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Background and Objectives: Retinal stem cells (RSCs) resided in ciliary epithelium have shown to possess a high ca-
pacity to self-renew and differentiate into retinal cells. RSCs could be induced to differentiate when they are exposed 
to stimuli like natural compounds and suitable contexts such as biomaterials. The aim of this study was to examine 
the effects of Retinol and alginate/gelatin-based scaffolds on differentiation potential of mesenchymal stem cells (MSCs) 
originated from mouse ciliary epithelium.
Methods and Results: MSCs were extracted from mouse ciliary epithelium, and their identity was verified by detecting 
specific surface antigens. To provide a three-dimensional in vitro culture system, 2% alginate, 0.5% gelatin and the 
mixed alginate-gelatin hydrogels were fabricated and checked by SEM. Retinol treatment was performed on MSCs 
expanded on alginate/gelatin hydrogels and the survival rate and the ability of MSCs to differentiate were examined 
through measuring expression alterations of retina-specific genes by ICC and qPCR. The cell population isolated from 
ciliary epithelium contained more than 93.4% cells positive for MSC-specific marker CD105. Alginate/gelatin scaffolds 
showed to provide an acceptable viability (over 70%) for MSC cultures. Retinol treatment could induce a high ex-
pression of rhodopsin protein in MSCs expanded in alginate and alginate-gelatin mixtures. An elevated presentation 
of Nestin, RPE65 and Rhodopsin genes was detected in retinol-treated cultures expanded on alginate and alginate-gelatin 
scaffolds.
Conclusions: The results presented here elucidate that retinol treatment of MSCs grown on alginate scaffolds would 
promote the mouse ciliary epithelium-derived MSCs to differentiate towards retinal neurons.
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Introduction 

  Retinal stem cells (RSCs) and progenitor cells (RPCs) 
are the adult multipotent cells which are capable of 
self-renewal and differentiation into almost all retinal cells 
(1). They were firstly discovered in lower vertebrates like 
urodele amphibians (2) and teleost fishes (3), which are 
located at a region called the ciliary marginal zone (CMZ) 
between neural retina and ciliary epithelium and present 
a high potential to proliferate and to generate retinal cells 
throughout life (4). Interestingly, it has been recognized 
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that the stem cells resided in CMZ of frogs and fishes 
could be able to completely restore the retina after severe 
damages or retinal detachments (5). The previous studies 
showed that the chick embryos also possess the CMZ con-
taining multipotent stem cells with a potent capacity to 
renew the damaged retina, however, it was found that the 
regenerative potential of these retinal stem cells has been 
drastically reduced in postnatal and adult chickens (6). 
Although the mammalian retina lacks a regenerative 
source of stem cells like CMZ, it was identified that there 
are more restricted stem cells and progenitors in ciliary 
margin of the peripheral retina, which could proliferate 
and differentiate into retinal neurons under proper con-
ditions (7). It was previously reported that the adult stem 
cells are able to be isolated from the ciliary body epi-
thelium of mouse (8) and human eye (9) and proliferate 
in in vitro conditions. Moreover, their progenies showed 
a multipotent capable of reprogramming and generating 
mature retinal cells such as photoreceptors, ganglion cells, 
bipolar cells, amacrine cells and retinal pigmented epi-
thelium (RPE) cells (8, 10, 11). Therefore, it seems that 
RSCs and RPCs could be considered as promising candi-
dates for stem cell therapies for retinal degenerations. As 
previous studies showed that RSCs transplanted into reti-
na might differentiate into undesired cells or not integrate 
in neuronal layers of retina, it was suggested that in vitro 
induction of RSC differentiation into progenitor cells or 
precursors of retinal neurons like photoreceptors may be 
necessary to achieve fully differentiated photoreceptors 
and retinal integration (12, 13). In this regard, many stud-
ies have been conducted to differentiate RSCs towards ret-
inal neurons through gene modulation (14) or treatments 
with various effective substances such as taurine, retinoid 
acid and carotenoids (15), and different growth factors like 
FGF-2 (16). Natural compounds like plant secondary me-
tabolites have shown to have effects on proliferation, cell 
signaling pathways, apoptosis and differentiation proc-
esses (17). Retinol also known as vitamin A1 is a natural 
supplement that used to treat vitamin A deficiency and 
exhibits crucial functions in regulation of several cellular 
processes including proliferation, apoptosis, differentia-
tion and development. Previous studies have reported that 
all active forms of retinoids including retinol act as signal-
ing molecules that affect nearly every cell type, demon-
strate profound effects on development and mediate cell 
differentiation by binding to RAR/RXR proteins and acti-
vating their signaling pathway. In cancer therapies, reti-
noids are also used in cancer chemotherapeutic regimens. 
It has been revealed that retinoids and their other active 
forms could induce tumor cell differentiation and activate 

proteins that sensitize tumor cells to anti-cancer drug 
combinations (18). Therefore, finding out the mechanisms 
underlying retinoid functions in cell signaling pathways 
would improve therapeutic strategies for many diseases 
such as cancer and inflammatory diseases. Apart from im-
pressive natural or synthetic compounds, development of 
different biocompatible cell scaffolds as 3D culture sys-
tems is addressed as a subject of intense investigations in 
both in vitro and in vivo cell therapies (19). Currently, a 
plethora of biomaterials applicable as cell scaffolds includ-
ing natural or synthetic polymers, ceramics, and met-
al-composite scaffolds have been developed and employed 
in tissue engineering studies (20). Among these scaffolds, 
alginate/gelatin-based hydrogels are one of the most suit-
able scaffolds that provide a 3D environment resembled 
that of many tissues (21). Alginate is a natural poly-
saccharide obtained from brown algae, and gelatin is a 
natural polymer derived from collagen, which are widely 
utilized in tissue engineering applications due to their 
proper features including biodegradability, biocompati-
bility, aqueous solution solubility, hydrophilic properties 
(22, 23).
  In current study, we evaluated the effects of Retinol 
added to differentiation medium and alginate/gelatin- 
based scaffolds on differentiation ability of mouse ciliary 
epithelium-derived MSCs into retinal cells. 

Materials and Methods

Isolation and expansion of MSCs from the mouse 
ciliary body epithelium
  The Balb C mice (6∼8 weeks old, 23∼25 g weight) 
were purchased from Pasteur Institute of Iran. The care 
and use of animals were followed according to the stand-
ard protocols provided for working with laboratory 
animals. All animals were housed in controlled rooms pro-
viding a normal temperature (22℃), humidity (45%), 
12-h light cycles, and enough food and water. The animals 
were treated according to the instructions determined by 
Ethical Committee of Islamic Azad University for working 
with laboratory animals. 
  To extract the desired cells from mouse eyes, the mice 
were firstly euthanized with ketamine/xylazine and then 
the eye globes were enucleated and placed into a sterile 
plate containing Artificial Cerebral Spinal Fluid (ACSF). 
Under a stereo microscope, surrounding tissues including 
connective and adipose tissues were separated and the 
clean eye globes immersed in ACSF were subjected to a 
vertical excision with a dissecting scissor. The two ob-
tained hemispheres were naked from internal parts of eye 
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including vitreous fluid, lens, and neuroretina. After re-
moval of the cornea and iris, the ciliary body section was 
then carefully separated and incubated at first in 2 ml of 
0.5% Dispase (Sigma, Germany) solution at 37℃ for 10 
min and then in trypsin, hyaloronidase and kinortic acid 
(Sigma, Germany). The mixture of ciliary body epithelium 
and enzymes was poured into a 14 ml tube and ciliary epi-
thelium was dissected to single cells through pipetting. To 
separate the single cells, centrifugation was done at 1,500 
rpm for 5 min and the cell pellet was suspended into a 
serum-free culture medium containing trypsin inhibitor. 
The second centrifugation was done at 1,500 rpm for 5 
min and the cells were suspended in 1 ml of culture 
medium. Ultimately, a density of 10 cells per 1 μl were 
seeded in a 24-well plate containing 500 μl of DMEM- 
12 medium (GE Healthcare Life Sciences, USA)＋10% 
FBS and incubated at 37℃ for one week. 

Characterization of cell population isolated from ciliary 
body epithelium of mouse eyes
  The cells isolated from ciliary body epithelium were de-
fined by detection of specific surface antigens like CD105 
and CD45. For this aim, the expanded cells (passage 4) 
were detached from culture dish using 0.25% trypsin/ 
EDTA solution (Sigma, Germany), centrifuged at 1,500 
rpm for 5 min and the pellet was resuspended in 1% bo-
vine serum albumin (BSA) in PBS. Next, the cells were 
incubated with primary antibodies (Abcam; UK, 1：100  
ratio) at 4℃ for 1 hour and then centrifuged at 1,500 rpm 
for 5 min. Afterwards, the cell suspension were exposed 
to the secondary antibody fluorescein isothiocyanate 
(FITC) conjugated anti-mouse (Abcam; UK, 1：200 ratio) 
for 45 min at room temperature in the dark. The cells 
were lastly rinsed with PBS and evaluated using a flow 
cytometer. 

Design and fabrication of alginate/gelatin-based 
scaffolds
  Three types of scaffolds including gelatin, alginate and 
alginate/gelatin (Alg-Gel) hydrogels were fabricated ac-
cording to following procedures. 

Alginate gel
  To find the most proper concentration, the alginate hy-
drogels were constructed at three concentrations of 0.5%, 
1% and 2%. To do this, sodium alginate (alginate 1) and 
sodium alginic acid salt from brown algae (alginate 2) 
(Sigma-Aldrich, Germany) were dissolved in 150 ml of 
PBS (pH 7.0). The solutions were stirred at room temper-
ature overnight. For hybrid alginate gels, hyaloronate so-

dium (NaHa) or polyethylene glycol (PEG) and their asso-
ciated compounds were used (Sigma-Aldrich, Germany). 
After dissolving alginate, PEG or NaHa was added and 
blended overnight to gain a homogeneous fluid. The hy-
drogels were prepared at unsterile conditions to evaluate 
the composition and mechanical stability of hydrogels. 
For cell study, all prepared solutions were filtered using 
0.2 μm filters. 

Gelatin gel
  To find the suitable concentration, the gelatin hydrogels 
were constructed at three concentrations of 0.25%, 0.5% 
and 1% by dissolving 50 mg, 100 mg and 200 mg gelatin 
polymer (Sigma-Aldrich, Germany) into 20 ml of 2% ace-
tic acid (v/v), respectively. The solutions were then mixed 
by a hot-plate magnetic-stirrer until absolutely dissolved. 
To solidify the fabricated polymers, the solutions were 
transferred into two mirror tubes and gathered at −18℃  
overnight. Afterwards, to remove the solvent and achieve 
porous scaffolds, the solutions were incubated in a lyophil-
izer for 48 hours (LABCONCO-Freeze System, Kansas 
city, MO, USA). The fabricated scaffolds were ready after 
breaking the glass tubes and consequently branched into 
two parts for next evaluations.

Alginate/gelatin (Alg-Gel) gel
  According to the results obtained from cytotoxicity as-
says, the most ideal concentration of each alginate and gel-
atin hydrogel was elected to fabricate the blended algi-
nate/gelatin (Alg-Gel) hydrogel. To do this, a Vaseline 
bath with vacant gapes was provided and cooled at −18℃. 
Next, 10% Na-Alg solution (Sigma-Aldrich, Germany) 
were transferred into holes and stored at −18℃ for 15 
min. Na-Alg solid particles were subjected to cross-linking 
reaction in four concentrations of CaCl2 solution (Merck) 
for one hour. Afterwards, the beads were mixed up, wash-
ed with the distilled water and then dried at the air and 
also into a vacuum oven at 30. Regarding to different con-
centrations of CaCl2 solution, a mean diameter around 
0.8±0.2 cm was obtained. Na-Alg hydrogel beads were 
covered by gelatin through submerging in gelatin solution. 
The gelatin-coated beads were then dried at 30℃ and kept 
for latter assays. 

Alginate/gelatin scaffold characterization
  The structure, morphology and porosity distribution of 
alginate, gelatin and alginate/gelatin hydrogels were eval-
uated by scanning electronic microscope (SEM). To pre-
pare the samples, the surfaces of hydrogels were covered 
with a thin layer of gold and inserted into the SEM 
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chamber. The prepared samples were visualized at a cer-
tain magnitude. 

Culture and visualization of MSCs on 
alginate/gelatin-based scaffolds
  The MSCs at a density of 1×105 cells per well were cul-
tured on alginate, gelatin and alginate/gelatin (Alg-Gel) 
scaffolds providing 3D culture systems and also grown as 
a monolayer in a flat dish (2D culture). To detect MSCs 
on scaffolds, the cell nuclei were stained with DAPI (4’, 
6-diamidino-2-phenylindole, Thermofisher, USA). Briefly, 
the cells at a density of 1×104 cells per well were im-
planted on alginate, gelatin and alginate/gelatin (Alg-Gel) 
scaffolds. On next day, the culture medium was discarded, 
the cells were rinsed by PBS and then incubated with 
DAPI for 20 min in the dark. After washing once in PBS, 
the cells were examined under a fluorescent microscope 
(Nikon, Japan). 

Retinol treatment
  To examine the differentiation potential of MSCs, a dif-
ferentiation medium consisted of 50 μM β-mercaptoe-
thanol, 1×minimum essential medium–nonessential ami-
no acids (Thermo Fisher Scientific) and 20% of knockout 
serum substitution (KSR, Thermo Fisher Scientific) was 
applied as a basic differentiation medium to allow cells 
grow and differentiate in 3D and 2D culture systems. 
Moreover, the differentiation medium supplemented with 
Retinol was used to evaluate the effects of Retinol on MSC 
differentiation. For this aim, the cell at a density of 1×104 
cells per well were cultured in a 24-well plates as four 
groups including (1) Retinol-treated cells cultured on algi-
nate/gelatin (Alg-Gel) scaffolds (Retinol＋alginate/gelatin), 
(2) Retinol-treated cells cultured as monolayer (Retinol＋
2D), (3) Differentiation medium-treated cells cultured on 
alginate/gelatin (Alg-Gel) scaffolds (Dif＋alginate/gela-
tin), and (4) Differentiation medium-treated cells cultured 
as monolayer (Dif＋2D). The 3D and 2D cultures treated 
with the differentiation medium alone were considered as 
control groups and the treatment groups were treated with 
differentiation medium supplemented by 5 μM Retinol 
(Sigma-Aldrich, Germany) and incubated at 37℃ (5% 
CO2) for 21 days. 

MTT assay
  Three different concentrations of alginate (0.5%, 1%, 
and 2%) and gelatin (0.25%, 0.5%, and 1%) were prepared 
and the viability of cells seeded on them were measured 
by MTT. Briefly, the fabricated scaffolds were put in a 
96-well plate and 1×104 cells per well were cultured on 

each scaffold. For 2D culture, the cells were directly cul-
tured in the floor of wells. For MTT assay, the medium 
was removed, 200 μl of MTT solution (0.5 mg/ml) (MP 
Biomedicals, LLC, Santa Ana, CA, USA) was eked to wells 
and cells were incubated at 37℃ for 4 hours in the dark. 
Then, the medium was removed and 200 μl of DMSO 
(MP Biomedicals, LLC) was poured to solve formazan 
crystals. Eventually, the color absorbance was meted at 
492 nm by an Eliza reader (EX800, USA). Moreover, the 
effect of the differentiation medium alone (control group) 
and differentiation medium perfected with 5 μM Retinol 
on the viability of MSCs grown on the selected densities 
of alginate, gelatin and alginate-gelatin hydrogels was 
evaluated by MTT as described above.

Functionality assay
  The in vivo functionality of the putative differentiated 
cells was also assessed as described below. A total of 12 
adult male Wistar rats weighing 280∼300 g were used. 
The animals were housed under the standard condition 
(22∼24℃, 45∼50% humidity, 12 h：12 h light/dark cy-
cle) with free access to food and water. During the in vivo 
study, the animals were behaved according to ethical in-
structions of working with laboratory animals defined by 
the research ethics committee of Azad University. The rats 
were dark-adapted overnight, pupils were dilated with cy-
clogyl 1% (Alcon Pharmaceuticals, Fribourg, Iran) and 
phenylephrine 5% (Ursapharm, Saarbrücken, Germany) 
in dim red light. Approximately 5 min before exposure, 
the rat were anesthetized subcutaneously with ketamine 
(85 mg/kg; Inresa Arzneimittel, Freiburg, Germany) and 
xylazine (4 mg/kg Bayer AG, Leverkusen, Germany) and 
located on a pre-warmed surface. Keeping both eyes moist 
during exposure, 2% methocel (OmniVision AG, Neuhausen, 
Switzerland) was applied. The left eyes were exposed to 
blue light (410±10 nm; 60 mW/cm2 at the level of the cor-
nea) for 10∼30 min. The right (unexposed) eyes were 
served as controls. Following light exposure, the rats were 
kept in darkness overnight and then returned back to the 
normal light/dark cycle until analysis (24). The rats were 
divided into 4 groups (n=3 per group) as follows: (1) The 
control group (Diff＋2D) in which rats received the cells 
2D-cultured in differentiation medium with no retinol, (2) 
The Diff＋Alginate/Gelatin group in which rats received 
those cells cultured on Alginate/Gelatin scaffold (3D cul-
ture system) in differentiation medium with no retinol 
treatment, (3) The Retinol＋2D group in which rats were 
transplanted by the cells cultured in differentiation me-
dium supplemented with Retinol, and (4) The Retinol＋
Alginate/Gelatin group in which rats received cells cul-
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Table 1. Sequences of the primers used for real-time PCR

Gene Forward (5’-3’) Reverse (5’-3’)

Gapdh AAGTTCAACGGCACAGTCAAGG CATACTCAGCACCAGCATCACC
Nestin AGGGCTGGGAAGAAGAGGAG GATTGGGATGGGTGAACAGGGT
Rpe65 TGTTGCTGGAAAGGGTTTGA TGGCTGTGGCAGTTGTATGG 
Rho AGAAGGCAGAGAAGGAAGT TGATTGGGTTGTAGATGGAGG

tured on Alginate/Gelatin scaffold (3D culture system) in 
differentiation medium supplemented with Retinol. The 
differentiated cells of both 2D and 3D groups were sus-
pended in DMED medium (Sigma, Germany) at a density 
of 5×104 cells/μl and 10 μl were injected into the sub-
retinal space of the left eye (n=12), using a 30-gauge nee-
dle attached to a Hamilton syringe. Control (sham) groups 
received an equivalent volume of DMED medium. The 
animals were evaluated for visual function 14 days 
post-transplantation. Transplantation efficacy was assessed 
by optokinetic testing whereby an animal that could see 
will involuntarily move its head in response to a moving 
stimulus. 
  Furthermore, the location of the transplanted differ-
entiated cells was examined via tracking the expression of 
rhodopsin protein in the transplanted cells using im-
munohistochemistry assay (25).

qPCR quantification
  The probable alterations in expression levels of three 
Nestin, RPE65 and Rhodopsin genes were meted in 
Retinol-treated MSCs and control group (differentiation 
medium), which expanded on 2% alginate, 0.5% gelatin 
and alginate/gelatin (Alg-Gel) scaffolds and also as a 
monolayer. Briefly, total RNAs were extracted from all 
samples using Tripure isolation reagent instruction (Sigma‑ 
Aldrich, Germany) and were subjected to cDNA synthesis 
reaction by using cDNA synthesis kit (Thermoscientific, 
UK). For Real-Time PCR, the primers were designed by 
Gene runner software (Version 6.5.52) and their efficiency 
and specificity were analyzed by BLAST tool (Table 1). 
The amplification reaction was done using 2X Real-Time 
PCR Master Mix (BioFACTTM, Korea) and an Applied 
Biosystems StepOne. Beta-actin gene was applied as the 
housekeeping gene for normalization of the expression lev-
els of the studied genes. The PCR thermal program was 
set as follows: 95℃ for 15 min as initial denaturation, fol-
lowed by an amplification step for 40 cycles with denatu-
ration segment at 95℃ for 15 sec, annealing segment at 
60℃ for 30 sec and extension segment at 72℃ for 30 sec. 
The melting curve analysis was also done at the end of the 
amplification step. All qPCR experiments were performed 

in triplicate, and the relative gene expressions were calcu-
lated through the 2−ΔΔCt method.

Immunocytochemistry assay
  The neural differentiation of MSCs treated with Retinol, 
compared to differentiation medium alone, was evaluated 
by detecting rhodopsin protein as a photoreceptor-specific 
marker using ICC assay. In brief, 1×105 cells per well 
were cultured on 2% alginate, 0.5% gelatin and algi-
nate/gelatin (Alg-Gel) hydrogels and treated with Retinol 
for 21 days. The 2D cultures were also provided as 
controls. The ICC assay was performed through a stand-
ard protocol described previously (26). Finally, the cells 
stained by FITC-conjugated antibody (Abcam, 1：100 ra-
tio) and DAPI (Thermofisher, USA) were observed under 
a fluorescent microscope equipped with DAPI and FITC 
filters (Olympus, Japan). 

Statistical analysis
  All experiments were performed in triplicate and the re-
sults were represented as the mean±standard deviation. 
To evaluate the statistical significance of the observed dif-
ferences between treatment and control groups, ANOVA 
analyses were exerted using GraphPad Prism (Version 5). 
p＜0.05 was considered as significant.

Results

The features of MSCs isolated from the ciliary body 
epithelium of mouse eyes
  The cell population isolated from mouse ciliary body 
epithelium and seeded as monolayer (2D culture) illus-
trated the classic morphology of mesenchymal stem cells 
(MSCs), adherence features and colony-like forming units 
(shown in Fig. 1A). Furthermore, the characterization of 
the surface antigens of the isolated cells showed that over 
80% of cell population were affirmative for MSC-specific 
markers (93.4% for CD105), implying on MSCs as the 
dominant population of the isolated cells (shown in Fig. 
1B). Nevertheless, a few number of cells were CD45＋ 

(2.55%) that are considered as specific marker for hema-
topoietic stem cells.
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Fig. 2. (A) SEM images of the structural features of alginate/gela-
tin-based scaffolds. (B) The expansion of MSCs on alginate/gela-
tin-based scaffolds. The position of MSCs populated on all scaffolds 
was visualized after DAPI staining the nuclei of MSCs.

Fig. 3. The viability of MSCs on different concentrations of alginate/gelatin-based scaffolds and 2D cultures. The viability of the MSCs 
grown on 2% alginate, and alginate-gelatin scaffolds was significantly higher (∼80%) than 0.5% gelatin (＜60%). Moreover, the 2D cultures 
of the Retinol-treated MSCs and control cells (treated with differentiation medium alone) showed a higher viability comparing to 3D culture, 
suggesting 3D scaffolds could be a suitable context for MSC differentiation.

Fig. 1. (A) MSC cultures (passage 4) derived from mouse ciliary 
body epithelium. The cells grown as monolayer showed the typical 
morphology and adherence features. Scale bars: 200 μm. 
Characterization of the cell population isolated from ciliary 
epithelium. (B) The dominant population in the isolated cells were 
positive for MSC-specific marker CD105 (93.4%) and few cells 
were CD45＋ (hematopoietic stem cell markers, 2.55%).

The characteristics of alginate/gelatin-based scaffolds
  The microstructure and porosity properties of the fab-
ricated 2% alginate, 0.5% gelatin and alginate-gelatin 
(Alg-gel) hydrogels were examined by SEM. The SEM im-
ages indicated that 2% alginate, 0.5% gelatin and the 
mixed alginate-gelatin (Alg-Gel) hydrogels consisted of the 
attached to gather, porous constructions appropriate for 
3D cell cultures (Fig. 2A). Furthermore, fluorescent im-
ages of DAPI staining showed that MSCs were properly 

expanded on the scaffolds of interest (shown in Fig. 2B). 

Viability of MSCs on alginate/gelatin-based scaffolds 
and in differentiation media 
  The results from the comparative study of the effects 
of various densities of alginate and gelatin on viability of 
MSCs demonstrated that there were no significant differ-
ences between alginate 0.5%, 1% and 2% and that an ac-
ceptable cell viability (＞80%) was provided by all alginate 
concentrations (shown in Fig. 3). The viability of MSCs cul-
tured on 0.25% and 0.5% gelatin was adequately high (91% 
and 83%, respectively) rather than 1% gelatin (∼65%). On 
the Basis of this comparative assay, 2% alginate and 0.5% 
gelatin were chosen for fabrication of the mixture of algi-
nate-gelatin (Alg-gel) scaffold. In next step, the data ob-
tained from MTT assay of two MSC groups treated with 
differentiation medium alone (control) and supplemented 
with Retinol, which grown on 2% alginate and 0.5% gela-
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Fig. 4. The relative expression of Nestin, RPE65, and Rhodopsin genes in Retinol-treated MSCs cultured on alginate/gelatin-based scaffolds. 
The expression levels of Nestin, RPE65 and Rhodopsin genes were elevated in both cell groups treated with differentiation medium with 
and without Retinol, which were grown on alginate and the mixed alginate-gelatin hydrogels compared to monolayer cultures (2D culture). 
Compared to gelatin, the expression of Rhodopsin and RPE65, Nestin genes was significantly unregulated in all treated cells grown on 
alginate and alginate-gelatin scaffolds. Importantly, the qPCR data revealed a remarkable elevated expression of Nestin, RPE65 and 
Rhodopsin genes in Retinol-treated MSCs grown on 3D cultures compared to control group (differentiation medium alone). Statistical analy-
ses were exerted using ANOVA test and p＜0.05 was considered significant.

tin and alginate-gelatin scaffolds or as a monolayer (2D 
culture) elucidated that the viability of MSCs broadened 
on both 2% alginate and alginate-gelatin mixture scaffolds 
was significantly higher (∼80%) than that obtained from 
0.5% gelatin (＜60%). Furthermore, the data resulted 
from comparative analyses between 3D and 2D culture 
systems implicated that the Retinol-treated MSCs and 
control cells (treated with differentiation medium alone) 
grown as 2D culture showed a higher viability than those 
cells expanded on 3D culture, suggesting 3D scaffolds 
might provide a more ideal context for MSC differen-
tiation.

The expression of retinal cell-specific genes in 
Retinol-treated MSCs grown on alginate/gelatin 
scaffolds 
  At mRNA level, the relative expression of multiple reti-
na-specific genes including Nestin, RPE65 and Rhodopsin 
was calculated in Retinol-treated MSCs grown on algi-
nate/gelatin-based hydrogels as 3D culture and 2D cul-
ture, comparing to control group (treated with differ-
entiation medium alone). The qPCR data demonstrated 
that the expression levels of Nestin, RPE65 and Rhodopsin 
genes were elevated in both treated-cell groups (Retinol 
and differentiation medium alone) which were expanded 
on alginate and alginate-gelatin mixture compared to 
monolayer cultures (2D culture). There was an exception 
for gelatin that showed no significant difference at the ex-
pression level of differentiation-specific genes compared to 

2D cultures. Among three kinds of the studies scaffolds, 
it was observed that expressions of Nestin, RPE65 and 
Rhodopsin genes were significantly upregulated in all treat-
ed cultures (Retinol and differentiation medium alone) 
grown on alginate and alginate-gelatin scaffolds in com-
parison to gelatin hydrogel. No significant difference in 
expression level of Nestin, RPE65 and Rhodopsin genes was 
observed between the MSCs cultured on alginate and algi-
nate-gelatin scaffolds. On the other hand, the real-time 
PCR data represented a marked upregulation of Nestin, 
RPE65 and Rhodopsin genes in Retinol-treated MSCs grown 
on 3D cultures comparing to control group (differentiation 
medium), confirming the stimulatory effects of Retinol on 
in vitro MSC differentiation (shown in Fig. 4).

The expression of retina-specific marker in 
Retinol-treated MSCs grown on 
alginate/gelatin-based scaffolds 
  In immunochemistry test, the effects of Retinol treat-
ment and differentiation medium alone and alginate/gela-
tin-based scaffolds as 3D culture and also 2D culture on 
the expression of rhodopsin protein (a special marker of 
photoreceptors) were examined in MSC-derived cell 
cultures. The fluorescent images illustrated that the reti-
nol treatment mainly caused a noticeably higher ex-
pression of rhodopsin protein comparing to the differ-
entiation medium alone (shown in Fig. 5A). Furthermore, 
the quantified ICC data showed that in the Retinol-treated 
cell groups, those cells grown on alginate and then algi-
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Fig. 5. (A) The cells expressing rho-
dopsin protein in differentiation me-
dium supplemented with or without 
Retinol on alginate/gelatin-based hy-
drogels. Immunofluorescence images 
showed that the cells treated with 
Retinol exhibited an increased ex-
pression of rhodopsin compared to 
those treated with the differentiation 
medium alone. Among three scaf-
folds, those treated cells grown on 
alginate and alginate-gelatin scaffolds, 
respectively, expressed rhodopsin at 
a significant higher level than those 
grown on gelatin and 2D culture. 
FITC, DAPI, and the merged images 
were represented. Scale bars: 20 μm. 
(B) The quantitative data of ICC assay 
were represented as a statistical graph. 
Data were statistically analysed by 
ANOVA test and p＜0.0001 was con-
sidered significant and showed with 
different letters.

Fig. 6. Preservation of visual function following the differentiated 
cell transplantation in a rat model of retinal degeneration. Preser-
vation of optokinetic head-tracking response to a rotating vertical 
stimulus in 8-week-old rats were analyzed following the trans-
plantation of the differentiated cells. Mean visual acuity of the 
transplanted eye versus control-injected eye and non-transplanted 
dystrophic eye. Visual Acuity is indicated in cycles per degree 
(c/d).

nate-gelatin scaffolds expressed rhodopsin protein at a sig-
nificant higher level (41% and 43%, respectively) than 
those expanded on gelatin and 2D culture (24% and 18%, 
respectively) (shown in Fig. 5B), implying on the effective-
ness of retinol treatment and either alginate hydrogel 
alone or mixed with gelatin on induction of differentiation 
potential of MSCs. 

Visual function of the in vitro differentiated cells in a 
rat model of retinal degeneration following cell 
transplantation
  We used the head-tracking response to assess the visual 
function of the in vitro differentiated cells 14 days after 
transplantation in left eye of a rat model of retinal degen-
eration (Fig. 6). Preservation of the higher spatial fre-
quency (0.5 c/d) monocular optokinetic head-tracking re-
sponse was associated with the differentiated cells trans-
planted in subretinal region of Retinol＋Alginate/Gelatin 
(0.4167±0.14) and Diff＋Alginate/Gelatin (0.2833±0.02) 
compared to retinal＋2D (0.1833±0.07) and Diff＋2D 
(0.0366±0.05) groups. Visual acuity improvement was 
statistically significant just in Retinol＋Alginate/Gelatin 
group. Conservation of visual acuity in the transplanted 
eyes was associated with the preservation of photorecep-
tors in the host outer nuclear layer (ONL). The IHC im-
ages showed the incorporation of the differentiated cells 

in ONL of the transplanted eyes, which were labeled with 
DiI stain. Furthermore, the expression of rhodopsin pro-
tein was detected in the transplanted cells in eyes, which 
was higher in Retinol＋Alginate/Gelatin group compared 
to other groups (Fig. 7). 
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Fig. 7. Immunohistochemically tracking of the transplanted cells and rhodopsin expression. The IHC images showed the incorporation of 
the differentiated cells in outer nuclear layer of retina in the transplanted eyes (DiI-labeled cells). The expression of rhodopsin protein 
was also detected in the transplantation region of in vitro differentiated cells, which was higher in Retinol＋Alginate/Gelatin group compared 
to other groups. FITC, DAPI, DiI, and the merged images were represented. Scale bars: 200 μm.

Discussion

  During last decades, it has been explored that lower ver-
tebrates such as newt and zebrafish manifest an incredible 
capacity to reconstruct their damaged retina by constantly 
generating new neurons instead of the lost ones through-
out their lives. This great ability was found to be due to 
the presence of a stem cell population called retinal stem 
cells (RSCs) resided in ciliary marginal zone (CMZ). 
However RSCs present in all vertebrates during the retino-
genesis, they just remain active in lower vertebrates (27). 
Nevertheless, several small cellular reservoirs of retinal 
stem/progenitor cells have been discovered in mammalian 
retina. These sources includes ciliary body epithelium 
(28), iris (29), limbus (30), retinal pigment epithelium (RPE) 
layer (31, 32) and muller glia region (33). Age-related mac-
ular degeneration (AMD) is one of the age-related delete-
rious diseases that it affects the macula which is author-
itative for high-acuity daylight view in the central area of 
the retina. The reasons of AMD are multifactorial and 
contain genetic predisposition, aging, and high oxidative 
stress. These investigations have generated activity in mi-
cronutrients with antioxidant capabilities to inhibit the 

oxidative hurt elaborated in the development of degener-
ative eye diseases. Therefore, micronutrients including vi-
tamins, antioxidants, and minerals are attractive as prom-
ising strategies for preventative mediation (34). Among 
them, retinoids and their derivatives show so fundamental 
function in vision that dysregulation of any genes involved 
in retinoid cycle in retina leads to different forms of reti-
nal degenerations like AMD, retinitis pigmentosa (RP), 
and Leber congenital amaurosis (LCA). For instance, it 
has been recognized that any mutation in rpe65 gene cause 
to lack of 11-cis-retinal production in RPE cells and con-
sequently disruption of visual cycle between photo-
receptors and RPE cells, leading to progressive degener-
ation of rod and cone photoreceptors and RPE cells. 
Therefore, retinoic acid and its derivatives like retinol 
could help to restore the visual cycle and prevent vast cell 
death in retina (35).
  Although, the retinal stem/progenitor cells found in 
mammals exhibit low capacity to generate new retinal 
cells, many previous studies have reported that these cells 
are able to proliferate and differentiate into different reti-
nal cells under proper induction conditions in vitro (10, 
36, 37). In last years, therefore, Adult retinal stem cells 
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as an ideal cell candidate received a great attentions for 
retinal regeneration studies. Reh and Levine (38) reported 
that intraocular injections of different growth factors like 
FGF-2 and EGF could induce RSCs derived from ciliary 
body epithelium to proliferate and differentiate into reti-
nal neurons. In another study, Bertolotti et al. (39) showed 
that the RSCs, isolated from the adult ciliary body epi-
thelium, could grow as neurospheres and be stimulated to 
differentiate into RPE cells under specific 3D culture 
conditions. In this regard, we isolated and cultured a stem 
cell population from ciliary body epithelium of mouse 
eyes and defined their identity as mesenchymal stem cells 
(MSCs). To provide more suitable conditions for MSC dif-
ferentiation into retinal cells, we exploited concurrently 
treatment with a differentiation medium supplemented 
with Retinol and alginate-based hydrogels as 3D culture 
systems. Our results showed a reduced viability of MSCs 
cultured on alginate, gelatin and the mixed alg-gel scaf-
folds compared to 2D cultures, confirming that the used 
alginate-based scaffolds might promote MSC differ-
entiation by preventing their self-renewal ability. 
Supporting the MTT data, our ICC results indicated that 
firstly the expression of rhodopsin protein was signifi-
cantly increased in all MSCs (treated with differentiation 
medium with and without Retinol) cultured on alginate 
and alg-gel scaffolds compared to 2D cultures, indicating 
the promoting effects of alginate-based scaffolds on MSC 
differentiation. There was an exception about MSCs 
grown on gelatin hydrogel that showed no increased rho-
dopsin expression. A possible explanation for this ob-
servation is that as MSC cultures established on gelatin 
exhibited a low viability (＜60%) and nearly half of cell 
population were subjected to cell death, the physiological 
conditions of MSC cultures were not favorable for cell 
differentiation. In addition, the expression level of rho-
dopsin protein was significantly enhanced in Retinol- 
treated MSCs in comparison to those cells treated with 
differentiation medium without retinol. Consistent to our 
findings, Bi et al. (40) reported that all‐trans‐retinoic acid 
(ATRA) promoted neuronal differentiation of MSCs 
through activating the retinoid signaling pathway. Fawzy 
El‐Sayed et al. (41) also showed that Retinol treatment en-
hanced the differentiation potential of gingival mesen-
chymal stem/progenitor cells (gMSCs) through activating 
the Wnt/β‐catenin pathway. Following the differentiation 
studies, our Real-Time PCR results implied on an ele-
vated expression of Nestin (neural progenitor marker), 
rhodopsin (photoreceptor marker) and RPE65 (specific 
marker for RPE cells) genes in Retinol-treated MSCs cul-
tured on alginate and alg-gel scaffolds, comparing to con-

trols (differentiation medium without Retinol and 2D cul-
ture). The upregulation of Nestin as a neural progenitor 
marker in retinol-treated MSC cultures grown on algi-
nate-based scaffolds elucidated that MSC progenies might 
be committed to differentiate into neural progenitors and 
they in turn could be considered precursors for more dif-
ferentiated retinal cells like neurons and RPE cells ex-
pressing neural markers like rhodopsin and RPE65, 
respectively. The findings presented here confess the im-
pressive stimulatory effects of Retinol and effectiveness of 
alginate-based scaffolds as an appropriate context on dif-
ferentiation potential of MSC cultures. 
  In conclusion, the current study elucidated that Retinol 
treatment and the utilization of alginate-based hydrogels 
as 3D culture systems can facilitate the differentiation po-
tential of MSCs obtained from ciliary epithelium of mouse 
eye into retinal progenitors and specialized cells. To light 
the molecular mechanisms underlying retinol function in 
more details, the alterations in expression levels of many 
more candidate genes involved in the related signaling 
pathways should be examined.
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