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ENGINEERING

Ultrathin micromolded 3D scaffolds for high-density
photoreceptor layer reconstruction

In-Kyu Lee'?, Allison L. Ludwig®>***, M. Joseph Phillips**', Juhwan Lee'?!,
Ruosen Xie*®, Benjamin S. Sajdak’”’, Lindsey D. Jager®, Shaoqin Gong
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Polymeric scaffolds are revolutionizing therapeutics for blinding disorders affecting the outer retina, a region
anatomically and functionally defined by light-sensitive photoreceptors. Recent engineering advances have pro-
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duced planar scaffolds optimized for retinal pigment epithelium monolayer delivery, which are being tested in
early-stage clinical trials. We previously described a three-dimensional scaffold supporting a polarized photore-
ceptor monolayer, but photoreceptor somata typically occupy multiple densely packed strata to maximize light
detection. Thus, patients with severe photoreceptor degeneration are expected to extract greater benefits from
higher-density photoreceptor delivery. Here, we describe the microfabrication of a biodegradable scaffold pat-
terned for high-density photoreceptor replacement. The “ice cube tray” structure optimizes mechanical proper-
ties and cell-to-biomaterial load, enabling production of a multicellular photoreceptor layer designed for outer
retinal reconstruction. Our approach may also be useful in the production of a multitude of micro- and nanoscale

structures for multilayered cell delivery in other tissues.

INTRODUCTION
Photoreceptors (PRs) are light-sensitive cells that capture photons
to initiate electrochemical impulses that traverse a complex neural
network and ultimately confer visual function. Outer retinal degen-
erative diseases and injuries are characterized by primary or second-
ary PR loss with resulting severe vision loss. These conditions are
common (affecting tens of millions worldwide) (1, 2), devastating,
and irreversible since the human retina is incapable of intrinsic
self-repair. While gene therapies hold promise for some affected pa-
tients (3), they are limited in scope to a small number of individuals
with specific inherited retinal diseases (IRDs) who are early enough
in their course to retain a sufficient amount of functional native PRs.
Patients with acquired PR disorders and those in the later stages of
IRDs are unlikely to benefit from these approaches (4, 5). Further-
more, IRDs can be caused by mutations in more than 200 different
genes (6), underscoring the difficulty of treating patients using gene-
or mutation-specific strategies alone. Hence, widely applicable ap-
proaches for restoring vision—and, in particular, cell replacement
strategies—are highly attractive as they have the potential to reach a
broad patient population even at later stages of degeneration (7).
Advances in stem cell biology and scale-up of differentiation
protocols have rapidly moved cell replacement therapies toward the
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clinic. Diseases of the eye and outer retina have led the way (8) due
in part to ease of surgical access, relative immune privilege, availability
of noninvasive monitoring techniques, potential for high-acuity vision
replacement with a low cellular dose, and relative safety of ocular
surgical interventions compared to other organs and tissues (9).
Twelve years have passed since the first three-dimensional culture pro-
tocol for generating outer retinal cells from human pluripotent stem
cells (hPSCs) was described (10), but the field has already reached a
substantial milestone with the initiation of more than 15 clinical
trials that use hPSC-derived retinal cells (9). All major retinal cell
types can be produced from hPSCs with protocols mirroring hu-
man retinal development (11); however, particular weight has been
placed on the generation of PRs, owing to their position at the apex
of visual function and their susceptibility to degenerative processes.

The first clinical trials for outer retinal cell replacement began
with hPSC-retinal pigment epithelium (RPE) cells injected as a dis-
sociated cell suspension bolus. These phase 1/2 trials revealed short-
comings of this approach including cell reflux at the time of delivery
and disorganization of the donor RPE in the subretinal space (SRS),
leading to poor long-term survival and integration (12). Notably,
cell reflux from the SRS (a potential space between the PR and RPE
layers of the outer retina) into the vitreous cavity via the surgical
retinotomy site can also lead to adverse patient outcomes such as
epiretinal membrane formation, proliferative retinopathy, and reti-
nal detachment (12, 13). In an effort to address these challenges and
to promote more precise cell placement, multiple scaffold designs
have been developed and studied to date. Three hPSC-RPE planar
scaffolds—including a nonbiodegradable parylene membrane, a
slowly biodegradable polyethylene terephthalate scaffold, and a bio-
degradable poly(lactic-co-glycolic acid) electrospun scaffold—are
currently being tested in clinical trials for hPSC-RPE monolayer
delivery in patients with age-related macular degeneration (AMD)
(12). Early reports from these studies support, in principle, the safe-
ty and feasibility of delivering scaffolds into the SRS, but these scaf-
folds are restricted in application to patients with salvageable native
PRs. Preclinical studies aimed at hPSC-derived PR replacement have
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largely been limited to subretinal transplantation of dissociated
mixed cell suspensions or whole or partial retinal organoids (14). A
growing body of evidence from these animal studies suggests that,
similar to dissociated hPSC-RPE cell transplantation, bolus in-
jections of hPSC-PRs often suffer from reflux during transplanta-
tion, poor cell survival, structural disorganization, and/or low
integration rates (5, 14).

Solid and porous polymeric thin-film scaffolds supporting hPSC-
derived neural retina cell growth have been developed in recent
years to overcome problems inherent to bolus cell suspension injec-
tions (15-26). Despite these advances, two of the core engineering
challenges these scaffolds are intended to address—cell disorgani-
zation and low or unpredictable cell payloads—have remained
largely unsolved. We recently developed a “wineglass” design scaf-
fold that succeeded in orienting a single layer of individually spaced
hPSC-PRs (26). However, this design did not support the close as-
sociation of multiple layers of hPSC-PRs and, overall, demonstrated
a high burden of synthetic biomaterial relative to the cell payload. A
need therefore exists for strategies to deliver dense populations of
PRs to a discrete region of the retina, particularly for macular dis-
eases that affect high-acuity central vision such as AMD. With these
primary engineering goals in mind, we developed an ultrathin bio-
degradable scaffold patterned with micrometer-level precision,
constructed specifically to improve cell payload and reduce biomate-
rial burden (i.e., the volume of biomaterial used to generate a single
5-mm-diameter scaffold with a thickness of 30 um), while main-
taining optimal mechanical properties for subretinal applications.
Here, we describe (i) the development and optimization of the
three-dimensional (3D) microstructure shape and size (i.e., scaffold
design), (ii) the scaffold fabrication processes (i.e., scale-up manu-
facturing), (iii) the formulation and curing of the elastomeric stamp
(i.e., material optimization), and (iv) the cell seeding method, lead-
ing to the production of an hPSC-PR patch aimed at reconstructing
the outer neural retina.

RESULTS AND DISCUSSION

The second-generation PR scaffold design

We sought to engineer a biocompatible and biodegradable scaffold
capable of capturing a high density of PRs. In the retina of humans
and other vertebrates, PR cell bodies are exclusively found in the out-
er nuclear layer (ONL), which is approximately 8 to 10 cell nuclei in
thickness and approximately 30-50 pm in height, with PR cell den-
sities ranging from tens of thousands to hundreds of thousands per
mm? in the macular region of healthy human retinas (27-31). In
designing the scaffold, we drew upon our previous experience with
the first-generation scaffold having wineglass-shaped cell capture
wells (26). While the wineglass PR scaffold introduced key advance-
ments in biomaterial scaffold engineering, including the potential
to promote PR polarization, its cell-carrying capacity was low (1 to
2 cells per well) in comparison to the relatively high volume of syn-
thetic biomaterial (Table 1). Therefore, an “ice cube tray”-shaped scaf-
fold was designed as a second-generation scaffold to maximize cell
payload while also reducing the overall biomaterial burden (Table 1
and fig. S1). Specifically, our second-generation scaffold was com-
posed of two layers: (i) a reservoir layer (i.e., cell capture well layer)
in which PRs are seeded and (ii) a base layer with regularly placed
through-holes to facilitate fluid and nutrient transport (Fig. 1A)
(32). Reservoirs were designed to have sufficient volume and height
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Table 1. Structural and mechanical specifications for wineglass and
ice cube tray scaffolds.

Wineglass scaffold Ice cube tray
esign scaffold design
(26)
Overall thickness (um) 25 30
Space between 16 10

through-holes (um)

5 diameter, 10 depth 5 diameter, 5 depth
(1 hole per capture (9 holes per capture

well) well)
Capture well regervow 0177 x 105 2103x 105
volume (mm?)
Scaffold biomaterial
volume (based on a 034 0.169 (50% less
5-mm-diameter : biomaterial)
scaffold) (mm?3)
Young’s modulus 1.18 MPa 1.3 MPa

(i.e., length/width/height of 29/29/25 pm) to enable the capture of
multiple PRs in an individual reservoir. Furthermore, to promote
cell seeding inside the wells as opposed to along the top of the walls,
we designed the reservoir wall width as thin as possible (~3 um)
while retaining structural integrity. Similarly, to prevent cells (which
average 6 um in diameter) from escaping through the perforated base
layer, we also minimized the through-hole diameter (~5 pm). The
desired scaffold thickness was near that of the native macular ONL
(~30 um), which is also consistent with recent arguments that scaf-
folds with a thickness of less than 50 um can enable interactions
between seeded neuroretinal cells and the host RPE (30, 33, 34).

Biomaterial selection for scaffold fabrication

Desirable retinal scaffold characteristics include the use of fully bio-
degradable materials having mechanical properties compatible with
those of the human retina, both of which are important for clinical
translation. The retina has a Young’s modulus of only 0.02 MPa
(35), making this tissue extremely flexible and fragile. A higher
modulus (>1 MPa) has been shown to enhance surgical handling of
RPE scaffolds (36) without sacrificing safety or performance follow-
ing implantation in the SRS. We thus sought to develop a scaffold
with a Young’s modulus slightly above 1.0 MPa, balancing the need
for rigidity during transplantation with flexibility to conform to the
curvature of the eye upon delivery. The ideal biomaterial and its
degradation products should also have proven compatibility with
retinal tissue so as not to induce damage to surrounding host cells
in vivo. Furthermore, the scaffold material must form thin (ideally
<50 um to facilitate interactions with RPE) (33), stable films and be
amenable to the formation of precise, 3D PR capture well geome-
tries during the micromolding process. Poly(glycerol sebacate) (PGS)
was selected as the biomaterial of choice due to its retinal biocom-
patibility (37, 38), known degradation behavior in the SRS (<30 to
60 days) (38, 39), and suitable Young’s modulus (1.18 to 1.66 MPa)
(26, 39). PGS undergoes gradual hydrolytic and enzymatic degrada-
tion to generate sebacic acid and glycerol, both of which are natural
mammalian metabolites that are fully eliminated via physiologic
mechanisms (39, 40). Lastly, PGS provides the ideal combination of
relatively rapid degradation in vivo with slow degradation in vitro
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Fig. 1. PGS ice cube tray scaffold manufacturing process. (A) Schematic illustration of the ice cube tray PR scaffolds designed to have a reservoir layer for cell capture
and retention and a through-hole layer for exchange of fluid, waste products, and nutrients both in vitro and during scaffold degradation in vivo. (B to G) Schematic illus-
tration of the procedure to fabricate the ice cube tray PR scaffolds using a poly(glycerol sebacate) (PGS) prepolymer. (B) Through-hole and (C) reservoir etching processes
of a Si master mold. (D) Molding and demolding processes of a hard-polydimethylsiloxane (h-PDMS) stamp from the Si master mold. (E) Mounting and demounting
processes of the h-PDMS stamp for fabricating a PGS ice cube tray PR scaffold. (F) Delamination process of the scaffold using a razor blade. (G) Final PGS ice cube tray

PR scaffold.

(39). We did not observe scaffold degradation after hPSC-PR seed-
ing for up to 30 days in culture (26), which offers a wide time win-
dow to seed and maintain scaffolds while making arrangements for
transplantation.

PGS ice cube tray PR scaffold fabrication

With the aforementioned desirable characteristics in mind, the second-
generation outer retinal scaffold with an ice cube tray structure was
produced using microfabrication and micromolding techniques,
which are among the most promising approaches currently used in
drug and cell delivery systems (41, 42). Figure 1 (B to G) depicts the
process workflow for fabricating PGS ice cube tray PR scaffolds. First,
to fabricate a reusable silicon (Si) master mold with two distinctly
patterned layers, we created a dense array of Si microstructures
(through-holes and reservoirs) using photolithography and deep
reactive ion etching (DRIE), a highly anisotropic etch process optimal
for creating steep-sided holes or trenches in Si wafers (Fig. 1, Band C)
(43). Here, during the DRIE process, RIE-lag effect and microloading
effect were manipulated to achieve desired structure dimensions.
RIE-lag effect refers to the dependency of etch rate on feature size
(e.g., smaller features result in slower etch rates), while the micro-
loading effect describes the relationship between local etch rate and
pattern density (i.e., features in areas of high pattern density experi-
ence more competition for reactants, leading to a gradient in reac-
tant flux and slower etch rate) (44). While generating the Si master
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mold, through-holes underwent two etching steps: a primary etch-
ing step and a secondary etching step (fig. S2). The etch rates of the
through-holes in each step differed due to the microloading effect,
with the primary etch rate and the secondary etch rate set at 2.148
and 1.746 um/min, respectively. On the other hand, reservoirs only
went through the secondary etching step, and the etch rate of the
reservoirs was 2.448 um/min, which was higher than the primary
etch rate of the through-holes (i.e., 2.148 um/min) due to the RIE-
lag effect caused by the difference in feature size. By considering
these effects and precisely calculating the etch rates, the desired tar-
get depths, approximately 5 um for the through-hole layer and 25
um for the reservoir layer, were successfully achieved (Fig. 2A). The
final Si master mold included a base layer of through-holes with a
diameter of 5.1 um and a depth of 4.8 um and a secondary layer of
cuboidal (i.e., ice cube tray) reservoirs with a dimension of 29 um by
29 um by 24.5 um. The width of the reservoir walls and the distance
between adjacent through-holes were 2.8 and 5 um, respectively,
meeting the target dimensions. To facilitate smooth molding and
demolding in the next fabrication step (Fig. 1D), we coated the fabri-
cated Si master mold with a chemically inert passivation layer. Plasma
polymerization was conducted with octafluorocyclobutane (C4Fs) as
a precursor by DRIE, generating a Teflon-like polymer film with
long linear (CF,), chains (45).

Next, to create a reusable elastomeric stamp (i.e., a negative master
mold for the fabrication of the final scaffold) that would not deform,
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Fig. 2. Fabrication of Si master mold and h-PDMS stamp. Scanning electron micros-
copy (SEM) images of the ice cube tray-shaped (A) Si master mold, and (B) h-PDMS
stamp showing (i) a tilted view, (ii) a top view, and (iii) a cross-sectional view, re-
spectively. The inset images show a magnified view of the microstructures of the
fabricated Si master mold and h-PDMS stamp.

bend, or buckle during the molding process (Fig. 1E), we selected
polydimethylsiloxane (PDMS) as the ideal material. Soft-PDMS stamps
were initially tested, but these were frequently deformed during the
demounting process due to the adherent nature of soft PDMS (fig.
S3). Hard PDMS (h-PDMS) proved sufficiently strong to serve as
the optimal stamp material. To create the stamp, we poured liquid
h-PDMS over the fabricated Si master mold and left to cure for
12 hours at room temperature, followed by 2 hours at 60°C. After
curing, the stamp was carefully demolded from the Si master mold
without large surface defects, producing a high yield (>95%) of the
desired ice cube tray microstructures (Fig. 2B). The stamp surface
was coated with a monolayer of hydrophobic silane (an anti-adhesive
layer) under vacuum to facilitate demounting from the final PGS
scaffold. The microfabrication processes for the Si master mold and
h-PDMS stamp are described in greater detail in Materials and
Methods.

Figure 1 (E and F) depicts the final steps in the micromolding
process for fabricating the ice cube tray PR scaffold from a PGS pre-
polymer with the h-PDMS stamp. First, PGS prepolymer was placed
on a clean Si wafer and melted on a hot plate at 120°C. The micro-
patterned surface of the h-PDMS stamp was then immersed into the
liquid PGS. A glass slide with an overlying weight of 380 g was
placed atop the stamp, pressing the liquid PGS between the h-PDMS
stamp and the Si wafer (Fig. 1E) to control the scaffold thickness
(fig. S4). The scaffold microfabrication apparatus was subsequently
placed into a vacuum oven and cured under high vacuum (<1 mbar)
at 120°C for 3 days. Figure 3A shows a cured PGS scaffold between
the h-PDMS stamp and the Si wafer before demounting. After cur-
ing was complete, the h-PDMS stamp was demounted from the Si
wafer, taking care to avoid fractures of the h-PDMS ice cube tray
microstructures due to the rigid nature of h-PDMS. Fabricated PGS
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Hard-PDMS stamp| =]

Fig. 3. Fabrication of the PGS ice cube tray PR scaffold. (A to C) Low-magnification
photographic images depicting the fabrication process of the PGS ice cube tray PR
scaffold. (A) h-PDMS stamp ready to be demounted from the scaffold on a Si wafer
after complete PGS curing. (B) A PGS scaffold on the Si wafer after stamp removal.
After removing scaffold edges, the scaffold was delaminated from the Si wafer us-
ing a single-edge razor blade. (C) Fabricated PGS ice cube tray scaffold held with
fine forceps. (D to G) SEM images of the fabricated ice cube tray retinal scaffold show-
ing (D) a top view, (E) a bottom view, and (F) a cross-sectional view. (G) Large-area
SEM image of the fabricated scaffold and a magnified view of a scaffold reservoir
wall (inset).

scaffolds were evaluated via scanning electron microscopy (SEM) to
screen for surface defects attributable to the demounting process.
Despite careful handling, early microfabrication experiments often
resulted in the retention of fractured h-PDMS microstructures in
the final scaffold product, rendering the h-PDMS stamp inoperable
for further use (fig. S5). To address this challenge, we used isopropyl
alcohol (IPA) soaking, as it allows polymers to swell and can facili-
tate release from secondary mold structures (46). The h-PDMS
stamp, cured PGS, and Si wafer were incubated in IPA at room tem-
perature for 12 hours, allowing IPA to permeate the PGS scaffold.
Using this approach, the PGS scaffold on a Si wafer could be reliably
demounted from the h-PDMS stamp without surface defects or re-
tained h-PDMS stamp microstructures (Fig. 3B), maintaining the
h-PDMS stamp surface integrity for reuse (fig. S6). Thereafter, the
PGS scaffold was carefully delaminated from the Si wafer using a
single razor blade (Fig. 1F) and unrolled with sonication treatment
in IPA. The microfabrication process was subsequently optimized
to produce a scaffold with minimal biomaterial burden and suffi-
cient structural integrity for successful delamination (fig. S7). The
final micropatterned ice cube tray scaffold is shown via a schematic

40f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

(Fig. 1G) and low-magnification photography (Fig. 3C). To assess
microstructure quality and uniformity in the final product, we imaged
the scaffolds with SEM; top, bottom, and cross-sectional views of
the fabricated scaffold revealed precise, neat, and uniform ice cube
tray reservoirs with the desired through-hole structures in the base
of the scaffold (Fig. 3, D to F). In particular, the microstructure surfaces
were smooth with no irregular or elevated edges and minimal struc-
tural defects. Furthermore, the final scaffold product had a high micro-
structure yield (>98%) over a large area (Fig. 3G). A detailed
description of the fabrication process for ice cube tray PGS scaffolds
can be found in Materials and Methods. Together, the optimized
fabrication process for the ice cube tray design achieves a finely tuned
balance between three critical and interrelated design criteria: target
dimension, minimized biomaterial burden, and structural integrity.

Mechanical compliance of PGS ice cube tray PR scaffolds
Since the eye is spherical in shape and outer retinal scaffolds necessarily
experience internal and external stresses during delivery to the SRS,
an ideal PR scaffold must be not only flexible enough to conform to
curved surfaces but also durable enough to withstand local stresses
without structural deformation. In addition, the scaffold should re-
turn to its original form when local stresses are removed to protect
and maintain proper organization of captured cells. To model this,
we assessed the mechanical properties of the PGS ice cube tray PR
scaffold via finite element analysis and compared them to those of
our original wineglass PR scaffold (26) to elucidate mechanical ben-
efits and trade-offs of each design (Fig. 4).

To determine how the scaffolds with two different designs
(wineglass versus ice cube tray) behave under external stresses, we
set a fixed constraint to a square area in the center of each design
that incorporated nine through-holes. Thereafter, 5 N of tensile force
per unit area was applied to the four sides of each scaffold in the x
and y directions. As presented in Fig. 4A, the wineglass design had
high stress concentrations along the boundary of the fixed constraint,
leading to a change in the shape of the scaffold. In contrast, the re-
sulting stress was uniformly and efficiently distributed throughout

(i) (ii)

Surface: von Mises stress (N/m?)

Surface: von Mises stress (N/m?)
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m

200 150 100 50 ©
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the ice cube tray scaffold, without causing any appreciable deformation
of the scaffold (Fig. 4B), although the ice cube tray design had a
higher stress than the wineglass design due to its thinner through-
hole layer (i.e., 5 pm versus 10 um), which largely determines the
mechanical properties of the scaffolds because the reservoir layer
only consists of very thin reservoir walls (i.e., <3 um). Tensile
strength and elastic modulus were also measured to assess the ice
cube tray scaffold’s mechanical properties. The modulus of the ice
cube tray scaffold was 1.3 MPa, and all microstructures recovered to
their original shapes after the tensile stress was removed (fig. S8),
indicating favorable pliability for any surgical handling associated
with transplantation. These results convincingly demonstrated that
the ice cube tray design has superior mechanical properties com-
pared to the wineglass design, both in terms of uniformity of stress
distribution and extent of scaffold deformation under a defined ten-
sile stress, two factors that are key for safe and consistent scaffold
delivery in vivo.

Scaffold sterilization, stability, and degradation
To facilitate cell seeding, we incorporated scaffolds into a commercially
available 12-mm polyester transwell cell culture insert (Corning
Costar Snapwell, Sigma-Aldrich) before sterilization (Fig. 5, A to C).
To mount scaffolds into the insert, we used a 5-mm biopsy punch to
create a round hole in the center of the polyester transwell membrane,
which is the approximate diameter of the human macula (27). Scaffolds
were then mounted in the center of the transwell membrane and
secured with soft PDMS as an adhesive (Fig. 5A). Transwell inserts
were snapped into holders (Fig. 5B) and placed in a six-well plate
(Fig. 5C). Scaffolds were treated with O, plasma to enhance the sur-
face hydrophilicity and, thus, microstructure wettability, prevent-
ing microbubbles from forming within each capture well (fig. S9)
and promoting uniform cell seeding in the capture wells (26, 47, 48).
Scaffolds were subsequently gas sterilized with ethylene oxide
(fig. S10), a process widely used to sterilize delicate medical devices
due to its compatibility with a variety of heat- or pressure-sensitive
materials (49). In addition, gas sterilization does not melt the tissue

(l") Surface: von Mises stress (N/m?) (IV) Surface: von Mises stress (N/m?)
um
pm
200 100 9 100
- . -
e ~
w 200 50 100 150 200 2
m
e fom s
v
( ) Surface: von Mises stress (N/m?) ( ) Surface: von Mises stress (N/m?)

Fig. 4. Finite element analysis showing equivalent von Mises stress distribution in the PGS scaffolds. (A) Wineglass and (B) ice cube tray design under 5 N of tensile
force in the x and y directions: (i) isometric view, (ii) top view, (iii) bottom view, and (iv) orthogonal view. The color bar shows the von Mises stress (in newton per square

meter) for an applied tensile force.
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Fig. 5. Generation of PGS ice cube tray PR scaffold constructs. (A to C) Low-magnification photographic images depicting scaffold mounting into the transwell insert.
(A) Transwell insert with PGS scaffold below. The outer edge of the scaffold was glued to the transwell insert with soft PDMS. The area of the transwell insert removed to
mount scaffolds was 19.6 mm? (internal diameter, 5 mm). (B) Transwell insert holder with a PGS ice cube tray scaffold mounted into a transwell insert. (C) Six-transwell
scaffold cell culture system. (D to F) Laminin-coated ice cube tray scaffolds are readily filled with hPSC-derived CRX**97°™®_axpressing PRs. (D) 3D rendering of a scaffold
(176 um by 185 um by 22 um) confirms successful capture of multiple PRs (labeled in red) in individual capture wells. Cell nuclei are labeled with 4',6-diamidino-2-phenylindole
(DAPI) (blue). (E) Cells were seeded onto scaffolds at varying densities to determine the minimum number required to achieve the maximum carrying capacity of
CRX*/tTomato_ppq har well. Median (bold dashes) and quartiles (fine dashes) are shown within individual violin plots. (F) Scaffolds seeded with CRX™/'9T°Mat_pRg (RFP*, red)
contain both ARR3-expressing cone PRs (green) and NR2E3-expressing rod PRs (pink). A 3D lateral view of the scaffold demonstrates relatively even distribution of
ARR3* cones and NR2E3* rods. 3D rendering is 644 um by 644 um by 20 um. Photo Credit: In-Kyu Lee, Department of Electrical and Computer Engineering, University of

Wisconsin-Madison.

culture plastic housing the scaffolds, as occurs during autoclaving.
Sterilized scaffolds were pretreated with an extracellular matrix protein
substrate (human recombinant Laminin 521, BioLamina) previously
shown to optimally facilitate hPSC-PR adhesion in similar culture
systems (26).

To assess in vitro stability, we monitored scaffolds more than
6 weeks in culture via optical coherence tomography (OCT) imaging.
During this time, scaffolds did not appreciably degrade, remaining
at 100 + 5.4% of baseline thickness at the 6-week time point. Scaffold
degradation within the SRS of nude rats was also examined. Com-
parable to previously published PGS studies (38, 39), scaffold thick-
ness steadily decreased to 12.6 + 3.5% of starting scaffold thickness
by 2 months after implantation (fig. S11).

PR cell seeding in ice cube tray scaffolds
To assess the performance of the PGS ice cube tray PR scaffold
in vitro, we used an established protocol to generate retinal organoids
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from a previously characterized human embryonic stem cell reporter
line (WA09-CRX14Tomato) that fluorescently labels PRs throughout
differentiation and maturation (50). WA09-CRX*/14Tomat0 retinal
organoids were differentiated to late stage 2 (approximately D120 of
differentiation) (11) to achieve peak PR differentiation before seeding
(11, 50). Retinal organoids were then dissociated to produce a cell
suspension containing a high percentage (60 to 80%) of fluorescent
CRX*"*4Tomate_pRg. Laminin-coated scaffolds were seeded with cell
suspensions at several concentrations (1 million, 3 million, 5 million,
or 7 million cells per transwell) and cultured for 5 days to assess
biocompatibility and determine the minimum number of cells neces-
sary to achieve maximal scaffold carrying capacity (Fig. 5, D and E).
Confocal imaging of fixed, immunostained scaffolds confirmed
successful seeding and survival of multiple CRX*"'4T°™°_expressing
PRs in individual wells of laminin-coated PGS ice cube tray scaf-
folds (Fig. 5D). As shown in Fig. 5E, maximal scaffold carrying ca-
pacity (17.8 + 2.4 CRX""4Tom_pR¢ per well or 1.74 + 0.24 x 10°
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CRX4Temato_pps/mm?) could be achieved by seeding at a concentra-
tion of 5 million cells per transwell (total area of transwell, 467 mm?)
(Table 2). An optimized seeding concentration of 5 million cells per
transwell was thus used for all subsequent experiments. These ex-
periments revealed that the ice cube tray design enabled a 3.4-fold
increase in cell-carrying capacity (calculated with eqs. S1 and S2) com-
pared to the original wineglass-shaped PR scaffold design (Table 2).
The ice cube tray scaffold also facilitated the capture of a multicellular
layer of PRs up to three cell layers thick (average, 2.6 + 0.7 nuclei
layers per well). The differentiated PRs expressed cone-specific (cone
arrestin; ARR3) and rod-specific (NR2E3) proteins as expected for
hPSC-PRs derived from stage 2 retinal organoids (Fig. 5F) (11). The
substantial increase in the cell payload capacity of the ice cube tray
design, combined with its decreased overall biomaterial burden,
which was 50% less for the ice cube tray design than the wineglass
design (calculated with eq. S3), further underscores its relative superi-
ority (Tables 1 and 2). These results represent the highest-density
capture of hPSC-PRs for any retinal scaffold described to date. Fur-
thermore, this construct provides a means of exceeding the often-cited
threshold of 150,000 PRs within a single scaffold (Table 2), which is
the threshold theoretically needed to achieve an electroretinographic
response (14, 51).

PR organization within PGS ice cube tray scaffold constructs

Given the importance of cell packing, organization, and polarization
within the retina, particularly with regard to cones [the Stiles-Crawford
effect (52) and the Nyquist limit (53) are tied to outer segment ori-
entation and cone density, respectively], we sought to determine
whether the ice cube tray scaffold design facilitated preorganization
of hPSC-PRs within scaffold constructs. To assess PR polarity and
scaffold construct organization, we screened whole mounts of PGS
ice cube tray scaffolds seeded with 5 million cells per transwell for
the presence of (i) outer segments (specialized light-detecting struc-
tures situated apically within PRs) and (ii) presynaptic vesicles, which
localize to the basal PR axon terminal (Fig. 6). 3D reconstructions of
scaffold flat mounts were analyzed to determine the primary location
of outer segments and presynaptic terminals. CRX"*T™°_pRs in scaf-
folds expressed peripherin (PRPH2) (Fig. 6, A and C), a protein crucial
to the development of rod and cone outer segments (54) that contain
photosensitive opsins. PRPH2" PR outer segments oriented perpen-
dicularly to the base of the scaffold (Fig. 6C). CRX'4T°ma°_pRs also

Table 2. Cell payload advantages of ice cube tray versus wineglass
scaffold designs.

Wineglass scaffold
design (26)

Ice cube tray
scaffold design

Average number of PRs 17.8+2.4
per capture well

PRs within a single
scaffold (5 mm in
diameter or
19.63 mm?)

Scaffold PR density
(cells/mm?) (6.0 x 10*
10200 x 10* cells/mm?
within the macula in
healthy retina)

0.512x 10*
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expressed vesicular glutamate transporter 1 (VGLUT1), a presynaptic
marker expressed within PR axon terminals (Fig. 6, B and D), which
was primarily localized to the top half of the scaffold in 3D reconstruc-
tions (Fig. 6D). In the wineglass design, PR axons tended to extend
into the through-holes, with presynaptic markers localized at the
base of the scaffold. The reversal in PR polarity seen with the ice cube
tray design could be due to its substantially shorter through-hole
length compared to the wineglass design (5 pm versus 10 pm). Al-
ternatively, the clustering of multiple PRs within a single well may
provide local cell-cell interactions that are not present in the wineglass
scaffold design. Regardless of the mechanism, a substantial benefit
of the PR polarity within the ice cube tray scaffold is the greater
exposure area of donor PR axon terminals at the top of the scaffold,
immediately adjacent to the dendritic terminals of host interneu-
rons (i.e., bipolar cells). Such an orientation not only minimizes
barriers at the donor-host synaptic interface (before degradation of
the biomaterial) but also positions the through-holes in the scaffold
base to allow fluid and material exchange between the donor PRs
and the host RPE and choroid as the scaffold degrades over time. It
also concentrates the bulk of the biomaterial volume adjacent to the
host RPE, the cell layer that plays a role in scaffold degradation

A DAPI CRX-TdTomato B DAPI

CRX-TdTomato

C DAPI CRX-TdTomato

Fig. 6. Micropatterned ice cube tray scaffolds support prearranged orientation
of seeded PRs. (A and B) Maximum intensity projections of scaffold whole mounts
seeded with CRX*9T°™_pRs (red) revealed that PRs plated on scaffolds express
PRPH2 (6A, green) and VGLUT1 (6B, green). DAPI-labeled cell nuclei and PGS
autofluorescence are shown in blue. (C) PRPH2" outer segments were often ori-
ented perpendicular to the base of the scaffold (magnified in underlying image).
(D) Expression of presynaptic marker VGLUT1 (green) primarily localizes to
the top portion of the scaffold. 3D renderings (C and D) are 644 um by 644 um by
20 um.
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within the SRS (55), possibly due to secretion of extracellular matrix-
remodeling matrix metalloproteases (56).

In conclusion, we have described state-of-the-art microfabrication
and micromolding processes for generating biodegradable, micro-
structured, ultrathin scaffolds that support the formation of a dense
layer of hPSC-derived PRs. Analysis of the scaffold’s mechanical
properties reveals favorable advances in the uniformity of stress dis-
tribution and the extent of deformation for optimal scaffold handling
in downstream surgical applications. Furthermore, in vitro experi-
ments underscored the potential of ice cube tray scaffolds to serve
as an organized delivery system for more than 300,000 hPSC-PRs in
a single 5-mm-diameter (19.63 mm?) scaffold (approximately the
area of the human macula, see eq. S2). PGS ice cube tray PR scaf-
folds exhibited not only a higher cell payload capacity and decreased
biomaterial burden but also optimal donor PR orientation for inte-
gration in transplantation studies. We expect that hPSC-PRs delivered
on PGS scaffolds will be better poised to survive and function after
transplantation and will prevent or eliminate cell reflux and dis-
organization. Future studies will be aimed at assessing scaffold-
mediated delivery in small and large animal models of outer retinal
disease and damage, exploring minimally invasive surgical approach-
es, and optimizing manufacturing strategies for scale-up and good
manufacturing practice production of PR-seeded scaffolds. In addi-
tion, the scaffold micromolding and microfabrication strategies de-
veloped here may prove useful for high-density, layered, and oriented
cell replacement in other tissues throughout the body.

MATERIALS AND METHODS

Materials

(7.0 to 8.0% vinylmethylsiloxane)-dimethylsiloxane copolymer
(VDT-731), platinum-divinyltetramethyl-disiloxane complex (Pt catalyst;
SIP6831.2LC), (25 to 35% methylhydrosiloxane)-dimethylsiloxane
copolymer (HMS-301), and (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (SIT8174.0) were purchased from Gelest Inc. (USA).
2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane, glycerol,
sebacic acid, acetone, and IPA were obtained from Sigma-Aldrich
Inc. (USA). All reagents were used as received without further pu-
rification.

Fabrication of silicon master mold

An undoped Si wafer was used as a starting material. After a stan-
dard RCA cleaning process, an array of through-hole patterns was
formed by photolithography using an AZ2020 photoresist and etched
with DRIE. During the DRIE process, etch/passivation cycles, etch/
passivation time per cycle, platen power, inductively coupled plasma
power, and SFe/O,/C4Fg gas flows were 33/33 cycles, 10/5s, 11.7 W,
600 W, and 102/12/100 standard cubic centimeters per minute (sccm),
respectively. The diameter and depth of the etched through-holes
were 5.1 and 11.8 pm, respectively (fig. S12). After removing the
photoresist with organic solvents (acetone and IPA), the reservoir
was formed by the same procedure used for the through-hole pat-
terning and etching, except that the DRIE etch/passivation cycles
were 60/60 cycles, respectively. For the fabricated Si master mold,
the diameter and depth of through-holes were 5.1 and 4.8 um, re-
spectively, and the length, width, and depth of reservoirs were 29,
29, and 24.5 pm, respectively. The width of reservoir wall and the
distance between adjacent through-holes were 2.8 and 5 um, re-
spectively. After the master mold was cleaned with organic solvents
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and piranha solution, it was treated with oxygen plasma (Unaxis
790 RIE) for 20 s at a plasma power of 40 W, a pressure of 120
mtorr, and an oxygen gas flow rate of 20 sccm to remove the re-
maining organic contaminants. Last, to coat a chemically inert pas-
sivation layer on the Si master mold, plasma polymerization was
conducted with C4Fg as a precursor by DRIE (C4Fg, 97 sccm; time,
1 min), generating a Teflon-like polymer film with long linear
(CF,),, chains (45).

Fabrication of h-PDMS stamp

The h-PDMS was prepared by mixing and degassing 17 g of vinyl
PDMS prepolymer (VDT-731), 90 ul of a Pt catalyst (SIP6831.2LC),
250 pl of 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane,
and 5 g of a hydrosilane prepolymer (HMS-301). Then, the h-PDMS
mixture was poured onto the fabricated Si master mold and cured at
room temperature for 12 hours, followed by 2 hours inside an oven
at 60°C. Thereafter, the stamp was gently demolded from the mas-
ter mold and cut with a single-edge razor blade to obtain nine sets
of 1 cm by 1 cm by 1 cm cubes. After the stamp was cleaned with
IPA, it was treated with O, plasma using RIE at a plasma power of
40 W, a working pressure of 120 mtorr, and a flow rate of 30 sccm
for 20 s to facilitate subsequent hydrophobic silane coating (anti-
stick coating). Then, the stamp was placed in a desiccator with a
beaker containing 400 pl of (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (SIT8174.0) and pumped down for 12 hours at room
temperature to allow the stamp’s surface to be fully functionalized
by the evaporated silane. Last, the stamp was rinsed with IPA again
and gently blow-dried using nitrogen.

PGS prepolymer synthesis

The PGS prepolymer was synthesized according to previously pub-
lished protocols (26, 39, 40). Briefly, equimolar glycerol (4.60 g,
50 mmol) and sebacic acid (10.11 g, 50 mmol) were homogenously
mixed under nitrogen atmosphere for 24 hours at 120°C. Thereafter,
the reaction pressure was reduced to <1 mbar while keeping the
temperature at 120°C for another 24 hours to allow further conden-
sation polymerization. The PGS prepolymer was a white wax-like
solid after it was cooled down to 20°C.

Fabrication of PGS scaffold

Approximately 10 mg of PGS prepolymer solid was placed on a
clean and preheated Si wafer and melted. Then, the patterned side
of the h-PDMS stamp was placed against the liquid PGS on the Si
wafer. This apparatus was placed in the vacuum oven (120°C and
<1 mbar) for 15 min to remove bubbles between the Si wafer and
the stamp. Thereafter, a glass slide and a 380-g weight were placed
on the stamp to press it against the Si wafer to control the scaffold
thickness at room temperature, and the apparatus was placed back
into the vacuum oven and kept at 120°C for 72 hours under <1 mbar
for complete curing of PGS. After that, the Si wafer and the stamp
were soaked together in IPA for 12 hours to gently demount the
stamp from the Si wafer. Once the stamp was removed, the PGS
scaffold on the Si wafer was blow-dried with nitrogen gas and care-
fully delaminated using a single razor blade. To unroll the scaffold
tangled during the delamination process and remove any residues
on its surface, it was soaked in an IPA solution, followed by a soni-
cation treatment for 20 min. Last, the PGS scaffold was transferred
onto a Teflon plate using a transfer pipet, and three drops of water
were added on its surface to restore the swollen PGS scaffold to its
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original morphology. Last, it was carefully blow-dried with the cell
reservoirs facing upward.

Mounting PGS scaffolds on transwell inserts

A 12-mm polyester transwell membrane with a central 5-mm hole
was secured to the scaffold with PDMS. The scaffold was degassed
in a desiccator for 5 min and cured at 60°C for 4 hours to adhere the
scaffold to the transwell membrane. Then, the PGS scaffold and
transwell membrane were carefully detached from the Teflon plate
and mounted in a transwell insert for cell culture. Last, for better
cell capture, brief (20 s) oxygen plasma treatment was carried out
on the top and bottom surfaces of PGS scaffold using RIE (Unaxis
790; Oz, 30 sccm; pressure, 120 mtorr; plasma power, 40 W).

Finite element analysis

To predict the mechanical properties of the PGS wineglass and ice
cube tray scaffolds, the equivalent von Mises stress distributions
were numerically solved using a finite element simulation software
(COMSOL Multiphysics 4.2, COMSOL Ltd.). A nonlinear elastic
Neo-Hookean model was used to characterize the mechanical prop-
erties, and the relevant material parameters used for the PGS poly-
mer were E = 1.3 MPa, a density of 1060 kg/m>, v = 0.49. Here, E is
Young’s modulus, and v is Poisson’s ratio.

Retinal organoid differentiation and culture
WA09-CRX1Tomato hpgCs were differentiated to stage 2 retinal
organoids (~D120) using an established protocol for retinal differ-
entiation (11, 50). Briefly, pluripotent colonies were maintained in
mTeSR Plus medium on Matrigel (Thermo Fisher Scientific)
and lifted with ReLeSR (STEMCELL Technologies) to generate
free-floating embryoid bodies (EBs). EBs were transitioned to
neural induction medium [NIM; 1:1 Dulbecco’s modified Eagle’s
medium (DMEM):F12 (Thermo Fisher Scientific), 1x minimal es-
sential medium (MEM) nonessential amino acids (Thermo Fisher
Scientific), 1x GlutaMAX (Thermo Fisher Scientific), heparin
(2 mg/ml; Sigma-Aldrich), and 1% N2 supplement (Thermo Fisher
Scientific)] over 4 days before receiving NIM with a pulse of bone
morphogenetic protein 4 (BMP4) (R&D Systems) on day 6. EBs were
plated onto Matrigel-coated plates on day 7 and gradually transi-
tioned to retinal differentiation medium [RDM; 3:1 DMEM:F12
(Thermo Fisher Scientific), 1x MEM nonessential amino ac-
ids, 1x GlutaMAX, 1x antibiotic-antimycotic (Thermo Fisher
Scientific), and 2% B27 supplement (Thermo Fisher Scientific)]
after a series of half media changes in NIM to gradually reduce the
BMP4 concentration over time. At approximately day 30 of dif-
ferentiation, retinal organoids were manually dissected and
maintained in free-floating cultures in RDM with 2% fetal bovine
serum (FBS; WiCell). Retinal organoids were maintained in poly-
hydroxyethylmethacrylate (MilliporeSigma)-treated tissue culture
flasks and fed twice weekly with RDM and 2% FBS until scaffold
seeding. Organoids were monitored via epifluorescence microscopy to
ensure that PR differentiation had peaked (as indicated by tdTomato
fluorescence) as organoids reached stage 2 (~D120). Cultures were
routinely screened for the presence of mycoplasma by polymerase
chain reaction (WiCell).

Scaffold seeding and maintenance in culture
For cell seeding and scaffold organization experiments, stage 2
organoids (approximately D120 of differentiation) were dissociated
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enzymatically with papain (Worthington Biochemical) and seeded
onto gas-sterilized scaffolds precoated with laminin 521 (0.05 mg/ml;
human recombinant Laminin 521, BioLamina) in Hanks’ bal-
anced salt solution with calcium and magnesium (Thermo Fisher
Scientific) and subsequently incubated for a minimum of 4 hours at
25°C to enable sufficient laminin polymerization. Cells were plated
onto scaffolds in RDM and 10% FBS at a volume of <300 pl. Scaf-
folds were left undisturbed for the first 24 hours after seeding to
facilitate cell adhesion and then gradually transitioned back to
RDM and 2% FBS medium for scaffold maintenance. Scaffolds were
maintained in culture for up to 5 days and fed daily with RDM
and 2% FBS.

OCT imaging and analysis

To assess in vitro biodegradability of the PGS scaffolds, OCT was
performed on three scaffolds, one seeded with hPSC-PRs and
two without cells, for 6 weeks. Scaffolds were incorporated into
glass-bottomed six-well plates (MatTek Life Sciences) and main-
tained as previously described, with the exception of brief transi-
tions to imaging media [Hibernate E Low Fluorescence (BrainBits),
1x antibiotic-antimycotic, 2% B27 supplement, and 2% FBS] for
<2 hours each week during OCT imaging. At 24 hours after seeding
and weekly thereafter, the cell-seeded scaffold and two unseeded
controls were imaged within glass-bottomed six-well plates us-
ing a Ganymede spectral domain OCT (Thorlabs). Central scaffold
height was measured using calipers within the ThorImage OCT
software (version 5.2.1).

Animals

Four male and female SD-Foxnl Tg(S334ter)3Lav rats (57) (age, 1
to 4 months) were used. Animal studies were reviewed and ap-
proved by the University of Wisconsin-Madison (UW-Madison)
Institutional Animal Care and Use Committee. All animals were
handled in accordance with the Association for Research in Vision
and Ophthalmology statement for the use of animals in Ophthalmic
and Vision Research, the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals, and the laws of the
United States and regulations of the Department of Agriculture.

Scaffold implantation in rodents

One-millimeter round PGS scaffolds were obtained using a sterile
trephine punch (Electron Microscopy Sciences) and implanted into
nude rats using a previously published approach for subretinal scaf-
fold delivery in rodents (36). Briefly, rats were anesthetized with
intraperitoneal ketamine (80 mg/kg) and xylazine (10 mg/kg), and
eyes were treated with mydriatic (1% tropicamide and 2.5% phenyl-
ephrine HCI) and topical anesthetic (0.5% tetracaine HCI) ophthal-
mic solutions before scaffold delivery. Eyes were proptosed, coated
with Goniovisc (Dynamic Diagnostics International), and covered
with a coverslip to visualize scaffold entry. A scleral incision was
made with a 23G MVR knife, and a subretinal bleb was raised with
sodium hyaluronate viscoelastic (Abbott Medical Optics). Internal
limiting membrane forceps were used to gently guide a 1-mm scaffold
punch into the SRS.

Histology

Rats were humanely euthanized at 1 week, 2 weeks, 1 month, or
2 months after implant, and eyes were fixed in 4% paraformaldehyde
for 1 hour to prepare tissue for histology. Eyes were placed in 30%
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sucrose overnight and frozen in blocks of OCT for cryosectioning at
25 um. Single-plane x20 magnification images of cryosections with
degrading subretinal scaffolds were acquired via differential inter-
ference contrast microscopy and analyzed in Image]. Fifteen evenly
spaced individual measurements of scaffold thickness (measured
perpendicular to the scaffold base) were obtained from one to
three cryosections per eye. Thickness was reported as the mean
percentage of starting scaffold thickness (+SD) and graphed using
GraphPad Prism.

Immunocytochemistry and confocal imaging

Scaffolds seeded with hPSC-PRs were fixed in 4% paraformaldehyde
for 30 min, washed in 1x phosphate-buffered saline (PBS; Thermo
Fisher Scientific) and processed for immunocytochemistry as previ-
ously described to assess expression and localization of PR-specific
proteins (26). Briefly, scaffold whole mounts were incubated in
blocking solution [10% normal donkey serum (Abcam), 5% bovine
serum albumin (MilliporeSigma), and 0.5% Triton X (MilliporeSigma)
in 1x PBS] for 1 hour at room temperature, followed by overnight
incubation at 4°C in primary antibodies. Scaffolds were washed
with 1x PBS to remove residual primary antibody solution before
incubating for 30 min at room temperature in secondary antibodies
at 1:500 (Alexa Fluor 488, Alexa Fluor 545, and Alexa Fluor 633,
Thermo Fisher Scientific). After an additional round of washes in
1x PBS, scaffolds were carefully removed from transwells and
mounted in Prolong Gold Antifade with 4’,6-diamidino-2-phenylindole
(DAPI) mounting medium (Thermo Fisher Scientific) before cov-
erslipping. Confocal z-stacks of immunostained scaffolds were cap-
tured at x20 magnification with a Nikon A1R confocal microscope.
3D z-stack reconstruction, maximum intensity projection image
generation, and cell capture quantification were performed with
Nikon Elements software. Descriptive statistics for quantitative
analyses were performed with and visualized in GraphPad Prism.
Averages reported herein are identified as the means + SD.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabf0344/DC1
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