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Abstract 

Biomaterials-mediated retinal progenitor cell (RPC)-based transplantation therapy has 

shown substantial potential for retinal degeneration (RD), but it is limited by the poor 

RPC survival, proliferation and differentiation. Herein, the gelatin-hyaluronic acid 

(Gel-HA)-based hydrogels formed via moderate Michael-type addition reaction with 

or without the introduction of mussel-inspired polydopamine (PDA), i.e. 

Gel-HA-PDA and its counterpart Gel-HA hydrogels are developed, and their effects 

on the biological behaviour of RPCs, including adhesion, survival, proliferation, 

differentiation, delivery and migration are investigated. The hybrid hydrogels can 

adopt the intricate structure of the retina with suitable mechanical strength, 

degradation rate and biological activity to support cellular adhesion, survival and 

delivery. Meanwhile, Gel-HA hydrogel can remarkably promote RPC proliferation 

with much larger cell clusters, while Gel-HA-PDA hydrogel significantly enhances 

RPC adhesion and migration, and directs RPCs to preferentially differentiate toward 

retinal neurons such as photoreceptors (the most crucial cell-type for RD treatment), 

which is mainly induced by the activation of integrin 

α5β1-phosphatidylinositol-3-kinase (PI3K) pathway. This study demonstrates that 

Gel-HA hydrogel possesses great potential for RPC proliferation, while 

mussel-inspired PDA-modified Gel-HA hydrogel with superior biocompatibility can 

significantly promote RPC neuronal differentiation, providing new insights for 

developing biomedical materials applied for RPC-based transplantation therapy. 
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1. Introduction 

Retinal degeneration (RD), including age-related macular degeneration and retinitis 

pigmentosa, is the principal cause of irreversible blindness and affects millions 

world-wide [1]. Several strategies, such as gene therapy, pharmacological treatments, 

and cell transplantation therapy have been proposed to prevent or retard it. Among 

them, retinal progenitor cell (RPC)-based transplantation therapy has been brought 

into focus for sight restoration since RPCs were discovered in the adult mammalian 

eye and successfully isolated from the human retina [2-4]. Previous studies 

demonstrated that partial rescue of the deterioration of visual function in different 

animal models with RD could be achieved by RPC transplantation without ethical 

concerns and tumorigenicity [5, 6]. However, the limited capacity of RPCs to 

proliferate and differentiate toward retinal neurons, like photoreceptors, hinders their 

future clinical applicability [7]. Scientists have made much effort to address the 

critical issues, including improving the RPC isolation methods, changing the culture 

media, and the application of culturing carriers [8-10]. Although the culturing carriers, 

such as poly(1,3-propylene sebacate) and poly(glycerol-sebacate) composites can 

enhance mouse RPC proliferation as evidenced by the increased expression of 

proliferation markers [10, 11], these solid scaffolds usually result in poor cell survival 

associated with subretinal delivery because they lack the flexibility required for the 

delivery and do not match the modulus of retina [12]. Alternatively, injectable 

hydrogels, inherently containing hydrous and porous networks, are able to influence 

stem cell fate, such as proliferation and differentiation, and can serve as a protective 
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carrier to deliver cells to the expected location with a minimally invasive procedure 

[13]. 

One of the basic goals of hydrogel applications in biomedical fields is to mimic native 

extracellular matrix (ECM) characteristics and intrinsic tissue functions to support cell 

growth and proliferation. Gelatin, as a hydrolyzed product of collagen, is capable of 

enhancing proliferation of many cell types, like embryonic stem cells, induced 

pluripotent stem cells and neural stem cells (NSCs) [13, 14]. Nevertheless, it may not 

be the superior ECM to mimic retina microenvironment for RPC growth and survival. 

Another excellent biopolymer hyaluronic acid (HA) has been widely applied in tissue 

engineering for bone, cartilage and nerve regeneration because of its obviously 

excellent properties, including good biocompatibility, high hydrophilicity and low 

immunogenicity [15-17]. It is worth mentioning that HA is a primary constituent 

present in the subretinal location and can serve as the optimal natural ECM 

components of retina [18]. The two natural polymers with these ideal characteristics 

above are attractive in the production of hybrid injectable hydrogels which can not 

only mimic the ECM microenvironment of retina, but also better support the survival 

and proliferation of RPCs. In order to achieve a mild chemical reaction in the favored 

cellular environment, we fabricated a Gel-HA hydrogel by taking full advantages of 

the moderate Michael-type addition reaction between thiolated gelatin (Gel-SH) and 

methacrylated hyaluronic acid (HAMA). 

Besides, there is still a challenge for biocompatible hydrogels to meet the 

requirements for inducing the differentiation of RPCs into neurons for vision 
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restoration. The biological environment of hydrogels has a significant effect on cell 

differentiation, which is closely related to the adhesion properties of materials [19]. 

Compared with the traditional hydrogels, hydrogels modified with functional 

attachment proteins or micromolecules are more beneficial for guiding stem cell 

adhesion and differentiation [19, 20]. Polydopamine (PDA), inspired by a strong 

attachment protein in mussel adhesive pads, has been found being responsible for 

enhancing neurite outgrowth and guiding neuronal development [21, 22]. Hong et al. 

revealed that the oxidation induced dopamine-modified HA hydrogel could enhance 

cell adhesion and provide high compatibility for encapsulated NSCs [23]. Recently, 

dopamine-based gelatin methacrylate hydrogels have been shown to promote 

neuronal differentiation of NSCs [24]. It is worth noting that the retina belongs to the 

central nervous system, and RPCs possess a multipotency similar to NSCs, indicating 

that PDA might have a similar positive effect on RPC behaviors such as cell adhesion 

and differentiation. Herein, Gel-HA-PDA hydrogel was developed by introducing 

PDA into the Gel-HA precursor solution by crosslinking with covalent and 

noncovalent bonds with the purpose to study the regulatory properties of the 

Gel-HA-PDA hydrogel on the differentiation of RPCs and to further investigate the 

related mechanisms. 

In this study, the mussel-inspired Gel-HA-PDA hydrogel and its counterpart Gel-HA 

hydrogel were developed and evaluated by comprehensive experiments of their 

mechanical and physicochemical properties. Systematic assessments were conducted 

to determine the effects of the hydrogels on RPC adhesion, survival, proliferation and 
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differentiation in vitro, and further elucidate the underlying mechanism related to RPC 

differentiation toward retinal neurons. Moreover, the in vivo biocompatibility of the 

Gel-HA-PDA hydrogel was also evaluated. Based on these evaluations, the hybrid 

injectable hydrogels represent a promising biomaterial platform for future RPC-based 

transplantation therapy for RD. 
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2. Results 

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

Gel-HA hydrogel was successfully fabricated via Michael-type addition reaction 

between Gel-SH and HAMA in physiological conditions (Fig. 1a, Supplementary 

Fig. 1). PDA containing catechol, quinone, and aminos groups noncovalently 

cross-linked with abundant hydrophilic groups in Gel-SH, and HAMA was utilized to 

further develop the Gel-HA-PDA hydrogel (Fig. 1a) [25]. The 1H-NMR spectra 

(Supplementary Fig. 2) revealed the appearance of a methylene proton peak at δ 2.3 

ppm of Gel-COOH due to the ring-opening reaction of succinic anhydride and gelatin. 

Compared with Gel-COOH, new methylene proton peaks (δ 2.7 ppm, δ 3.2 ppm) 

were observed after Gel-SH was obtained. According to TNBS 

(2,4,6-trinitro-benzenesulfonic acid) assays (Supplementary Fig. 3) [26], the 

absorbance at 420 nm indicated that the amount of amine groups decreased obviously 

after grafting the carboxyl groups. The free thiol group in Gel-SH was 

220.98±27.28	μmol g-1 determined by Ellman’s assay) [27]. HAMA was analyzed by 

the 1H-NMR spectrum (Supplementary Fig. 4), and around 50% modification of 

HAMA could be obtained by calculation of the integral intensities of two 

methacrylate proton peaks at δ 5.61 and δ 6.05 (as shown with ″a″) relative to the 

methyl proton peak at δ 1.9 (as shown with ″b″). Additionally, PDA was formed via 

dopamine pre oxidation for 48 h, as indicated by a new peak appearing at 420 nm in 

Supplementary Fig. 5 [28]. The white Gel-HA and grey Gel-HA-PDA viscous 
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precursor solutions were injectable by the 26G syringe needle and then formed gels 

under physiological conditions (Fig. 1b, Supplementary Fig. 6). The remarkable 

gray appearance of the Gel-HA-PDA hydrogel was the consequence of the introduced 

PDA. Scanning electron microscopy (SEM) images as shown in Fig. 1c suggested 

that both hydrogels presented interconnected pores, and the porosity of the lyophilized 

Gel-HA-PDA hydrogel slightly shrank to a smaller pore size compared with that of 

the Gel-HA hydrogel. The addition of PDA was also confirmed by BCA assay to 

quantify the catechol (Fig. 1d), which leaded to a significantly increased absorption in 

the Gel-HA-PDA hydrogel in contrast to the Gel-HA hydrogel. 
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Fig. 1. Schematic and morphology characterization of Gel-HA and Gel-HA-PDA hydrogels. a) 

Schematic illustration and applications of Gel-HA and Gel-HA-PDA hydrogels. Gel-HA 

hydrogel improved RPC proliferation, while Gel-HA-PDA hydrogel significantly promoted 

RPC neuronal differentiation in vitro. In vivo studies, the transcutaneous injection of 
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Gel-HA-PDA hydrogel and subretinal transplantation of GFP+ RPCs-embedded Gel-HA-PDA 

hydrogel were conducted. b) The materials gelled under physiological conditions. c) SEM 

images of hydrogels. d) Confirmation of the presence of PDA in the Gel-HA-PDA hydrogel 

by analyzing catechol contents using BCA assay. (*P < 0.05. Scale bars: 100 µm for (a), 50 

µm for (c). Error bars represent the standard deviation of the mean, n=3 independent 

experiments). 

Rheological tests were conducted to analyze the gelation process and 

viscoelasticity of the hydrogels. As shown in Fig. 2a, the gelation time of Gel-HA 

and Gel-HA-PDA hydrogels was approximately 5 minutes, where the storage 

modulus (G′) was equal to the loss modulus (G″) (G′= G″). In Fig. 2b, the 

dependence of G′ and G″ on strain amplitude indicated that G′ was not changed in the 

linear viscoelastic regime (<100% strain), but G′ clearly decreased and G″ increased 

simultaneously when a higher strain was exerted on the hydrogels, which was caused 

by the collapse of the crosslinked structure of the hydrogels. Additionally, the 

hydrogels remained a constant G′ and G″ regardless of the shear frequency ranging 

from of 0.1-100 rad s-1, indicating the formation of a stable network structure (Fig. 2c). 

From the above rheological tests, the Gel-HA-PDA hydrogel almost had a similar 

rheological behavior to the Gel-HA hydrogel, except for its slightly lower storage 

modulus, indicating that the introduction of PDA did not have a great impact on the 

mechanical properties relative to the Gel-HA hydrogel. Compression tests (Fig. 2d) 

were also performed to evaluate the compressive strength of hydrogels. With the 

increase of compression ratio, the Gel-HA hydrogel presented a slightly higher 

compression modulus than the Gel-HA-PDA hydrogel, which is in agreement with the 
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results of the rheological test. Additionally, both hydrogels showed a high swelling 

ratio, where the Gel-HA hydrogel and Gel-HA-PDA hydrogel was 27.7 ± 3.2 and 29.9 

± 2.1, respectively (Fig. 2e). The biodegradable hydrogels is profound for the 

generation of new ECM or tissue in vivo [29]. Here, about 40% of the hydrogel was 

degraded in the first 2 h and almost completely degraded within 12 h in the present of 

collagenase and hyaluronidase in vitro (Fig. 2f). Cells preferentially differentiate into 

distinct cell-types when they cultured on ECM with the mechanical stiffness similar 

to that of the respective in vivo tissue [13]. Compared with the native stiffness of 

retina ECM, the soft injectable hydrogels (about 800 Pa) (Supplementary Table 1) 

well match the modulus of the retina (300–800 Pa) [30]. Moreover, the components 

of hydrogels developed here mainly consisted of the majority of collagen and HA, 

which well mimic the native components of retina that includes a bulk of collagen 

and HA [31]. In general, Gel-HA and Gel-HA-PDA hydrogels exhibited proper 

mechanical and physicochemical properties, including easy injectability, high porosity, 

low mechanical strength and excellent biodegradability (Supplementary Table 1), 

indicating their potential applications for RPC-based transplantation therapy for RD. 
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Fig. 2. Mechanical and physiochemical properties of Gel-HA and Gel-HA-PDA hydrogels. 

Rheological tests of a) time sweep, the gelation time of Gel-HA and Gel-HA-PDA hydrogels 

was approximately 5 min (G′= G″), b) strain amplitude sweep under a frequency of 1Hz, 

and c) frequency sweep with the strain of 1%. d) Compressive stress-strain curves. e) Both 

hydrogels showed a high swelling ratio, and the ratio for Gel-HA hydrogel was 27.7 ± 3.2, 

and the ratio for Gel-HA-PDA hydrogel was 29.9 ± 2.1. f) In vitro biodegradation of 

hydrogels. Approximately 40% of the hydrogels were degraded in the first 2 h and 

hydrogels almost completely degraded within 12 h in the present of collagenase and 

hyaluronidase. (The error bars represent the standard deviation of the mean for n=3 

independent experiments.)  

2.2. In vitro cytocompatibility and cell delivery properties of hydrogels 

Specific markers of retinal progenitor cells were analyzed by flow cytometry and 
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immunostaining (Supplementary Fig. 7). High expression levels of retinal 

progenitor-related markers including Nestin (90.6%), Vimentin (92.2%) and Pax-6 

(96.8%) were observed in the cell cultures under proliferation conditions, but only 

few of glial cell marker GFAP-positive cells (0.5%) and none of retinal ganglion cell 

(RGC) markers HuD-, Brn-3b- and Thy 1.1-positive cells were detected, indicating 

that the separated cells were almost retinal progenitor cells, which is consistent with 

previous studies [32-34]. In addition, the physiological function of RPCs was 

evaluated by glutamate-evoked calcium response [35]. As presented in 

Supplementary Fig. 8 and Supplementary video 1 and 2, after glutamate exposure, 

the RPCs showed a clearly elevated fluorescent intensity in spike amplitude 

compared with the the adipose-derived stem cells (ADSCs) (negative control). In 

addition, the time response to peak fluorescence intensity in control ADSCs was 

also significantly delayed (295 ± 5 sec) in contrast to that in the RPCs group (110 ± 

5 sec), suggesting that these cells exhibited RPC specific physiological function. 

Live/dead staining, the determination of the expression levels of inflammatory and 

apoptotic factors, and cell adhesion analysis were conducted to assess the 

cytocompatibility of hybrid Gel-HA and Gel-HA-PDA hydrogels. Our data showed 

that RPCs were more than 94% viable on hydrogel substrates after incubation for one 

day (Fig. 3a, b). Injectable hydrogels with cell delivery property can carry donor 

cells into target sites and exhibit promise for retinal tissue engineering [36]. To 

evaluate the cell delivery property of injectable hydrogels in vitro, the injection of 

RPCs either with or without hydrogels using 26-gauge needles was performed (Fig. 
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3c). Three hours after injection, the morphology of injected RPCs (injection group) 

was unchanged compared with that of noninjected RPCs incubated for 3 h (no 

injection group), and the cell viability of injected RPCs with hydrogels was clearly 

improved relative to that of the injected RPCs in medium without hydrogels (Fig. 3d, 

e). In comparison with the control, the expression levels of MCP-1 (linked with 

intraocular inflammatory diseases [37]), IL-6 (a pro-inflammatory cytokine), and 

Caspase-3 (an important apoptotic factor [38]) dramatically decreased on the hydrogel 

substrates (Fig. 3f-h). In terms of RPC adhesion, the gene expression levels of 

Cadherin 4, which indicates cell adhesion ability, increased by 40% on the 

Gel-HA-PDA hydrogel relative to the control, and there were no significant 

differences between Gel-HA hydrogel and control (Fig. 3f). After eliminating 

non-adherent cells with PBS at 12 h, the number of adherent cells remaining on 

Gel-HA-PDA hydrogel was greater than that on the untreated control, while the 

Gel-HA hydrogel showed similar adhesion rate as the control (Fig. 3i). Representative 

fluorescence images of remaining RPCs after washing with PBS showed a higher 

percentage of remaining RPCs (approximately 73%) on Gel-HA-PDA hydrogel than 

other groups (approximately 28%) (Fig. 3j), further indicated that Gel-HA-PDA 

hydrogel provided a more attractive environment for RPC adhesion. Overall, our data 

suggested that the Gel-HA and Gel-HA-PDA hydrogels possess excellent 

cytocompatibility for RPC adhesion, survival and delivery. 
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Fig. 3. Cytocompatibility and cell delivery property of Gel-HA and Gel-HA-PDA hydrogels 
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under proliferation conditions. a) Live/dead staining showed that b) RPCs were more than 94% 

viable on hydrogel substrates after incubation for one day. c) A schematic illustration of the 

injection of RPCs either with or without hydrogels using 26-gauge needles. d) Compared 

with noninjected RPCs incubated for 3 h (no injection), the morphologies of injected RPCs 

were unchanged 3 h after injection. Live: green, dead: red. e) In the injection group, the 

viability of RPCs with hydrogels was clearly improved relative to RPCs in medium without 

hydrogels. f) The gene expression levels of inflammatory factors (IL-6 and MCP-1) decreased 

in cells on Gel-HA hydrogel, and MCP-1 and apoptotic factor Caspase-3 were downregulated 

in cells on the Gel-HA-PDA hydrogel compared with cells on tissue culture-treated 

polystyrene substrates (TCPS), suggesting that the hydrogels possessed excellent 

cytocompatibility. Additionally, the adhesion factor Cadherin 4 was upregulated on 

Gel-HA-PDA hydrogel. g) The protein expression levels and h) quantitative analysis of IL-6 

and Caspase-3 normalized to β-actin. The cell adhesion ability was further analyzed by i) 

CCK-8 test and j) fluorescence micrographs of DAPI-stained adherent RPC nuclei at 12 h 

before and after washing with PBS. Representative fluorescence images of remaining RPCs 

after washing with PBS showed a higher percentage of remaining RPCs (approximately 73%) 

on Gel-HA-PDA hydrogel than other groups (approximately 28%), suggesting that the 

adhesion ability of RPCs cultured on Gel-HA-PDA hydrogel was improved compared with 

TCPS. (*P < 0.05, **P < 0.01. Scale bars: 50 µm. The error bars represent the standard 

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

2.3. Gel-HA hydrogel enhanced proliferation of RPCs 

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

evaluated by morphologies, qPCR, immunostaining and western blot analyses after 

three days of incubation. As shown in Fig. 4a, the GFP+ RPCs on Gel-HA hydrogel 

expanded well with much larger cell clusters, and the cell density of RPCs was 

dramatically higher than those on the Gel-HA-PDA hydrogel and control. CCK-8 data 

showed that the RPC expansion capability was promoted at day two and day three on 
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the Gel-HA hydrogel and was almost equal between the Gel-HA-PDA hydrogel and 

control (Fig. 4b). Moreover, gene expression levels of the cell proliferation marker 

Ki-67 as well as retinal progenitor-related markers Nestin, Vimentin and Pax-6 were 

nearly unchanged on the Gel-HA-PDA hydrogel, but markedly upregulated on the 

Gel-HA hydrogel compared with control (Fig. 4c), which were consistent with the 

results of western blot analysis (Fig. 4d,e). Additionally, the percentages of 

immunoreactive cells for Edu (65.51% vs. 41.47%), Ki-67 (89.04 % vs. 54.66%), 

Nestin (95.70% vs. 80.00%), and Vimentin (93.33% vs. 80.89%) significantly 

increased on the Gel-HA hydrogel, and similar outcomes between the Gel-HA-PDA 

hydrogel and control were presented (Fig. 4f, g), as further evidenced by the vast 

majority of RPCs stained with Edu in 3D Gel-HA hydrogel (Fig. 4h). In general, the 

proliferation ability of RPCs was significantly enhanced in the Gel-HA hydrogel, 

which is beneficial for the production of sufficient cell sources for RPC-based 

transplantation therapy. 
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Fig. 4. Evaluation of RPC proliferation in response to Gel-HA and Gel-HA-PDA hydrogels 

after 3 days of proliferation culture. a) Fluorescent micrographs of GFP+ RPCs. The highest 

cell density was observed in Gel-HA hydrogel. b) The proliferation ability of RPCs detected 

by a CCK8 assay on Gel-HA hydrogel was markedly enhanced compared with those of 

other groups after culture for 2 and 3 days. c) The mRNA expression levels of a cell 

proliferation marker (Ki-67) and retinal progenitor-related markers (Nestin, Vimentin and 
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Pax-6) were significantly upregulated in cells on Gel-HA hydrogel relative to those in the 

control group. d) The protein expression levels and e) the quantitative analysis of Nestin, 

Vimentin and Pax-6 significantly increased on Gel-HA hydrogel in contrast to control. f) 

Immunostaining with antibodies against Edu, Ki-67, Nestin and Vimentin, and g) 

quantitative analyses showed that the percentages of marker-positive RPCs on Gel-HA 

hydrogel were significantly greater than those of other groups. h) Edu staining of RPCs in 

3D hydrogels. (*P < 0.05, **P < 0.01, Scale bar: 100 µm for (a) and (h), 50 µm for (f). The 

error bars represent the standard deviation of the mean 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-PDA hydrogel affected neuronal 

network formation, the divergent morphologies, gene and protein expression levels of 

RPCs under differentiation culture for 7 days were evaluated. Interestingly, RPCs 

grown on the Gel-HA hydrogel and control extended only short and thick neurites, 

whereas the majority of RPCs displayed dramatically longer and thinner neurites on 

the Gel-HA-PDA hydrogel by further analysis of neurite length (Fig. 5a, b). The 

upregulated gene expression levels of retinal neuron markers, including β3-tubulin, 

Recoverin (photoreceptor marker) and Pkc-α (bipolar cell marker), and 

downregulated retinal glia marker GFAP in RPCs cultured on Gel-HA-PDA hydrogel 

implied that the Gel-HA-PDA hydrogel significantly augmented RPC retinal neuronal 

differentiation (Fig. 5c). Similar stimulating neuronal expression profiles of RPCs 

cultured with Gel-HA-PDA hydrogel were additionally observed by their respective 

immunostaining (Fig. 5d, e). For example, the Gel-HA-PDA group displayed 

substantially higher percentages of Recoverin-positive cells (18.12% vs. 9.86%) than 

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



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

promoting RPC retinal neuronal differentiation. Herein, both gene and protein 

expression levels of those markers above were approximately similar between the 

Gel-HA hydrogel and control. Additionally, cell migration and integration assays 

were also conducted in vitro (Supplementary Fig. 10). Our data showed that the 

improved migration and integration abilities of RPCs were achieved affected by the 

Gel-HA-PDA hydrogel. Collectively, these data demonstrated that Gel-HA-PDA 

hydrogel could robustly accelerate RPC commitment to the retinal neuron fate, such 

as photoreceptors, which is the most crucial cell type for RD treatment. 
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Fig. 5. RPC differentiation affected by Gel-HA-PDA hydrogel after 7 days of differentiation. 

a) Divergent morphologies and b) quantification of average neurite length of differentiated 

RPCs (n=6 independent experiments). RPCs grown on Gel-HA-PDA hydrogel mostly 

exhibited extended and thin neurite-like processes. c) The qPCR results suggested that the 

mRNA expression levels of β3-tubulin (retinal neuronal cell marker), Recoverin 

(photoreceptor marker) and Pkc-α (bipolar cell marker) in cells on Gel-HA-PDA hydrogel 

were substantially upregulated in contrast to the control TCPS group, while GFAP (a retinal 

glial marker) was downregulated. d) Immunostaining with antibodies against β3-tubulin, 

Recoverin, Pkc-α and GFAP. e) Quantitative analysis showed that the percentages of 
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β3-tubulin, Recoverin and Pkc-α-positive cells markedly increased in cells on Gel-HA-PDA 

hydrogel compared with those in other groups, while the percentages of GFAP-positive 

cells decreased. f) Protein expression levels and g) quantitative analysis of β3-tubulin, 

Rhodopsin, Recoverin, Pkc-α and GFAP, normalized to β-actin. (*P < 0.05, **P < 0.01. 

Scale bars: 100 µm for (a), 50 µm for (d). The error bars represent the standard deviation of 

the mean for n=3 independent experiments. The TCPS was the 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 RPCs and mussel-inspired Gel-HA-PDA 

hydrogel, we investigated the potential mechanism underlying integrin adhesion 

receptors (integrin α5β1) and PI3K signaling protein in the RPC neuronal 

differentiation process that was evoked by the Gel-HA-PDA hydrogel. Herein, the 

proportions of integrin α5- and PI3K p110γ-positive cells were 3.2-folds and 4.5-folds 

elevated, respectively, in the cells cultured on the Gel-HA-PDA hydrogel, but integrin 

β1 exhibited no changes in comparison with the Gel-HA hydrogel and control 

subjected to immunostaining analysis (Fig. 6a,b), which was consistent with the 

results of western blot analysis (Fig. 6c, d). Theoretically, the integrin family could 

induce the activation of intracellular PI3K, and then the cascades lead to direct cell 

differentiation [39]. Indeed, the PDA-mediated Gel-HA hydrogel activated PI3K 

p110γ and that could be abolished by ANT-161 (an antagonist of integrin α5β1) (Fig. 

6e-g), suggesting an interplay between integrin α5β1 and PI3K signaling. 

Furthermore, when RPCs were treated with as604850 (an inhibitor of PI3K p110γ), 

the upregulated protein expression of retinal neuron makers including β3-tubulin, 
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rhodopsin, and PKC-α in the cells cultured on the Gel-HA-PDA hydrogel was 

significantly attenuated (Fig. 6h-k), further validating that integrin-linked PI3K 

stimulation was associated with RPC retinal neuronal differentiation affected by the 

PDA-mediated Gel-HA hydrogel. In summary, our data suggested that the hybrid 

biopolymer Gel-HA-PDA hydrogel allowed for RPC retinal neuronal differentiation 

by invoking the integrin family, particularly integrin α5β1, and subsequently 

activating the PI3K signaling pathway (Fig. 6l). Furthermore, a functional assay of 

RPC neuronal differentiation cultured with Gel-HA-PDA hydrogel upon PI3K 

signaling modulation was performed by glutamate-evoked calcium response. As 

shown in Supplementary Fig. 9 and Supplementary video 3-6, after glutamate 

exposure, an obvious increase of fluorescence intensities was observed in the 740 

Y-P (PI3K signaling activator) treatment group (777.75 ± 32.06%) and the 

Gel-HA-PDA hydrogel group (850.84 ± 98%) in contrast to the TCPS group (540 ± 

12.59%), but the as604850 treatment group exhibited a weak signal 

(Supplementary Fig. 9a, b). The response time to the peak fluorescence intensity in 

as604850-treated cells was significantly delayed (150 ± 5 sec) compared with that of 

the TCPS group (85 ± 5 sec), and a rapid response time was observed in the 740 Y-P 

and Gel-HA-PDA hydrogel groups (Supplementary Fig. 9c). Glutamate activation 

has been shown to play an important role in neuronal differentiation in the retina and 

elsewhere in the central nervous system [35]. These results indicated that PI3K 

signaling was involved in improving glutamate signaling transmission, and the 

RPCs cultured with Gel-HA-PDA hydrogel might be programmed to differentiate 
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into functional neurons by an interaction with PI3K signaling. 
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Fig. 6. Interaction between integrin α5β1 and PI3K signaling in RPC neuronal differentiation. 

a) Immunostaining with antibodies against integrin α5, integrin β1 and PI3K p110γ. b) 

Quantitative analysis showed that the percentages of integrin α5 and PI3K p110γ-positive 

cells were markedly upregulated in cells on Gel-HA-PDA hydrogel compared with those in 

other groups, while the percentages of integrin β1-positive cells were unchanged. c) Protein 

expression levels and d) quantitative analysis of integrin α5, integrin β1 and PI3K p110γ, 

normalized to β-actin, showed that the integrin α5 and PI3K were markedly increased, while 

integrin β1 exhibited no obvious difference compared with those in the control group. The 

stimulation of PI3K p110γ in Gel-HA-PDA hydrogel was attenuated by ANT-161 (the 

antagonist of integrin α5β1), via e) immunostaining, f) western blot analyses and g) 

quantitative analysis of PI3K p110γ, normalized to β-actin. h, i) Increased percentages of 

β3-tubulin and Pkc-α positive cells and j, k) upregulated protein expression levels of 

β3-tubulin, Rhodopsin and Pkc-α were markedly reduced by as604850 (the inhibitor of PI3K 

p110γ). l) Hypothesized model of mechanism involves Gel-HA-PDA hydrogel guiding 

neuronal differentiation of RPCs by activating the integrin α5β1-PI3K signaling pathway. 

(**P<0.01. Scale bars: 50 µm. The error bars represent the standard deviation of the mean 

for n=3 independent experiments. The TCPS was the control group.). 

2.6. In vivo studies of Gel-HA-PDA hydrogel 

In order to test tissue biocompatibility, transcutaneous injection of normal saline 

(control) and Gel-HA-PDA precursor solution without cells in nude mice was 

performed. A visible gel mass was formed in the subcutaneous space (Supplementary 

Fig. 11), demonstrating it is an in situ-formed hydrogel. The Gel-HA-PDA hydrogel 

and its surrounding tissue were collected and processed for hematoxylin-eosin (H&E) 

staining at multiple time points following injection (Fig. 7a). No significant 

inflammatory response was observed on day 3 after implantation. By 7 day, 

fibroblasts and several inflammatory cells increasingly infiltrated the implant and 
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were almost localized at the boundary between the hydrogel and surrounding tissue. 

By days 14 and 21, there were no green-stained CD68-positive macrophages (usually 

indicating chronic inflammation and excessive foreign body responses), and instead 

the majority of the fibroblasts that infiltrated into the hydrogel (located below the 

dotted line) were stained with DAPI at day 14 and marked with white arrows (Fig. 7b). 

Along with the degradation of the Gel-HA-PDA hydrogel up until day 42, i.e., the 

disappearance of light pink or blue (red arrows) in H&E (Fig. 7a) and Masson’s 

trichrome staining (Fig. 7c), infiltrating inflammatory cells and fibroblasts were 

similar to the control, indicating the clearance of hybrid material. In summary, the 

characteristics and kinetics of tissue reaction to the injected Gel-HA-PDA hydrogel 

without systemic and chronic inflammations were correlated with the typical foreign 

body response to implanted material [40, 41]. 

In addition, the injection of an RPC-embedded Gel-HA-PDA hydrogel into the 

subretinal space was performed to evaluate the degradability of the hydrogel as well 

as the migration and integration of transplanted cells, which is a fundamental issue 

required to be emphasized in RPC-based transplantation therapy [42]. The hydrogel 

nearly completely degraded within 3 weeks based on OCT scan (Fig. 7e) which is a 

reasonable degraded period for biomaterials in vivo [43]. There was no noticeable 

retinal damage (Fig. 7d, e) and no clear increase of inflammatory factor IL-6 positive 

cells during the entire period (Supplementary Fig. 12), demonstrating that the 

hydrogel possessed good biocompatibility. Importantly, more transplanted GFP+ 

RPCs delivered by the Gel-HA-PDA hydrogel appeared in the retinal outer nuclear 

layer (ONL) at day 7, and cell migration and integration into the inner nuclear layer 

(INL) at day 14 and into the ganglion cell layer (GCL) at day 21 post implantation 

were improved compared to the transplanted GFP+ RPCs delivered by saline (Fig. 7f). 

The decrease of GFP+ RPC population at day 21 after transplantation was observed 
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in Fig. 7f, which is partly due to the cell migration and dispersion into different 

retinal layers. In summary, the Gel-HA-PDA hydrogel exhibited an excellent tissue 

biocompatibility and improved cell migration and integration, which is essential for 

biomaterial applications in RPC-based transplantation therapy. 
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Fig. 7. Transcutaneous biocompatibility of hydrogel and subretinal transplantation of GFP+ 

RPC-embedded Gel-HA-PDA hydrogel. a) H&E staining of injected sites and surrounding 

tissues at days 3, 7, 14, 21, and 42 after implantation. b) CD68+ stained macrophage (green) 

were not observed in fluorescent images at day 14. Blue nuclei were stained with DAPI. c) 
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The hydrogel completely degraded within 6 weeks as demonstrated by Masson’s trichrome 

staining. d) Representative images of subretinal transplantation of GFP+ RPC-embedded 

Gel-HA-PDA hydrogel by inducing local retinal detachment (as shown with red dotted line). 

e) Optical coherence tomography (OCT) showed retinal detachment (indicated by red arrow) 

1 week after injection, and retinal detachment had largely disappeared 2 weeks following 

transplantation and an ordered retinal morphology was apparent along with the biomaterial 

degradation. f) More transplanted GFP+ RPCs (indicated by white arrows) delivered by 

Gel-HA-PDA hydrogel appeared in the retinal outer nuclear layer (ONL) at day 7, and 

migration and integration into the inner nuclear layer (INL) at day 14 and the ganglion cell 

layer (GCL) at day 21 post implantation were improved compared to transplanted GFP+ 

RPCs delivered by saline. (Red arrows in (a) and (c): residual gel, white arrows in (b): 

infiltrated fibroblasts. Scale bars: 200 µm for (a) and (c) and 50 µm for (f). n=3 independent 

experiments. The normal saline injection was control group.) 
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3. Discussion 

RD is a serious threat to human vision and no effective treatment has been proposed. 

Biomaterials-mediated RPC-based transplantation therapy is a promising strategy for 

the repair of the diseased retina in patients with RD [1, 36]. Choosing a suitable 

biomaterial which can support RPC survival, proliferation and differentiation as well 

as facilitate the effective delivery of RPCs to the retinal lesion area is critical for RD 

treatment. Previous studies have indicated that stiff scaffold biomaterials (>10 kPa), 

such as poly(sebacoyl diglyceride) and poly(glycerol-sebacate) [10, 11], could play a 

positive role in RPC proliferation or differentiation to a certain degree, but they 

usually lack the material flexibility required for the subretinal delivery and do not 

correspond to the modulus of the retina (300–800 Pa) (300–800 Pa) [30]. 

Alternatively, soft injectable hydrogels with low Young’s modulus, which could better 

mimic the mechanical properties of soft tissue and allow for minimally invasive 

administration, are more favorable for retinal regeneration. To the best of our 

knowledge, few reports have investigated the effects of injectable hydrogels on RPC 

survival, delivery, proliferation and differentiation. In this study, we fabricated a 

couple of hybrid injectable hydrogels with excellent cytocompatibility and cell 

delivery ability for the first time, i.e., mussel-inspired Gel-HA-PDA and its 

counterpart Gel-HA hydrogels, via a feasible and convenient Michael-type addition 

reaction under mild conditions. Additionally, the Gel-HA hydrogel possesses great 

potential for RPC proliferation while the PDA-modified Gel-HA hydrogel can 

significantly promote RPC neuronal differentiation. 
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The desirable cytocompatibility of hydrogels with low inflammation and apoptosis is 

helpful for successful cell growth and survival. Herein, the expressions of 

inflammatory factors and apoptotic factor dramatically decreased with excellent cell 

survival ability (more than 94%) in our hydrogels. Mitrousis et al. reported that 

HA-based hydrogel possessed the pro-survival effect by deciphering the key mediator 

mTOR pathway [44], suggesting that similar potential pro-survival mechanisms in our 

hydrogels. Moreover, gelatin is a biodegradable polymer with excellent 

biocompatibility and nonantigenicity, and widely applied in biomedical fields [13]. 

Because of the good biocompatible property of HA and gelatin, a combination of 

these two modified biopolymers may also have the beneficial effects on cell growth. 

And the mild Michael-type addition reaction applied herein avoided the potential 

cytotoxicity caused by other cross-linking methods involving additional catalysts or 

UV/initiator [45]. Taken together, the data obtained from this study indicate that 

Gel-HA and Gel-HA-PDA have good cytocompatibility for cell growth and survival, 

which lays the foundation for RPC proliferation and differentiation. 

High efficacy of cell proliferation to obtain abundant transplantable donor cells is an 

urgent requirement for RPC-based transplantation therapy. In present study, we have 

observed that the Gel-HA hydrogel markedly enhanced RPC proliferation with much 

larger cell clusters. As natural biopolymers, Gel-SH and HAMA described herein with 

similar building blocks to ECM can better mimic retinal niches and provide signals 

for cell proliferation [14], which is evidenced by the markedly upregulated 

expressions of the retinal progenitor-related marker Nestin and cell proliferation 
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marker Ki-67 in the Gel-HA hydrogel. Literatures have indicated that the introduction 

of biological functional groups, such as amino and carboxyl groups, can promote 

cell-biomaterial recognition and subsequent proliferation [46]. Therefore, the 

numerous intrinsic groups, including carboxyl, hydroxyl, and amino groups existed in 

our polymer chains were contributed to a water-abundant microenvironment for cell 

proliferation. The micro-environmental mechanical or physical stimuli have been 

regarded as necessary cues to regulate stem cell fate, including cell growth and 

proliferation. Our hybrid soft hydrogels with a reasonable stiffness (about 800 Pa) 

well matched the modulus of retina (300–800 Pa) [30], and presented an 

interconnected structure with a suitable diameter of 40–50 µm and high porosity 

(Supplementary Table 1), which provide a permissive environment allowing an 

exchange of nutrients, thereby promoting RPC proliferation. In current study, the 

Gel-HA hydrogel is beneficial for RPC proliferation, which is important to produce 

enough door cells for RPC transplantation therapy. 

Additionally, RPCs specifically differentiating toward neuronal lineages are further 

highlighted in RPC-based transplantation therapy. Importantly, the mussel-inspired 

Gel-HA-PDA hydrogel reported in this study can markedly improve RPC 

differentiation toward neurons such as photoreceptors, which are one of the most 

interesting retinal neurons for vision restoration. PDA is known to play a critical role 

in cell adhesion, and has demonstrated effectiveness in promoting neurite outgrowth 

and regulating neuronal development [21, 23]. In this study, in vitro cell migration 

and integration assays demonstrated that the improved migration and integration 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

abilities of RPCs were affected by the mussel-inspired PDA modified Gel-HA-PDA 

hydrogel, which may result from the strong adhesion property of PDA. In addition, 

combining a neurotransmitter PDA with a hydrogel may provide a valuable strategy to 

develop synergistic effects to promote retinal neuron regeneration and further retinal 

repair. Indeed, the introduction of PDA into Gel-HA hydrogel significantly promoted 

retinal neuronal differentiation of RPCs, as indicated by the detection of dramatically 

increased expression levels of retinal neuron-related markers. It has been reported that 

different dominant functional groups of materials exert various effects on cell fates 

[47]. For instance, quinone groups that are rich in PDA have been shown to be 

favorable for cell spreading, and abundant catechol groups on PDA have been shown 

to affect cell differentiation [48, 49]. In this study, the mussel-inspired PDA-modified 

Gel-HA hydrogel possessed more catechol groups relative to the Gel-HA hydrogel, 

which may partly account for the improved retinal neuronal differentiation of RPCs in 

the Gel-HA-PDA hydrogel. Moreover, the cell adhesive mechanism also plays a 

crucial role in cell attachment and differentiation processes [50]. We identified the 

upregulated expression levels of cell adhesion molecule Cadherin 4 and more 

effective cell attachment to the Gel-HA-PDA hydrogel, which may lay the foundation 

for cell differentiation. Furthermore, integrin α5β1, a typical adhesive protein of the 

integrin family, has been shown to direct cell attachment in bioinspired PDA-coated 

materials and promote cell differentiation by activating the PI3K signaling pathway 

[51, 52]. As a family of lipid kinases, PI3Ks catalyze the phosphorylation of the cell 

membrane lipid phosphatidylinositol, which has been proven to be involved in the 
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promotion of neural differentiation of induced pluripotent stem cells [53]. Consistent 

with these studies, our data demonstrated that the expression levels of integrin α5- and 

PI3K p110γ were markedly elevated in cells on the Gel-HA-PDA hydrogel during 

retinal neuronal differentiation of RPCs, and the inhibition of PI3K (as605048) 

inhibited the upregulated expression levels of neuronal differentiation markers in 

RPCs cultured with the Gel-HA-PDA hydrogel. Based on these findings, the 

mechanism involved in the Gel-HA-PDA hydrogel enhancing RPC commitment to a 

retinal neuron fate may be related to the stimulation of the integrin α5β1-PI3K 

pathway. Furthermore, PI3K signaling was involved in improving glutamate 

signaling transmission, and the RPCs cultured with the Gel-HA-PDA hydrogel 

might be programmed to differentiate into functional neurons by interactions with 

PI3K signaling. 

In current study, in addition to supporting cell growth and promoting RPC 

differentiation toward retinal neuronal cells, the Gel-HA-PDA hydrogel displayed 

excellent tissue biocompatibility in vivo, a basic requirement of biomaterials applied 

for clinical applications, which was achieved by subcutaneous injection of 

Gel-HA-PDA solution and subretinal injection of RPC-embedded hydrogel. 

Additionally, the Gel-HA-PDA hydrogel also exhibited a basic property that is 

required for an ideal cell delivery vehicle applied in the retinal regeneration as follows: 

the gelation time approximately 5 min can be manipulated to prevent cell loss because 

rapid gelation may clog the needle during delivery, while a longer gelation time may 

cause cell backflow and death [43]. Most importantly, the degradation period of the 
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Gel-HA-PDA hydrogel in the subretinal space was approximately 3 weeks, which 

may provide a hospitable environment for transplanted cells located in the subretinal 

space to further migrate and integrate into the retina [43]. Furthermore, the 

Gel-HA-PDA hydrogel was shown to improve RPC synapse formation by evaluating 

the expression levels of Synaptophysin in vitro. All these data suggest that the 

PDA-modified Gel-HA hydrogel is a potentially ideal cell carrier for cell survival, 

neuronal regeneration, delivery, migration and synapse formation, which is an 

excellent foundation for our future work that will aim to explore the therapeutic effect 

of Gel-HA-PDA-mediated RPC transplantation therapy, especially the neural 

re-connection and functional restore, in RD animal models. 

Conclusions 

This study demonstrated a versatile and novel strategy to construct injectable Gel-HA 

and Gel-HA-PDA hybrid hydrogels for potential RPC-based transplantation therapy 

applications. It was demonstrated that both Gel-HA and Gel-HA-PDA hydrogels 

displayed desirable mechanical properties, excellent biocompatibility and good cell 

viability after injection, and the Gel-HA hydrogel notably enhanced RPC proliferation 

to facilitate the production of sufficient transplantable cell sources in vitro. 

Furthermore, the Gel-HA-PDA hydrogel markedly improved RPC attachment and 

promoted RPC differentiation toward retinal neurons such as photoreceptors (the most 

crucial cell-type for RD treatment) through the activation of the integrin α5β1-PI3K 

signaling pathway, indicating that mussel-inspired Gel-HA-PDA and its counterpart 

Gel-HA hydrogels possess great potential for RPC survival, proliferation, neuronal 
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differentiation, delivery and migration, which provides new insights for developing 

biomaterial platform for RPC-based transplantation therapy.  

5. Materials and methods 

5.1. Materials 

Gelatin (Type A, gel strength ~300 g bloom) was purchased from Sigma-Aldrich. 

Sodium HA (200–400 kD) was bought from Bloomage Freda Biopharm Co., Ltd., 

China. 2,4,6-trinitro-benzenesulfonic acid (TNBS, 5 w/v% in methyl alcohol) was 

obtained from Thermo Scientific, USA. Collagenase type I and hyaluronidase were 

obtained from Yuan Ye biotechnology Co., Ltd., China. All other chemical agents 

used for materials fabrication were purchased from Aladdin, China. The Cell 

Counting Kit-8 (CCK8) reagent was purchased from Dojindo China Co., Ltd, China. 

The Cell Light 5-ethynyl-20-deoxyuridine (Edu) Cell Proliferation Kit was obtained 

from Guangzhou RiboBio, China. ATN-161 (20 µM, incubation for 30 min) and 

as-604850 (2.5 µM, treated for 4h) were purchased from Selleck Chemicals. The 740 

Y-P (PI3K signaling activator, 100 µg mL-1, and incubation for 48 h) was purchased 

from Medchemexpress. Unless mentioned otherwise, all cell 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 previous literature [54]. Firstly, gelatin 

was dissolved in deionized water (100 mL) at 5 wt% for sufficient dissolving. 

Sequentially, succinic anhydride (7.5 g, 0.075 mol) in acetone (50 mL) was added 

dropwise to the gelatin solution and maintained at pH=9 using 5 M NaOH for 4 h 
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reaction. After ending the reaction, the solution was dialyzed against deionized water 

for 3 days and freeze-dried to gain carboxylated gelatin (Gel-COOH). The 

substitution from the amino to carboxyl of gelatin was warranted by TNBS assay [26]. 

Secondly, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) (1.0 

g, 5.2 mmol), N-hydroxy succinimide (NHS) (0.6 g, 5.2 mmol) and cysteamine 

hydrochloride (0.4 g, 3.52 mmol) were successively added to the Gel-COOH solution 

(1.0 g, 100 mL deionized water) and stirred in the dark for 24 h at pH=5.5. The pH of 

the mixed solution was increased to pH=8.5 with 5M NaOH, followed by adding 

1,4-dithio-DLthreitol (DTT) (1.0 g, 6 mmol) for another 24 h reaction. The solution 

was dialyzed against NaCl solution (pH=3.5, 100 mM) and deionized water for 1 and 

2 days separately and freeze-dried. The free thiol groups of Gel-SH were determined 

by Ellman’s assay. HAMA was synthesized according to previous literature [55]. The 

degree of substitution (DS) was calculated by 1H-NMR 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 concentration of 5% (w/v) and 6% 

(w/v), respectively. They were mixed at the volume ratio of 4:3 to form the Gel-HA 

hydrogel at 37oC. In regards to the Gel-HA-PDA hydrogel, the solution of PDA was 

achieved via preoxidizing dopamine for 2 days in PBS, and then was added to 

Gel-HA precursor solution at a final concentration of 0.5 mg mL-1. Furthermore, 

bicinchoninic acid (BCA) protein assay was performed to quantify the catechol of 

PDA contained in the Gel-HA-PDA hydrogel according to recommended procedures 
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[48]. 

5.4. Scanning electron microscopy (SEM)  

The pore size and micromorphology distributions of hydrogels were observed by 

SEM (VEGA3, TESCAN). Hydrogel samples were freeze-fractured after rapid 

immersion into liquid nitrogen and lyophilized for 3 days. Then, the fractured surface 

was coated with a thin layer of gold and observed at an accelerating 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 performed using parallel plate geometry in a 

Physica MCR 501 rheometer (Anton Paar, Austri) at 37°C in oscillatory mode. The 

precursor solutions were transferred to the parallel plate and time sweep analysis was 

carried out at a strain of 1% and an angular frequency of 1 Hz. The gelation time was 

defined as the storage modulus (G′) equal to the loss modulus (G″) (G′=G″). The 

molded hydrogels were used for strain (1–1000% strain, 1 Hz) and frequency sweep 

(0.1–100 rad s-1, 1% strain) analysis equipped with parallel plates of 25 mm diameter 

and a gap of 1 mm. 

5.5.2 Mechanical tests 

Mechanical properties were evaluated in a uniaxial compression system 

(GT-TCS2000, GOTECH, China) with a loading capacity of 100 N. The hydrogel 

samples were molded as a cylindrical shape at a diameter of 10 mm and thickness of 9 

mm. Hydrogels were compressed at the rate of 1 mm min-1 until fracture. The 

compression modulus was further calculated at 10% deformation of initial height. 
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5.6. Swelling properties and biodegradability in vitro 

After lyophilization, the hydrogels were immersed into PBS in 12-well plates at 37oC 

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

Equation (1): 

 SR= Wt/W0 (1) 

where Wt and W0 were the weights of the swollen hydrogels in the equilibrium state 

and dry hydrogels, respectively. 

Lyophilized hydrogels were degraded with 2.5 U mL-1 collagenase type I and 2.5 U 

mL-1 hyaluronidase in PBS, and shaking at 100 rpm at 37°C. At each predetermined 

time interval, the hydrogels were rinsed with deionized water to remove the remaining 

enzyme and freeze-dried again. The residual mass was calculated by Equation (2): 

 residual mass (%) =Wm/Wi×100% (2) 

where Wi was the weight of the initial dry hydrogels and Wm was the dry weight after 

degradation. 

5.7. Isolation and culture of RPCs 

The RPCs were separated as previously described [56]. Briefly, they were collected 

from fresh retinal tissue of postnatal day 1 GFP-transgenic C57BL/6 mice, then were 

plated on T25 flasks and cultured with proliferation medium in consist of advanced 

DMEM/F12, 2 mM L-glutamine, 1% N2 neural supplement, 20 ng ml-1 epidermal 

growth factor and 100 U mL-1 penicillin-streptomycin [57]. For differentiation study, 

the RPCs were cultured with differentiation medium that contained 10% fetal bovine 

serum (FBS) without epidermal growth factor.  
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Different morphologies of GFP+ RPCs seeded on a 6-cm dish under proliferation 

conditions for 3 days and differentiation conditions for 7 days were visualized via 

fluorescent microscope (Nikon). Tissue culture-treated polystyrene substrates (TCPS) 

served as a control. The neurite length of differentiated RPCs on hydrogel substrates 

was tested and quantified by ImageJ analysis software (NIH, MD). 

Isolated GFP+ cells were characterized by detecting the expression levels of retinal 

progenitor-related markers Nestin, Vimentin and Pax-6, as well as the glial cell 

marker GFAP using flow cytometry (BD Bioscience) [33] and immunostaining (as 

described below). The percentages of these positive markers in GFP+ cells detected 

by flow cytometry were calculated with respect to isotype control cells. 

5.8. Live/dead assay 

RPCs cultured with hydrogels in 24-well plates (4×104 cells well-1) were stained using 

a live/dead kit according to recommended procedures. For 2D culture, each well was 

gelled with 15 µL Gel-HA or Gel-HA-PDA hydrogel filtered prior to use. For 3D 

culture, single cell suspensions of RPCs were mixed with 70 µL Gel-HA or 

Gel-HA-PDA precursor solution per well. To test the cell delivery ability of hydrogels, 

the cell viability in the 3D hydrogels and proliferation medium (control) was further 

analyzed and divided into two groups. The no injection group was incubated directly 

for 3 h, and the injection group was injected using a 26-gauge and then incubated for 

3 h supplemented with an additional 400 µL proliferation medium into each well. 

After treatment of live/dead kit for 30 min, the images were taken by fluorescence 

microscope and laser scanning microscopy (Nikon). Live and dead RPCs were 
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counted by ImageJ software, and cell viability was calculated as (live cells/total cells 

in the field) ×100%. 

5.9. CCK-8 assay 

A CCK-8 kit was utilized to evaluate RPC proliferation (1×104 cells per well) and 

adhesion abilities (2×104 cells per well) in 96-well plate. Each well was coated with 

10 µL Gel-HA or Gel-HA-PDA hydrogel. The proliferation capability of RPCs was 

evaluated using CCK-8 solution (10 µL well-1) at 0, 1, 2, and 3 days. After 

centrifuging this plate for 4 min, the supernatant (170 µL) was pipetted into one new 

96-well plate. To test cell adhesion, unattached RPCs were removed from the 

substrates by washing with PBS at 12 h after seeding, and the remaining RPCs were 

incubated with CCK8. An ELISA microplate reader (ELX800, BioTeK, USA) was 

employed to measure optical density at 450 nm. After that, the nuclei before and after 

washing with PBS were stained with 4, 6 diamidino-2-phenylindole (DAPI), and 

imaged by a fluorescent microscope (Nikon). The percentage of remaining RPCs 

after washing with PBS was calculated as follows: (remaining RPCs after washing 

with PBS/total RPCs before washing with PBS in the field of view) ×100%. 

5.10. Edu assay 

Edu reagent was added to react with proliferating cells cultured with 2D and 3D 

hydrogels according to recommended procedures. After discarding Edu medium 

mixture, RPCs were fixed with 4% paraformaldehyde (PFA) for 30 min and stained 

with Apollo Dye Solution, and then nucleic acids were stained with Hoechst 33342 

for 30 min. Photographs were taken by fluorescent microscope and laser scanning 
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microscopy (Nikon). The cell proliferation ratio was the (Edu add-in cells/Hoechst 

stained cells in the field) ×100%. 

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

The quantified RPCs (2×105 cell ml-1) were seeded on 6-well plates coated with 60 µL 

Gel-HA or Gel-HA-PDA hydrogel per well, then were cultured for 7 days 

(differentiation condition) or 3 days (proliferation condition). Total RNA was 

harvested using TRIzol reagent according to manufacturer’s instructions. The qPCR 

was carried out by Real-Time PCR Detection System (Applied Biosystems, Foster, 

CA) to detect the mRNA expression levels of Ki-67, Nestin, Vimentin and Pax-6 to 

determine the proliferation and stemness ability of RPCs. The gene expression of 

Pkc-α, β3-tubulin, Recoverin and GFAP were analyzed to investigate RPC 

differentiation ability. The primers and parameters were listed in Supplementary 

Table 2. Data normalized to the gene expression of β-actin were analyzed as fold 

change relative to control. 

5.12. Immunostaining 

Immunostaining was conducted to investigate RPC proliferation (3 days) and 

differentiation (7 days) ability in 24-well plates. At determined time, they were fixed 

with 4% PFA and blocked with blocking solution (TBS containing 0.3% Triton X-100 

and 10% normal goat serum (Sigma-Aldrich)). The cells were incubated with rabbit 

monoclonal anti-Vimentin (Epitomics, 1:200), Recoverin (Millipore, 1:200), 

Synaptophysin and Pax-6 (Abcam, 1:200), and mouse monoclonal anti-HuD, Brn-3b 

(Santa Cruz Biotechnology, 1:100), Thy 1.1 (Millipore, 1:200), Nestin, Ki-67, Pkc-α 
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(BD Biosciences, 1:200), β3-tubulin, GFAP (Chemicon, 1:200), PI3K p110γ, integrin 

α5 and integrin β1 (Santa Cruz Biotechnology, 1:100) at 4 °C overnight. Then they 

were labeled with secondary antibodies (Alexa Fluor 546 goat anti-mouse or rabbit 

IgG, BD Biosciences, 1:800). Finally, cell nuclei were counterstained with DAPI and 

observed by fluorescent microscope (Olympus BX51, Japan). ImageJ software was 

used to count cells and the positive ratio was calculated with (immunepositive 

cells/DAPI stained cells in the field) ×100%.  

5.13. Western blot analysis 

All groups were prepared as previously described in qPCR assay. Total proteins were 

harvested at 3 day (proliferation culture) or 7 day (differentiation culture) and 

analyzed by BCA Kit (Pierce, Rockford, IL). Proteins were separated by SDS-PAGE 

(Bio-red) electrophoresis, then transferred to PVDF membranes (Millipore, Bedford, 

MA), and incubated with primary antibodies rabbit monoclonal anti-mouse Vimentin, 

Pax-6, Recoverin (Millipore) and Synaptophysin (Abcam), and mouse monoclonal 

anti-nestin, Rhodopsin, β3-tubulin, GFAP (Millipore), Pkc-α (BD), PI3K p110γ, 

integrin α5, integrin β1 (Santa Cruz Biotechnology) and β-actin (Sigma-Aldrich). The 

horseradish peroxidase-conjugated secondary antibody (Sigma-Aldrich) was utilized 

and the protein expressions were visualized by ECL Plus Western Blot Detection Kit 

(Tanton). 

5.14. Glutamate-evoked calcium response 

Glutamate-evoked calcium response was conducted to evaluate physiological function 

of separated RPCs under proliferation condition for 3 days, or differentiated RPCs 
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under differentiation condition for 7 days. Spontaneous intracellular calcium transient 

was analyzed by Rhod-2-acetoxymethyl ester (Rhod-2 AM).There were two groups 

cultured under proliferation condition: 1) RPCs and 2) negative control 

adipose-derived stem cells (ADSCs) isolated and cultured according to previous 

protocol [58]. Under differentiation condition, four groups were evaluated as follows: 

1) TCPS group, 2) Gel-HA-PDA hydrogel group, 3) 740 Y-P (PI3K signaling 

activator) treatment group, and 4) as604850 (PI3K signaling inhibitor) treatment 

group. At a determined time point, RPCs were incubated in Hanks’ balanced salt 

solution (HBSS, Ca2+/Mg2+-free; Gibco) containing 4 µM Rhod-2 AM and 0.1% 

pluronic F-127 for 20 min at 37°C. Then cells were washed with HBSS, and 10 µM 

glutamate (Sigma-Aldrich) was added. A fluorescence microscope (Nikon) was 

immediately used to acquire images with an excitation wavelength of 550 nm and an 

emission wavelength of 576 nm. The fluorescence intensity at specific time intervals 

was measured on a total of 50 cells in triplicate experiments. The cellular change in 

fluorescence (F; %∆F/Fbaseline) of each region was calculated as follows: (Ftreated – 

Fbaseline)/Fbaseline ×100%.  

5.15. Cell migration assays 

RPCs at a density of 3x105 cells/well were seeded on 6‑well plates either coated with 

or without the Gel-HA-PDA hydrogel and grown into monolayers under 

differentiation medium. Upon reaching 95% confluence, the cell monolayer was 

scraped by a 200 µL pipette tip to generate scratch wounds. The cells were washed 

with PBS to remove floating debris and the width of the wound was photographed at 
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0 h, 36 h and 72 h. 

5.16. Subcutaneous injection of Gel-HA-PDA hydrogel without cells and 

subretinal injection of RPCs-embedded Gel-HA-PDA hydrogel 

Gel-HA-PDA hydrogel was prepared in DMEM-F12 medium. All 30 nude mice (4 

weeks of age, 12±2 g) were randomly divided into two groups: control (saline 

injection) and Gel-HA-PDA hydrogel without cells. Each side of the dorsal region of 

every mouse was subcutaneously implanted with 100 µL saline or Gel-HA-PDA 

polymer solution with a 26 G syringe needle at room temperature. Three mice in each 

group were sacrificed at 3, 7, 14, 21 and 42 day post-injection. Skin around the 

injected site and residue of the implant were carefully incised and isolated. After that, 

they were immediately fixed in 10% formaldehyde for H&E and Masson’s trichrome 

staining, and embedded with opti-mum cutting temperature compound for CD68 

immunohistochemical staining (Abcam, 1:100). The blocked samples were sectioned 

in 5 µm consecutive sections, and staining results were observed by light microscope 

(Nikon). 

Subretinal transplantation of the RPC-embedded Gel-HA-PDA hydrogel into a single 

eye of each mouse was adapted from a previously described technique [36]. Briefly, 

28-day-old C57BL/6 wild-type mice were divided into 2 different groups as follows: 

1) RPC-embedded saline composites and 2) RPC-embedded Gel-HA-PDA hydrogel 

composites (1 µL, containing 10,000 cells µL-1), which were injected using a 

34-gauge beveled needle through a sclerotomy into the subretinal space between the 

retinal pigment epithelium and retina. Immunosuppression was not used. The mice 
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were sacrificed at 7, 14, or 21 days postsurgery, and the eyes were anesthetized for 

spectral domain optical coherence tomography (SD-OCT; Spectralis, Heidelberg 

Engineering Inc, Heidelberg, Germany) and harvested for immunofluorescence (IL-6). 

All experiments conformed to the Association for Research in Vision and 

Ophthalmology (ARVO) statement and the requirements of the Animal Research 

Committee of Ninth People’s Hospital, Shanghai Jiao Tong University School of 

Medicine. 

5.17. Statistical analysis 

All statistics were expressed as mean ± standard deviation (SD) from at least three 

repeated experiments, and analyzed by Student’s t-tests. P<0.05 and P<0.01 were 

considered to be statistically significant. 
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