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Abstract

Visual impairment affects over 285 million people worldwide and has a major impact on an
individual’s quality of life. Tissue engineering has the potential to increase quality of life for many
of these patients by preventing vision loss or restoring vision using cell-based therapies. However,
these strategies will require an understanding of the microenvironmental factors that influence cell
behavior. The eye is a well-organized organ whose structural complexity is essential for proper
function. Interactions between ocular cells and their highly ordered extracellular matrix are
necessary for maintaining key tissue properties including corneal transparency and retinal
lamination. Therefore, it is not surprising that culturing these cells in vitro on traditional flat
substrates result in irregular morphology. Instead, topographically patterned biomaterials better
mimic native extracellular matrix and have been shown to elicit in vivo-like morphology and gene
expression which is essential for tissue engineering. Herein we review multiple methods for
producing well-controlled topography and discuss optimal biomaterial scaffold design for cells of
the cornea, retina, and lens.

INTRODUCTION

An estimated 285 million people are visually impaired including 39 million who are
considered blind [1]. Visual impairment severely reduces quality of life and can have major
socioeconomic implications [2]. The leading causes of blindness include corneal opacities,
age-related macular degeneration (AMD), diabetic retinopathy, and cataract, all of which are
caused by cell death or dysfunction [1,3]. Tissue engineering may have the potential to treat
theses causes of blindness by replacing diseased or damaged tissue with healthy tissue.
However, the use of cell-based strategies to restore vision or prevent vision loss will require
not only the proper cell types, but also the proper organization and function of these cells.

Cell behavior is influenced by a combination of soluble factors, direct cell-cell interactions,
the insoluble extracellular matrix (ECM), mechanical forces, and electrical stimuli [4,5]. In
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addition to providing biological protein-based signaling, the ECM also presents physical
cues including topography that mediate cell function [6]. The major components of the ECM
include collagen, elastin, laminin, and fibronectin. These structural proteins have nanoscale
molecular structure, but can also form higher order multi-molecular units on the microscale
[4,7-12]. As a result, biomimetic tissue engineering scaffolds that recreate the physical
architecture of a cell type’s native environment may enhance cell function for therapeutic
applications [13]. However, exploring this hypothesis has been exceptionally difficult due to
the large number of confounding factors influencing cell function and limited knowledge of
the underlying molecular pathways. Comparing studies that examine the effect of
topography on cells has been practically challenging due to the infinite number of potential
topographies and variations in experimental parameters between research groups. Further
complicating this process is the fact that the effect of topography can vary greatly between
similar cell types [14], adjacent cell types [15], and even within the same cell type from
different species [16] which makes obtaining far-reaching conclusions about the effect of a
particular topography difficult.

The idea that nanoscale ECM topography plays a role in cell behavior was first formalized
by Rosenberg in 1962 [17, 18]. Since then many studies have shown that surface topography
can influence cell proliferation [19, 20], morphology [21-23], migration [23-25],
differentiation [26—28], gene expression [9,29,30], and function [31,32]. Cell attachment is
mediated by integrin binding which links the cell’s cytoskeleton to the substrate which can
affect nucleus conformation and thus gene expression along with its downstream outcomes
[32,33]. Typical patterns used in topographical studies include grooves (alternating ridges
and troughs), posts, wells, or a combination of these patterns [30,34,35]. The mechanism of
action through which surface topography mediates these functions has yet to be fully
elucidated [35], but prevailing theories point to the availability and orientation of surface
area [4], topography-directed mechanotransduction [5], and/or topography-dependent
protein adsorption [36]. When cells bind to patterned material surfaces these attachments
occur preferentially in a particular area with orientation based on the geometry and
accessible surface area [14]. For example, a cell on tightly-spaced nanogrooves may
preferentially align itself parallel to the grooves by binding to only the tops of ridges if the
spacing is sufficiently small to prevent the penetration of cell processes into the troughs
[14,37]. Likewise, if the ridge spacing is large, the processes or even entire cells may be able
to bind securely to the three-dimensional topography and increase cell adhesion [38].
Additionally, several groups have reported that substrate topography can also influence the
organization of ECM produced by adherent cells [39,40]. The potential ramifications of this
discovery are quite substantial as it suggests a method for creating natural scaffolds
composed of well-organized ECM and suggests the persistence of topographical cues even
after a scaffold has degraded or been removed.

This review focuses specifically on the effect of highly-ordered nano- and microtopography
on ocular cell behavior for therapeutic applications. The use of well-controlled methods has
been chosen because they are essential for systematically studying the effect of individual
variables on cell behavior. In addition, several groups have shown that feature regularity and
symmetry may also regulate cell behavior [36, 41]. For these reasons random fabrication
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techniques such as electrospinning, which produces poorly-controlled topography, have not
been included.

FABRICATION TECHNIQUES

1. Overview

Although well-ordered features are generally more labor-intensive and expensive to create
than their random counterparts, their unmatched precision is critical for studying cell
response to topography at the length scale of ECM. The techniques for producing these
topographies can be categorized as top-down or bottom-up. Top-down methods rely on
removing molecules from the starting substrate to produce topography and are typically
flexible, but expensive. Alternately, bottom-up methods involve the addition of material
onto the substrate and are less expensive, but offer fewer patterning options [42]. Because of
the miniscule length scale, there are only a few well-controlled techniques capable of
producing a pattern with nanoscale resolution; therefore, many of the fabrication processes
discussed below share one or more processing steps, namely nanolithography as shown in
Figure 1. However, each process included here has been chosen because it provides some
advantage in feasibility (cost, time, machinery requirements, reproducibility, complexity,
material compatibility, etc.) or control (resolution) over its alternatives (Table I).

2. Photo/X-ray/Electron-beam Lithography

Photolithography, x-ray lithography, and electron-beam lithography are three techniques
used to transfer patterns into photoresist, a photosensitive polymer, using a two-dimensional
chrome on quartz photomask. These techniques use ultraviolet light, x-rays, or electrons
respectively to alter photoresist solubility in a pattern that has been determined using
computer-aided design (CAD) software [43]. The minimum resolution of photolithography
is approximately 220nm and limited by the wavelength of light used while x-ray and
electron-beam lithography resolution can reach 1nm, albeit at a substantially higher cost
[32,44].

These forms of lithography typically involve coating a substrate (traditionally a silicon
wafer) with photoresist and exposing the photoresist to light, x-ray, or electrons through a
patterned photomask. Depending on the type of photoresist used, areas exposed to energy
will either be retained or dissolve away when treated with a liquid developer. When a
positive resist is exposed to light it will break bonds solubilizing the material whereas a
negative photoresist will cross-link upon exposure and become insoluble [45]. The result of
this process is the transfer of a printed two-dimensional pattern on a photomask into
photoresist that can be tens of nanometers to tens of microns thick atop a silicon substrate.
At this stage topography patterning processes diverge. The pattern can be used directly as a
mold, used to create an inverse mold for subsequent patterning, or subjected to further
shaping using wet or dry etching. For processes requiring further etching, a hard masking
material such as silicon dioxide is frequently used between the silicon wafer and photoresist
to provide superior etch resistance.
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3. Wet Etching

Wet etching is a technique that uses a liquid etchant to chemically remove atoms from a
substrate. In wet etching, a crystalline material (such as silicon) is coated with a patterned
hard mask layer and submerged into a chemical mixture. The solution then etches material
not protected by the hard mask at an angle that is dependent on the etchant mixture. While
some chemical solutions etch isotropically, others work at a well-defined angle. For
example, potassium hydroxide, one of the most common wet etchants, removes silicon at a
considerably higher rate in the (100)-plane (600nm/min) than the (110)-plane (100nm/min)
or the (111)-plane (6nm/min) [43]. Wet etching techniques are associated with well-
characterized profiles which help to speed process development and product consistency
[46]. The major limitation of wet etching is the variety of etch angles and therefore feature
height, aspect ratio, and pitch that can be achieved. However, wet etching is among the
simplest and least expensive processes to use and develop.

4. Reactive lon Etching

Reactive ion etching (RIE) is a flexible, top-down nanofabrication technique that uses the
bombardment of ionic plasma to etch into a substrate. Considered a dry etching technique,
RIE uses an electrical potential gradient to accelerate ionic plasma towards the surface of a
silicon wafer. Upon reaching the surface, material is removed from the wafer via physical or
chemical etching [47]. Because the plasma etches silicon more aggressively than the
protective masking layer, patterned features are extended in the z-direction. The
undercutting angle and degree of anisotropy of this extension depend on the pressure,
voltages, gases, and flow rates used during processing [47,48].

Deep reactive ion etching (DRIE) employs the same technology as RIE, but pairs etching
with passivation in alternating cycles to produce particularly deep or high aspect ratio
topography. During the passivation step a chemically inert layer (usually
oxtafluorocyclobutane) is uniformly deposited across all surfaces [49]. Because RIE etches
preferentially in the direction of the electrical potential gradient (z-direction), the etch step
following passivation removes this protective layer on surfaces perpendicular to the
accelerated ions before removing passivation from the features’ sidewalls [49]. The result of
this process is a highly-anisotropic etch with a strong preference for feature elongation in the
z-direction. RIE and DRIE are capable of producing almost any topography desired. The
main drawback to these techniques is cost and difficulty with process development. RIE
requires the use of specialized machinery in a clean room and can be difficult to optimize
due to equipment variability.

5. Soft Lithography

Once a topographical pattern has been produced using one of the aforementioned methods,
soft lithography can be used to create inverse mold in an elastomeric polymer, typically
polydimethylsiloxane (PDMS), for repeated topography transfer [50]. The elastomeric
PDMS mold is created by coating the surface of the hard mold with a mixture of pre-
polymer solution and cross-linking agent. The mixture is cured, resulting in a rubbery
PDMS mold which can be peeled off the silicon master, and used either directly as a
substrate for cell culture (after surface treatment to promote cell adhesion) or as a soft mold
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for patterning other biomaterials [10,51,52]. If the PDMS mold is to be used as a master for
patterning other biomaterials, capillary force lithography (CFL) is often used. In CFL, a
thermoplastic polymer is melted onto the surface of the patterned PDMS which fills in the
gaps to yield the inverse topography [53].

Soft lithography-based fabrication methods are simple, non-destructive, inexpensive, and
high throughput [50]. The potential drawback of this technique is limitations on feature size
and aspect ratio that can be achieved using a soft material as features can collapse or deform
and fail to transfer the correct topography [54-56]. In addition to topographical patterning,
soft lithography has also been used extensively for patterning adhesion molecules via
microcontact printing [57] and microfluidics [58].

6. Hot-embossing

Hot-embossing again uses a previously patterned mold produced via lithography and/or
etching to reproducibly transfer topography into a more relevant biomaterial surface.
However, because hot embossing uses pressure to transfer the pattern from mold to
biomaterial, it is typically necessary to first create a less brittle mold which can be created
using electroforming. This robust mold is pushed against a heated thermoplastic polymer
using a hydraulic press. Because the material is heated above its glass transition temperature,
it flows and fills in the void space of the mold and produces the inverse topography [59].
The material is then cooled, released from the mold, and used as a topographically-patterned
cell substrate. Hot embossing is especially useful when soft structures do not meet the
required resolution or capillary forces fail to passively fill in topographical voids. However,
the need for electroforming and a hydraulic press can make this process expensive to
initially set up.

7. Spin-assisted Templating

Spin-assisted templating is a technique that uses a topographically-patterned mold to create
a polymeric thin film with the inverse features. To create these films the biomaterial of
interest is dissolved in an organic solvent, deposited onto the surface of the patterned
substrate, and rotated at high speed. Centripetal forces thin out the solution as the solvent
evaporates producing a thin film. The film can then be peeled from the mold and used for
cell culture. Film thickness is approximately uniform across the surface of the mold and can
be reliably tuned down to 1.2um as a function of spin speed, solvent, and solvent-polymer
ratio. [60,61]. The major benefit of this technique is that it produces thin materials which
may be more appropriate for applications that require a minimal scaffold footprint, such as
the eye or to support transport through the scaffold [60-62].

8. Scanning Probe Lithography

Scanning probe lithography (SPL) is a group of patterning techniques that utilize atomic
level control to add or remove material onto an initially flat substrate [63]. Unlike the
previous patterning methods discussed, nanolithography is not a prerequisite for SPL, but
rather an alternative. SPL repurposes atomic force microscopes, scanning tunneling
microscopes, near-field scanning optical microscopes, or scanning electrochemical
microscopes for the nanoscale manipulation of material [42]. In these techniques probe tips
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located at the substrate surface deposit, move, or bore into material to create patterned
topography. These techniques can be used in one of two ways, either directly to build
topographical features, or to deposit a thin layer of hardmask material ready for subsequent
dry or wet etching [46]. SPL offers unparalleled precision and design flexibility, but is very
low throughput due to the time required to pattern any reasonably large surface [10].
Consequently, SPL is more commonly used for hard mask deposition that uses only a thin
layer of material deposition rather than building the entire three-dimensional (3D) structure.
To date SPL has not been widely used for biomaterial patterning, yet improvements over the
last several decades have pushed the technique near a point where more widespread
adoption is possible [45,46,64-67].

9. Inkjet 3D Printing

Inkjet printing is one of the most inexpensive and straightforward forms of solid free-form
fabrication which rely on layer-by-layer material deposition to produce a 3D scaffold.
Through simple modification of a standard inkjet printer, engineers have created a way to
print polymers, hydrogels, and cells rather than ink. After modification, the printer uses
pressure to expel picoliter volumes of the solution or colloidal suspension onto a moving
stage in an iterative process that builds a scaffold in the xy plane and then moves vertically
to deposit another layer [68—70]. Besides its simplicity and low-cost, inkjet printing also
presents advantages of material flexibility and ease of scaling. The major drawback of inkjet
printing is its minimum feature size which is generally limited to around 30um [71], though
features as small as 5um have been reported [72].

10. Traditional Laser Direct-Writing Techniques

Laser-based transfer techniques such as laser-induced forward transfer (LIFT), absorbing
film assisted laser induced forward transfer (AFA-LIFT), and matrix-assisted pulsed laser
evaporation direct write (MAPLE DW) are bottom-up processes that utilize the high energy
and narrow exposure of lasers to pattern biomaterials. Though these techniques vary
slightly, all are based on the principle of pulsed laser deposition (PLD). In PLD, a high
power laser is briefly pulsed towards a “ribbon” containing the biomaterial of interest
causing the exposed material to be removed from the ribbon and deposited on an adjacent
target substrate [73]. Using repeated pulsing and a translating stage following a CAD
pattern, biomaterial scaffolds can be created in minutes with features on the order of 1-2um
and sometimes as small as 300nm [73-75]. The downside of these techniques are their
inherent constraint on 3D structure complexity and potentially undesirable porosity due to
voids between discrete deposits [76,77]. Direct writing can also be performed as a top-down
method using lasers to micromachine a pattern into an existing biomaterial, though this
method is less common due to lower resolution (tens of microns) and the potential for
material decomposition at the exposure site [78,79].

11. Two-photon Polymerization

Two-photon polymerization is a relatively new technique to biomaterial patterning that uses
lasers for high precision 3D patterning. In this approach, a pulse of photons is emitted from
two distinct laser sources into a volume of photoinitiator and monomers [80]. At the focal
point where the two lasers intersect the amount of absorbed energy is sufficiently high to
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induce polymerization leading to a liquid-to-solid phase change. The intersection point of
the lasers is then moved using automated stages to trace the desired CAD architecture and
yield a well-defined 3D scaffold [81]. This technique is capable of producing large/thick
scaffolds with excellent control over the scaffold’s internal structure and 100nm resolution
[82,83]. Unfortunately, the accessibility to this technique may be limited by the cost of
special machinery and generally low throughput nature of fabrication [80]. Despite these
issues, the ability of two-photon polymerization to fabricate scaffolds that mimic the size
and 3D nature of the ECM will likely make it a mainstay in the future of biomaterial
patterning [80,84].

OPHTHALMOLOGICAL APPLICATIONS

Cornea

Though topographical cues influence cell behavior throughout the body, they may be
especially important in the eye which requires well-defined cell organization and orientation
for proper function (Table II) [85]. In addition, the eye is a particularly intriguing target for
tissue engineering because of its immune privilege and potentially major impact on patient
quality of life [61,86,87]. Translational cell-based restoration is already becoming a reality
and these factors make the eye an appealing organ for treatment. In fact, the eye was the
target of the first clinical trials using an embryonic stem cell-derived population in the
United States [88]. The most attractive tissues for cell-based ocular repair include the
cornea, retina, and lens, which all play integral roles in vision. While engineering some of
these tissues may require stem cell-derived populations, others have populations of resident
progenitor cells that could potentially be isolated, expanded, and used for regenerative
medicine [85]. The cornea is potentially the easiest tissue to engineer due to accessibility
and lack of neural integration. In contrast, the retina is likely to be the most difficult due to
its neural connectivity via mechanisms that are poorly understood at present.

The cornea is the frontmost, transparent portion of the eye responsible for the majority of
light focusing. Corneal blindness, characterized by loss of corneal clarity, results from
numerous infectious, inflammatory, dystrophic degenerative disorders and diseases or be
caused by chemical or mechanical trauma to the cornea. Engineering an implantable corneal
sheet is an attractive alternative to using donor tissue which is scarce and potentially
immunogenic. In order to achieve functional transparency, corneal cells and ECM is
arranged regularly and with specific orientation [89,90]. Currently, the field is exploring the
use of topography to force cells into the appropriate alignment and form a functional
engineered cornea.

From front-to-back the human cornea is composed of five layers: corneal epithelium,
Bowman’s layer, corneal stroma, Descemet’s membrane, and corneal endothelium [91]. The
two main cell types found in the cornea are corneal epithelial cells (CECs) at the ocular
surface and keratocytes of the stroma [92,93]. In vivo, CECs adhere to Bowman’s layer, a
specialized basement membrane which presents well-ordered topography on the range of 22
to 191nm [7,31,91]. Corneal epithelium may not require donor or stem cells as resident
limbal stem cells found in the epithelium are able to proliferate, differentiate, and migrate to
renew regions of cell loss [94]. Keratocytes are also exposed to highly-ordered ECM
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composed of approximately 200 stacked lamellar sheets comprised of nanoscale (22.5—
35nm) collagen fibrils [15]. These fibrils, packed in parallel, form lamella 0.2 to 2.5um thick
and comprise the major structural component of the keratocyte microenvironment as shown
in Figure 2A & 2B [95,96]. This organization is thought to be critical for proper light
transmission by eliminating scattered light while passing direct light [93,97]. Because of
their well-organized native ECM and potential utility for regenerative medicine, CECs and
keratocytes have been among the most studied cell types with regards to topographical
control.

Surface topography has been shown to be a major cue for CEC morphology. The most
common topography studied has been ridge-groove patterns with varying feature depth and
pitch. Pitch refers to the lateral distance between repeating units and is calculated as the
ridge width plus groove width [33]. Most studies have found that CECs align parallel to both
nanoscale and microscale repeating ridge-groove structures [31,98-100]. Teixeira and
colleagues [31] cultured CECs on ridges and showed that cells align to features as small as
70nm wide with 400nm pitch. This was in stark contrast to CECs on unpatterned surfaces
which were rounded (a potential indicator of poor health) and displayed no preference in
orientation as shown in Figure 3. Other studies helped to identify the lower size limit for
CEC topographical guidance of 20nm wide by 14nm deep by demonstrating that cells were
unable to detect ridges with smaller dimensions [14,31,99]. Topography also affects cell
adhesion as increasing groove depth or decreasing pitch results in improved attachment
[31,38]. In addition, CECs migrate along the length of the grooves, a phenomenon that has
been compared to the continual movement of limbal stem cell-derived CECs in vivo that
maintain corneal homeostasis [101]. At the molecular level CEC alignment on grooved
surfaces has been linked to Rho GTPases activation, an important mechanical and adhesion
signaling pathway [14].

However, topography is not the only microenvironmental cue affecting CEC behavior, and
other stimuli have also been studied. Teixeira and colleagues demonstrated that culture
medium also plays a major role in CEC organization. Different media conditions were able
to modulate the proportion and direction of aligned CECs which changed from parallel to
perpendicular to the grooved features [31,100]. Other physiologically-relevant stimuli have
also been tested in combination with topography. Karuri showed that the maximum
percentage of CECs are retained on grooves with 400nm pitch when subjected to fluid-based
shear stress that simulated the force encountered at the cornea due to blinking [38]. Rajnicek
and colleagues used a DC electric field to simulate the persistent voltage difference in the
cornea due to active ion transport and found that CECs align perpendicular to the electric
field and migrate towards the cathode [14]. They further determined that the effects of an
electrical field and topography could be combined to yield better alignment than either cue
individually. Studies like this that address multiple, synergistic stimuli are especially critical
for translational research as in vitro cell behavior is most physiologically relevant when
conditions closely approximate the multi-factorial native microenvironment.

Keratocytes constitute a majority of the cells in the cornea and are a necessary component of
full cornea tissue engineering. Unlike continually-renewing CECs, keratocytes only enter a
proliferative state for the purposes of wound healing. However, keratocyte proliferation does
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not appear to be influenced by physical cues as cells on all topographies including a flat
control expanded at similar rates [92]. As alluded to previously, one topography may have
widely varying effects on different cell types. Consequently, nanoscale topography that
results in superior CEC adhesion and alignment does not promote appropriate keratocyte
behavior. Instead, keratocytes adhere and align better on grooves with microscale (2—4um)
compared to nanoscale (400nm) pitch or flat substrates [15]. A qualitative example of this
improvement can be seen in Figure 4. Up to 70% of keratocytes aligned on microscale
grooves compared to just 35% of CECs [15]. This fundamental difference in response to
topography based on size may be attributed to the unique in vivo environments of each cell.
Although both CECs and keratocytes experience fibers on the scale of 20-200nm,
keratocytes also interact with multi-molecular lamellae that are 1 to 2.5um thick which is
one possible explanation for their superior response to microscale features [15].

In order to tissue engineer a full cornea, it may useful to employ multiple topographiesto
meet the unique requirements of each cell type. Current studies and anatomical demands
suggest that a thin, largely two-dimensional scaffold with ridge-groove nanotopography
would be beneficial for the formation of a CEC monolayer [14,31,38,99], while a thicker,
three-dimensional scaffold with microscale physical cues directing alignment would be ideal
for keratocytes [15]. In addition, the scaffold would also have to be composed of a
permeable material or incorporate pores to allow for metabolite transport [102].

The main function of the crystalline lens is to focus incident light on the retina. The
refractive power of the lens is mostly provided by long, thin and transparent fiber cells
derived from the lens epithelium [103]. Lens epithelial cells are the most active cell type in
the lens and are responsible for both producing the ECM that constitutes the lens capsule
and quiescent lens fiber cells [104]. Lens epithelial cells at the front of the lens proliferate
and slowly migrate to the periphery where they undergo an epithelial-to-mesenchymal
transition and terminally differentiate into lens fiber cells by elongating and losing a bulk of
their contents [105-108]. This process results in concentric parallel layers of highly
elongated fiber cells (Figure 2C) with hexagonal cross-section of approximately 7um by
2um [14,38,109]. In contrast to most epithelial basement membranes, the lens capsule is
located outside of the lens epithelium. As a result, the apical side of the lens epithelium in
direct contact with fiber cells which may play a role in regulating epithelial cell
proliferation, migration, and/or differentiation [104,110].

Like the cornea, cell and ECM organization is critical for maintaining transparency of the
lens [14,111]. Because fiber cells constitute a bulk of lens volume, they must be optically
transparent to minimize interference with light traveling from an external source to the
underlying retina. These cells achieve the required transparency by forming highly
elongated fiber cells rich in crystallins, water-soluble proteins, and eliminating their
organelles and nuclei that would otherwise scatter light [108]. While fiber cells are largely
metabolically inactive after losing these components, their structural and optical properties
are critical for proper lens function.
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The most common source of lens opacification is cataracts which account for approximately
51% of all blindness [1]. Despite the lens’s capacity for self-repair, pathologies may exceed
the amount of damage that can be naturally repaired and therefore necessitate intervention to
fully restore function [105,112]. The current standard of care for lens injury is replacement
with a transparent polymer. Though this procedure is well-established, complications such
as reopacification may occur [113].

When cultured on flat surfaces, lens epithelial cells assume isotropic morphology resulting
in an opaque, non-functional lens. Rajnicek and colleagues aimed to improve transparency
by culturing lens epithelium on microgrooves to mimic native underlying fiber cell
architecture and induce epithelial cell alignment [14,109]. Lens epithelial cells aligned
parallel to nanoscale grooves when features were 130nm or deeper while shallower features
did not induce significant cell alignment (Figure 5) suggesting lower sensitivity to physical
cues than corneal epithelium discussed previously [14]. Because of the availability of
alternative cell-free strategies for restoring lens function, lens epithelial cells are the least
studied of the tissues discussed. Though drawing conclusions at this point in time would be
premature, initial studies indicate that lens scaffolds with grooves or fibers on the order of
native fiber dimensions (2-7um) in cross-section may enhance lens epithelium proliferation
and differentiation [14]. In this way it may be possible to create a cell-based engineered lens
with regenerative capacity to prevent opacification.

The retina is composed of two regions: a neural inner region and outer region. Tissue
engineering of the inner retina presently remains far from realization due to a poor
understanding of complex neural networking. However, more is known about the cellular
interaction and functional organization of the outer retina, namely photoreceptors and the
retinal pigment epithelium (RPE). Photoreceptors are specialized rod or cone-shaped cells
detect light and begin a biochemical cascade that ultimately produces vision [114]. These
cells are maintained by the RPE, a confluent monolayer of pigmented cells that maintains
favorable environmental conditions for photoreceptors and mediates metabolite transport to
and from the underlying vasculature [115]. In vivo, photoreceptors are elongated cells that
are aligned perpendicularly to the underlying RPE, an arrangement that is critical for proper
function [116]. Columnar cell structure allows photoreceptors to pack densely in order to
promote high resolution vision. As a byproduct of photon detection, waste is produced and
secreted in membrane-bound outer segments at the posterior of the photoreceptor and
subsequently phagocytosed by adjacent RPE [115].

Since photoreceptors and RPE are quiescent in the adult, regenerating these tissues will
likely require a population of stem or precursor cells [117]. However, simple injections of
cells has yielded poor survival, little engraftment, and no function [118,119]. Therefore,
recent studies have focused on biomaterial scaffolds in order to enhance transplantation
outcomes [120]. Several studies have explored the use of retinal progenitor cells in
combination with topography for tissue engineering applications [61,121,122]. These cells,
typically derived from fetal eyes, have the capacity to differentiate into multiple cell types
including photoreceptors and RPE [123]. Because environmental factors such as orientation
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and paracrine cell signaling have been shown to play a critical role in retinal cell
differentiation, topography may be able to induce progenitors differentiation towards a
particular fate and/or into a physiologically-relevant structure [124-126].

Photoreceptors with normal morphology and outer segment formation are notoriously
difficult to maintain in vitro for an extended period of time [127]. Long-term culture results
in a loss of photoreceptor morphology and function in favor of fibroblastic markers.
However this could be due in part to the vast environmental differences between their in
vitro and native in vivo culture conditions [126]. Native photoreceptors are embedded in a
three-dimensional matrix that is soft and in close proximity to RPE producing potent
neurotrophic factors. In contrast, typical in vitro photoreceptor function is on two-
dimensional, relatively stiff materials with no supporting cells.

Photoreceptors are likely to benefit from a scaffold to induce native-like organization as
discussed in a review by Hynes and Lavik [128]. Multiple groups have aimed to address the
problem of abnormal cell orientation using wells or pores to support columnar photoreceptor
morphology [125,129]. Steedman and colleagues produced 25um microwells and
demonstrated increased retinal progenitor cell adhesion and an upregulation of
photoreceptor-specific gene expression compared to flat materials [129]. Another group
used a smaller, but similar pattern with 15um wells (Figure 6A) that simulated the formation
of progenitors clusters similar in size (15-20um) and organization to whose observed during
rodent retinal development [124,125]. This group observed that retinal progenitor cells
seeded on this scaffold produced two laminated cell layers: one photoreceptor-like layer and
another with gene expression profile indicative of ganglion and amacrine cells.
Photoreceptors appeared to become polarized on these scaffolds and were best supported
when co-cultured adjacent to an RPE/choroid explant (Figure 6B & 6C) [125]. In this study
photoreceptors also exhibited 18-fold higher viability when cultured in low serum conditions
at the gas-liquid interface compared to fully-submerged cultures in high serum.

Taken together, these studies indicate that biomaterial supports have the ability to direct
photoreceptor morphology and function [104,109]. For tissue engineering, the ideal
photoreceptor scaffold would possess pores suitable for photoreceptor invasion and
alignment in a densely-packed array [61,129-131]. Optimized in vitro conditions could also
include cell proximity to the liquid-gas interface and co-culture with RPE. Despite
improvements to in vitro photoreceptor culture, the prospect of retinal tissue engineering is
severely limited by an inability to form synaptic connectivity between native and implanted
cells of the neural retina. As a result, therapeutic transplantation of photoreceptors is likely
to be a long-term endeavor.

Unlike photoreceptors, native RPE are well-spread, flat, and isotropic in the xy-plane. RPE
adhere to Bruch’s membrane, a highly organized pentalaminar basement membrane
composed of laminin, collagen, elastin, and fibronectin that separates these cells from the
choriocapillaris, the vascular plexus nourishing the outer retina [132,133]. Scaffold-free
therapies to transplant RPE have failed due to poor adhesion, improper polarization, and
lack of long-term survival [134,135]. Instead, RPE are likely to benefit from a biomaterial
substrate that can be delivered with the cells to promote proper cell organization [136].
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Using this strategy, RPE would be cultured in vitro, form a monolayer, polarize, and be a
fully-functioning mature tissue upon implantation. Due to Bruch’s membrane’s
macroscopically flat topography, there have been numerous attempts to employ unpatterned
biomaterials as substrates for RPE cell replacement, but these have encountered issues
including a lack of sub-retinal biocompatibility and permeability issues [137-139]. Lim and
colleagues showed that RPE behavior on a substrate with 5um pillars lead to irregular RPE
focal adhesions [140]. This is perhaps not surprising as microtopography is uncharacteristic
of healthy Bruch’s membrane and reminiscent of pathological elements such as drusen.
Drusen are lipoprotein deposits that form on or in Bruch’s membrane [141]. Imaging retinal
cross-sections from AMD patients using transmission electron microscopy has associated
RPE deformation around drusen with subsequent RPE death, so creating scaffolds with
major topography is ill-advised [142]. An example of drusen morphology can be seen in
Figure 2D.

Because other epithelial cell types such as CECs display improved morphology on
nanotopography there is some rational for believing that smaller isotropic features could be
beneficial [138]. Unfortunately, there have yet to be well-controlled studies of RPE on
nanotopograpically patterned substrates, so no reliable conclusions can be drawn. Today
most scaffolds being studied for RPE growth and delivery are thin and flat. In addition to
flatness, RPE scaffolds must also be gas, liquid, and protein-permeable to support the
intermediary function of RPE between the metabolically active photoreceptors and
supplying vasculature [128,143]. Insufficient oxygen delivery or inadequate clearance of
waste has been hypothesized to result in irregular cell function or death [144,145]. Yet
permeable scaffolds must have pores sufficiently small to prevent both undesired changes to
RPE morphology and vascular invasion [128]. Pores may have the same effect on cells as
topography since they are geometrically the same as infinitely deep wells. Using small pores
with well-defined size reduces the potential for RPE deformation into the pore and prevents
trans-scaffold migration. Julien and coworkers demonstrated that polyimide foils with 1um
pores were biocompatible in the sub-retinal space of rats and capable of maintaining
sufficient transport between the inner retina and vasculature to maintain homeostasis [146].
The results of these studies suggest that future scaffold-based RPE replacement strategies
will require (1) appropriate substrate parameters including bulk material [147,148], surface
treatment [138,140], and size [120,149]; (2) minimal topography; and (3) porosity/
permeability for proper metabolite transport [143,150].

CONCLUSIONS

In the past, researchers have been limited to topographical patterning at the microscale;
however, due to substantial technological advancements, topographical patterning with
nanometer resolution has now become a reality [43,46—49,80]. Though the use of
nanofabrication techniques is essential for cell types that require nanoscale topography, they
are not necessarily the best choice for patterning microscale features due to practical
concerns. Fabrication methods with decreasing minimum resolution are generally associated
with increasing cost, so the optimal choice of patterning technique will likely possess
sufficient, but not excessive resolution. As the topographies required range greatly between
the nano- and microscale based on cell type, there is not one universally superior method for
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all applications. For example, wet etching or soft lithography may be appropriate for low
aspect ratio microtopography, but is likely insufficiently resolute for cells that benefit from
deep or complex nanotopography.

Although topographical cues alone are not able to fully mimic the in vivo cellular
microenvironment, these cues have demonstrated utility for directing cell morphology,
migration, gene expression, and function [10,35]. Artificial topographies that mimic the
physical nature of a cell type’s native ECM frequently induce in vivo-like topography and
function. Therefore, tissue engineers may be able to mimic the ECM architecture by
leveraging existing fabrication technologies to create functional tissues for regenerative
medicine [7,99].

Ocular cell types may be among the most likely to benefit from topographical cues [85]. The
cornea and lens both rely on highly-regular organization of cells and ECM in order to
maintain optical transparency and function. The use of parallel ridges to induce this
alignment in engineered tissue is likely to increase bulk tissue transparency compared to
cells cultured on flat surfaces [89,90]. In addition, photoreceptor orientation perpendicular to
their plane is critical for high acuity vision and proper handling of outer segments
[128,130,151]. These cells may benefit from a patterned scaffold of tightly-packed
microwells to induce proper cell alignment and density which is unlikely to spontaneously
arise on a planar biomaterial substrate [130].

Due to the vast number of combinations of microenvironmental variables, cell types, and
potential surface topographies it can be difficult to identify the ideal topography for a
particular cell type. However, studies regarding topography and ocular cells do show some
consistency suggesting that epithelial cells may benefit more from nanotopography whereas
mesenchymal cells are better regulated by microtopography [15]. From cell type-specific
data it appears that CECs benefit from nanogrooves [31,38], keratocytes and lens
epithelium/fiber cells from microgrooves [14,15], photoreceptors from microwells
[125,129], and RPE from small pores with limited topography [140]. Future studies may
look to build further upon these principles or aim to combine topography with other relevant
stimuli in the native cellular microenvironment including soluble factors, forces, electrical
potentials, and mechanical properties to develop tissue engineering strategies that are likely
to succeed when translated to the in vivo setting.
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FIGURE 1.

Exemplary microfabrication processes capable of producing topography. Photo- or electron
beam lithography (arrows) is used to transfer a pattern into photoresist. This pattern can then
be used with subsequent wet etching, dry (reactive ion) etching, or directly through soft
lithography. These processes can be used to produce varying biomaterial topographies even

when using the same initial photomask pattern.
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FIGURE 2.
Anatomical and pathological motivations for topographically patterned biomaterial

scaffolds. (A and B) Stacked images of the human cornea displaying the highly layered
structure of microscale lamella within the stroma. (C) Scanning electron microscopy images
of highly regular and parallel lens fiber cells positioned beneath the lens epithelium in
rabbit. (D) Scanning electron micrograph of retinal pigment epithelium (PE) peeled from
Bruch’s membrane (BM) revealing topographically intense drusen associated with age-
related macular degeneration. (A) and (B) reprinted with permission from Latour G,
Georges G, Lamoine LS, Beumie C, Conrath J, Hoffart L, J Biomed Opt, 2010, 15, 056996.
(C) Reprinted from Kuszak JR, Zoltoski RK, Sivertson C, Exp Eye Res, 2004, 78, 673-87,
with permission from Elsevier. (D) Republished with permission from Ulshafer RJ, Allen
CB, Nicolaissen B Jr, Rubin ML, Invest Ophthalmol Vis Sci, 1987, 28.
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FIGURE 3.
Human corneal epithelial cells align parallel to (A) 70 nm wide ridges with 400 nm pitch

and 600 nm depth, but display no preferred orientation on (B) smooth surfaces. Reproduced
with permission from Teixeira Al, Abrams GA, Bertics PJ, Murphy CJ, Nealey PF, J Cell
Sci, 2003, 116, 1881-1892.
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FIGURE 4.
Stress fibers in human corneal epithelial cells align parallel to ridges with (A) 400 nm pitch

(vertical) and (B) 4000 nm pitch (vertical), but are criss-crossed on (C) smooth substrates.
Reprinted from Teixeira Al, Nealey PF, Murphy CJ, J Biomed Mater Res A 2004, 71, 369—
76 with permission from Wiley-Blackwell.
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FIGURE 5.
Bovine lens epithelial cells on various surfaces. (A) Graph displaying increasing alignment

of cells with groove depth where an orientation index of 0 is randomly oriented and 21 is
perfectly parallel alignment, ** indicates p<0.0001. Representative images of cells
orientation on (B) a flat surface, (C) grooves 1 mm wide and 40 nm deep, and (D) grooves 2
mm wide and 320 nm deep. Scale bar indicates 50 mm. Reprinted from Rajnicek AM,
Foubister LE, McCaig CD, Biomaterials, 2008, 29, 2082—2095, with permission from
Elsevier.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

McHugh et al.

A
C
C
®
o
C
o
o

020000000
2000000
XXX XXX
2000000 e
eeee00ee

X XS

FIGURE 6.
Microwell photoreceptor scaffold for supporting cell alignment perpendicular to the xy-

plane. (A and A") Scanning electron micrograph of the microchannel scaffold. (B)
Immunohistochemical stain of photoreceptors (green = GFP+ rods, red = rhodopsin, and
blue = nuclei) cultured on the scaffold above a subretinal mouse explant. (C) Transmission
electron micrograph of photoreceptors on the scaffold cultured above explanted RPE. Scale
bar in (A) and (A") indicate 40 and 10 um, respectively. Reprinted from McUsic AC, Lamba
DA, Reh TA, Biomaterials, 2012, 33, 1396-1405, with permission from Elsevier. [Color
figure can be viewed in the online issue, which is available at at wileyonlinelibrary.com.]
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Summary of popular nano- and micro-scale fabrication techniques
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Fabrication Technique Pros Cons References
Photo/X-ray/ Electron-beam Lithography  Well-established, low unit cost of Clean room and expensive 43-45
production machinery required (but rather
common)
Wet Etching Simple, inexpensive, little development Limited geometries are 43, 46
required achievable
Deep Reactive lon Etching High resolution in 3D, many geometries Clean room and expensive 47-49
achievable machinery required, difficult
process to develop, limited 3D
Soft Lithography High resolution, simple, inexpensive, high Limited to low aspect ratio 50-58
throughput structures, requires an existing
mold
Hot-embossing High resolution in 3D, high reproducibility ~ Expensive/speciailized 59
machinery required, requires an
existing mold
Spin-assisted Templating Simple, fast, high throughput Limited to thin scaffolds, 60-62
requires an existing mold
Scanning Probe Lithography Very high resolution, automated, can be Expensive machinery, low 10, 42, 45,
used to make hard mask or full 3D scaffold  throughput, time consuming 46,63-67
(especially for 3D)
Inkjet Printing Simple, inexpensive machinery and Poor resolution, machine 68-72
materials, automated, material clogging an issue
compatibility
Pulsed Laser Deposition Techniques High resolution, automated Potentially undesirable porosity, 73-77
may require a clean room
Two-photon Polymerization Very high resolution, automated Expensive machinery, limited 80-84

material compatibility
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Summary of existing literature on the use of well-controlled topography with ocular cell types

Cell Type Topography

Lateral Dimension

Motivation

Selected References

Corneal Epithelial Cells Grooves

Keratocytes Grooves

Lens Epithelium Grooves

Lens Fiber Cells Grooves

Photoreceptors Wells or pores

Retinal Pigment Epithelium  Minimal, but porous

20-400nm

2-4pm

130-320nm

2-7um

15-25um

lym

Native ECM (Bowman’s Layer)
presents nanoscale fibers

The corneal stroma is comprised of
1-2.5um stacked lamallae--an
organization thought critical for
transparency

A simple cuboidal epithlium
(generally responsive to
nanotopography) with cell alignment
beneficial for proliferation and
differentiation into lens fiber cells

Well-ordered shells with elongated
hexagonal cross section (2um x
6um) -- main function is structural
and may have the potential to be
replaced without cells

Native photoreceptors are columnar
with their long axis perpendicular to
the scaffold surface

Microtopography associated with
degenerative disease

7,14, 31, 38, 92, 98-101

15, 92, 95, 96

14,139, 140

N/A

61, 107, 108, 111, 114,
115

114, 122-124, 134
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