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Recapitulating native retina environment is crucial in isolation and culturing of retina photoreceptors (PRs). To
date, maturation of PRs remains incomprehensible in vitro. Here we present a strategy of integrating the
physical and chemical signals through 3D-bioprinting of hyaluronic acid (HA) hydrogels and co-differentiation
of retinal progenitor cells (RPCs) into PRs with the support of retinal-pigment epithelium (RPEs). To mimic the
native environment during retinal development, we chemically altered the functionalization of HA hydrogels to
match the compressive modulus of HA hydrogels with native retina. RPEs were incorporated in the culturing

system to support the differentiation due to their regeneration capabilities. We found that HA with a specific
functionalization can yield hydrogels with compressive modulus similar to native retina. This hydrogel is also
suitable for 3D bioprinting of retina structure. The results from cell study indicated that derivation of PRs from
RPCs was improved in the presence of RPEs.

1. Introduction

The retina is a complex light sensitive tissue that collects light
before transmitting the information to brain for realizing the visual
environment [1]. In human retinas, cells of specific functions are
embedded in extra cellular matrix (ECM) following a multi-layered
configuration [2]. These ECMs have specific chemical compositions and
physical properties that could affect the functionality of cells residing in
them. In human retina, the ECM consists mainly of hyaluronic acid
(HA), which is a negatively charged polysaccharide [3]. Photoreceptor
cells (PRs), which reside across the intermediate layers of retina, are
responsible for light detection. Their degeneration could lead to the
onset of blindness in numerous diseases, including retinitis pigmentosa
and age-related macular degeneration (AMD) [4]. Regenerating healthy
PRs in the eye is a promising strategy to treat these diseases. However,
culturing of isolated PRs in vitro still remains challenging [5]. Unlike the
whole retina, which can be maintained in culture for several days, the
PRs undergo morphological changes and profound apoptosis in isolated
culturing without the support of ECM and other cell types [6]. The few
surviving cells lose their outer segments and downregulate the expres-
sion of visual cycle proteins [1]. Therefore, there is a growing need to
develop a viable strategy to specifically culture PRs in vitro with ECM for
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biological studies such as drug screening, cell intervention and integra-
tion, and disease modeling. Furthermore, the discovery of a suitable
ECM material for PRs culturing could help to study their maturation and
realizing repair by implantation in the future.

Residing adjacent to the PRs in a similar ECM, retinal pigment
epithelium (RPE) is a highly specialized cell with pigmented microvilli [7].
Research has shown the importance of RPE in nutrient transport, growth
factor production, and phagocytosis of photoceptors [8]. Although quies-
cent under physiological condition in the eyes, the RPE cells will start to
proliferate in response to traumatic injuries in retina [9]. Previous works
have reported sequential development of both RPE and PRs from fetal
retinal progenitor cells (fRPCs) [10]. This study has shown that the RPEs
assembled a bilayer structure with the neural retina, which matured into
PRs at an early stage of development. These findings inspired a strategy to
regenerate damaged PRs with the support of RPEs. To realize this
strategy, we aim to encapsulate cells with ECMs closely related to native
retina and localize individual cell type following the same arrangement as
the native retina. Our recent development in 3D bioprinting can construct
different tissues through polymerization of cell-containing ECMs [11].
Unlike conventional planar maturation strategies, 3D bioprinting could
create mechanical and geometrical cues that closely resemble the
cell niche [1,12]. In previous works, we have demonstrated 3D
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bioprinting of hepatic and vascular system to regenerate functional tissues
from embryonic stem cells [11,13]. The rapid and cell compatible printing
process enabled us to create complex 3D structures while maintaining the
viability of cells.

Recently, different strategies have been used to develop PRs from
human pluripotent stem cells [14]. For example, Lorber et al. demon-
strated 3D printing of retinal and glial cells as a retina model while Hunt
et al. investigated the effect of stiffness on retinal differentiation [15].
Their results indicated that the differentiation was mostly enhanced in
ECMs that mimic the stiffness of the native retina. While these studies
have shown the efforts of maturing PRs in vitro, recapitulating
surrounding environments of the cells such as stiffness and cell
hierarchy during differentiation still remain challenging [12].
Mitrousis et al. reported the use of HA in encapsulation of retinal stem
cells (RSCs) to improve PR growth [1]. As an abundantly present
polysaccharide in the subretinal space, HA is responsible for sequestra-
tion and presentation of biomolecules to PRs. It has been reported to
facilitate PR maturation by upregulation of the mTOR pathway in
RSCs [1]. While native HA does not form a physically stable gel with
cells, several chemical modification methods have been reported to
functionalize the HA with methacrylation by glycidyl-hydroxyl reaction,
resulting in a photopolymerizable hydrogel (HA-GM) that can be 3D
printed with our reported printing techniques [16].

In this work, we present a strategy to synthesize HA-GMs with
different degrees of methacrylation (DM) by altering molar ratios of
initial reagents. Their physical properties such as swelling ratio and
compressive modulus are measured and analyzed. Furthermore, we
have constructed a multi-layered tissue model using 3D bioprinting to
resemble the native retina structure. The fetal retinal progenitor cells
(fRPCs) were co-differentiated with RPEs to improve their differentia-
tion.

2. Materials and methods
2.1. Materials Synthesis

HA-GMs were synthesized following protocols reported previously
[11]. Briefly, 1g of hyaluronic acid (Lifecore Biomedical, MN) was
added into 100 ml of 50:50 acetone: water solution. The solution was
mixed overnight before adding triethylamine and equal amount of
glycidyl methacrylate with a designated molar ratio. The reaction was
continued for 24 h before dialysis over distilled water for 24 h. The
resulting solution was dried by lyophilization (Labconco) over 5 days
before rehydrated to make a hydrogel solution. 10 mg of the dried
hydrogel was dissolved in 1ml of deuterium oxide completely and
examined by '"H NMR (ECA 500, JEOL USA).

To improve cell binding of HA-GM, we introduced long chain Arg-
Gly-Asp-Ser (RGDS) peptide (American Peptides) into the hydrogel.
The polypeptide was synthesized by EDC-NHS synthesis with poly-
ethylene glycol following previously reported protocols [17]. PEG-
RGDS was mixed with HA-GM hydrogel in 2 mM/ml concentration
[18]. The photoinitiator, lithium phenyl-2,4,6 trimethylbenzoylpho-
sphinite (LAP) was synthesized following previously published
protocols [11]. Briefly, dimethyl phenylphosphonite was mixed with
equal amount of 2,4,6-trimethylbenzoyl chloride overnight. The reac-
tion was conducted over 18 h under inert gas before heated to 50 °C.
Lithium bromide was mixed with 2-butanone and added into the
solution slowly over ten minutes before cooled to room temperature
over four hours. The precipitates were filtered and washed with 2-
butanoe before dried by vacuum.

2.2. Physical and mechanical properties assessment
To analyze the microstructure of the HA-GMs by scanning electron

microscopy (SEM), the printed HA-GM hydrogels were dried over a
series of ethanol/water solutions with an increasing ethanol concen-
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tration. The hydrogels were further dried by hexamethyldisilazane.
After completely removal of any solvents, the samples were sputtered
with iridium for 7 s and then imaged with SEM (Zeiss Sigma 500). The
SEM images were used to evaluate the average pore sizes and
interconnections between pores.

To analyze the physical properties such as swelling ratio of the
HA-GMs with different degrees of methacrylation (DMs), the hydrogels
were printed into cylindrical shape with the same dimensions,
exposure duration and light intensity. The samples were then incu-
bated in saline solution at 37 °C for 1day, 3 days and 7 days before
being tested. Images were taken to evaluate the swelling ratio of the
hydrogels. The porosities of the hydrogels were calculated by swelling
factors and polymer volumes. The mechanical properties of HA-GM
hydrogels were evaluated by compression test using MicroSquisher
(CellScale) at 10% strain and 2 um/s strain rates. The instrument
collected the force and displacement data, which were further analyzed
using an in-house software to calculate the compressive modulus. The
diameter and height changes of each hydrogel were measured by a
microscope over 7 days to analyze the volumetric swelling ratio of each
sample.

2.3. RPEs encapsulation

RPEs were purchased from ATCC and cultured according to
manufacturer's guide. The RPE cells were cultured to passage 7 before
digested to mix with HA-GMs with 500k/ml concentration in the final
cell-gel mixture. The mixture was printed and continuously cultured
over the course of 10 days. Ethidium homodimer and calcein AM were
used to analyze the viability of RPEs encapsulated in different
HA-GMs. The viability of RPE cells were calculated as the ratio of
number of live cells over total number of cells.

2.4. Multilayered printing

To build a layer-by-layer structure with hydrogel-cell matrix, we
developed a rapid 3D printing process to consecutively construct each
layer. Briefly, a light source of 365 nm wavelength (Omnicure S2000,
Waltham, MA) was used to provide the UV light for photo-polymeriza-
tion. Structures were designed by Solid Works ©, which were then
converted to digital mask patterns and transferred to the digital-mirror
array device (DMD) chip by in-house software. The DMD chip was used
as an optical mask for projecting patterns onto the solution containing
hydrogel, cell, and photoinitiator. Once the light passes through the
lenses, it is collimated to form a precise image on the solution, where
polymerization occurs to form the structure. The RPEs mixed with
HMHA-GM for the first layer was loaded on the reservoir of the stage,
which moves in all three directions guided by the computer. After
printing of the first pattern, the solution was washed away while the
printed structure remained. The RPCs with HMHA-GM for the second
layer was then loaded on top of the first layer, followed by lowering the
stage. After the second layer is printed, the multi-layer structure was
rinsed and put in culture for further analysis.

2.5. Co-differentiation of fRPCs

Human fetal retinal progenitor cells (fRPCs) were harvested from
20 to 24 weeks old fetus and maintained with growth medium (Ultra
CULTURE™ serum-free medium, 10ng/ml EGF, 20ng/ml bFGF,
2 mM 1-Glutamine and 50 ug/ml gentamin). The fRPCs were differ-
entiated into PR cells following methods reported in a previous
publication [19]. Briefly, after reaching 50% confluency, fRPCs were
switched into PR differentiation medium (DMEM/F12: Neurobasal
medium 1:1, N2, B27, 0.05% BSA Fraction V; 2 mM Glutamax, 50 nM
docosahexaenoic acid and supplemented with 1puM IWP2, 10 uM
DAPT, 100nM purmorphamine, 100nM retinoic acid, 100 uM
Taurin, 10 ng/ml bFGF) for two weeks. The cells were mixed with
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HMHA-GM at 500k/ml concentration in the final cell-gel mixture for
printing.

3. Results and discussions
3.1. Methacrylation of HA-GM

The physical properties such as stiffness of the hydrogels is closely
related to the degree of crosslinking, which is affected by the number of
methacrylate groups attached to the polymer backbone. This number
can be quantified as degree of methacrylation (DM), which is calculated
by the ratio between the methacrylate groups and remaining methyl
groups. By altering the initial molar ratio of the reagents, the ring-
opening reaction of the epoxide functional group would occur to
different extend, resulting in products of various DMs. Three different
molar ratios were used to create low-methacrylated hyaluronic acid
(LMHA-GM), medium-methacrylated hyaluronic acid (MMHA-GM)
and high-methacrylated hyaluronic acid (HMHA-GM). The hydrogels
were examined by 'H NMR to evaluate their DMs, as shown in
Supplement Fig. 1. The presence of the methacrylate group peaks at
5.6 and 6.0 ppm confirmed the methacrylation, as compared to
hyaluronic acid in Supplement Fig. 1 d. The DMs were calculated by
dividing the integration of peaks from the methacrylate group over that
of the remaining methyl groups in hyaluronic acid at 1.7, 1.8 and
1.9 ppm [16]. The results are shown in Table 1. The LMHA-GM has a
DM of 33.8%, which agrees with the values in previously reports [20].

3.2. Physical properties of HA-GM

The DMs of HA-GMs indicate the amount of functional groups for
crosslinking among polymer chains. Physically, the degree of cross-
linking will affect the water distribution within the hydrogel, which can
be revealed from the pore sizes of the hydrogel after removing the
water. To examine how the DMs affect the microscopic porous
structures of the hydrogels, we compared SEM images of fully cured
HA-GM hydrogels after drying. Theoretically, the hydrogels with higher
DM will result in structures with smaller and less interconnected pores.
As shown in Fig. 1(a), (b) and (c), with the lowest number of DM, the
LMHA-GM forms the largest connected pores whereas MMHA-GM has
much smaller and isolated pores. The HMHA-GM with the highest DM
yielded the smallest pores. The pore sizes of each HA-GM were
calculated as shown in Fig. 1(d).

The DMs of hydrogels will affect not only the pore sizes of the
hydrogel, but also the physical properties of the gels, such as the
swelling ratio. Less crosslinking sites will constitute to lower degree of
crosslinking, hence less restrain on the hydrogel under osmotic
pressure to swell after crosslinking. The ability of maintaining the
structural integrity against swelling is crucial for bilayer construct since
it will affect the cell-cell distance and signal transduction within the
cell-hydrogel matrix. The less extend of swelling will essentially result
in a closer packed matrix for cells to interact. With the least restrains,
the LMHA-GM swells the most and eventually lose the shape after 5
days of incubation at 37°C due to the lack of crosslinking sites to
withstand the osmotic pressure. MMHA-GM has more crosslinking
sites, hence it swells less than the LMHA-GM. With the highest degree
of crosslinking, the HMHA-GM has the strongest ability to withhold

Table 1
Degree of methacrylation of HA-GM synthesized by different glycidyl methacrylate to
hyaluronic acid ratios.

Initial molar ratio DM of final HA-GM

5:1 7.78%
10:1 25.54%
20:1 33.78%
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the osmotic pressure, hence swells the least, as shown in Fig. 1(e). The
porosities of hydrogels were calculated by the ratio between the volume
of pores over the volume of the hydrogel. Due to the high swelling ratio
of the HA-GMs, there is no significant difference in porosities of all
hydrogels since majority of the hydrogel volume is filled by pores
containing water.

Furthermore, the compressive modulus of the hydrogel is closely
related to the DMs of hydrogels. The higher degree of crosslinking, the
more tangling of polymer chains, resulting in stiffer gels under
compression. Previous studies have demonstrated that the cell-hydro-
gel matrix should have the stiffness comparable to native retina, which
is about 10—-20 kPa, for the survival and development of in vitro retina
[21,22]. The compressive modulus of each type of HA-GM hydrogel
were measured and demonstrated in Fig. 1(f). With the highest DM,
the HMHA-GM has the compressive modulus that is comparable to the
native retina.

3.3. Hydrogel biocompatibility

To optimize the material composition for cell encapsulation, we
investigated viability of RPEs in each HA-GM at different time periods
(1 day, 3 days, 10 days). RGDs polypeptide motif was mixed with the
hydrogels to improve the cell affinity. For LMHA-GM, the presence of
cells did not alter the restrain against osmosis pressure within the
matrix, hence it dissolved after 5 days of incubation. The cell viability in
the remaining samples were analyzed using calcein AM and Ethidium
Homodimer (L/D) assay following manufacturer's instruction. The
results are shown in Fig. 2. RPEs in both remaining HA-GMs show
high viability above 70%. Given its low swelling ratio and similar
compressive modulus to native retina, the HMHA-GM was selected for
the tissue construct.

3.4. Multilayer printing

To create a structure for maturation of PRs from fRPCs [23], we
designed a construct to recapitulate the hierarchy of native retina, as
shown in Fig. 3. Following the structure of native retinas, the base layer
was designed with a thickness of 125 pm to resemble the epithelium
tissue. The top layer was 250 um tall to give room for the neurons to
grow [24]. To validate the print, we created a sample where the bottom
layer consists HMHA-GM hydrogel mixed with fluorescein isothiocya-
nate (FITC) dextran and a top layer mixed with tetramethylrhodamine
isothiocyanate (TRITC) dextran. These dextran molecules would
illustrate the printed structure due to their different fluoresce colors.
The confocal image of the structure is shown in Fig. 3(c). This image
demonstrated a bi-layer construct with distinct separation of the two
layers.

3.5. Differentiation of fRPCs

In cell-hydrogel matrix, the microenvironment around the cells
might affect their maturation. To investigate how the HA-GM will affect
the maturation process, we used previously reported differentiation
protocols on the fRPCs embedded in HA-GM [19]. The fRPCs were
mixed with the HMHA-GM and printed in circular shapes. The fRPC-
HMHA-GMs were placed in a cell culture incubator with dish and
cultured with PR differentiation medium. During the two-week differ-
entiation, small molecules and growth factors (IWP2, DAPT, purmor-
phamine, retinoid acid, taurin and bFGF) were able to penetrate the
scaffold and induce cell reprogramming of fRPCs. As a result, the fRPCs
have shown significant morphology change and turn into typical cone-,
rod-like photoreceptor morphology, as shown in Supplement Fig. 2a.
We used immunostaining of recoverine, a signature protein in the PRs,
to verify maturation. The presence of recoverine in Supplement Fig. 2b
confirmed the maturation of PRs, indicating successful differentiation
of fRPC. This strategy has proven that the HA-GM would not alter the
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Fig. 1. Hydrogel characterization: SEM images of dried (a) LMHA-GM, (b) MMHA-GM, and (¢) HMHA-GM. (d) The pore size of each HA-GM material indicated that with a higher DM,
the resulting photocured HA-GM will have smaller pore sizes. (e) Compressive modulus and (f) swelling ratio of different HA-GMs after curing. Both results show that HMHA-GM has
better matched physical properties to use as the ECM to build a multi-layered retina model in vitro. Scale bar of SEM images = 100 um.

differentiation process of fRPCs. We then moved on to include the
support from RPEs in the system by printing the bi-layer structure
adjacent to the fRPCs.

3.6. Bi-layer construct for PR maturation

Results from previous tests indicated that HMHA-GM can be used
for printing while supporting cell functions and differentiation. We

100+
Il MMHA-GM

80+ Il HMHA-GM

Viability

¢) R
Orb* 0‘5\

Time (Day)

(a)

L/D assay of MMHA-GM at day 3

L/D assay of MMHA-GM at day 10

then printed a bi-layer structure using the HMHA-GM with fRPCs and
RPEs following guidance from native retina structure [24]. As shown in
Supplement Fig. 3, the RPEs were encapsulated into HMHA-GM and
printed at the bottom layer with the thickness of 125 um. A second
layer of HMHA-GM and fRPCs matrix were printed on top of the RPE
layer. This design was also expected to introduce a gradient of nutrition
and growth factor diffusion from the bottom RPE layer to the fRPC
layer, which could guide the orientation of the cells to differentiate into

L/D assay of HMHA-GM at day 3

(b) (c)

L/D assay of HMHA-GM at day 10

(d) (e)

Fig. 2. Viability assay of RPEs encapsulated in MMHA-GM and HMHA-GM. The results shown that RPEs had the highest viabilities in HMHA-GM, which has stiffness close to native

retina. Scale bar =100 um.
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(b)

©

Fig. 3. Bilayer printing of fluorescent labelled hydrogels: (a) Top view and (b) side view of structural design from SolidWorks ® (c) Confocal fluorescent images showing bilayer
construct. The printed structure recapitulated the structural design, indicating ability to construct multi-layered structure. Scale bar = 500 pm.

the highly ordered retinal cells including PRs, ganglion cells, and
bipolar cells.

To maintain the stability of the cells during differentiation, we
modified the differentiation media by adding SU5402 and IWP2 to
inhibit FGF and Wnt pathway. These modifications have been proven
to have a positive effect during differentiation [10]. With the adapted
protocol, we observed PR maturation at day 14. As shown in Fig. 4(a),
immunostaining of PR specific marker arrestin-3 indicated signature
morphology of mature neurons [25]. The expansion of the outer
segment demonstrated development of rod PRs. To further character-
ize the differentiation of fRPCs, we used western blot to examine the
protein expression in the matrix. As shown in Fig. 4(b), the protein
profile indicated abundance of both rhodopsin and M-opsin proteins

Arrestin-3

; ’b‘v\/’&‘ ’

o/ -

after co-culturing for 14 days, which pinpointed the formation of both
rod and cone PRs. Furthermore, we conducted real-time qPCR to verify
the neuron formation. As shown in Fig. 4(c), the increase in presence of
key neuron specific proteins such as Brn3, MATH5 and ISL-1
confirmed the maturation of PRs using the bi-layer construct.

4. Conclusions

In this work, we have demonstrated chemical synthesis of HA-GMs
with different degrees of methacrylation. These HA-GMs exhibit
distinctive physical properties such as pore sizes and compressive
modulus. We further assessed viabilities of cells encapsulated in these
hydrogels and found that the cells have better survival in hydrogels
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Fig. 4. Characterization of co-differentiation: (a) Immunostaining of cone PR specific protein arrestin-3 at day 14. (b) Western blot and (¢) qPCR quantification of neuron-specific

protein indicating PR maturation.
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with mechanical properties close to native retina. Furthermore, we
have demonstrated bioprinting of a bi-layer structure with cell-hydro-
gel matrix. After studying the expression of key proteins, we concluded
that our co-culture system could recapitulate the native retinal devel-
opment environment and enhance the maturation of PRs.
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