells at a target place with minimal surgical invasion, Scientific Reports 11(1) (2021)
21421.https://doi.org/10.1038/s41598-021-00703-x

[168] S. Petrus-Reurer, N. Winblad, P. Kumar, L. Gorchs, M. Chrobok, A.K. Wagner, H. Bartuma, E.
Lardner, M. Aronsson, A. Plaza Reyes, H. André, E. Alici, H. Kaipe, A. Kvanta, F. Lanner, Generation
of Retinal Pigment Epithelial Cells Derived from Human Embryonic Stem Cells Lacking Human
Leukocyte Antigen Class | and |Il, Stem Cell Reports 14(4) (2020) 648-
662.https://doi.org/10.1016/j.stemcr.2020.02.006

[169] M. Ishida, T. Masuda, N. Sakai, Y. Nakai-Futatsugi, H. Kamao, T. Shiina, M. Takahashi, S.
Sugita, Graft survival of major histocompatibility complex deficient stem cell-derived retinal
cells, Communications Medicine 4(1) (2024) 187.https://doi.org/10.1038/s43856-024-00617-5
[170] T.-C. Sung, K. Maitiruze, J. Pan, J. Gong, Y. Bai, X. Pan, A. Higuchi, Chapter Ten - Universal
and hypoimmunogenic pluripotent stem cells for clinical usage, in: A. Higuchi, Y. Zhou, S.-H.
Chiou (Eds.), Progress in Molecular Biology and Translational Science, Academic Press2023, pp.
271-296.

[171]M.S. Singh, S.S. Park, T.A. Albini, MV. Canto-Soler, H. Klassen, R.E. MacLaren, M. Takahashi,
A. Nagiel, S.D. Schwartz, K. Bharti, Retinal stem cell transplantation: Balancing safety and
potential, Progress in Retinal and Eye Research 75 (2020)
100779.https://doi.org/https://doi.org/10.1016/j.preteyeres.2019.100779

[172] F. Regent, L. Morizur, L. Lesueur, W. Habeler, A. Plancheron, K. Ben M’Barek, C. Monville,
Automation of human pluripotent stem cell differentiation toward retinal pigment epithelial cells
for large-scale productions, Scientific Reports 9(1) (2019) 10646.https://doi.org/10.1038/s41598-
019-47123-6

[173] G.N. Kanda, T. Tsuzuki, M. Terada, N. Sakai, N. Motozawa, T. Masuda, M. Nishida, C.T.
Watanabe, T. Higashi, S.A. Horiguchi, T. Kudo, M. Kamei, G.A. Sunagawa, K. Matsukuma, T.
Sakurada, Y. Ozawa, M. Takahashi, K. Takahashi, T. Natsume, Robotic search for optimal cell
culture in regenerative medicine, eLife 11 (2022) e77007.https://doi.org/10.7554/elLife.77007

52


https://doi.org/https:/doi.org/10.1016/j.ophtha.2018.04.037
https://doi.org/10.1038/s41598-021-00703-x
https://doi.org/10.1016/j.stemcr.2020.02.006
https://doi.org/10.1038/s43856-024-00617-5
https://doi.org/https:/doi.org/10.1016/j.preteyeres.2019.100779
https://doi.org/10.1038/s41598-019-47123-6
https://doi.org/10.1038/s41598-019-47123-6
https://doi.org/10.7554/eLife.77007

