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field, various types of allogenic and autologous stem cells have been investigated to treat some ocular diseases
due to age-related macular degeneration, glaucoma, retinitis pigmentosa, diabetic retinopathy, and corneal
and lens traumas. Nanomaterials have been utilized directly as nanoscaffolds for these stem cells to promote
their adhesion, proliferation and differentiation or indirectly as vectors for various genes, tissue growth factors,

Iéimirf;eneraﬁon cytokines and immunosuppressants to facilitate cell reprogramming or ocular tissue regeneration. In this review,
Nanoscaffolds we reviewed various nanomaterials used for retina, cornea, and lens regenerations, and discussed the current sta-
Electrospun nanofibers tus and future perspectives of nanotechnology in tracking cells in the eye and personalized regenerative ophthal-
Self-assembled peptides mology. The purpose of this review is to provide comprehensive and timely insights on the emerging field of
Nanotopography nanotechnology for ocular tissue engineering and regeneration.
Stem cells © 2019 Elsevier B.V. All rights reserved.
Cell reprogramming
Immunomodulators
Contents
1. Introduction . . . . . . .o e e e e e e e 291
Nanoscaffolds for ocular tissue regeneration . . . . . . . . . . . . . L. . e e e e e e e e e e e e e e e e e e e 292
2.1.  Nanoscaffolds for retinal tissue regeneration . . . . . . . . . . . . . L L e e e e e e e e e e e e e e e 292
2.2.  Nanoscaffolds for corneal tissue regeneration . . . . . . . . . . . . .. Lo e e e e e e e e e e e e e e e e e e e e e 295
23. Nanoscaffolds for lens regeneration . . . . . . . . . . . L L L e e e e e e e e e e e e e e 298
3. Nanomaterials as gene delivery devices to reprogram cells for ocular regeneration. . . . . . . . . . . . . . . . o0 e e 298
4, Nanomaterials as immunomodulators in ocular regeneration . . . . . . . . . . . . . i e e e e e e e e e e e e e e e e e e 301
5. Summary and future perspectives. . . . . . . . . . . o L e e e e e e e e e e e e e e e e e e e e e e e e 302
Acknowledgements . . . . . . . . L . e e e e e e e e e e e 303
References. . . . . . . . o e e e e e e 303

Abbreviations: FDA, Food and Drug Administration; AMD, age-related macular degeneration; RPE, retinal pigment epithelial cell; VEGF, vascular endothelial growth factor; ESC, em-
bryonic stem cell; MSC, mesenchymal stem cell; iPSC, induced pluripotent stem cell; LSC, limbal stem cells; KLF4, kruppel-like factor 4; c-Myc, cellular myelocytomatosis oncogene; OCT4,
octamer-binding transcription factor 4; SOX2, sex determining region Y-box 2; hESC, human epithelial stem cell; AFM, atomic force microscopy; IOP, intra-ocular pressure; DR, diabetic
retinopathy; RGC, retinal ganglion cell; ZO-1, zona occludin-1; PLGA, poly(lactic-co-glycolic acid); PLA, poly(L-lactic acid); PCL, poly caprolactone; PGS, poly(glycerol sebacate); NGF,
nerve growth factor; BDGF, brain-derived growth factor; TEER, transepithelial electrical resistance; ARPE, adult retinal pigment epithelial cell; SAPNS, self-assembled peptide nanofiber
scaffolds; HCECs, human corneal epithelial cell; HCKs, human corneal keratocyte; PA, peptide amphiphile; a-SMA, ai-smooth muscle actin; SF:P(LLA-CL), silk fibroin-poly(L-lactic acid-
co-ge-caprolactone); SLC4A4, solute carrier family-4 member-4; HMSC, human mesenchymal stem cell; IRBP, interphotoreceptor retinoid-binding protein; EDC, 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide; LPD, liposome-protamine-DNA complex; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; ERG, Electroretinography; NLS, nuclear localization
signaling peptide; TAT, transactivator of transcription; HIV, human immunodeficiency virus; PEG, polyethylene glycol; MHC, major histocompatibility complex; CCR6, C-C chemokine re-
ceptor type 6; IL-17, interleukin 17; CCL20, chemokine (C-C motif) ligand 20; RORYt, retinoic acid receptor-related orphan nuclear receptor gamma; IL-23R, interleukin 23 receptor; CXCL1,
chemokine (C-X-C motif) ligand 1; NF-Kb, nuclear factor kappa-light-chain-enhancer of activated B cells; MMP, Matrix metalloproteinases; SD, Sprague-Dawley; CsA, cyclosporine A; MRI,
magnetic resonance imaging; SPION, superparamagnetic iron oxide nanoparticle.

* Corresponding author.
E-mail address: tlowe4@uthsc.edu (T.L. Lowe).

https://doi.org/10.1016/j.addr.2019.10.006
0169-409X/© 2019 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2019.10.006&domain=pdf
https://doi.org/10.1016/j.addr.2019.10.006
mailto:tlowe4@uthsc.edu
https://doi.org/10.1016/j.addr.2019.10.006
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/addr

FF. Sahle et al. / Advanced Drug Delivery Reviews 148 (2019) 290-307 291

1. Introduction

Regenerative medicine is an emerging, highly interdisciplinary field
that provides innovative solutions to repair, regrow, or replace cells, tis-
sues, or organs that are damaged or lost due to trauma, chronic diseases,
congenital defects or aging, and not able to undergo self-repair [1-4].
Regenerative medicine started with successful kidney transplantation
in 1954, with subsequent successful transplantation of liver, pancreas,
and heart in the 1960s [5,6]. Following the introduction of cyclosporine
in 1978, successful single-, double- and heart-lung, and living-donor
lung and liver lung transplants were developed [5,6]. Over the last sev-
eral decades, regenerative medicine has advanced to regenerate tissues,
organs, and cells using engineering approaches, which involve scaffold
design, cell engineering, and chemical, physical, and biological stimuli
[7]. Engineered skin (TransCyte, 1997; Apligraf, 1998; Dermagraft,
2001), bone (INFUSE, 2002), and connective tissues (MACI, 2016) for
the repairs/replacements of skin due to ulcers, wounds, and burns,
and damaged bones and knee cartilages, respectively, were approved
by U.S. Food and Drug Administration (FDA) [6-9]. Engineered vascular
grafts for heart bypass surgery and cardiovascular disease treatment are
currently under clinical trials [10,11]. In the ophthalmology field, in-
creasing efforts have also been undertaken over the past 10 years to
use engineering approaches to regenerate lost or damaged eye tissues
to treat vision loss and blindness caused by various ocular degenerative
diseases, traumas, or infections [12]. The degenerative ocular diseases
include cataract, glaucoma, age-related macular degeneration (AMD),
diabetic retinopathy [13,14], and some inherent genetic retinal defects
like Leber congenital amaurosis, retinitis pigmentosa, X-linked retinos-
chisis, and Stargardt's disease [15,16]. Currently, there is no proven
therapy for the treatments of these retinal, corneal, and lens degenera-
tive diseases. The existing managements for these diseases include
1) laser surgery and vitrectomy, but they are destructive and fail to ad-
dress the underlying biology of these diseases [13,17]; 2) photodynamic
therapy, but it may result in retinal and vitreous haemorrhages and ret-
inal pigment epithelial cell (RPE) tearing [18]; 3) angiostatic steroids,
but they require frequent intravitreal injections and have many side ef-
fects after long-term use [19]; 4) antivascular endothelial growth factor
agents, but they do not address the role of inflammation in the patho-
genesis and progression of the disease and there are still 60-65% of
AMD patients who are refractory to the anti-VEGF therapy [18];
5) gene therapy such as Luxturna, the first gene therapy approved by
the FDA in December 2018 for the treatment of inherited retinal dystro-
phies, but it has side effects including eye redness, cataract, retinal tear
and increased intraocular pressure and also substantial challenges in
production, clinical study design, long-term safety studies and commer-
cialization [20]; and 6) tissue transplantation, but it has issues of donor
shortage, high number of allogeneic tissue rejections, and rampant
post-operative complications, such as infection. With recent advances
in exogenous delivery of living allogenic or autologous cells, particularly
stem cells that have plasticity and capacity for self-renewal and
reprogramming of endogenous cells [2,21-23], cell therapy has become
an intriguing potential therapy that overcomes/avoids the limitations of
the methods mentioned above to regenerate ocular tissues for the treat-
ment of diseases of the retina, cornea, and lens [24].

Different types of stem cells including embryonic stem cells
(ESCs), limbal stem cells (LSCs), mesenchymal stem cells (MSCs)
and induced pluripotent stem cells (iPSCs) have been investigated
toward replacement of lost retinal ganglion cells and photoreceptors
in various retinal degenerative diseases and transplantation of
patient-specific cornea or lens [25,26]. ESCs are derived from em-
bryos that develop from fertilized eggs [25]. LSCs reside in the basal
epithelial layer of the limbus within a cellular environment and are
quiescent but have capability to proliferate upon activation [27].
MSCs exist abundantly in the body and can be obtained from various
tissues including the bone marrow, eye (ciliary pigment epithelial
cells and marginal zone, iris, corneal endothelial cells, conjunctival

epithelial cells, hair follicle and dental pulp) [21,25]. iPSCs are de-
rived from somatic cells such as skin fibroblasts, blood cells and adi-
pose cells by introduction of exogenous transcription factors
including cellular myelocytomatosis oncogene (c-Myc), Kruppel-
like factor 4 (KLF4), sex determining region Y-box 2 (S0X2),
octamer-binding transcription factor 4 (OCT4) or genes that express
these factors [28,29]. They have advantages of propagating infinitely
and maintaining capability of differentiation into many different cell
types without the ethical concerns related to ESCs [28]. Some of ESCs,
LSCs, MSCs and iPSCs have been advanced to clinical trials to treat
retinal and corneal degenerative diseases (https://clinicaltrials.gov/
). These clinical trials include phase I/II clinical trials of intravitreal
injection of autologous bone marrow-isolated stem/progenitor cells
to treat retinitis pigmentosa, AMD, and Stargardt's disease
(NCT03772938, NCT01560715, NCT02709876); subretinal trans-
plantation of human central nervous system stem cells for the treat-
ment of AMD (NCT01632527), and subretinal (NCT02464436) and
intravitreal (NCT02320812) administrations of human retinal pro-
genitor cells for the treatment of retinitis pigmentosa. There are
also few phase I/II clinical trials taking place currently in different
parts of the world including Brazil (NCT02903576), China
(NCT02749734, NCT03046407, NCT03944239), United Kingdom
(NCT03167203, NCT01469832) and United States (NCT01345006,
NCT01344993, NCT02590692) aimed at investigating the therapeu-
tic potentials of subretinal transplanted hESC-derived RPE cells for
the treatments of dry and wet AMDs and Stargardt's disease. Like-
wise, ex vivo cultured LSCs are under Phase I/II clinical trials to re-
verse superficial corneal pathological conditions associated with
scars, ulcers and burns (NCT02948023, NCT03295292) or LSC defi-
ciency that leads to conjunctivalization, progressive opacification,
chronic ulceration and neovascularization of the cornea with pain
and loss of vision (NCT02577861, NCT00736307, NCT03549299,
NCT02318485, NCT01562002). The cultured LSCs has even advanced
into clinical practice to treat LSC deficiency [24]. However, despite
the successes mentioned above, cell therapy approaches are still at
their early stage to regenerate eye tissues/organ. Effective methods
need to be developed for cell transplantation, adhesion, proliferation,
and differentiation in order to regenerate functional eye tissues/
organ.

During the past 15 years, considerable efforts have been made to
exploit the advancements in nanotechnology to speed up stem cell
research and development [30]. For example, magnetic nanoparticles
have been utilized to isolate and sort stem cells [31]. Many inorganic
nanoparticles including nanodiamonds, iron oxide nanoparticles, quan-
tum dots, and upconversion nanoparticles have been applied for molec-
ular imaging and tracing of stem cells [32]. Different nanocarriers
including carbon nanotubes and magnetic nanoparticles have been
used to deliver genes or drugs into stem cells [30,33]. In particular, bio-
materials have been designed into nanofibrous scaffolds and nano-
topographical surfaces for controllable regulation of migration, prolifer-
ation, and differentiation of stem cells [30,32]. Nanoscaffolds can mimic
the 3-dimensional extracellular microenvironment better than those
made of conventional matrix: 1) their unique high surface area to vol-
ume ratio can provide higher density of epitopes for cell adhesion and
differentiation [34], and 2) their nanostructures can render better
porosity, mechanical properties, conductivity, bacterial resistance, and
stimuli responsive for cell growth and differentiation [23,35].
Nanoscaffolds have been formed by using electrospinning, self-
assembly, phase-separation, or lithography methods [36,37]. In
electrospinning, a high voltage is applied to produce charged fibers
from polymer solutions with diameters in nanometer scale [38,39].
Self-assembled nanoscaffolds are formed from amphiphilic peptides
that contain alternating hydrophobic amino acid residues such as ala-
nine, valine, leucine, isoleucine, and phenylalanine, and hydrophilic res-
idues of positively charged amino acids including lysine, arginine,
histidine, and negatively charged amino acids including aspartic acids
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and glutamic acids [40,41]. Depending on the distribution of the ionic
amino acids, the peptides can be classified as modulus I, II, III or 1V,

each containing charged amino acids in the order of +—+—..., ++—
—++—— ettt ———Or +H———— +++
+————..., respectively. The moduli can also be mixed to obtain

mixed-modulus-self-assembled nanofibers. The orientation of the
charge can be designed in reverse order to provide an entirely different
supramolecular arrangement, with distinct molecular behavior [40]. Al-
though the mechanism of the assembly is not yet fully understood, the
amphiphilic peptides spontaneously assemble into different type of
nanostructures such as nanofibers and nanotapes in millimolar salt con-
centration under physiological pH [41,42]. Phase-separation is a long-
established method that is used for fabrication of porous fibrous mem-
branes or sponges by inducing separation of a polymer solution into
polymer-poor (low polymer concentration) and polymer-rich (high
polymer concentration) phases. In formation of nanoscaffolds,
the phase separation is usually induced thermally to form nanofibrous
foams that are similar in size to natural scaffold present in the extracel-
lular matrix [36]. By using lithography technique, various nano-
topographies including nanowells, nanopillars and nano-grooves and
ridges have been formed and used as nanoscaffolds [43,44]. The
nanoscaffolds obtained by the methods mentioned above have been in-
vestigated as scaffolds for regeneration of bone [45,46], neuronal [47],
ocular [48,49], cardiovascular [50], dental [51], and cartilage [52]
tissues. In this article, we comprehensively review various
nanoscaffolds including electrospun nanofibers, self-assembled pep-
tides and nanotopographies (Fig. 1) used for retina, cornea and lens re-
generations. Furthermore, we summarize nanomaterials as carrier for
gene and immunomodulators to reprogram cells and restore healthy
immune system, respectively, for ocular tissue regeneration. We also
discuss current perspectives in nanotechnology for tracking cells in
the eye and personalized regenerative ophthalmology. The focus of
this review is a novel concept of nanotechnology for ocular regenera-
tion. The traditional concept of nanotechnology for ocular drug delivery
[53], nanomaterials that act as regenerative antioxidants or mainly used
for prevention of ocular tissue degeneration [54,55] are out of the scope
of this review.

2. Nanoscaffolds for ocular tissue regeneration
2.1. Nanoscaffolds for retinal tissue regeneration

The retina is a highly organized complex sensorytissue that trans-
lates the incoming light into electrical signals, which is then further con-
verted into meaningful images by the central nervous system [56]. It is
made up of seven distinct layers formed from seven different types of
cells including RPE cells, photoreceptor cells (rods and cones), interneu-
rons (horizontal cells, bipolar cells and amacrine cells) and ganglion
cells [23,56]. The RPE cells provide nutritional support for the neural ret-
ina and phagocytose outer segments of the photoreceptors on a diurnal
basis so that new outer segments are continuously added toward the
proximal end of the cells [57,58]. They also replenish the visual pigment
opsin-bound 11-cis retinal by back isomerization of trans-retinal, which
is formed from 11-cis retinal during the visual process, and maintain the

Electrospun nanofibers

Self-assembled peptides

ionic homeostasis in the subretinal space and cytokine balance in the
retina/RPE/choroid [58]. The rod cells (low light sensors) and cone
cells (daytime colour vision) convert the optical image into an electrical
signal, which will be sent to the brain via the optic nerve [56]. The three
interneurons, namely horizontal, bipolar, and amacrine cells, provide
lateral interactions within the retinal circuit and process the photore-
ceptor signals [13,59]. The ganglion cells receive signals from the bipolar
cells and send the signals to the brain for further processing [60]. Like
other neuronal cells, the photoreceptors and other retinal neuronal
cells in mammals are nondividing and any acquired or inherited degen-
eration of these neuronal cells may result in retinal diseases including
AMD, glaucoma, retinitis pigmentosa, and diabetic retinopathy, that
can cause visual impairment and complete blindness [13]. Specifically,
AMD presents as two forms, dry and wet, that are characterized by
the accumulation of insoluble drusen in the adjacent Bruch's membrane
and choroidal neovascularization that leads to hemorrhage and fluid
leakage due to the degeneration and rapid loss of the RPE cells and asso-
ciated cone photoreceptors located in the macula and fovea regions, re-
spectively [61]. Glaucoma is characterized by increased intraocular
pressure (IOP) and subsequent progressive retinal ganglion cells death
and optic nerve atrophy [22,62]. Retinitis pigmentosa is characterized
by initial rod cell degeneration in the periphery of the retina, followed
by the degeneration of cone cells as the disease progresses, leading to
complete physical blindness [59]. Diabetic retinopathy (DR) is charac-
terized by neurovascular degeneration including increased vascular
permeability, retinal neovascularization, activation of glia cells
[14,63-69], loss of pericytes [67,70-79], increased apoptosis of ganglion
and amacrine cells [77,79-81], and development of axonal dystrophy
and synaptic degeneration [79,82-84]. Currently, barring the diagnostic
anti-angiogenic therapy, there is no effective treatment option for these
retinal diseases [85]. Recent advances in tissue engineering and nano-
technology lead to novel approaches using nanoscaffolds to grow differ-
ent cells including fetal and adult RPE cells, PC12 cells [86], 3T3 cells
[86], definitive neural stem cells [87], ganglion cells [88], and retinal
ganglion cells (RGC) [89] to regenerate retinal tissues for the treatments
of these retinal diseases [90-93].

Different electrospun nanofibers (Table 1) and self-assembled nano-
fibers (Table 2) have been investigated as nanoscaffolds. Electrospun
nanoscaffolds can be prepared using natural or synthetic polymers or
combinations of the two (Table 1) [94] and most of the nanoscaffolds in-
vestigated promoted healthy cell growth, leading to release of impor-
tant RPE characterizing genes such as zona occludin-1 (ZO-1), RPE65,
and pigment epithelium-derived factor [91,95] and expression of pho-
toreceptors and retinal neuronal genes in conjunctiva-derived MSCs
[96]. For example, Warnke et al. (2013) grew human primary RPE
cells on PLGA and collagen nanofibrillar membranes, PLGA films and
cover glass. The RPE cells formed in vivo-like monolayer of hexa/polyg-
onal cells with long, sheet-like microvilli on the nanofibrillar mem-
branes, while the cells on the films and cover glass were flatter and
spread out with less than 10% of clearly visible microvilli (Fig. 2) [90].
The common natural polymers used for the preparation of electrospun
nanoscaffolds in retinal tissue regeneration include gelatin [97], chito-
san [98], hyaluronic acid [99], fibrin [100], laminin [49], and collagen
[101]. Whereas, commonly used synthetic polymers are poly(lactic-

o
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Fig. 1. Schematic representations of nanoscaffolds including electrospun nanofibers, self-assembled peptides and nanotopographies used for ocular regeneration.
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Table 1
Electronspun nanofiber-based scaffolds investigated for retinal tissue regeneration.
Source Material Fiber Type of cells Summary of findings Ref.
diameter  supported
and
orientation
Natural Crosslinked gelatin/chitosan mixture. Ratio Human RPE cells The scaffolds significantly improved cell growth compared [93]
70/30; 185 to tissue culture plaster. The degradation rate was slower
nm for the 70/30 nanoscaffolds until day 21, but on day 35,
Ratio they degraded about 10% more. In addition, higher
50/50; 170 expression of RPE65 and cytokeratin were obtained in
nm cells grown on the 70/30 nanoscaffolds.
Natural/Synthetic Bovine collage type 1, PLGA (85:15) Collagen:  Primary human RPE Unlike cells grown on a cover glass, cells implanted onan  [90]
299 nm, cells ultrathin PLGA or collagen nanofibrous membrane had
PLGA: 331 well-formed, long and sheet-like microvilli morphology
nm that was almost identical to those in native retina tissue.
However, there was no significant difference in gene
expression, proliferation, attachment, and phagocytosis of
cells grown on the two surfaces.
Synthetic Polyamide 180 nm; Fetal and adult RPE  Compared to glass surface, the scaffolds enhanced the [92]
random cells proliferation of fetal and adult RPE cells 1.25 and 4-folds,
respectively.

Synthetic PLA 500-800 Conjunctiva derived Stem cells grown on aligned nanofiber scaffolds expressed [96]

nm; MSCs higher amounts of photoreceptor and retinal neuronal

aligned genes compared with those grown on unaligned

and nanoscaffolds. However, stem cells cultured on unaligned

random nanoscaffolds expressed rhodopsin 2-folds more than
those cultured on aligned scaffolds favoring their
differentiation into photoreceptors.

Synthetic Poly(Dr-lactide) 640 nm Porcine RPE cells RPE cells grown on nanoscaffolds supported by a poly [95]
(4-dioxanone) frame had polygonal morphology and high
transepithelial electrical resistance (TEER) value, and
expressed ZO-1 and RPE65 proteins after 1 month of
growth. The frame helped to retain the cell membrane in
flat shape and allowed better handling for transplanting
the cell membrane to the subretinal space of enucleated
porcine eyes ex Vivo.

Synthetic Hydrolyzed PCL (hydrolyzed for better 186 nm Human RPE cells Increased proliferation of stretched and hexagonal cells [108]

biocompatibility, wettability and cell adhesion) and RPE65 expression was achieved.

Synthetic polyethylene terephthalate, poly 175 nm Human fetal RPE Cell density increased by around 30% in the 175 nm fiber  [107]
(L-lactide-co-g-caprolactone) and 993 cells and ZO-1 appeared more uniform. The cell membrane did

nm not cause obvious inflammation to Chinchilla and New
Zealand rabbits after subretinal transplantation and
remained in place for 2 weeks.
Synthetic Polypyrrole-Graphene + PLGA 150 nm; Retinal ganglion Upon electrical stimulation, neurite length increased by [226,227]
aligned cells 137% and cells remained viable compared with 50%
viability without electrical stimulation after 10 days of
encapsulations in the nanoscaffolds.

Synthetic Polyimide 26 nm Human ESC-derived When nanoscaffolds were transplanted in Royal College of [104,228]

RPEs Surgeons rats, the rats showed no signs of inflammation.
However, when cells were implanted along with
nanoscaffolds, there was mononuclear cell infiltration that
destroyed the outer nuclear layer in the eyes.

Synthetic Amine (1,6-hexanediamine) functionalized 526-630  PC12 cell Amine functionalization provided better cell adhesion due [86]
2-methoxy-5-(2-ethylhexyloxy)- nm; 3T3 cell to the electrical interaction between the positively
1,4-phenylenevinylene:PCL aligned charged amine and the negatively charged cell surface.

and External electrical stimulation had more dominant effect

random on neurite formation than the nanofiber orientation. Upon
electrical stimulation, the proliferation of the cells grown
in the nanofibers was 1.5-fold faster than that of cells
grown on tissue culture polystyrene. The nanoscaffolds
were stable for 45 days.

Hybrid Crosslinked gelatin (crosslinked via 119-202 ARPE-19 The nanofiber cross-linking density, thermal and [229]
carbodiimide cross-linker in ethanol/water nm biological stability, and size was controlled by controlling
solvent) the ratio of ethanol and water used as solvent. ARPE-19

cells grew well on the nanofibers, regardless of the ethanol
amount used. No sign of inflammation on New Zealand
rabbits after implantation was observed.

Hybrid PLA, laminin 70 nm; Human RPEs Cells grown on the hybrid nanoscaffolds expressed [230]

random 1.5-2-fold higher ZO-1 and slightly higher other proteins
compared to cells grown on non-hybrid nanofibrous
membranes made of PCL, PLGA, or poly
(1-lactide-coD,L-lactide). The scaffolds showed no sign of
inflammation in rdy rats.

Hybrid Wild antheraea pernyi silk fibroin/PCL/gelatin 253 nm ARPE-19 The hybrid nanoscaffolds increased cell proliferation rate  [91]

and expression of pigment epithelium-derived factor by
around 1.5 and 1.2-fold, respectively, more than tissue

(continued on next page)
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Table 1 (continued)

Source Material Fiber Type of cells Summary of findings Ref.
diameter  supported
and
orientation
culture polystyrene. The scaffolds caused no sign of
inflammation to Chinchilla rabbits after implantation.
Hybrid Gelatin, poly(ethylene oxide); loaded with 236-256 Definitive neural The nanoscaffolds sustained the NGF and BDGF release for [87]
nerve growth factor (NGF) and brain-derived nm stem cell more than two months. When the growth factor
neurotrophic factor (BDNF) loaded gelatin containing nanoparticles were included in the
nanoparticles nanoscaffolds, cells with longer axon diameter, thicker
myelin sheath, larger myelinated fiber, and more than
2-fold of (area ratio %) of myelin basic protein were
obtained after 14 days compared to the cells cultured in
same nanoscaffolds without the nanoparticles.
Hybrid PGS coated with a hybrid PCL and laminin 199 nm Photoreceptor layer The nanofiber mesh enhanced the adherence of a [88]

nanofiber

obtained from an
embryonic retina
tissue

photoreceptor layer obtained from an embryonic retina
tissue with PGS membrane to enhance transplantation of
the isolated layer.

co-glycolic acid) (PLGA) [90], poly(L-lactic acid) (PLA) [49,102], poly
caprolactone (PCL) [103], poly(L-lactide-co-g-caprolactone) [90] and
polyimide [104]. Generally, natural polymers are more suitable for pro-
moting cell attachment and biological activity than synthetic polymers
because of their chemistry but have less mechanical strength and
shorter half-life than synthetic polymers [88]. Contrarily, it is easier to
design and control the biodegradation, mechanical, and transport prop-
erties of synthetic nanoscaffolds than the ones made of natural poly-
mers to obtain extracellular-mimicking matrix for cell growth and
differentiation [100]. Besides their chemical composition, nanoscaffolds
also have advantages of guiding cells to grow in a specific direction
along their alignment to obtain tissues with native tissue-mimicking
microarchitecture [105]. For example, Kador et al. (2016) fabricated ra-
dially electrospun nanoscaffolds to mimic radially oriented nerve fibers,
and found about 72% of the axons grew along the nanoscaffolds com-
pared to a 30% growth on unaligned scaffolds [106]. However, aligned
nanoscaffolds may not be necessarily good for cell proliferation and dif-
ferentiation. For example, [224] showed that MSCs cultured on ran-
domly aligned nanofiber scaffolds proliferated better as compared to
those cultured on aligned nanofibers [224]. In another study, Nadri
et al. (2013) found that conjunctiva derived MSCs cultured on aligned
PLA nanofiber scaffolds expressed higher amounts of photoreceptor
and retinal neuronal genes but had denser tissue matrix and smooth
surface morphology that discouraged the differentiation of the MSCs
into retinal neuronal cells than those cultured on unaligned scaffolds
[96]. Besides the alignment, the diameter of nanofibers also plays a sig-
nificant role in cell growth. For example, Liu et al. showed that
nanoscaffolds made of nanofibers with diameter of around 200 nm,

regardless of the polymer used, better mimicked the extracellular ma-
trix of the Bruch's membrane and promoted adhesion of human fetal
RPE cells than those with diameter around 1000 nm [107]. Porosity of
nanoscaffolds is another important factor affecting cell growth. Gener-
ally, high porosity provides better interconnectivity to transfer nutrients
to RPEs, and thus enhances the proliferation of the cells [93,107].

To further improve cell growth in nanoscaffolds, surface modifica-
tion, electrical responsive property and controlled drug release have
been added to nanoscaffolds [86,88,108,109]. When a biodegradable
poly(glycerol sebacate) (PGS) membrane was coated with electrospun
nanofiber meshes composed of PCL and laminin, the adhesion of a pho-
toreceptor layer isolated from embryonic retinal tissue to the mem-
brane was increased by the nanofiber meshes, and the transplantation
of the photoreceptor layer became easier to be handled [88]. When
the surface of PCL-based nanoscaffolds was treated with alkaline hydro-
lysis, the wettability of the nanoscaffolds was improved so that human
RPE cells could adhere to the scaffold surface better for 45 days of
healthy growth in the nanoscaffolds [ 108]. When electrically conductive
polypyrrole and graphene were added into nanoscaffolds, under electri-
cal stimulation the neurite length of the retinal ganglion cells grown in
the nanoscaffolds was increased by 137% compared with that of the
cells grown in control nanoscaffolds without electrical stimulus respon-
siveness [226,227]. In addition, electrical stimulation of the neuronal
cells promoted the growth of the cells on both random and aligned
nanoscaffolds, rendering the alignment unnecessary [86]. When nerve
growth factor (NGF) and brain-derived growth factor (BDGF)-loaded
gelatin nanoparticles were incorporated into multi-channeled scaffolds
composed of nanofibers, NGF was released immediately from the

Table 2
Self-assembled peptide amphiphile-based nanoscaffolds investigated for retinal tissue regeneration.
Peptide Fiber Cell type Summary of findings Ref.
diameter
(RADA)16 10-15 nm RGC Increasing the peptide concentration from 0.05% to 1% decreased the porosity and resulted in [110]

decreased RGC cell numbers, RGC neurite extension, and astrocyte numbers by about 40%, 65%,
and 75%, respectively.

Fmoc-FFKK,Fmoc-FKFK Fmoc-FKFK -  Primary murine neuron

The Fmoc-FFKK and Fmoc-FKFK scaffolds maintained 100% and 75% cell viability, respectively, for [113]

5nm over 40 days. In addition, cells grown on both scaffolds showed higher electrical activity
Fmoc-FFKK - compared to neurons grown on poly-p-lysine.
8 nm
(RADA)16-1 10 nm The scaffolds promoted closing of neural tissue gaps in Syrian hamsters with transected optic [112]
tract lesion, leading to axon regrowth with no inflammatory response after injection in the brain.
75% of the hamsters injected with the self-assembled peptide nanofiber scaffold regained vision
after 90 days, while saline-injected controls did not.
Kr5 (K-(SL) 13 nm Human umbilical vein The nanofibrous hydrogel was not toxic to the stromal cells and it had concentration dependent [114]

6-K-G-PRKLYDY) endothelial cell; Stromal

antiangiogenic effect in human umbilical vein endothelial cell.

cell After subcutaneous injection in rats, the host cells infiltrated into the hydrogel to form a highly
vascularized structure.
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Fig. 2. SEM images of RPE cells on PLGA and collagen nanofibrillar membranes, PLGA films
and cover glass after 11 days of incubation. The RPE cells formed in vivo-like monolayer of
hexa/polygonal cells (shown on x600 and x1500) with long, sheet-like microvilli (shown
on x10000) on the PLGA and collagen nanofibrous membranes but not on the PLGA films
and cover glass.

Figure is adapted with permission from reference [90].

nanofibers to aid the initial stage of axon regeneration and BDGF was
slowly released from the gelatin nanoparticles to promote axon growth
at the late stage of myelination [87].

The unique molecular recognition property and supramolecular ar-
chitectures in the size of 5-200 nm of self-assembled peptide nanofiber
scaffolds (SAPNS) makes SAPNS attractive as novel 3D scaffolds for ret-
inal tissue regeneration. The common amino acid sequences used for
the formation of SAPNS toward retinal tissue regeneration include
RADA [110-112], FFkk, FkFk [113], SL-Kr5 (K-(SL)6-K-G-PRKLYDY)
[114], and K2(SL)6 K2 [114,115]. SAPNS were used to promote prolifer-
ation of endogenous neurons to close neural gaps for functional return
of vision [112] and as efficient neuronal storage media [113]. The activ-
ity of SAPNS is dependent on the concentration of the peptide used. For
example, in a study when the concentration of the (RARA)16 peptide
was increased from 0.05% to 1%, the porosity of SAPNS decreased and re-
sulted in reduced adhesion and growth of retinal ganglion cells [110].
The SAPNS can also be in hydrogel form. For example, Moore et al.
used K2(SL)6 K2 sequence to form nanofibrous multidomain peptide
hydrogels that were capable of provoking inflammatory response,
allowing infiltration of host cells, which would then release growth fac-
tors and cytokines that would diffuse out of the hydrogels, degrading,
initiating vascularization, and bringing innervation [115].

2.2. Nanoscaffolds for corneal tissue regeneration

Corneal diseases are the major causes of blindness worldwide and a
wide range of infectious and inflammatory conditions contribute to cor-
neal vision loss and blindness [116]. From superficial to deep layers, the
cornea is made of corneal epithelial, stroma and endothelial layers, with
the epithelial and stroma layers separated by the Bowman's membrane
and the stroma and endothelial layers separated by the Descemet's
membrane [117]. The corneal epithelium is a non-keratinized stratified
squamous epithelium that supports corneal structure and function. It
has a finite life span of 7 to 10 days and is continuously renewed by

corneal epithelial stem cells located in the basal layer of limbus [118].
During homeostasis or injury, the limbal epithelial stem cells regenerate
transient-amplifying cells that migrate centripetally from the limbus
into the corneal basal layer, and then proliferate and differentiate into
corneal epithelial cells to replace the lost ones [119]. The basement
membrane is a transparent film made of highly ordered collagen fibers.
If injured, it may form a scar that may cause vision loss [120]. The stroma
forms the thickest layer of the cornea and primarily contains water and
highly organized collagen fibers. These fibers have a unique shape, ar-
rangement and spacing to render the cornea transparent [121]. The
Descemet's membrane is a thin self-repairing strong film made of colla-
gen fibers that are different from those of the stroma [122]. The endo-
thelium is the innermost layer of the cornea and its primary function
is to pump any excess fluid out of the stroma to keep it thin and trans-
parent. Unlike the epithelial cells, once the endothelium is destroyed
by disease or trauma, it cannot be repaired or replaced by the body
[123]. Corneal transplantation is the mainstay treatment for corneal vi-
sion loss. It is usually performed by partial or full replacement of the
damaged or diseased cornea. However, due to the shortage of cornea
donors as well as the risks of infection and tissue rejection, different
electrospun (Table 3), self-assembled amphiphilic peptide nanofibers
(Table 4) and nanotopographies (Table 5) have been investigated to
support growth of different types of corneal cells including corneal fi-
broblasts [124], keratocytes [125], epithelial [126] and endothelial
cells [127] for corneal epithelium, stroma, and endothelium regenera-
tion or full corneal tissue replacement [49,128].

The electrospun nanofibers investigated for corneal tissue regenera-
tion are made of various natural, synthetic and hybrid materials, similar
to those discussed for retinal tissue regeneration under Section 2.1. The
commonly investigated natural polymers/proteins are chitosan
[129,130], gelatin [131], collagen [132], keratin [133,134] and silk fibrin
[135,136]. The commonly studied synthetic polymers are poly(ethylene
glycol) [137], PLGA [125,138], poly(vinyl acetate) [139], PGS [130], and
PCL [127,130,140]. Scaffolds intended for corneal tissue regeneration
should have appropriate porosity, mechanical and optical properties
[141,142]. Generally, scaffolds of natural polymer origin better mimic
the natural environment for corneal cell proliferation and differentia-
tion, but they have weaker mechanical strength and degrade relatively
faster compared to scaffolds made of synthetic polymers [54,126,140].
For example, Aslan et al. compared cell proliferation on aligned PLA
and collagen type I nanoscaffolds and found that the light transmittance
of collagen nanoscaffolds was close to the native cornea, but only 80%
light transmittance could be achieved with PLA nanoscaffolds. However,
the rate of scaffold degradation in the collagen nanoscaffolds was faster
than that in the PLA nanoscaffolds [143]. To obtain good light transmit-
tance and degradation properties of nanoscaffolds for corneal cell prolif-
eration, mixtures of different natural and synthetic polymers have been
used for the fabrication of nanoscaffolds. These mixture systems include
collagen with PLGA [125], polyvinyl acetate with collagen type I [139],
collagen type I with chondroitin sulfate [126], PCL with PGS [127], and
silk fibroin with poly(L-lactic acid-co-g-caprolactone) [144]. Stafiej
et al. investigated the growth of human corneal endothelial cells
(HCECs) and human corneal keratocytes (HCKs) in aligned PCL-PGS
and PCL-chitosan based nanoscaffolds. Even though both the scaffolds
supported the growth and elongation of the both cells, the metabolic ac-
tivity of the HCECs grown in PCL-PGS nanoscaffolds was approximately
40% higher than that in the PCL-chitosan scaffolds while the metabolic
activity of the HCKs on the both scaffolds nearly was pretty much the
same [130]. Arabpour et al. [225] compared PCL based nanoscaffolds
to PCL-keratin based nanoscaffolds and observed continued cell growth
in PCL-keratin based nanoscaffolds after day 7, while it halted in PCL
based nanoscaffolds [134]. Besides the chemical composition of poly-
mers mentioned above, the physical properties including size, align-
ment and density of nanoscaffolds also play important roles for
corneal cell growth. For example, rabbit corneal fibroblasts grown on
aligned collagen nanofiber scaffolds had lower at-smooth muscle actin
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Electrospun nanofiber scaffolds investigated for corneal tissue regeneration.

Source

Materials

Fiber diameter

Cell type

Summary of findings

Ref.

Natural

Natural

Hybrid

Hybrid

Hybrid

Hybrid

Hybrid

Synthetic

Synthetic

Hybrid

Hybrid

Hybrid

Collagen type [

Collagen type [

Polyvinyl acetate/collagen type I

PLGA/collagen type |

Collagen type I/Chondroitin Sulfate
(crosslinked via carbodiimide cross-linker)

PCL-PGS and PCL-chitosan

PCL-PGS

PLA

PCL

Silk fibroin -poly(L-lactic acid-co-g-caprolactone)
SF:P(LLA-CL)

PCL-Keratin (50:50)

PLGA (50:50)/Collagen Type I; 3-layered
nanoscaffolds (PLGA-Collagen-PLGA) were
crosslinked by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) or
glutaraldehyde.

30-50 nm

137 £ 49nm

200-800 nm

500-2000 nm

Collagen: 400-500
nm
Hybrid: 300-400 nm

PCL-PGS: 300-500
nm;

PCL-chitosan:
100-200 nm

150-500 nm

Aligned: 696 nm

100 nm

100-650 nm

144 nm

Aligned: 200-300 nm
Unaligned:500-1000
nm

Rabbit corneal
fibroblasts

Rabbit corneal
fibroblast

Human corneal
keratocytes (HKs) and
human corneal
epithelial cells
(HCECs)

HKs and HCECs

HCECs

HKs and HCECs

Human corneal
endothelial cells and
Human conjunctival
epithelial cells

Bovine corneal
keratocytes

Human corneal
epithelial stem cells

HCECs

Human mesenchymal
stem cell (hMSCs)

Human endometrial
stem cells

In the aligned scaffold more than 50%
downregulation of a-smooth muscle actin (a-SMA)
was obtained compared to the unaligned scaffold and
tissue culture plate. In addition, in case of aligned
scaffolds, the rabbit corneal fibroblasts elongated
along the fiber alignment, but no cell elongation was
observed on unaligned fibers and tissue culture plate.
Expression of a-smooth muscle actin (a-SMA) was
significantly lower on aligned fiber scaffolds than
unaligned scaffolds and tissue culture plate. In
addition, in the aligned scaffold the light scattering
was minimal that resulted in improved optical
properties.

The mechanical properties, such as strength,
stiffness, and elasticity, of the hybrid scaffolds was
about 30x higher than the pure collagen scaffolds.
Making aligned scaffolds further improved the
mechanical and optical properties of the hybrid
scaffolds 2-fold for HKs to grow orderly along the
alignment.

The tensile strength and light transmittance of the
hybrid scaffolds were 3.41 MPa and 63%, respectively.
The HKs maintained their natural phenotype and the
HCECs formed multilayered epithelium similar to the
natural epithelium when cultured for 2 weeks.

The tensile strength of the crosslinked nanoscaffolds
was about 4x higher than the non-crosslinked
nanoscaffolds and the crosslinking decreased scaffold
degradation by 70%-80%. However, the viability of
HCECs was 40-50% lower in the cross-linked
nanoscaffolds than in the non-cross-linked
nanoscaffolds.

Elongated HKs and HCECs grew on the aligned fibers,
which had a nearly 100% light transmittance. But the
HCECs metabolic activity was about 40% higher in the
PCL-PGS nanoscaffolds than the PCL- chitosan
nanoscaffolds.

In a wet state, the aligned scaffolds had nearly 100%
light transmittance. In addition, in scaffolds with
higher PGS content, delayed but normal cell growth,
higher cell orientation (~50%) and natural HCEC
morphology were obtained.

The PLA scaffolds supported the growth of the cells
and maintained the cell morphology. They had
slower degradation rate, but only 80% light
transmittance, compared with collagen scaffolds.
Similar viability of the stem cells grown in the PCL
nanofibrous scaffolds and a human amniotic
membrane (clinically standard substrate for corneal
surface repair) was obtained over 15 days, with no
sign of differentiation.

Formation of monolayer cells with expression of tight
junction protein ZO-1 and functional genes (e.g.
Na*K*-ATPase, solute carrier family-4 member-4
(SLC4A4), voltage-dependent anion channel 3,
voltage-sensitive 3 chloride channel, aquaporin-1),
was observed.

Addition of keratin into PCL nanoscaffolds improved
cell adhesion by 20%, aided cytoplasmic extension
and resulted in elongated morphology. The hybrid
nanoscaffolds made the cells to grow longer than 7
days, which could not be achieved by the PCL
nanoscaffolds.

Both crosslinked scaffolds had improved physical and
mechanical properties, wettability, and cell viability.
However, the EDC crosslinked nanoscaffolds
exhibited around 52%, 127%, 1.3%, and 23% higher
Young's modulus, tensile strength, strain% at break,
and cell viability, respectively, and around 5% lower
degradation after 84 days than the glutaraldehyde
crosslinked nanoscaffolds.

[124]

[145]

[139]

[125]

[126]

[130]

[127]

[143]

[140]

[144]

[134]

[225]
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Table 4
Self-assembled peptide nanoscaffolds and nanotapes investigated for corneal tissue regeneration.
Peptide amphiphile Peptide amphiphile  Cell Summary findings Ref.
structure type
C;2-VVAGKYIGSR; obtained from Nanofiber: 20-30 nm HCKs HCKs proliferated on the nanofibers similarly as on collagen surface. Injection of the [147]
laminin scaffolds to damaged New Zealand white rabbit corneas induced keratocyte migration
and collagen I synthesis, which was indicative of corneal stroma regeneration.
C16-KTTKS; obtained from human  Nanotape HCKs HCKs grew about 400% slower but produced about 200% more collagen on the nanotape [148]
collagen type | than in basal medium after 3 days of incubation.
C16-YEALRVANEVTLN; obtained Nanotape HCKs The self-assembled nanotape increased collagen production up to 1.25 times with [149]
from lumican increase in the concentration of the aggregated amphiphilic peptide from 0.00125 wt%
to 0.0025 wt% in 21 days, compared to the scaffolds made of the monomeric peptide.
C16-TPGPQGIAGQ-RGDS/C6-ETTES ~ Peptide amphiphile ~ HCKs Formed corneal stromal tissue that was capable of supporting corneal epithelium. There [150,152,153]
obtained from fibronectin coated on a and was also no evidence of corneal haze or contracture after 9 months of peptide
topography HCECs  amphiphile film implantation in New Zealand white rabbit corneal stroma.
RFL4FR; synthetic origin Nanotape HCKs Cells grown on the nanotape made of low concentration of RFL4FR had comparable [154]
morphology and viability to those cultured on tissue culture plate. But higher
concentration of the peptide amphiphile led to lower cell adhesion.
C16-G3-RGDS/C6-ETTES; obtained ~ Nanotape HCKs Formed highly-organized 3D stromal tissue via deposition of collagen fibrils with [151]
from fibronectin Cy6-ETTES: diameter comparable to that found in stromal lamellae of the native human cornea. 5x
19.6 &+ 1.3 nm more immobile cells and 2.4x thicker tissue were formed by HCKs grown on the peptide
Cy6-G3-RGDS: 19.7 + amphiphile coated surface than on the uncoated polystyrene surface.
4.4 nm

expression and better cell elongation and light transmittance than those
grown on unaligned nanoscaffolds and tissue culture dishes (Fig. 3.)
[124,145]. In another study, rabbit corneal cells grown on radially
aligned nanoscaffolds showed a 1.2-fold increase in both gene expres-
sion and proliferation compared with those grown on unaligned
nanoscaffolds [146]. Compared to microfiber scaffolds, nanofiber scaf-
folds cause less inflammatory responses, because they mimic mechani-
cal properties of the native cornea [127]. Although still debatable, Wu
et al. showed that once the fiber size reached to the nano-range, the di-
ameter of the nanofibers had no significant effect on corneal cell prolif-
eration, activity, and growth pattern [139].

Peptide amphiphiles (PA) with sequences VVAGKYIGSR, KTTKS,
YEALRVANEVTLN and RGDS from laminin [147], collagen type 1 [148],
lumican [149] and fibronectin [150-153], respectively, and synthetically
made RFL4FR [154] were reported to self-assemble into nanofibers. After
these self-assembling peptides were injected into rabbit's cornea or used

as nanotapes on curved templates, slates, and slides, enhanced
keratocyte adhesion, migration and growth and collagen production
were observed, suggesting the potential application of these self-
assembling peptides for corneal tissue regeneration [147,150-152,154].
By using nanotopography technology, patterned nanoscaffolds can be
obtained to provide physical and biological cues similar to the natural
basement membrane. The patterned nanoscaffolds are commonly
prepared using molds of patterned surfaces that are made of different
materials including tissue culture polystyrene [43], polyethylene tere-
phthalate [156], and polydimethylsiloxane [157] coated by different
polymers such as collagen type I, fibronectin [43], laminin, chondroitin
sulfate [158], thin hydrogels [156,157], and poly(methylmethacrylate)
[44]. Both the surface feature of the molds and the types of the coating
materials play important roles for corneal cell growth. For example, Mu-
hammad et al. compared the growth of human corneal endothelial cells
on 250 and 1000 nm pillars and 1000 nm wells made of tissue culture

Table 5
Nanotopographies investigated for corneal tissue regeneration.

Topography  Material used Size Cell type Summary of findings Ref.

Nanopillar Tissue culture polystyrene coated with a mixture 250 and 1000 HCECs The pillar patterns increased cell proliferation 2-3-fold depending [43]
of fibronectin and collagen nm pillars on the seeding density. The tight junction protein ZO-1 production

also increased 1.5 times in the 1000 nm pillars than in the
unpatterned tissue culture polystyrene. The cells grown on the 250
nm pillars assumed polygonal shape and maintained the shape
upon detachment from the patterned surface and reattachment
onto other surfaces.

Nanopillar Physically and chemically crosslinked gelatin 1000 nm pillar HCECs Significantly higher expression of functional markers such as Na [155]
methacrylate hydrogel fabricated by with 6 pm +/K + -ATPase and a 2-fold increase in ZO-1protein were
nano-imprinted polyethylene terephthalate spacing obtained in cells grown on the nanopillars than on unpatterned

films.

Groove and RGD peptide functionalized poly(ethylene glycol) 400 nm pitch HCEC 50% faster wound healing and 2xlaminin-332 expression were [156]
ridge diacrylate hydrogel fabricated with groove with obtained compared with cells grown on a flat surface.
topography polydimethylsiloxane 200-400 nm

depth

Nanopillar Nano-patterned polydimethylsiloxane coated 250 nm pillar HCEC Cells grown on the 1000 nm pillars coated with [157]
and nano  with bovine fibronectin and bovine collagen-Ias  and 1000 nm fibronectin-collagen had more regular morphology and expressed
well well as laminin and chondroitin sulfate well and pillar 1.2 times higher Na+/K + -ATPase and 2 times more ZO-1

compared with cells grown on the 250 nm
fibronectin-collagen-coated pillars. However, on the
laminin-chondroitin sulfate coated surfaces the 250 nm pillars
exhibited higher ZO-1 expression than the 1000 nm pillars.

Nanopillar Nano-patterned polydimethylsiloxane substrates 250 and 1000 Bovine Significantly higher expression of Na+/K + -ATPase and ZO-1 [44]
and coated with poly(methylmethacrylate) nm pillars and corneal activity were obtained on the 250 nm pillars compared with the
nanowell wells endothelial nanowell and unpatterned substrates.

cells

Z0-1, a tight junction protein used as a marker for assessing proper functioning of corneal endothelial cells; Laminin-332, an extracellular matrix protein used as a marker to evaluate the
migratory status of cells upon epithelial wound healing; Na+/K + -ATPase, a marker for assessing proper functioning of corneal endothelial cells.
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No Scaffold

Unaligned Scaffold

Aligned Scaffold

Fig. 3. Rabbit corneal fibroblasts grown on aligned fibers expressed less a-SMA expression
than those grown on unaligned fibers and tissue culture dishes. Top row: Cells cultured on
culture dish, unaligned and aligned electrospun fibrous scaffolds. Middle row: SEM images
of the morphology of the cells. Bottom row: IF images of cells. Cell nuclei are labeled with
CYTOX green; a-SMA is labeled with rhodamine (red). Arrows indicate the direction of
fiber alignment.

Figure is adapted with permission from reference [124].

polystyrene with fibronectin-collagen coating. Although the cell density
and expression of ZO-1 was highest on the 1000 nm pillars, desired hex-
agonal morphology of HCECs was obtained on the 250 nm pillars [43]. In
another study, the authors reported that the best corneal endothelial cell
proliferation was found on 1000 nm pillars with fibronectin-collagen
coated surface, and on 250 nm pillars with laminin-chondroitin sulfate
coated surface [158].

2.3. Nanoscaffolds for lens regeneration

Cataract is the most common form of lens disease that may cause
blindness. Cataract surgery is the only treatment currently available
for cataract disease, and involves invasive method to replace the natural
lens with an artificial intraocular lens [159]. During the past several
years, lens epithelial progenitor cells and pigment epithelial cells of
the dorsal iris have shown promise in regeneration of the lens without
surgery in rabbit, macaque and newt models as well as in human infants
with congenital cataracts [160,161]. Along the way, nanoscaffolds

(Table 6) are also being developed for these cells for lens regeneration,
where they are mostly injected into the lens capsule after removing its
content. For example, Nibourg et al. used a low molecular weight supra-
molecular hydrogelator to form self-assembled nanofiber-based
nanogels made of LMWG peptide (Fig. 4) to be used as extracellular en-
vironment for lens epithelial cell growth in an ex vivo porcine eye
model. The nanofiber-based nanogels were filled into the capsules of
porcine lenses after removing the lens content and the filled lenses
were then extracted from the porcine eyes and were cultured for
three weeks. Lenses filled with hyaluronan were used as a control. Com-
pared to the control, the nanogels helped the lens epithelial cells main-
tain their normal epithelial-like morphology and had less alpha smooth
muscle actin (aSMA) expression (9.54 4+ 11.29% vs. 30.08 + 24.60%),
which resulted in less capsular opacification. Further improvement up
to 10 times in capsular opacification was observed after incorporating
different extracellular matrix-derived peptides, such as IKVAV, YIGSR,
RGDS, PHSRN, and DGEA [162]. Xi et al. fabricated polyurethane nanofi-
bers by electrospinning method and used the nanofibers as scaffold sub-
strates to grow human umbilical vein endothelial cells and human lens
epithelial cells (SRA 01-04) [163]. They first investigated the effects of
the alignments of nanofibers on the cell adhesion. They found that the
attachment of human umblical vein endothelial cells on the aligned
nanofibrous membranes were 4 and 2 times greater than planar and
randomly aligned membranes, respectively. Furthermore, they com-
pared cell migration on aligned membranes with fibers oriented per-
pendicular to the wound edges, anisotropic-latitude; aligned
membranes with fibers oriented parallel to the wound edges,
anisotropic-longitude; randomly aligned membranes; and planar mem-
branes. They found that the area of SRA 01-04 on anisotropic-latitude
nanofibrous membranes was 18.7, 8, and 2 times greater than that of
the cells on anisotropic-longitude, random, and planar membranes, re-
spectively. Furthermore, endothelial cells on aligned membranes had
bipolar morphology, which was more favorable than polygonal mor-
phology observed on randomly aligned membranes [163]. These studies
provided an optimistic view to explore the potential of nanoscaffold-
based lens regeneration approach and a new avenue of research with
a goal to find better alternatives for the management of cataract and
its subsequent complications. However, the use of nanofabricated scaf-
folds in ocular lens regeneration is an avenue yet to be well explored.

3. Nanomaterials as gene delivery devices to reprogram cells for oc-
ular regeneration

Stem-cell differentiation and cellular reprogramming can be funda-
mentally regulated through a process known as gene regulation
[28,164,165]. Somatic cells and MSCs can be reprogrammed into iPSCs
by introduction and ectopic expression of a combination of pluripotency
genes including OCT3, OCT4, SOX2, KLF4, and c-Myc (Nanog and Lin14)
[166-168]. Gene delivery can also promote differentiation of different

Table 6
Nanoscaffolds investigated for lens regeneration.
Method Material Fiber diameter Type of cells Summary of findings Ref.
and orientation supported
Self-Assembly Peptides: IKVAV Porcine lens When nanogels were injected into porcine lens capsule, lens epithelial cells [162]

YIGSR RGDS PHSRN
DGEA

epithelial cells

maintained normal epithelial-like morphology and had around 3 times less alpha
smooth muscle actin («SMA) expression, which led to lower capsular opacification

compared to the cells on lens injected with hyaluronan. Further reduction up to 10
times in aSMA expression was observed after incorporating different extracellular
matrix-derived peptides.

Human umbilical
vein endothelial
cells

Human lens
epithelial cells
(SRA 01-04)

Electrospun Polyurethane Random/Aligned:

200-500 nm

The endothelial cell attachment on the aligned nanofibrous membranes were 4 and 2
times higher than planar and randomly aligned membranes, respectively. In addition,
the area of SRA 01-04 cells on anisotropic-latitude nanofibrous membranes was 18.7,
8, and 2 times greater than that of cells on anisotropic-longitude, random, and planar
membranes, respectively. Furthermore, endothelial cells on aligned membranes had
bipolar morphology, which was more favorable than polygonal morphology observed
on randomly aligned membranes.

[163]
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Fig. 4. Schematic representation of the formation of self-assembled nanofiber-based nanogels made of LMWG molecule. LMWG molecule was conjugated with a RGSD peptide via a

maleimide linker molecule and then formed into nanogels by self-assembly.
Figure is adapted with permission from references [162].

stem cells or progenitor cells into specific cell lineages through up- or
down-regulation of specific genes [28,169]. Recently, mammalian
Miiller glial cells have been investigated as endogenous source of retinal
progenitor cells. Zhao et al. reprogrammed mouse Miiller glia into pho-
toreceptors and retinal ganglion cells by downregulation of p53 genes
[34,170] that, upon incorporation into the host retina, expressed either
retinal ganglion cell or photoreceptor markers such as Islet1 and Brn3 or
rhodopsin and interphotoreceptor retinoid-binding protein (IRBP), re-
spectively [170]. Similarly, Chen's group transfected adult mouse Miiller
glial cells by a 3-catenin gene loaded adeno-associated virus and en-
hanced the proliferation of Miiller glial cells through activation of Wnt
signaling [171]. The same research group later transfected the prolifer-
ated Miiller glia cells with Otx2, Crx and Nrl expressing genes to differen-
tiate them into rods [172]. Upon these two steps of de novo cell
reprogramming and genesis of rod photoreceptors, they restored the vi-
sual responses in Gnat1''”Gnat2°*™ double mutant mice, a model for
congenital blindness. In another study, retinal stem cells located in the
ciliary margin of the adult human eye were transfected by CHX10VP16,
OTX2, and CRX genes-loaded lentivirus to differentiate them into all
types of retinal cell types including photoreceptors in vitro [173]. An-
other alternative to cellular reprogramming using gene therapy is
gene supplementation therapy that is based on the replacement of ab-
sent or abnormal genes that are responsible for the ocular diseases. It
can be used to prevent the progression of some ocular degenerative dis-
eases caused by mutations like retinitis pigmentosa, Leber congenital
amaurosis, X-linked retinoschisis, and Stargardt's disease [15,16]. The
retinal cells that are mostly affected by inherited retinal diseases are
RPEs and photoreceptors and less so bipolar, amacrine, horizontal and
ganglion cells [16]. For example, Leber congenital amaurosis is associ-
ated with mutations of RPE65 gene [174]. The RPE65 gene expresses a
key enzyme that regulates the availability of photochemicals that ab-
sorbs light energy from light rays and converts the light energy into
nerve impulses that travel to the visual cortex of the brain. In its ab-
sence, the toxic intermediates retinyl esters accumulate in the RPE,
which eventually leads to RPE atrophy and subsequent death of cone
and rod photoreceptors and blindness [56,174]. Stargardt's disease is as-
sociated with mutation of ATP-binding cassette subfamily a member 4
[16]. Therefore, repairing or replacement of these missing genes can
prevent the progression of ocular degeneration. For example, genes
have been successfully delivered into RPEs to restore genetic defects
in autosomal-recessive retinitis pigmentosa in mice [175]. However,
gene supplementation has its own limitations. For example, some

neurodegenerative diseases like AMD are associated with multiple
gene mutations and editing of multiple genes incurs additional risk
such as unintended mutations [175]. Therefore, repopulating the af-
fected tissue by cell-based therapy rather than gene supplementation
therapy poses reduced risk [175] and in this review gene supplementa-
tion is discussed with less attention.

The anatomy of the eye allows direct deposition of therapeutic genes
to the retina through intravitreal or subretinal injections [15]. However,
efficient gene transfection, both in vitro and in vivo, has been challenging
due to the poor permeability of genes into the cell and especially cell nu-
cleus, degradation of genes in the cytoplasm by ubiquitous nucleases,
and sequestration of genes by DNA-binding proteins and cytoskeletal
elements in the cytoplasm [167,176]. To improve the penetration of
genes into the cell, holes were drawn in the cell plasma membrane for
genes to enter into the cell using physical methods including direct mi-
croinjection and electroporation [177,178]. However, the cells that can
be performed by direct microinjection are only large cells such as oo-
cytes and embryos and non-dividing cells such as neurons [179,180].
Electrical stimulation from electroporation may also cause high rate of
cell death [178]. To improve the transfection efficiency of genes, differ-
ent viral and non-viral nanosized gene delivery vectors have been in-
vestigated [15].

Especially, viral vectors like retrovirus, lentivirus, adenovirus and
adeno-associated virus possess high cellular transfection and gene ex-
pression capabilities and have been commonly used to reprogram
cells [28]. They have even entered into different clinical trial stages to
treat inherited retinal degenerative diseases, with adeno-associated
viruses leading the way. However, despite the encouraging results,
their progression is hampered by safety issues associated with their in-
herent immunogenicity, broad tissue tropism, and tumorigenicity due
to insertional mutagenesis and uncontrolled gene expression
[16,28,56,169,181]. In addition, the packaging capacities of viral
vectors is limited. For instance, the packing capacity of the commonly
used adeno-associated virus and lentivirus vectors is limited to approx-
imately 5 and 9 kb, respectively [182]. Contrarily, the non-viral nano-
particulate vectors such as lipoplexes, polyplexes, mesoporous silica
nanoparticles, and dendrimers are relatively safer, cheaper, more repro-
ducible, and small enough to enter cells by endocytosis. However, they
have low gene transfection ability and may also have some degree of cy-
totoxicity and non-biodegradability issues [28,183]. Therefore, the need
of developing efficient, nontoxic, non-viral, gene nanocarriers with high
gene transfection efficiency has long been of paramount importance
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[16,184]. As a result, many types of non-viral nanocarriers (Fig. 5) have
been investigated as vectors for gene delivery to target cells used in oc-
ular regenerative medicine.

The first type of non-viral gene nanocarriers investigated for gene de-
livery for ocular tissue regeneration is liposome-protamine-DNA (LPD)
complexes, also called lipoplexes [185]. LPD complexes contain a highly
condensed DNA core surrounded by lipid bilayers, and they were initially
prepared in two steps [186]. First, the negatively charged DNA was
interacted electrostatically with the positively charged protamine - an
arginine-rich protein isolated from the sperm of a mature fish - to
form a condensed core. Then a cationic liposome, consisting of cationic
lipids like DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) was
added to the negatively charged protamine/DNA complexes to form
LPD complexes. The LPD complexes were nanosized and prevented
DNA from nuclease degradation [187]. Protamine also condensed DNA
and presented sequences of six consecutive arginine residues, which en-
abled translocation of DNA from the cytoplasm to the nucleus of living
cells [183]. As compared to plasmid DNA-loaded liposomes, which is
without protamine, the LPD complexes better protected the plasmid
DNA from enzymatic degradation and offered higher gene expression
[185]. Inclusion of cholesterol as a helper lipid could further increase
the in vivo transfection efficiency of the LPD nanocarriers with less
need of the cationic lipids [187]. To improve the targeting capability of
the LPD nanocarriers, various cell targeting peptides were enveloped in-
side the LPD nanocarriers [188]. For example, the group of Rajala devel-
oped an LPD nanocarrier that they described as an “artificial virus” for the
delivery of RPE65 gene to the retina [56]. The nanocarrier was made by
surface modification of the LPD complex by a nuclear localization signal-
ing peptide (DKKKRKVDKKKRKVDKKKRKV) and a cell-penetrating
transactivator of transcription peptide (YGRKKRRQRRR). Subretinal ad-
ministration of the nanocarriers to 5-day old RPE65 knockout mice re-
sulted in expression of the RPEG5 in the test group but not in the
control group. Similarly, electroretinography (ERG) measurements
showed that the amplitudes of the scotopic b-wave (rod photoreceptor

function indicator) and photonic b-wave (cone photoreceptor function
indicator) of mice treated with RPE65 gene loaded nanocarriers in-
creased by more than 100% as compared to mice treated with the control
LPD. In a similar study, Wang et al. attached vitelli form macular dystro-
phy, mouse rhodopsin, red/green opsin, and thymocyte antigen as reti-
nal cell-specific promoters and could specifically deliver genes to RPEs,
rod cells, cone cells, and ganglion cell, respectively, in vivo [189].

The second type of gene nanocarriers investigated for ocular regen-
erative medicine is polyplexes. Polyplexes are nanosized complexes
formed by electrostatic interaction of cationic polymers with negatively
charged DNA in aqueous solution, which leads to reversible linear to
globule transition of DNA [22,190]. At certain polycation to DNA ratios,
DNA undergoes localized bending or distortion that facilitates the for-
mation of nanoparticles with different shapes like rods, toroids and
spheroids [190]. In addition, the polyplexes' transfection efficiency in-
creased with increasing their positive to negative charge ratios to a cer-
tain point and then decreasing at higher ratios [190]. The polyplexes
were stable in nuclease-rich environment, and had relatively high
gene transfection ability for both dividing and nondividing cells [22].

The third type of nanocarriers that have good gene delivery potential is
mesoporous nanoparticles that contain pores with diameters between 2
and 50 nm. The porous structure and high surface area of mesoporous
nanoparticles enable high gene loading/encapsulation and enhanced
transfection [29,181]. Change et al. differentiated iPSCs into dopaminergic
neurons by co-delivering of nuclear receptor related-1 protein plasmid
DNA and Rex1 siRNA using hexagonal mesoporous silica nanoparticles
with dense positive charge, amine functional group and a size of 110 +
30 nm [168]. The DNA-siRNA-loaded mesoporous silica nanoparticles gen-
erated more robust and long-living neuronal cells than Lipofectamine™, a
commercially available cationic liposome that is widely accepted as “gold-
standard” for the safe delivery of exogenous DNA or RNA into cells
[29,191]. Cao et al. found that, based on fluorescent microscopic results,
plasmid DNA encoding VEGF-loaded mesoporous iron oxide nanoparticles
transfected MSCs better than free plasmid DNA [181].
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Fig. 5. Schematic representation of different types of nanoparticles used as gene delivery carriers for ocular regeneration.
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Organic-inorganic hybrid nanocrystals are the fourth type of gene
nanocarriers. Kutsuzawa et al. developed a plasmid DNA-loaded
organic-inorganic hybrid nanocarriers for effective transfection of
mouse ESC lines. The hybrid nanocarrier was formed by electrostatically
embedding fibronectin and E-cadherin-Fc chimera on carbonate apatite
nanocrystals. The fibronectin and E-cadherin-Fc chimera were used as
cell adhesive molecules that bound with the transmembrane proteins
fibronectin-specific integrins and E-cadherin, respectively, and synergis-
tically enhanced the interaction of the nanocrystal with the cells. The hy-
brid nanocarrier enhanced gene transfection and transgene expression
20 and 3 times, as compared with the non-modified inorganic carbonate
apatite nanocrystals and the commercially available Lipofectamine in the
mouse embryonic cells, respectively, demonstrating the great potential
of the hybrid nanocarriers for stem cell reprogramming [164].

The fifth type of nanocarriers investigated for ocular tissue regener-
ation is NanoScripts. NanoScripts are nanoparticles onto which specific
small molecules are attached to mimic natural transcription factor pro-
teins. The small molecules bind to specific portions of a genome in stem
cells to regulate gene expression in the stem cells for regenerative med-
icine [165,192]. For example, Patel et al. developed 45 nm Sox9-specific
NanoScripts that repressed Sox9 expression in neural stem cells and ini-
tiated enhanced differentiation of the neural stem cells into neurons.
The NanoScripts were designed by conjugation of Sox9-specific hairpin
polyamide, a corepressor peptide with a sequence WRPW, and TAT se-
quence from the human immunodeficiency virus (HIV) virus, a mem-
brane penetrating peptide, on magnetic nanoparticles via a PEG-based
linker. The hairpin polyamide (PyPyPy-b-PylmPy-g-PyPyPy-b-
PyImImb-Dp-NH2) comprised pyrrole (Py) and imidazole (Im) groups
that bound to A-T and G-C base pairs on the DNA, respectively, and ste-
rically hindered the attachment of enzymes such as RNA Polymerase I,
to the binding site and in turn prevented gene transcription in neural
stem cells. The short readily soluble WRPW peptide also induced gene
repression by preventing the formation of basal transcriptional machin-
ery at the binding site and initiating the Groucho family proteins, well-
established corepressor factors that prevent the formation of the tran-
scriptional basal complex. The membrane penetrating peptide assisted
the NanoScripts cross the plasma and nuclear membranes [165].

The sixth and seventh types of gene nanocarriers that can potentially
be used for ocular regeneration are self-assembling DNA and
magnetic nanoparticles. Ma et al. showed that self-assembled DNA
tetrahedronnanostructures (=10 nm) enhanced the proliferation of
neuroectodermal stem cells via activation of Wnt/3-catenin pathway
in vitro. They also showed that the tetrahedron increased differentiation
of neuroectodermal stem cells into neuron in serum free medium by
inhibiting notch pathway [193]. Lee et al. transfected mouse embryonic fi-
broblast cells using paramagnetic nanoparticles loaded with the transcrip-
tion factor genes OCT4, SOX2, KLF4 and c-Myc. The genes were
incorporated in the magnetic nanoparticles via conjugation with cationic
polymer polyethyleneimine coated on the magnetic nanoparticles. After
the transfection, exogenous DNA-free iPSCs were obtained and the iPSCs
showed similar properties as ESCs in terms of cell growth pattern, colony
shape, differentiation potential and teratoma formation [194]. Similarly,
Ruan et al. transfected 293 T cells and human fibroblast cells with four
transcription factor genes OCT4, SOX2, LIN28 and Nanog loaded in a mag-
netic nanocarrier coated with 5-generation polyamidoamine dendrimer.
The magnetic nanocarrier produced 10 times higher OCT4, SOX2, LIN28
and Nanog-containing lentiviruses in 293 T cells than Lipofectamine
2000, and reprogrammed human fibroblast cells into exogenous DNA-
free ESC like iPSCs at 37 °C after 21 days of transfection [195].

4. Nanomaterials as immunomodulators in ocular regeneration

In ocular regenerative medicine, autologous, allogenic or
bioengineered cells can be used [12]. Autologous cell therapy has the
advantage of not being attacked by the immune system, but it has eco-
nomic and regulatory issues. Contrarily, in allogenic cell therapy, one

cell type can be used for all suitable patients, but it has an inherent prob-
lem of immune rejection [196]. Particularly, in ocular tissue transplanta-
tion, although photoreceptors are not expected to be immunogenic,
glial cells and RPEs might cause immune rejection [22]. The immune re-
jection occurs mainly by the activation of alloreactive T cells and antigen
presenting cells such as B lymphocytes, macrophages and dendritic
cells. Acute rejection takes place when the T cells infiltrate into the allo-
grafts and stimulate inflammation and cytotoxicity. Complex interac-
tions between the allografts and cytokines, CD4+ and CD8+ T cells
and B cells result into chronic rejection and, eventually, graft loss. Spe-
cifically, recognition of the incompatibility of the donor cells by the
recipient's immune system via major histocompatibility complex
(MHC) class I and II antigens causes recruitment of activated lympho-
cytes and initiation of immune effector mechanisms, leading to graft de-
struction [197].

Different cytokines from subsets of immune cells including innate
lymphoid cells and Gamma Delta (yd) T cells showed different effects
on epithelial stratification and corneal restoration [198]. For example,
Li et al. reported that during corneal abrasion, C-C chemokine receptor
type 6 (CCR6) and Interleukin 17 (IL-17) positive yd T cells infiltrated
epithelium, causing chemokine (C-C motif) ligand 20 (CCL20) mRNA
and protein expressions to increase 19 and 16-fold, respectively, 6 h
after injury in wild type C57BL/6 mice [199]. They also found that cor-
neal yo T cells showed positive stains for the isoform of retinoic acid
receptor-related orphan nuclear receptor gamma (RORt), Interleukin
23 receptor (IL-23R), and Interleukin 22 (IL-22 in wild type C57BL/6
mice). After anti-CCL20 antibody was administered systemically or top-
ically to wild type C57BL/6 mice, accumulation of 5 T cells was reduced
by 50% along with a 60% reduction in stromal inflammation in terms of
neutrophil response. Use of anti-IL-22 antibody decreased the peak ep-
ithelial cell division of the healing epithelium by 52.2% after 18 h of in-
jury in wild type mice. Li et al. further reported that in yd T cell-
deficient mice, treatment with recombinant IL-22 promoted significant
wound healing and increased peak epithelial cell division by 3-fold
[199]. On the other hand, Zhang et al. found that cytokine IL-20 favoured
corneal wound repair, evidenced by the following facts. IL-20 expres-
sion increased 3-fold after a 2 mm central epithelial abrasion in mice,
and topical application of anti-IL-20 antibody slowed down the cornea
healing process [200]. However, topical application of recombinant IL-
20 in wounded wild-type, mutant and neutrophil-depleted mice re-
duced corneal inflammation by 42% as demonstrated by reductions in
limbal vessel dilatation (arterioles 20%, venules 20%), platelet extrava-
sation (74%), neutrophil recruitment (62.5%) and chemokine (C-X-C
motif) ligand 1 (CXCL1) expression [200]. Gong et al. reported that in-
crease of Th2-type cytokines IL-4 and IL-10 improved allograft survival
in the rat cornea [201]. Ramesh et al. showed that manipulation of the
oxidative pathway by activating nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) to be a promoter for a number of
genes involved in cytokine and matrix metalloproteinases (MMP) ex-
pression, corneal inflammation could also be reduced [12].

To improve the immunosuppression efficiency of cytokines as well
as other immunosuppressants such as Flt-23k (anti-VEGF intraceptor)
[202], rapamycin [203], mycophenolic acid [204], tacrolimus [205] cy-
closporin A [206], and dexamethasone [207] in the eye, a variety of
nanomaterials have been investigated as carriers for the immunosup-
pressants. [208,209]. PLGA nanoparticles with a size of 220 nm were
used to load FIt-23 k to decrease corneal opacification by 75% and im-
prove graft survival by 20% after 2-5 and 8 weeks of operation, respec-
tively, in a corneal graft mouse model compared with the Fit-23 k alone
control group [202]. Co-administration of the steroid triamcinolone
with the FIt-23 k-loaded nanoparticles further reduced the graft rejec-
tion rate from 80% to 8% [202]. Chitosan-coated, rapamycin-loaded
PLA nanoparticles extended rabbit corneal allograft survival by about
3-4 days in comparison with 0.5% rapamycin suspension [203]. Weekly
subconjunctival administration of 8% dexamethasone-loaded PLGA
nanoparticles prevented corneal allograft rejection in rats for 9 weeks
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[207]. Mycophenolic acid-loaded PLGA nanoparticles prolonged allo-
graft survival 50% compared with the daily dose of drug alone after in-
traperitoneal injection in mice (median allograft survival time 33 vs.
22 days), despite the fact that the drug dose in the nanoparticles was
1000-fold lower than the dose of the free drug. The nanoparticles also
helped mycophenolic acid to decrease antidonor CD4+ T-cell [FN-y
responses in the mouse spleen [204]. Niosomes derived from
proniosomes containing poloxamer 188 and lecithin as surfactants
and cholesterol as a stabilizer, were used to deliver tacrolimus to the
cornea in a Sprague-Dawley (SD) rat xenotransplantation model, for
prolonging the allograft survival [205]. The results showed that 0.1%
tacrolimus-loaded niosomes delayed the rejection of corneal allograft
and significantly prolonged the median allograft survival time (13.86
+ 0.80 days) as compared with 1% cyclosporine A (CsA) eye drops
(10.57 4 0.65 days), drug-free niosomes (6.25 + 0.59 days), or un-
treated group (6.29 4 0.42 days).

5. Summary and future perspectives

Regenerative ophthalmology is an exciting new field to regenerate
compromised, lost or damaged ocular cells and tissues to treat vision
loss and blindness caused by various ocular degenerative diseases,
traumas, or infections. Recent advances in exogenous delivery of living
allogenic or autologous cells, particularly stem cells make cell therapy
an intriguing potential therapy to regenerate ocular tissues to preserve
and restore vision [24]. However, cell therapy approaches are still at
their early stage and face multiple major challenges to regenerate ocular
tissues/organ. The challenges include requirement of chronic systemic
immunosuppression that can have numerous side effects [210]; chronic
graft-versus-host disease that can lead to dysfunction of the lacrimal
gland and keratoconjunctivitis sicca, which diminish the patient's qual-
ity of life [211]; and pro-inflammatory environment created by the dis-
eased eye itself, including cytokines, chemokines, complement and
nitric oxide that contribute to reactive gliosis and can also prevent re-
generation [212]. Effective methods and biomaterials for cell transplan-
tation, adhesion, proliferation, and differentiation and the addition of
nanotechnology to ocular regenerative therapies shows promise for
overcoming these challenges [30].

Different types of nanoscaffolds including electrospun nanofibers,
self-assembled peptide nanofibers and nanotopographies have been de-
signed and investigated for retinal, corneal and lens tissue regeneration.
Generally, unlike traditional scaffolds, nanoscaffolds provide highly po-
rous 3D frameworks that facilitate oxygen and nutrient transport and
cellular waste removal and promote cellular attachment, proliferation
and differentiation [35]. By modifying their content including surface
coating and geometry including nanofiber length, diameter, arrange-
ment and alignment, nanoscaffolds can be engineered to have appropri-
ate chemical, physical, biological and mechanical properties mimicking
the natural retinal and corneal microenvironments for ocular and stem
cell growth and differentiation to regenerate ocular tissues. Usually, nat-
ural polymers including self-assembled peptides are more suitable for
promoting cell attachment and biological activity by closely imitating
the native extracellular matrix than synthetic polymers. However,
they have less mechanical strength and shorter half-life than synthetic
polymers. As a result, a combination of natural and synthetic polymers
has been used to form transparent and biocompatible corneal
nanoscaffolds and biomimetic retinal nanoscaffolds.

Non-viral gene nanocarriers, including LPD complexes, polyplexes,
mesoporous nanoparticles, organic-inorganic hybrid nanocarriers,
NanoScripts, self-assembled DNA nanostructures and magnetic nano-
particles, are emerging as promising tools for cell reprogramming for
ocular tissue regeneration. They were utilized to deliver pluripotency
genes including Oct3/0CT4, SOX2, KLF4 and c-Myc or OCT4, SOX2,
Nanog and Lin14 that reprogram specialized cells into iPSCs. They have
also been used to deliver genes that initiate or enhance differentiation
of ESCs and iPSCs into specialized ocular cells including RPE cells and

photoreceptors. In addition, nanocarriers have also been investigated
as delivery devices for delivering specific genes including p53 gene,
Otx2, Crx and Nrl expressing genes, or CHX10VP16, OTX2, and CRX to
non-neuronal retina cells, mainly Miiller glia cells and stem cells located
in the ciliary margin of the eye, and reprograming them into photore-
ceptors and retinal ganglion cells. If this approach is successful, the im-
pact will be significant, because it will allow utilization of intrinsic cells
for retinal tissue regeneration and stop the progression of some hered-
itary ocular degenerative diseases. Therefore, continuous efforts should
be devoted to optimize nanotechnology to reprogram somatic cells into
iPSCs and stem cells that can be differentiated into specialized ocular
cell lineages for successful ocular tissue regeneration.

During the past 10 years, nanotechnology has been used to control
release of cytokines and immunosuppressants to prevent corneal tissue
rejection and increase corneal graft survival rate. In the future, deeper
studies of the effects of the size, shape, surface feature and elastic prop-
erty of nanoparticles on the phagocytic clearance of the nanoparticles in
the eye are expected. Combination of nanotechnology and
immunoengineering to modulate both innate and adaptive immune
systems to promote a pro-regenerative microenvironment at the de-
fect/injury site will be critical for ocular healing and regeneration.

Successful ocular tissue engineering and regeneration research and
application needs an appropriate method to track the proliferation
and migration of transplanted cells in vivo. Different nanoparticles
such as magnetic and gold nanoparticles and quantum dots have been
used as cell-tagging agents for repeated or continuous tracking of cells
in vivo in combination with magnetic resonance imaging (MRI), photo-
acoustic imaging, and optical imaging, respectively [213,214]. In this
process, nanomaterials that can be imaged are first incorporated into
stem cells by endocytosis. Afterwards, the nanomaterials-containing
stem cells are implanted at the target site and their migration and differ-
entiation are monitored using the corresponding scanning device. How-
ever, the studies of nanomaterials as tagging agents for tracking cells in
the eye are scarce and limited to the toxicity of superparamagnetic iron
oxides and gold nanoparticles (SPIONs) to rabbit corneal endothelial
cells [215] and MSCs [216-219], respectively, and tracking MSCs in the
subretinal layer of the rat's eye [217]. More development of nanotech-
nology for live cell imaging and tracking for disease diagnosis and tissue
regeneration in the eye is expected in the future.

Personalized medicine includes tailoring of disease treatment to the
individual person based on that person's genetics or severity of disease
to achieve better patient outcomes and is an emerging and growing
field within ophthalmology [220,221]. The use of nanotechnology can
allow for personalization of therapeutics and optimization of drug dos-
ages for a more precise and efficient treatment of ophthalmic diseases.
To date, most studies have focused on the use of nanotechnology in
the sustained release of drugs to treat ophthalmic conditions in a per-
sonalized manner [222]. In the future, nanotechnology is expected to
be applied to personalize regenerative medicine using human stem
cells from the same patient and delivering therapeutics to maintain a
healthy environment for stem cells to grow and mature in the location
of disease, such as using plasma rich in growth factors from the same
patient [223].

In conclusion, nanotechnology has been revolutionizing tissue re-
generation to restore function of diseased, damaged and aged tissues
in the eye. However, the research in nanotechnology for regenerative
ophthalmology is still at its early stage, and there are very limited num-
ber of in vivo experiments and to date, based on reports on clinicaltrial.
gov, no clinical trial has been reported in this area. More preclinical an-
imal studies including toxicology, pharmacokinetics, pharmacodynam-
ics and bioeffect studies and appropriately designed clinical trials are
expected to be conducted in the future. Before the clinical trials will
be conducted, the physical, chemical, biological, and microbiological
stability of nanomaterials in conjunction with stem cell therapy should
be evaluated according to regulatory guidelines to ensure the safety, ef-
ficacy and quality of the products. Cost-effective technology needs to be
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developed to scale up sterilized nanomaterial production for clinical
translation. The ultimate goal is that nanotechnology-enabled regener-
ative therapy products will be developed to repair damaged ocular tis-
sues based on individual patient's conditions for personalized
regenerative ophthalmology to improve, preserve and restore vision.
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