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Abstract

Biomaterials-mediated retinal progenitor cell (RR@sed transplantation therapy has
shown substantial potential for retinal degenerafRD), but it is limited by the poor
RPC survival, proliferation and differentiation. dda, thegelatin-hyaluronic acid
(Gel-HA)-based hydrogels formadla moderate Michael-type addition reaction with
or without the introduction of mussel-inspired pmdpamine (PDA), i.e.
Gel-HA-PDA and its counterpart Gel-HA hydrogels developed, antheir effects
on the biological behaviour of RPCs, including aibe, survival, proliferation,
differentiation, delivery and migration are investied. The hybrid hydrogels can
adopt the intricate structure of the retina withitafalle mechanical strength,
degradation rate and biological activity to suppoetlular adhesion, survival and
delivery. Meanwhile, Gel-HA hydrogel can remarkalpisomote RPC proliferation
with much larger cell clusters, while Gel-HA-PDAdrggel significantly enhances
RPC adhesion and migration, and directs RPCs tenergially differentiate toward
retinal neurons such as photoreceptors (the mastatrcell-type for RD treatment),
which is mainly induced by the activation of integr
a5B1-phosphatidylinositol-3-kinase (PI3K) pathway. §hstudy demonstrates that
Gel-HA hydrogel possesses great potential for RP®@liferation, while
mussel-inspired PDA-modified Gel-HA hydrogel withperior biocompatibility can
significantly promote RPC neuronal differentiatioproviding new insights for

developing biomedical materials applied for RPCedasansplantation therapy.
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1. Introduction

Retinal degeneration (RD), including age-relateccuter degeneration and retinitis
pigmentosa, is the principal cause of irreversiblendness and affects millions
world-wide [1]. Several strategies, such as geeeatty, pharmacological treatments,
and cell transplantation therapy have been proptsqumevent or retard it. Among
them, retinal progenitor cell (RPC)-based trandpliéon therapy has been brought
into focus for sight restoration since RPCs weszalered in the adult mammalian
eye and successfully isolated from the human ref@&]. Previous studies
demonstrated that partial rescue of the determmatif visual function in different
animal models with RD could be achieved by RPCsjptantation withouethical
concerns and tumorigenicity [5, 6]. However, thmifed capacity of RPCs to
proliferate and differentiate toward retinal newsplike photoreceptors, hinders their
future clinical applicability [7]. Scientists hawaade much effort to address the
critical issues, including improving the RPC is@at methods, changing the culture
media, and the application of culturing carriersL{8. Although the culturing carriers,
such as poly(1,3-propylene sebacate) aot/(glycerol-sebacate) composites can
enhance mouse RPC proliferation as evidenced byirtbeeased expression of
proliferation markers [10, 11], these solid scaffouisually result in poor cell survival
associated with subretinal delivery because thek the flexibility required for the
delivery and do not match the modulus of retina].[1&lternatively, injectable
hydrogels, inherently containing hydrous and poroesvorks, are able to influence

stem cell fate, such as proliferation and diffeisgiin, and can serve as a protective



carrier to deliver cells to the expected locatiothva minimally invasive procedure
[13].

One of the basic goals of hydrogel applicationsiomedical fields is to mimic native
extracellular matrix (ECM) characteristics andimgrc tissue functions to support cell
growth and proliferation. Gelatin, as a hydrolyzgdduct of collagen, is capable of
enhancing proliferation of many cell types, like legonic stem cells, induced
pluripotent stem cells and neural stem cells (NgC3) 14]. Nevertheless, it may not
be the superior ECM to mimic retina microenvironti@n RPC growth and survival.
Another excellent biopolymer hyaluronic acid (HA9shbeen widely applied in tissue
engineering for bone, cartilage and nerve regeierabecause of its obviously
excellent properties, including good biocompatijlihigh hydrophilicity and low
immunogenicity [15-17]. It is worth mentioning th&lA is a primary constituent
present in the subretinal location and can servethas optimal natural ECM
components of retina [18]. The two natural polymeith these ideal characteristics
above are attractive in the production of hybrigeétable hydrogels which can not
only mimic the ECM microenvironment of retina, lalso better support the survival
and proliferation of RPCs. In order to achieve &rhemical reaction in the favored
cellular environment, we fabricated a Gel-HA hydebgy taking full advantages of
the moderate Michael-type addition reaction betwidolated gelatin (Gel-SH) and
methacrylated hyaluronic acid (HAMA).

Besides, there is still a challenge for biocompatilinydrogels to meet the

requirements for inducing the differentiation of &P into neurons for vision



restoration. The biological environment of hydregkhs a significant effect on cell
differentiation, which is closely related toe adhesion properties of materials [19].
Compared with the traditional hydrogels, hydrogemdified with functional
attachment proteins or micromolecules are more flalefor guiding stem cell
adhesion and differentiation [19, 20]. Polydopam{A), inspired by a strong
attachment protein in mussel adhesive pads, has toemd being responsible for
enhancing neurite outgrowth and guiding neuronakligment [21, 22]. Hongt al.
revealed that the oxidation induced dopamine-meditHA hydrogel could enhance
cell adhesion and provide high compatibility forcapsulated NSCs [23]. Recently,
dopamine-based gelatin methacrylate hydrogels hasen shown to promote
neuronal differentiation of NSCs [24]. It is wontloting that the retina belongs to the
central nervous system, and RPCs possess a mettigosimilar to NSCs, indicating
that PDA might have a similar positive effect on@RBehaviors such as cell adhesion
and differentiation. Herein, Gel-HA-PDA hydrogel svaleveloped by introducing
PDA into the Gel-HA precursor solution by crossimk with covalent and
noncovalent bondsvith the purpose to study the regulatory propertsthe
Gel-HA-PDA hydrogel on the differentiation of RP@sd to further investigate the
related mechanisms.

In this study, themussel-inspired Gel-HA-PDA hydrogel and ésunterpart Gel-HA
hydrogel were developed and evaluated by comprelerexperiments of their
mechanical and physicochemical properties. Systeraasessments were conducted

to determine the effects of the hydrogels on RPi&sidn, survival, proliferation and



differentiationin vitro, and further elucidate the underlying mechanisiated to RPC
differentiation toward retinal neurons. Moreovére tn vivo biocompatibility of the
Gel-HA-PDA hydrogel was also evaluated. Based aseéhevaluations, the hybrid
injectable hydrogels represent a promising bionmtptatform for future RPC-based

transplantation therapy for RD.



2. Results

2.1. Preparation and characterization of Gel-HA and Gel-HA-PDA hydrogels

Gel-HA hydrogel was successfully fabricated via Miel-type addition reaction
between Gel-SH and HAMA in physiological conditioffsg. 1a, Supplementary
Fig. 1). PDA containing catechol, quinone, and aminosugso noncovalently
cross-linked with abundant hydrophilic groups in-Skel, and HAMA was utilized to
further develop the Gel-HA-PDA hydrogeFig. 1a) [25]. The H-NMR spectra
(Supplementary Fig. 2) revealed the appearance of a methylene protok giea2.3
ppm of Gel-COOH due to the ring-opening reactioswdfcinic anhydride and gelatin.
Compared with Gel-COOH, new methylene proton pgak2.7 ppm,s 3.2 ppm)
were observed after Gel-SH was obtained. Accordintg TNBS
(2,4,6-trinitro-benzenesulfonic acid) assaySugplementary Fig. 3) [26], the
absorbance at 420 nm indicated that the amounnofeagroups decreased obviously
after grafting the carboxyl groups. The free thigloup in Gel-SH was
220.98+27.2&mol g*determined by Ellman’s assay) [27]. HAMA was analyby
the H-NMR spectrum $upplementary Fig. 4), and around 50% modification of
HAMA could be obtained by calculation of the intalgrintensities of two
methacrylate proton peaks &t.61 ands 6.05 (as shown witha") relative to the
methyl proton peak at 1.9 (as shown witlb”). Additionally, PDA was formed via
dopamine pre oxidation for 48 h, as indicated mea peak appearing at 420 nm in

Supplementary Fig. 5 [28]. The white Gel-HA and grey Gel-HA-PDA viscous



precursor solutions were injectable by the 26Gngp@ineedle and then formed gels
under physiological conditiong=ig. 1b, Supplementary Fig. 6). The remarkable
gray appearance of the Gel-HA-PDA hydrogel wascthesequence of the introduced
PDA. Scanning electron microscopy (SEM) images tasva in Fig. 1c suggested
that both hydrogels presented interconnected parekthe porosity of the lyophilized
Gel-HA-PDA hydrogel slightly shrank to a smallerrpsize compared with that of
the Gel-HA hydrogel. The addition of PDA was alsimfirmed by BCA assay to
guantify the catechoHg. 1d), which leaded to a significantly increased apgon in

the Gel-HA-PDA hydrogel in contrast to the Gel-Hydnogel.
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Fig. 1. Schematic and morphology characterization of Geld#d Gel-HA-PDA hydrogels. a)
Schematic illustration and applications of Gel-HAdaGel-HA-PDA hydrogels. Gel-HA
hydrogel improved RPC proliferation, while Gel-HMR hydrogel significantly promoted

RPC neuronal differentiationnivitro. In vivo studies, the transcutaneous injection of



Gel-HA-PDA hydrogel and subretinal transplantatidiGFP RPCs-embedded Gel-HA-PDA
hydrogel were conducted. b) The materials gelledeurphysiological conditions. c) SEM
images of hydrogelsl) Confirmation of the presence of PDA in the G&-RADA hydrogel
by analyzing catechol contents using BCA assay.<({lR05. Scale bars: 1G0n for (a), 50
um for (c). Error bars represent the standard dewiabf the mean, n=3 independent

experiments).

Rheological tests were conducted to analyze theatigal process and
viscoelasticity of the hydrogels. As shownFhkig. 2a, the gelation time of Gel-HA
and Gel-HA-PDA hydrogels was approximately 5 misutevhere the storage
modulus (G was equal to the loss modulus "JG(G'= G"). In Fig. 2b, the
dependence of Gnd G on strain amplitude indicated that ¥as not changed in the
linear viscoelastic regime (<100% strain), butcearly decreased and’Gcreased
simultaneously when a higher strain was exertetherhydrogels, which was caused
by the collapse of the crosslinked structure of thalrogels. Additionally, the
hydrogels remained a constant &d G regardless of the shear frequency ranging
from of 0.1-100 rad’, indicating the formation of a stable network stumet(Fig. 2c).
From the above rheological tests, the Gel-HA-PDArbgel almost had a similar
rheological behavior to the Gel-HAydroge] except for its slightly lower storage
modulus, indicating that the introduction of PDAldiot have a great impact on the
mechanical properties relative to the Gel-HA hy@logcompression test&iQ. 2d)
were also performed to evaluate the compressiangtin of hydrogels. With the
increase of compression ratio, the Gel-HA hydrogesented a slightly higher

compression modulus than the Gel-HA-PDA hydrogdlictv is in agreement with the



results of the rheological test. Additionally, bdtlgdrogels showed a high swelling
ratio, where the Gel-HA hydrogel and Gel-HA-PDA hygel was 27.7 + 3.2 and 29.9
+ 2.1, respectively Kig. 2e). The biodegradable hydrogels is profound for the
generation of new ECM or tissue vivo [29]. Here, about 40% of the hydrogel was
degraded in the first 2 h and almost completelyaided within 12 h in the present of
collagenase and hyaluronidasevitro (Fig. 2f). Cells preferentially differentiate into
distinct cell-types when they cultured on ECM witle mechanical stiffness similar
to that of the respectivim vivo tissue [13]. Compared with the native stiffness of
retina ECM, the soft injectable hydrogels (aboud &&) Gupplementary Table 1)
well match the modulus of the retina (300-800 RB&).[Moreover, the components
of hydrogels developed here mainly consisted ofrtfagority of collagen and HA,
which well mimic the native components of retinattincludes a bulk of collagen
and HA [31]. In generalGel-HA and Gel-HA-PDA hydrogels exhibited proper
mechanical and physicochemical properties, inclg@asy injectability, high porosity,
low mechanical strength and excellent biodegradgliSupplementary Table 1),

indicating their potential applications for RPC-bddransplantation therapy for RD.
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Fig. 2. Mechanical and physiochemical properties of Gel-#h Gel-HA-PDA hydrogels.
Rheological tests of a) time sweépe gelation time of Gel-HA and Gel-HA-PDA hydrogel
was approximately 5 mifG'= G"), b) strain amplitude sweep under a frequency of,1Hz
and c) frequency sweep with the strain of 1%. din@@ssive stress-strain curves. e) Both
hydrogels showed a high swelling ratio, and therfr Gel-HA hydrogel was 27.7 + 3.2,
and the ratio for Gel-HA-PDA hydrogel was 29.9 #.2f) In vitro biodegradation of
hydrogels. Approximately 40% of the hydrogels wetegraded in the first 2 h and
hydrogels almost completely degraded within 12 hthe present of collagenase and
hyaluronidase. (The error bars represent the stdndaviation of the mean for n=3

independent experiments.)

2.2. In vitro cytocompatibility and cell delivery propertiesof hydrogels

Specific markers of retinal progenitor cells werelgzed by flow cytometry and



immunostaining $upplementary Fig. 7). High expression levels of retinal
progenitor-related markers including Nestin (90.6%mentin (92.2%) and Pax-6
(96.8%) were observed in the cell cultures undetifgration conditions, but only
few of glial cell marker GFAP-positive cells (0.5%0d none of retinal ganglion cell
(RGC) markers HuD-, Brn-3b- and Thy 1.1-positivélscgvere detected, indicating
that the separated cells were almost retinal prieggecells, which is consistent with
previous studies [32-34]. In addition, the physgital function of RPCs was
evaluated by glutamate-evoked calcium response . [38% presented in
Supplementary Fig. 8 andSupplementary video 1 and2, after glutamate exposure,
the RPCs showed a clearly elevated fluorescentnsitie in spike amplitude
compared with the the adipose-derived stem celBSBs) (negative control). In
addition, the time response to peak fluorescentengity in control ADSCs was
also significantly delayed (295 + 5 sec) in corittasthat in the RPCs group (110 £
5 sec), suggesting that these cells exhibited R¥eCific physiological function.
Live/dead staining, the determination of the exgims levels of inflammatory and
apoptotic factors, and cell adhesion analysis weomducted to assess the
cytocompatibility of hybrid Gel-HA and Gel-HA-PDAyHdrogels. Our data showed
that RPCs were more than 94% viable on hydrogedtsaties after incubation for one
day Fig. 3a, b). Injectable hydrogels with cell delivery peoty can carry donor
cells into target sites and exhibit promise forin&it tissue engineering [36T0
evaluate the cell delivery property of injectablaitogelsin vitro, the injection of

RPCs either with or without hydrogels using 26-gaungedles was performeHig.



3c). Three hours after injection, the morphologyirgécted RPCs (injection group)
was unchanged compared with that of noninjected RICubated for 3 h (no
injection group), and the cell viability of injecddRPCs with hydrogels was clearly
improved relative tohat of the injected RPCs in medium without hyditedEig. 3d,
e). In comparison with the control, the expressievels of MCP-1 (linked with
intraocular inflammatory diseases [37]), IL-6 (ao{fimflammatory cytokine), and
Caspase-3 (an important apoptotic factor [38]) @rarally decreased on the hydrogel
substrates Kig. 3f-h). In terms of RPC adhesion, the gene exprestorls of
Cadherin 4, which indicates cell adhesion abililycreased by 40% on the
Gel-HA-PDA hydrogel relative to the control, andetdé were no significant
differences between Gel-HA hydrogel and contrBig( 3f). After eliminating
non-adherent cells with PBS at 12 h, the numbeadiferent cells remaining on
Gel-HA-PDA hydrogel was greater than that on théreated control, while the
Gel-HA hydrogel showed similar adhesion rate asctiherol Fig. 3i). Representative
fluorescence images of remaining RPCs after washiillg PBS showed a higher
percentage of remaining RPCs (approximately 73%GehHA-PDA hydrogel than
other groups (approximately 28%lri¢. 3j), further indicated that Gel-HA-PDA
hydrogel provided a more attractive environmentR&C adhesion. Overall, our data
suggested that the Gel-HA and Gel-HA-PDA hydroggiessess excellent

cytocompatibility for RPC adhesion, survival andicy.
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under proliferation conditions. a) Live/dead stainshowed that b) RPCs were more than 94%
viable on hydrogel substrates after incubationcioe day. c) A schematic illustration of the
injection of RPCs either with or without hydrogelsing 26-gauge needles. d) Compared
with noninjected RPCs incubated for 3 h (no injea}i the morphologies of injected RPCs
were unchanged 3 h after injection. Live: greeraddeed. €) In the injection group, the
viability of RPCs with hydrogels was clearly impealrelative to RPCs in medium without
hydrogels. f) The gene expression levels of inflatory factors (IL-6 and MCP-1) decreased
in cells on Gel-HA hydrogel, and MCP-1 and apoptfdctor Caspase-3 were downregulated
in cells on the Gel-HA-PDA hydrogel compared witklle on tissue culture-treated
polystyrene substrates (TCPS), suggesting that hlgdrogels possessed excellent
cytocompatibility. Additionally, the adhesion factaCadherin 4 was upregulated on
Gel-HA-PDA hydrogel. g) The protein expression levend h) quantitative analysis of IL-6
and Caspase-3 normalized fieactin. The cell adhesion ability was further azely by i)
CCK-8 test and j) fluorescence micrographs of DARIned adherent RPC nuclei at 12 h
before and after washing with PBS. Representativerdscence images of remaining RPCs
after washing with PBS showed a higher percenthgensaining RPCs (approximately 73%)
on Gel-HA-PDA hydrogel than other groups (approxiha 28%), suggesting that the
adhesion ability of RPCs cultured on Gel-HA-PDA hygel was improved compared with
TCPS. (*P < 0.05, *P < 0.01. Scale bars: jo®. The error bars represent the standard

deviation of the mean for n=3 independent experimérhe TCPS was control group.).

2.3. Gel-HA hydrogel enhanced proliferation of RPCs

The proliferation capacity of RPCs on Gel-HA andl-BA-PDA hydrogels was

evaluated bymorphologies, gPCR, immunostaining and western éhatlyses after

three days of incubation. As shownFig. 4a, the GFPRPCs on Gel-HA hydrogel
expanded well with much larger cell clusters, ahd tell density of RPCs was
dramatically higher than those on the Gel-HA-PDAlfogel and control. CCK-8 data

showed that the RPC expansion capability was predhat day two and day three on



the Gel-HA hydrogel and/as almostequal between the Gel-HA-PDA hydrogel and
control Fig. 4b). Moreover, gene expression levels of the ceallif@ration marker
Ki-67 as well as retinal progenitor-related markdestin, Vimentin and Pax-6 were
nearly unchanged on the Gel-HA-PDA hydrogel, burkedly upregulated on the
Gel-HA hydrogel compared with contrdFi@. 4c), which were consistent with the
results of western blot analysid=ig. 4d,e). Additionally, the percentages of
immunoreactive cells for Edu (65.51% vs. 41.47%i6K (89.04 % vs. 54.66%),
Nestin (95.70% vs. 80.00%), and Vimentin (93.33% 868.89%) significantly
increased on the Gel-HA hydrogel, and similar ontes between the Gel-HA-PDA
hydrogel and control were presentddg( 4f, g), as further evidenced by the vast
majority of RPCs stained with Edu in 3D Gel-HA hgdel Fig. 4h). In general, the
proliferation ability of RPCs was significantly eartted in the Gel-HA hydrogel,
which is beneficial for the production of sufficiecell sources for RPC-based

transplantation therapy.
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after 3 days of proliferation culture. a) Fluorasiceicrographs of GFARPCs. The highest
cell density was observed in Gel-HA hydrogel. beTroliferation ability of RPCs detected
by a CCK8 assay on Gel-HA hydrogel was markedlyasckd compared with those of
other groups after culture for 2 and 3 days. c) TiieNA expression levels of a cell

proliferation marker (Ki-67) and retinal progenimiated markers (Nestin, Vimentin and



Pax-6) were significantly upregulated in cells oal-BA hydrogel relative to those in the
control group. d) The protein expression levels ehdhe quantitative analysis of Nestin,
Vimentin and Pax-6 significantly increased on Gél-hlydrogel in contrast to control. f)
Immunostaining with antibodies against Edu, Ki-6Mestin and Vimentin, and @)
guantitative analyses showed that the percentafenacker-positive RPCs on Gel-HA
hydrogel were significantly greater than those tifeo groups. h) Edu staining of RPCs in
3D hydrogels. (*P < 0.05, **P < 0.01, Scale bar01én for (a) and (h), 5am for (f). The
error bars represent the standard deviation ofntean for n=3 independent experiments.
The TCPS was control group).

2.4. Gel-HA-PDA hydrogel promoted retinal neuronal differentiation of RPCs

To investigate whether the Gel-HA and/or Gel-HA-Pbydrogel affectecheuronal
network formation, the divergent morphologies, gand protein expression levels of
RPCs under differentiation culture for 7 days wekaluated. Interestingly, RPCs
grown on the Gel-HA hydrogel and control extendedly short and thick neurites,
whereas the majority of RPCs displayed dramatidaihger and thinner neurites on
the Gel-HA-PDA hydrogel by further analysis of neurlength Fig. 5a, b). The
upregulated gene expression levels of retinal meumnarkers, including3-tubulin,
Recoverin (photoreceptor marker) and [kc{bipolar cell marker), and
downregulated retinal glia marker GFAP in RPCsuwreli on Gel-HA-PDA hydrogel
implied that the Gel-HA-PDA hydrogel significaniyigmented RPC retinal neuronal
differentiation Fig. 5¢). Similar stimulating neuronal expression prdfilef RPCs
cultured with Gel-HA-PDA hydrogel were additionaltypserved by their respective
immunostaining Kig. 5d, e). For example, the Gel-HA-PDA group displayed
substantially higher percentages of Recoverin-pasitells (18.12% vs. 9.86%) than

the control. The western blot analystsd. 5f, g) further supported the Gel-HA-PDA



promoting RPC retinal neuronal differentiation. eiar both gene and protein
expression levels of those markers above were appately similar between the

Gel-HA hydrogel and control. Additionally, cell nmagion and integration assays
were also conducteth vitro (Supplementary Fig. 10). Our data showed that the
improved migration and integration abilities of RP®ere achieved affected by the
Gel-HA-PDA hydrogel. Collectively, these data demstoated that Gel-HA-PDA

hydrogel could robustly accelerate RPC commitmerthe retinal neuron fate, such

as photoreceptors, which is the most crucial gektfor RD treatment.
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exhibited extended and thin neurite-like processg3.he qPCR results suggested that the
MRNA expression levels off3-tubulin (retinal neuronal cell marker), Recoverin
(photoreceptor marker) and Pictbipolar cell marker) in cells on Gel-HA-PDA hyadyel
were substantially upregulated in contrast to thetrol TCPS group, while GFAP (a retinal
glial marker) was downregulated. d) Immunostainimigh antibodies againgt3-tubulin,

Recoverin, Pker and GFAP. e) Quantitative analysis showed that ghecentages of



B3-tubulin, Recoverin and Pkecpositive cells markedly increased in cells on @&-PDA
hydrogel compared with those in other groups, wihile percentages of GFAP-positive
cells decreased. f) Protein expression levels gndugntitative analysis of3-tubulin,
Rhodopsin, Recoverin, Pkc-and GFAP, normalized tf-actin. (*P < 0.05, *P < 0.01.
Scale bars: 100m for (a), 50um for (d). The error bars represent the standard deviation of

the mean for n=3 independent experiments. The TW#&Sthe control group.).

2.5. Mechanism involved in Gel-HA-PDA hydrogel-induced promotion of retinal
neuronal differentiation of RPCs
To better understand the interaction between RP@sraussel-inspired Gel-HA-PDA
hydrogel, we investigated the potential mechanismledying integrin adhesion
receptors (integrina5pl) and PI3K signaling protein in the RP@euronal
differentiation process that was evoked by the I&&IPDA hydrogel. Herein, the
proportions of integrim5- and PI3K pll@positive cells were 3.2-folds and 4.5-folds
elevated, respectively, in the cells cultured an®@el-HA-PDA hydrogel, but integrin
B1 exhibited no changes in comparison with the G&lydrogel and control
subjected to immunostaining analysisig, 6a,b), which wasconsistent with the
results of western blot analysiBig. 6¢, d). Theoretically, the integrin family could
induce the activation of intracellular PI3K, anckiththe cascades lead to direct cell
differentiation [39]. Indeed, the PDA-mediated Gk hydrogel activatedPI3K
p110r and that could be abolished by ANT-161 (an antegai integrina5p1) (Fig.
6e-g, suggesting an interplay between integr®pfl and PI3K signaling.
Furthermore, when RPCs were treated with as604850nthibitor of PI3K pl11{),

the upregulated protein expression of retinal neumakers including33-tubulin,



rhodopsin, and PKG@- in the cells cultured on the Gel-HA-PDA hydrogehsv
significantly attenuatedFig. 6h-k), further validating that integrin-linked PI3K
stimulation was associated with RPC retinal nedrdiféerentiation affected by the
PDA-mediated Gel-HA hydrogel. In summary, our dateygested that the hybrid
biopolymer Gel-HA-PDA hydrogel allowed for RPC retl neuronal differentiation
by invoking the integrin family, particularly integ o5B1, and subsequently
activating the PI3K signaling pathwali@. 6l). Furthermore, a functional assay of
RPC neuronal differentiation cultured with Gel-H®R hydrogel upon PI3K
signaling modulation was performed by glutamatekewb calcium response. As
shown in Supplementary Fig. 9 and Supplementary video 3-6, after glutamate
exposurean obvious increase of fluorescence intensities elEerved in the 740
Y-P (PI3K signaling activator) treatment group (774 + 32.06%) and the
Gel-HA-PDA hydrogel group (850.84 + 98%) in contresthe TCPS group (540 £
12.59%), but the as604850 treatment group exhibited weak signal
(Supplementary Fig. 9a, b). The response time to the peak fluorescenteasity in
as604850-treated cells was significantly delayé® (# 5 sec) compared with that of
the TCPS group (85 + 5 sec), and a rapid respomsgevtas observed in the 740 Y-P
and Gel-HA-PDA hydrogel groupsSipplementary Fig. 9c). Glutamate activation
has been shown to play an important role in nedrdiff@rentiation in the retina and
elsewhere in the central nervous system [35]. Theselts indicated that PI3K
signaling was involved in improving glutamate sifmg transmission, and the

RPCs cultured with Gel-HA-PDA hydrogel might be grammed to differentiate



into functional neurons by an interaction with PI8ignaling.
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Fig. 6. Interaction between integrubf1 and PI3K signaling in RPC neuronal differentiatio
a) Immunostaining with antibodies against integul integrin 1 and PI3K pllf® b)
Quantitative analysis showed that the percentag@stegrin o5 and PI3K pll@-positive
cells were markedly upregulated in cells on Gel-ABA hydrogel compared with those in
other groups, while the percentages of inte@dirpositive cells were unchanged. ¢) Protein
expression levels and d) quantitative analysisntégrina5, integrinfl and PI3K p11
normalized tg3-actin, showed that the integrid and PI3K were markedly increased, while
integrin B1 exhibited no obvious difference compared withsthan the control group. The
stimulation of PI3K pllp in Gel-HA-PDA hydrogel was attenuated by ANT-1l6the(
antagonist of integrinn581), via e) immunostaining, f) western blot analyses and Q)
guantitative analysis of PI3K pliOnormalized tg3-actin. h, i) Increased percentages of
B3-tubulin and Pker positive cells and j, k) upregulated protein esgien levels of
B3-tubulin, Rhodopsin and Pkcwere markedly reduced by as604850 (the inhibifd? 18K
p110y). I) Hypothesized model of mechanism involves BAHPDA hydrogel guiding
neuronal differentiation of RPCs by activating theéegrin a581-PI3K signaling pathway.
(**P<0.01. Scale bars: 50m. The error bars represent the standard deviatidghe mean

for n=3 independent experiments. The TCPS wasdh&a group.).

2.6. Invivo studies of Gel-HA-PDA hydrogel

In order to test tissue biocompatibility, transo@aus injection of normal saline
(control) and Gel-HA-PDA precursor solution withoagells in nude mice was
performed. A visible gel mass was formed in thecstdneous spa¢&upplementary
Fig. 11), demonstrating it is an in situ-formed hydrogeleT&el-HA-PDA hydrogel
and its surrounding tissue were collected and e for hematoxylin-eosin (H&E)
staining at multiple time points following injectio(Fig. 7a). No significant
inflammatory response was observed on day 3 aftgslantation. By 7 day,

fibroblasts and several inflammatory cells increghi infiltrated the implant and



were almost localized at the boundary between jfigdgel and surrounding tissue.
By days 14 and 21, there were no green-stained GId6Bive macrophages (usually
indicating chronic inflammation and excessive fgrebody responses), and instead
the majority of the fibroblasts that infiltratedtanthe hydrogel (located below the
dotted line) were stained with DAPI at day 14 aratked with white arrowsHg. 7b).
Along with the degradation of the Gel-HA-PDA hydebagup until day 42, i.e., the
disappearance of light pink or blue (red arrows)H&E (Fig. 7a) and Masson’s
trichrome staining Kig. 7c), infiltrating inflammatory cells and fibroblastsere
similar to the control, indicating the clearancehgbrid material. In summary, the
characteristics and kinetics of tissue reactioth injected Gel-HA-PDA hydrogel
without systemic and chronic inflammations wererelated with the typical foreign

body response to implanted material [40, 41].

In addition, the injection of an RPC-embedded GAHPDA hydrogel into the
subretinal space was performed to evaluate theadafility of the hydrogel as well
as the migration and integration of transplantelts,cevhich is a fundamental issue
required to be emphasized in RPC-based transplamtiterapy [42]. The hydrogel
nearly completely degraded within 3 weeks base®6i scan Fig. 7e) which is a
reasonable degraded period for biomatenalsivo [43]. There was no noticeable
retinal damageHig. 7d, e) and no clear increase of inflammatory fatite8 positive
cells during the entire periodSypplementary Fig. 12), demonstrating that the
hydrogel possessed good biocompatibility. ImpoRianiore transplanted GFP
RPCs delivered by the Gel-HA-PDA hydrogel appearethe retinal outer nuclear
layer (ONL) at day 7, and cell migration and intgm into the inner nuclear layer
(INL) at day 14 and into the ganglion cell layerGl3 at day 21 post implantation
were improved compared to the transplanted GRPCs delivered bgaline Fig. 7f).
The decrease of GFRRPC population at day 21 after transplantation wlaserved



in Fig. 7f, which is partly due to the cell migration andspiersion into different
retinal layers. In summary, the Gel-HA-PDA hydrogehibited an excellent tissue
biocompatibility and improved cell migration anddgration, which is essential for

biomaterial applications in RPC-based transplamtetierapy.
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Fig. 7. Transcutaneous biocompatibility of hydrogel antrstinal transplantation of GFP
RPC-embedded Gel-HA-PDA hydrogel. a) H&E stainifignjected sites and surrounding
tissues at days 3, 7, 14, 21, and 42 after impiantab) CD68 stained macrophage (green)

were not observed in fluorescent images at dayBli#e nuclei were stained with DAPI. c)



The hydrogel completely degraded within 6 weeksl@monstrated by Masson’s trichrome
staining. d) Representative images of subretinahgplantation of GFPRPC-embedded
Gel-HA-PDA hydrogel by inducing local retinal deltexent (as shown with red dotted line).
e) Optical coherence tomography (OCT) showed retiatachment (indicated by red arrow)
1 week after injection, and retinal detachment lzadely disappeared 2 weeks following
transplantation and an ordered retinal morphologg apparent along with the biomaterial
degradation. f) More transplanted GFRPCs (indicated by white arrows) delivered by
Gel-HA-PDA hydrogel appeared in the retinal outeiclear layer (ONL) at day 7, and
migration and integration into the inner nuclearela(INL) at day 14 and the ganglion cell
layer (GCL) at day 21 post implantation were im@owompared to transplanted GFP
RPCs delivered by saline. (Red arrows in (a) and r@sidual gel, white arrows in (b):
infiltrated fibroblasts. Scale bars: 20t for (a) and (c) and 50m for (f). n=3 independent

experiments. The normal saline injection was cdmgjroup.)



3. Discussion

RD is a serious threat to human vision and no g¥fedreatment has been proposed.
Biomaterials-mediated RPC-based transplantatioraflyeis a promising strategy for
the repair of the diseased retima patients with RD [1, 36]. Choosing a suitable
biomaterial which can support RPC survival, proateon and differentiation as well
as facilitate the effective delivery of RPCs to thénal lesion area is critical for RD
treatment. Previous studies have indicated thtsstaffold biomaterials (>10 kPa),
such as poly(sebacoyl diglyceride) and poly(glytesbacate) [10, 11], could play a
positive role in RPC proliferation or differentiati to a certain degree, but they
usually lack the material flexibility required fahe subretinal delivery and do not
correspond to the modulus of the retina (300-800 E@®0-800 Pa) [30].
Alternatively, soft injectable hydrogels with lowoi¥hg's modulus, which could better
mimic the mechanical properties of soft tissue alidw for minimally invasive
administration, are more favorable for retinal reg@tion. To the best of our
knowledge, few reports have investigated the effettinjectable hydrogels on RPC
survival, delivery, proliferation and differentiafi. In this study, we fabricated a
couple of hybrid injectable hydrogels with excetlezrytocompatibility and cell
delivery ability for the first time, i.e., musseispired Gel-HA-PDA and its
counterpart Gel-HA hydrogelsja a feasible and convenient Michael-type addition
reaction under mild conditions. Additionally, theeldH1A hydrogel possesses great
potential for RPC proliferation while the PDA-madd Gel-HA hydrogel can

significantly promote RPC neuronal differentiation.



The desirable cytocompatibility of hydrogels witwl inflammation and apoptosis is
helpful for successful cell growth and survival. reia, the expressions of
inflammatory factors and apoptotic factor dramadlycdecreased with excellent cell
survival ability (more than 94%) in our hydrogeMitrousis et al. reported that
HA-based hydrogel possessed the pro-survival efffedeciphering the key mediator
MTOR pathway [44], suggesting that similar potdrira-survival mechanisms in our
hydrogels. Moreover, gelatin is a biodegradable ymper with excellent
biocompatibility and nonantigenicity, and widelypdipd in biomedical fields [13].
Because of the good biocompatible property of HA gelatin, a combination of
these two modified biopolymers may also have theeheial effects on cell growth.
And the mild Michael-type addition reaction applibdrein avoided the potential
cytotoxicity caused by other cross-linking methaalglving additional catalysts or
UV/initiator [45]. Taken together, the data obtainffom this study indicate that
Gel-HA and Gel-HA-PDA have good cytocompatibilityr fcell growth and survival,
which lays the foundation for RPC proliferation atifferentiation.

High efficacy of cell proliferation to obtain abuantt transplantable donor cells is an
urgent requirement for RPC-based transplantatieratly. In present study, we have
observed that the Gel-HA hydrogel markedly enharRBE proliferation with much
larger cell clusters. As natural biopolymers, GEl-&d HAMA described herein with
similar building blocks to ECM can better mimicinel niches and provide signals
for cell proliferation [14], which is evidenced bthe markedly upregulated

expressions of the retinal progenitor-related marfdestin and cell proliferation



marker Ki-67 in the Gel-HA hydrogel. Literaturesveandicated that the introduction
of biological functional groups, such as amino amadboxyl groups, can promote
cell-biomaterial recognition and subsequent prddifien [46]. Therefore, the
numerous intrinsic groups, including carboxyl, hypdr, and amino groups existed in
our polymer chains were contributed to a water-dlanh microenvironment for cell
proliferation. The micro-environmental mechanical ghysical stimuli have been
regarded as necessary cues to regulate stem tellifeluding cell growth and
proliferation. Our hybrid soft hydrogels with a seaable stiffness (about 800 Pa)
well matched the modulus of retina (300-800 Pa)],[3nd presented an
interconnected structure with a suitable diamefed®-50 um and high porosity
(Supplementary Table 1), which provide a permissive environment allowiag
exchange of nutrients, thereby promoting RPC prdtion. In current study, the
Gel-HA hydrogel is beneficial for RPC proliferatiowhich is important to produce
enough door cells for RPC transplantation therapy.

Additionally, RPCs specifically differentiating t@nd neuronal lineages are further
highlighted in RPC-based transplantation therapypdrtantly, the mussel-inspired
Gel-HA-PDA hydrogel reported in this study can neatly improve RPC
differentiation toward neurons such as photoregspteohich are one of the most
interesting retinal neurons for vision restoratiBiRA is known to play a critical role
in cell adhesion, and has demonstrated effectiwemepromoting neurite outgrowth
and regulating neuronal development [21, 23]. s 8tudy,in vitro cell migration

and integration assays demonstrated that the iredrawigration and integration



abilities of RPCs were affected by the mussel-iegpPDA modified Gel-HA-PDA
hydrogel, which may result from the strong adhegooperty of PDA. In addition,
combining a neurotransmitter PDA with a hydrogelrpeovide a valuable strategy to
develop synergistic effects to promote retinal nauregeneration and further retinal
repair.Indeed, the introduction of PDA into Gel-HA hydrdgegnificantly promoted
retinal neuronal differentiation of RPCs, as intikchby the detection of dramatically
increased expression levels of retinal neuron-edlatarkers. It has been reported that
different dominant functional groups of materiale® various effects on cell fates
[47]. For instance, quinone groups that are richPDA have been shown to be
favorable for cell spreading, and abundant categhmips on PDA have been shown
to affect cell differentiation [48, 49]. In thisugty, the mussel-inspired PDA-modified
Gel-HA hydrogel possessed more catechol groupsivelto the Gel-HA hydrogel,
which may partly account for the improved retinalronal differentiation of RPCs in
the Gel-HA-PDA hydrogel. Moreover, the cell adhesimechanism also plays a
crucial role in cell attachment and differentiatiprocesses [50]. We identified the
upregulated expression levels of cell adhesion outde Cadherin 4 and more
effective cell attachment to the Gel-HA-PDA hydrbgehich may lay the foundation
for cell differentiation. Furthermore, integri’bfl, a typical adhesive protein of the
integrin family, has been shown to direct cell etraent in bioinspired PDA-coated
materials and promote cell differentiation by aating the PI3K signaling pathway
[51, 52]. As a family of lipid kinases, PI3Ks caiz¢ the phosphorylation of the cell

membrane lipid phosphatidylinositol, which has bgeaven to be involved in the



promotion of neural differentiation of induced ppotent stem cells [53]. Consistent
with these studies, our data demonstrated thagxpeession levels of integrirb- and
PI3K p11G were markedly elevated in cells on the Gel-HA-PBydrogel during
retinal neuronal differentiation of RPCs, and tmdibition of PI3K (as605048)
inhibited the upregulated expression levels of oeal differentiation markers in
RPCs cultured with the Gel-HA-PDA hydrogel. Based these findings, the
mechanism involved in the Gel-HA-PDA hydrogel enting RPC commitment to a
retinal neuron fate may be related to the stimohatof the integrina5p1-PI3K
pathway. Furthermore, PI3K signaling was involved improving glutamate
signaling transmission, and the RPCs cultured witb Gel-HA-PDA hydrogel
might be programmed to differentiate into functibnaurons by interactions with
PI3K signaling.

In current study, in addition to supporting cellogth and promoting RPC
differentiation toward retinal neuronal cells, tel-HA-PDA hydrogel displayed
excellent tissue biocompatibility vivo, a basic requirement of biomaterials applied
for clinical applications, which was achieved bybsutaneous injection of
Gel-HA-PDA solution and subretinal injection of Rie@bedded hydrogel.
Additionally, the Gel-HA-PDA hydrogel also exhibitea basic property that is
required foran ideal cell delivery vehicle applied in the ratiregeneration as follows:
the gelation time approximately 5 min can be malaifga to prevent cell loss because
rapid gelation may clog the needle during delivarlgjle a longer gelation time may

cause cell backflow and death [43]. Most importartthe degradation period of the



Gel-HA-PDA hydrogel in the subretinal space wasrapinately 3 weeks, which
may provide a hospitable environment for transgdrdells located in the subretinal
space to further migrate and integrate into thenaef43]. Furthermore, the
Gel-HA-PDA hydrogel was shown to improve RPC symafssmation byevaluating
the expression levels of Synaptophysmyvitro. All these data suggest that the
PDA-modified Gel-HA hydrogel is a potentially idee¢ll carrier for cell survival,
neuronal regeneration, delivery, migration asyhapse formation, which is an
excellent foundation for our future work that walim to explore the therapeutic effect
of Gel-HA-PDA-mediated RPC transplantation theramgpecially the neural
re-connection and functional restore, in RD animatiels.

Conclusions

This study demonstrated a versatile and novelegjyato construct injectable Gel-HA
and Gel-HA-PDA hybrid hydrogels for potential RP&skd transplantation therapy
applications. It was demonstrated that both Gel-&i#l Gel-HA-PDA hydrogels
displayed desirable mechanical properties, exdelecompatibility and good cell
viability after injection, and the Gel-HA hydrogebtably enhanced RPC proliferation
to facilitate the production of sufficient transpiable cell sourcesn vitro.
Furthermore, the Gel-HA-PDA hydrogel markedly imped RPC attachment and
promoted RPC differentiation toward retinal neursash as photoreceptors (the most
crucial cell-type for RD treatment) through theization of the integrirn5p1-PI3K
signaling pathway, indicating that mussel-inspifeel-HA-PDA and its counterpart

Gel-HA hydrogels possess great potential for RP@igal, proliferation, neuronal



differentiation, delivery and migration, which pides new insights for developing
biomaterial platform for RPC-based transplantatiwrapy.

5. Materialsand methods

5.1. Materials

Gelatin (Type A, gel strength ~300 g bloom) waschased from Sigma-Aldrich.
Sodium HA (200-400 kD) was bought from Bloomagedar@&iopharm Co., Ltd.,
China. 2,4,6-trinitro-benzenesulfonic acid (TNBSwH/% in methyl alcohol) was
obtained from Thermo Scientific, USA. Collagenageet| and hyaluronidase were
obtained from Yuan Ye biotechnology Co., Ltd., GhirAll other chemical agents
used for materials fabrication were purchased frAladdin, China. The Cell
Counting Kit-8 (CCK8) reagent was purchased fronjii2lm China Co., Ltd, China.
The Cell Light 5-ethynyl-20-deoxyuridine (Edu) Cé@ltoliferation Kit was obtained
from Guangzhou RiboBio, China. ATN-161 (20M, incubation for 30 min) and
as-604850 (2.nM, treated for 4h) were purchased from Selleck Gbals. The 740
Y-P (PI3K signaling activator, 100y mL*, and incubation for 48 h) was purchased
from Medchemexpress. Unless mentioned otherwidecedll culture reagents and
products were obtained from Invitrogen.

5.2. Preparation of Gel-SH and HAMA

Gel-SH was prepared by two steps based on preliteuature [54]. Firstly, gelatin
was dissolved in deionized water (100 mL) at 5 wid6 sufficient dissolving.
Sequentially, succinic anhydride (7.5 g, 0.075 molacetone (50 mL) was added

dropwise to the gelatin solution and maintainegtdt9 using 5 M NaOH for 4 h



reaction. After ending the reactidhe solution was dialyzed against deionized water
for 3 days and freeze-dried to gain carboxylatedatoge (Gel-COOH). The
substitution from the amino to carboxyl of gelatias warranted by TNBS assay [26].
Secondly, 1-(3-dimethylaminopropyl)-3-ethylcarbadiile hydrochloride (EDC) (1.0
g, 5.2 mmol),N-hydroxy succinimide (NHS) (0.6 g, 5.2 mmol) andsteamine
hydrochloride (0.4 g, 3.52 mmol) were successiaglged to the Gel-COOH solution
(2.0 g, 100 mL deionized wateaid stirred in the dark for 24 h at pH=5.5. TheqiH
the mixed solution was increased to pH=8.5 with BI&IOH, followed by adding
1,4-dithio-DLthreitol (DTT) (1.0 g, 6 mmol) for atieer 24 h reaction. The solution
was dialyzed against NaCl solution (pH=3.5, 100 navjl deionized water for 1 and
2 days separately and freeze-dried. The free grmlps of Gel-SH were determined
by Ellman’s assay. HAMA was synthesized accordmg@revious literature [55]. The
degree of substitution (DS) was calculated'BlyNMR analysis (AV 400, Bruker,
Germany).

5.3. Formation of injectable Gel-HA and Gel-HA-PDA hydrogels

Gel-SH and HAMA were dissolved in PBS 7.4 at a emti@ation of 5% (w/v) and 6%
(w/v), respectively. They were mixed at the volurago of 4:3 to form the Gel-HA
hydrogel at 37C. In regards to the Gel-HA-PDA hydrogel, the siolutof PDA was
achievedvia preoxidizing dopamine for 2 days in PBS, and theas added to
Gel-HA precursor solution at a final concentratioh0.5 mgmL™. Furthermore,
bicinchoninic acid (BCA) protein assay was perfodnte quantify the catechol of

PDA contained in the Gel-HA-PDA hydrogel accordiogrecommended procedures



[48].

5.4. Scanning electron microscopy (SEM)

The pore size and micromorphology distributionshgtirogels were observed by
SEM (VEGAS3, TESCAN). Hydrogel samples were freemstured after rapid
immersion into liquid nitrogen and lyophilized f8rdays. Then, the fractured surface
was coated with a thin layer of gold and obsentethaaccelerating voltage of 10 kV.
5.5. Mechanical characterization of Gel-HA and Gel-HA-PDA hydrogels

5.5.1. Rheological test

Rheological properties of hydrogels were performegitig parallel plate geometry in a
Physica MCR 501 rheometer (Anton Paar, Austri) &C3in oscillatory mode. The
precursor solutions were transferred to the pdrplége and time sweep analysis was
carried out at a strain of 1% and an angular fraquef 1 Hz. The gelation time was
defined as the storage modulus’)(@qual to the loss modulus '(G(G'=G"). The
molded hydrogels were used for strain (1-1000%nrstdaHz) and frequency sweep
(0.1-100rad s, 1% strain) analysis equipped with parallel plait85 mm diameter
and a gap of 1 mm.

5.5.2 Mechanical tests

Mechanical properties were evaluated in a uniax@mpression system
(GT-TCS2000, GOTECH, China) with a loading capacityl00 N. The hydrogel
samples were molded as a cylindrical shape atraelex of 10 mm and thickness of 9
mm. Hydrogels were compressed at the rate of 1 mim® until fracture. The

compression modulus was further calculated at 18férohation of initial height.



5.6. Swelling properties and biodegradability in vitro

After lyophilization, the hydrogels were immersetbi PBS in 12-well plates at 37

for 48 h for swelling equilibrium(SR) and weighted. The SR was calculated by
Equation(1):

SR=W/Wo (D
whereW; and Wy were the weights of the swollen hydrogels in thaildgrium state
and dry hydrogels, respectively.

Lyophilized hydrogels were degraded with 2.5Ml™ collagenase type | and 2.5 U
mL™ hyaluronidase in PBS, and shaking at 100 rpm € 3At each predetermined
time interval, the hydrogels were rinsed with déed water to remove the remaining
enzyme and freeze-dried again. The residual massateulated by EquatiqR):
residual mass (%)W, /W X 100% (2
whereW was the weight of the initial dry hydrogels ank was the dry weight after
degradation.
5.7. Isolation and culture of RPCs
The RPCs were separated as previously describdd Btéfly, they were collected
from fresh retinal tissue of postnatal day 1 GRPMgenic C57BL/6 mice, then were
plated on T25 flasks and cultured with proliferatimedium in consist of advanced
DMEM/F12, 2 mM L-glutamine, 1% N2 neural suppleme2® ngml™ epidermal
growth factor and 100 thL™ penicillin-streptomycin [57]. For differentiatiostudy,
the RPCs were cultured with differentiation meditirat contained 10% fetal bovine

serum (FBS) without epidermal growth factor.



Different morphologies of GFPRPCs seeded on a 6-cm dish under proliferation
conditions for 3 days and differentiation condisofor 7 days were visualizeda
fluorescent microscope (Nikon). Tissue culturetdgolystyrene substrates (TCPS)
served as a control. The neurite length of diffeet@d RPCs on hydrogel substrates
was tested and quantified by ImageJ analysis soft@diH, MD).

Isolated GFP cells were characterized by detecting the expoeskivels of retinal
progenitor-related markers Nestin, Vimentin and -Baxas well as the glial cell
marker GFAP using flow cytometry (BD BioscienceB]&and immunostaining (as
described below). The percentages of these positiankers in GFPcells detected
by flow cytometry were calculated with respectdotype control cells.

5.8. Live/dead assay

RPCs cultured with hydrogels in 24-well plates (@<ellswell™*) were stained using
a live/dead kit according to recommended procedides 2D culture, each well was
gelled with 15uL Gel-HA or Gel-HA-PDA hydrogel filtered prior tose. For 3D
culture, single cell suspensions of RPCs were mixeth 70 uL Gel-HA or
Gel-HA-PDA precursor solution per well. To test tredl delivery ability of hydrogels,
the cell viability in the 3D hydrogels and proli&ion medium (control) was further
analyzed and divided into two groups. The no imggcgroup was incubated directly
for 3 h, and the injection group was injected usaangg-gauge and then incubated for
3 h supplemented with an additional 40D proliferation medium into each well.
After treatment of live/dead kit for 30 min, the ages were taken by fluorescence

microscope and laser scanning microscopy (Nikonye Land dead RPCs were



counted by ImageJ software, and cell viability wakulated as (live cells/total cells
in the field) x100%.

5.9. CCK -8 assay

A CCK-8 kit was utilized to evaluate RPC proliferatitlx1d cells per well) and
adhesion abilities (2xfCcells per well) in 96-well plate. Each well wasated with
10 uL Gel-HA or Gel-HA-PDA hydrogel. The proliferatiocepability of RPCs was
evaluated using CCK-8 solution (10L well) at 0, 1, 2, and 3 days. After
centrifuging this plate for 4 min, the supernatdntO uL) was pipetted into one new
96-well plate. To test cell adhesion, unattachedC&Rvere removed from the
substrates by washing with PBS at 12 h after sgedind the remaining RPCs were
incubated with CCK8. An ELISA microplate reader 800, BioTeK, USA) was
employed to measure optical density at 450 nm.rAlftat, the nuclei before and after
washing with PBS were stained with 4, 6 diamidinpk2nylindole (DAPI), and
imaged by a fluorescent microscope (Nikon). Thecgertage of remaining RPCs
after washing with PBS was calculated as followsm@ining RPCs after washing
with PBS/total RPCs before washing with PBS infibkl of view) x100%.

5.10. Edu assay

Edu reagent was added to react with proliferatiefisccultured with 2D and 3D
hydrogels according to recommended procedures.r Aftecarding Edu medium
mixture, RPCs were fixed with 4% paraformaldehyB€&A) for 30 min and stained
with Apollo Dye Solution, and then nucleic acidsrevetained with Hoechst 33342

for 30 min. Photographs were taken by fluorescerroncope and laser scanning



microscopy (Nikon). The cell proliferation ratio svéhe (Edu add-in cells/Hoechst
stained cells in the field) x100%.

5.11. RNA extraction and quantitative polymerase chain reaction (QPCR)

The quantified RPCs (2x16ell mI™) were seeded on 6-well plates coated witpu60
Gel-HA or Gel-HA-PDA hydrogel per well, then wereultured for 7 days
(differentiation condition) or 3 days (proliferatiocondition). Total RNA was
harvested using TRIzol reagent according to manwrfacs instructions. The qPCR
was carried out by Real-Time PCR Detection SystApplied Biosystems, Foster,
CA) to detect the mRNA expression levels of Ki-8lgstin, Vimentin and Pax-6 to
determine the proliferation and stemness abilityR&fCs. The gene expression of
Pkcw, B3-tubulin, Recoverin and GFAP were analyzed to stigate RPC
differentiation ability. The primers and parametersre listed inSupplementary
Table 2. Data normalized to the gene expressiorp-aictin were analyzed as fold
change relative to control.

5.12. Immunostaining

Immunostaining was conducted to investigate RPCliferation (3 days) and
differentiation (7 days) ability in 24-well plateAt determined time, they were fixed
with 4% PFA and blocked with blocking solution (TB8ntaining 0.3% Triton X-100
and 10% normal goat serum (Sigma-Aldrich)). Thescedlere incubated with rabbit
monoclonal anti-Vimentin (Epitomics, 1:200), Recome (Millipore, 1:200),
Synaptophysin and Pax-6 (Abcam, 1:200), and mous®uotonal anti-HuD, Brn-3b

(Santa Cruz Biotechnology, 1:100), Thy 1.1 (Millrpp 1:200), Nestin, Ki-67, Pke-



(BD Biosciences, 1:200B3-tubulin, GFAP (Chemicon, 1:200), PI3K pi}lntegrin
a5 and integrinBl (Santa Cruz Biotechnology, 1:100) at 4 °C ovdrhighen they
were labeled with secondary antibodies (Alexa Flbd8 goat anti-mouse or rabbit
IgG, BD Biosciences, 1:800). Finally, cell nucleene counterstained with DAPI and
observed by fluorescent microscope (Olympus BX%pad). ImageJ software was
used to count cells and the positive ratio was utaled with (immunepositive
cells/DAPI stained cells in the field) x100%.

5.13. Western blot analysis

All groups were prepared as previously describegH@R assay. Total proteins were
harvested at 3 day (proliferation culture) or 7 dahfferentiation culture) and
analyzed by BCA Kit (Pierce, Rockford, IL). Proteiwere separated by SDS-PAGE
(Bio-red) electrophoresis, then transferred to Pb&mbranes (Millipore, Bedford,
MA), and incubated with primary antibodies rabbimoclonal anti-mouse Vimentin,
Pax-6, Recoverin (Millipore) and Synaptophysin (Abw), and mouse monoclonal
anti-nestin, Rhodopsing3-tubulin, GFAP (Millipore), Pkax (BD), PI3K pl11Q@,
integrinab, integrinfl (Santa Cruz Biotechnology) afieactin (Sigma-Aldrich). The
horseradish peroxidase-conjugated secondary amtig®igma-Aldrich) was utilized
and the protein expressions were visualized by Pl Western Blot Detection Kit
(Tanton).

5.14. Glutamate-evoked calcium response

Glutamate-evoked calcium response was conductedaloate physiological function

of separated RPCs under proliferation condition Jadays, or differentiated RPCs



under differentiation condition for 7 days. Spomams intracellular calcium transient
was analyzed by Rhod-2-acetoxymethyl ester (Rhéd}.There were two groups
cultured under proliferation condition: 1) RPCs ar) negative control
adipose-derived stem cells (ADSCs) isolated andumd according to previous
protocol [58]. Under differentiation condition, fogroups were evaluates follows:
1) TCPS group, 2) Gel-HA-PDA hydrogel group, 3) 7%6P (PI3K signaling
activator) treatment group, and 4) as604850 (Pl8iading inhibitor) treatment
group. At a determined time point, RPCs were intetban Hanks’' balanced salt
solution (HBSS, Cd/Mg**-free; Gibco) containing 4M Rhod-2 AM and 0.1%
pluronic F-127 for 20 min &87°C. Then cells were washed with HBSS, andil¥D
glutamate (Sigma-Aldrich) was added. A fluorescemseroscope (Nikon) was
immediately used to acquire images with an exotawavelength of 550 nm and an
emission wavelength of 576 nm. The fluorescencensity at specific time intervals
was measured on a total of 50 cells in triplicatpegiments. The cellular change in
fluorescence (F; %F/Fbaseline) of each region was calculated asvistigFtreated —
Fbaseline)/Fbaseline x100%.

5.15. Cell migration assays

RPCs at a density of 3x10ells/well were seeded onBell plates either coated with
or without the Gel-HA-PDA hydrogel and grown into onolayers under
differentiation medium. Upon reaching 95% confluenthe cell monolayer was
scraped by a 20QL pipette tip to generate scratch wounds. The ecedise washed

with PBS to remove floating debris and the widthtef wound was photographed at



Oh,36hand 72 h.

5.16. Subcutaneous injection of Ge-HA-PDA hydrogel without cells and
subretinal injection of RPCs-embedded Gel-HA-PDA hydrogel

Gel-HA-PDA hydrogel was prepared in DMEM-F12 mediufil 30 nude mice (4
weeks of age, 12+2 g) were randomly divided intm tgroups: control (saline
injection) and Gel-HA-PDA hydrogel without cellsaéh side of the dorsal region of
every mouse was subcutaneously implanted with @0Gsaline or Gel-HA-PDA
polymer solution with a 26 G syringe needle at raemperature. Three mice in each
group were sacrificed at 3, 7, 14, 21 and 42 dast-pgection. Skin around the
injected site and residue of the implant were edisefncised and isolated. After that,
they were immediately fixed in 10% formaldehyde f&&E and Masson’s trichrome
staining, and embedded with opti-mum cutting terapge compound for CD68
immunohistochemical staining (Abcam, 1:100). Thecked samples were sectioned
in 5 um consecutive sections, and staining results wieserved by light microscope
(Nikon).

Subretinal transplantation tfe RPC-embedded Gel-HA-PDA hydrogel into a single
eye of each mouse was adapted from a previouslyited technique [36]. Briefly,
28-day-old C57BL/6 wild-type mice were divided irRadifferent groups as follows:
1) RPC-embedded saline composites and 2) RPC-eratdeddl-HA-PDA hydrogel
composites (1uL, containing 10,000 cellgL™), which were injected using a
34-gauge beveled needle through a sclerotomy hcstibretinal space between the

retinal pigment epithelium and retina. Immunosuppi@n was not used. The mice



were sacrificed at 7, 14, or 21 days postsurgery, the eyes were anesthetized for
spectral domain optical coherence tomography (SO-OSpectralis, Heidelberg
Engineering Inc, Heidelberg, Germany) and harvekiednmunofluorescence (IL-6).
All experiments conformed to the Association for sBarch in Vision and
Ophthalmology (ARVO) statement and the requiremeftgshe Animal Research
Committee of Ninth People’s Hospital, Shanghai Jiamg University School of
Medicine.

5.17. Statistical analysis

All statistics were expressed as mean + standavdhtiten (SD) from at least three
repeated experiments, and analyzed by Studen€std:t P<0.05 and P<0.01 were

considered to be statistically significant.
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