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Abstract

BACKGROUND: Corneal disease is second only to cataract considered as the leading cause of blindness in the world,

with high morbidity. Construction of corneal substitutes in vitro by tissue engineering technology to achieve corneal

regeneration has become a research hotspot in recent years. We conducted in-depth research on the biocompatibility,

physicochemical and mechanical properties of rat bone marrow mesenchymal stem cells (rBM-MSCs)-seeded gelatin

methacrylate (GelMA) as a bioengineered cornea.

METHODS: Four kinds of GelMA with different concentrations (7, 10, 15 and 30%) were prepared, and their physic-

chemical, optical properties, and biocompatibility with rBM-MSCs were characterized. MTT, live/dead staining, cell

morphology, immunofluorescence staining and gene expression of keratocyte markers were performed.

RESULTS: 7%GelMA hydrogel had higher equilibrium water content and porosity, better optical properties and

hydrophilicity. In addition, it is more beneficial to the growth and proliferation of rBM-MSCs. However, the 30%GelMA

hydrogel had the best mechanical properties, and could be more conducive to promote the differentiation of rBM-MSCs

into keratocyte-like cells.

CONCLUSION: As a natural biological scaffold, GelMA hydrogel has good biocompatibility. And it has the ability to

promote the differentiation of rBM-MSCs into keratocyte-like cells, which laid a theoretical and experimental foundation

for further tissue-engineered corneal stromal transplantation, and provided a new idea for the source of seeded cells in

corneal tissue engineering.

Keywords Bioengineered cornea � Bone marrow mesenchymal stem cells � Corneal tissue engineering � Gelatin
methacrylate � Hydrogel

1 Introduction

The thickness of corneal tissue is about 500 lm, which is

composed of three different cell types (epithelial cells,

stromal cells and endothelial cells) and three layers (ep-

ithelial layer, stromal layer and endothelial layer). The

cornea is a transparent film located at the forefront of the

eyeball. It is an important protective barrier for the eyeball

and an important part of the eyeball optical system, which

determines the clarity of vision [1, 2]. Many factors, such

as mechanical, thermal, chemical damage and microbial

infections, can cause the transparent cornea to appear

& Shengbo Sang

sunboa-sang@tyut.edu.cn

1 MicroNano System Research Center, College of Information

and Computer & Key Lab of Advanced Transducers and

Intelligent Control System, Ministry of Education, Taiyuan

University of Technology, Taiyuan 030024, China

2 College of Information Science and Engineering, Hebei

North University, Zhangjiakou 075000, China

3 College of Biomedical Engineering, Taiyuan University of

Technology, Taiyuan 030024, China

4 Department of Lacrimal Duct Diseases, Shanxi Eye Hospital,

Taiyuan 030002, China

123

Tissue Eng Regen Med (2022) 19(1):59–72 Online ISSN 2212-5469

https://doi.org/10.1007/s13770-021-00393-6

http://orcid.org/0000-0003-3011-7632
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-021-00393-6&amp;domain=pdf
https://doi.org/10.1007/s13770-021-00393-6


grayish and cloudy, and may even lead to vision loss and

blindness [3]. This physiological phenomenon is known as

corneal disease, which is second only to cataract consid-

ered as the leading cause of blindness in the world, with

high morbidity. At present, about 20 million people

worldwide are blinded by corneal diseases [4]. Allogeneic

corneal transplantation is the most effective method to treat

corneal diseases, but it is difficult to achieve good curative

effects and meet increasing medical needs, due to the lack

of donors, immune rejection or biocompatibility, infection

and other problems. The appearance of corneal tissue

engineering brings happiness and hope for treating and

preventing corneal lesions [5–11].

Many kinds of scaffolds materials can be used for cor-

neal tissue engineering, including porcine cornea, collagen,

silk film, chitosan, biodegradable synthetic polymers and

composite materials [12–16]. Hydrogels can swell in water

or biological fluids and retain large amounts of water

without being dissolved. The structure of hydrogels is

similar to human tissues and does not affect the metabolic

process of organisms. Metabolites can be discharged

smoothly, so hydrogels are often used as substitutes for

human organs/tissues. Hayes et al. synthesized a corneal

substitute using recombinant human type III collagen [17].

Lawrence et al. prepared biomimetic corneal matrix tissue

using silk protein membrane as scaffold material [18]. As

the main component of the extracellular matrix (ECM),

collagen has perfect biocompatibility and biodegradability,

which is beneficial to promote regeneration of active pro-

genitor cells and can be used as a natural biomaterial for

corneal replacement [19]. However, one of the difficulties

of natural collagen is its poor mechanical properties, which

usually results in excessive deformation due to the con-

traction behavior of cells. Besides, Stafiej et al. evaluated

the adhesion and metabolic activity of human corneal cells

based on polycaprolactone (PCL) nanofiber matrix [20].

The disadvantage of PCL is that it is not easily degraded

after implantation. Corneal-derived acellular extracellular

matrix has also been used in corneal research, but its low

yield and immunogenicity also make it have certain limi-

tations [21].

Collagen is abundant in the human body, while gelatin is

a protein mixture produced by acid or alkaline hydrolysis

of collagen. The chemical composition of gelatin is similar

to collagen, which is widely used in pharmaceutical, food,

cosmetics and other fields [22]. As a biodegradable mate-

rial, gelatin has good tissue compatibility and can be

degraded naturally in vivo without causing tissue inflam-

mation. Linear polymer formed by cross-linking of amino

acids and peptide chains can undergo a variety of surface

modifications and reactions. In addition, materials con-

taining the RGD sequence can increase cell adhesion

[23, 24]. In recent years, a new type of photosensitive

hydrogel [Gelatin methacrylate (GelMA)] has been widely

favored by scholars. GelMA is prepared by graft modifi-

cation. The presence of methacrylic anhydride group

makes it photosensitive and can be cross-linked rapidly

under ultraviolet (UV, 365 nm) or near-UV blue light

(405 nm). Cell-loaded GelMA hydrogels have been widely

used in a variety of tissue-engineering applications because

GelMA can precisely adjust the properties of the hydrogel

by changing the conditions during its synthesis to suit the

target tissue and ensure cell survival [25, 26]. At the same

time, GelMA also has good biodegradability and excellent

biocompatibility. Farasatkia et al. used silk nanofibrils and

GelMA in corneal tissue engineering to obtain composites

with good mechanical, optical and biological properties

[27]. Bektas et al. applied cell-loaded GelMA hydrogels of

and poly(2-hydroxyethyl methacrylate) to corneal tissue

engineering. Cells synthesized representative collagens and

proteoglycans in the hydrogels indicating that they pre-

served their keratocyte functions [28].

Stem cell research has brought hope for the treatment of

many diseases and injuries [29]. In particular, the appli-

cation of pluripotent adult stem cells has attracted exten-

sive attention because it does not involve ethical issues. A

lot of researches have shown that bone marrow mes-

enchymal stem cells (BM-MSCs) have been used in cor-

neal tissue engineering [19]. Carter et al. conducted the

study of in vitro corneal wound healing using BM-MSCs to

facilitate faster corneal wounds healing [30]. Studies have

investigated and verified the efficacy of BM-MSCs and

adipose tissue-derived mesenchymal stem cell in corneal

wound healing [31, 32]. Rohaina et al. also confirmed that

BM-MSCs could be used in the limbal stem cell deficient

model to achieve the reconstruction of the corneal surface

[33].

In this study, we used methacrylic anhydride (MA) to

modify gelatin to prepare GelMA that can be polymerized

by near-UV blue light (* 405 nm) to initiate free radical

polymerization. The physic-chemical characterization of

GelMA hydrogels were evaluated. In particular, rat bone

marrow mesenchymal stem cells (rBM-MSCs) were used

to assess the biocompatibility of GelMA hydrogels in

various concentrations. The ability of rBM-MSCs to dif-

ferentiate into keratocyte-like cells was characterized by

immunofluorescence staining and gene expression of ker-

atocyte markers, including Keratocan, Lumican,

ALDH1A1, a-SMA. Our study verified that 30%GelMA

hydrogel could provide a better dynamic microenviron-

ment for rBM-MSCs to differentiate into keratocyte-like

cells.
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2 Materials and methods

2.1 Materials

Gelatin powder (type A gelatin derived from porcine skin),

L-ascorbic-acid-2-phosphate and amphotericin B were

purchased from Sigma-Aldrich. MA, lithium phenyl(2,4,6-

trimethylbenzoyl) phosphate (LAP), penicillin, strepto-

mycin, penicillin/streptomycin, methyl thiazolyl tetra-

zolium (MTT) and dimethylsulfoxide (DMSO) were

obtained from Macklin. Dulbecco’s Modified Eagle Med-

ium and Ham’s Nutrient Mixture F-12 (DMEM/F12), fetal

bovine serum (FBS) and Dulbecco’s Modified Eagle

Medium (DMEM) were purchased from Thermo Fisher

Scientific. Phalloidin was acquired from Abbkine. Live-

dead assay kit was provided from BestBio. GlutaMAXTM

was purchased from Gibco. 4’,6-dimidyl-2-phenylindole

(DAPI) was obtained from Boster. cDNA synthesis kit and

SYBR Premix Ex Taq were acquired from Juhemei. Anti-

Lumican and FITC-labeled goat anti-rabbit IgG were pro-

vided from Abcam.

2.2 Preparation of GelMA

GelMA was synthesized by grafting modification as

described previously (Fig. 1) [34]. Briefly, the mixture of

5 g of gelatin and 50 mL of phosphate buffered saline

(PBS) was stirred until completely dissolved at 60 �C. And
4 mL of MA was slowly added to the gelatin solution, and

the mixture was reacted for 3 h at 50 �C. Then 200 mL

PBS was added for dilution to terminate the reaction at 40

�C. To remove salt and MA, 14 kDa cutoff dialysis bag

was used to dialysis the mixture for 1 or 2 weeks. Finally,

GelMA was prepared by lyophilizing the mixture and

stored at -80 �C.
A certain amount of lyophilized GelMA was dissolved

in PBS at 37 �C, and LAP (0.25% w/v) was added as a

photoinitiator to form prepolymer solutions of different

concentrations (7, 10, 15 and 30% (w/v)). The GelMA

hydrogel was prepared by crosslinking the prepolymer

solution under near-UV blue light (* 405 nm) for 30 s to

evaluate its mechanical properties, contact angle, optical

properties and biodegradability. The prepolymer solution

was sterilized by filtration with 0.22 lm filter before cell

experiments. rBM-MSCs were seeded on the surface of the

hydrogel at a density of 1 9 104 cells/cm2.

2.3 Fourier transform infrared spectroscopy (FTIR)

Potassium Bromide pressed-disk technique was used to

evaluate FTIR of gelatin, GelMA and GelMA hydrogel by

Fourier infrared spectrometer (Bruker, ALPHAII, Melle,

Germany). Briefly, the gelatin, GelMA, GelMA hydrogel

and KBr were mixed (1: 100) respectively for FTIR anal-

ysis after compression [19].

2.4 Scanning electron microscope (SEM)

and porosity

The GelMA hydrogel was prepared according to the above

method and freeze-dried. SEM (JEOL, Japan) with accel-

eration voltage of 5 kV was used to evaluate the internal

morphology of the GelMA hydrogel. In addition, Archi-

medes’ principle was used to evaluate the porosity of

freeze-dried GelMA hydrogels. Briefly, freeze-dried

GelMA hydrogel (W4) was placed into a bottle full of

ethanol (W1). The weight of the bottle with ethanol and

GelMA hydrogel after 24 h immersion was recorded as

W2. After removing GelMA, the weight of the bottle with

ethanol was recorded as W3. Then, the porosity was cal-

culated by the following formula [19]:

porosity wt.-%ð Þ ¼ W2 �W3 �W4

W1 �W3

� 100% ð1Þ

2.5 Equilibrium water content and degradation

The GelMA hydrogels was placed in PBS (pH = 7.4) at 37

�C and immersed completely to characterize equilibrium

water content. After 48 h, the GelMA hydrogel was

removed from the PBS and excess water on the surface of

Fig. 1 Synthesis of gelatin methacrylate (GelMA) hydrogel
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the GelMA hydrogel was removed by filter paper. The

equilibrium water content of GelMA hydrogels (We) was

calculated by the following formula:

We wt.-%ð Þ ¼ Ww �Wd

Ww

� 100% ð2Þ

In the formula above, Wd and Ww are the weight of the

GelMA hydrogels before and after being immersed in PBS,

respectively.

The degradation behavior of hydrogel in vitro is an

important factor affecting the development of corneal tis-

sue engineering [35]. Four kinds of GelMA hydrogels with

different concentrations (7, 10, 15 and 30%) were evalu-

ated in PBS at pH 7.4 and 37 �C for an in-vitro degradation

rate. The GelMA hydrogels were placed in a small cen-

trifuge tube containing 4 mL of 10 mM PBS, and then 50

lL of collagenase (10 U/mL) was added [36]. The weight

of each hydrogel was weighed after removing excess water

on the surface of the GelMA hydrogel with a filter paper at

different time intervals. The degradation rate of GelMA

hydrogel was calculated as following:

Degradation wt.-%ð Þ ¼ W1

W0

� 100% ð3Þ

In the formula above, the initial weight of GelMA

hydrogel was recorded as W0, the weight of the GelMA

hydrogel after degradation was labeled as W1. The weight

of the samples was weighed every day.

2.6 Mechanical characterization

The GelMA hydrogel cylinders (diameter of 10 mm,

thickness of 2 mm) with concentration of 7, 10, 15 and

30% were prepared. Young’ modulus of the GelMA

hydrogel was measured by the Instron universal testing

machine after 24 h immersion in PBS. The compression

speed was set as 0.1 mm/min, with three samples in each

group.

2.7 Characterization of surface contact angle

The contact angles of the GelMA hydrogel were deter-

mined by sessile drop method. The samples were testing by

using 1 lL of distilled water as medium on the digital

microscope dino-light (Taiwan). Then angles were ana-

lyzed by Dino Capture 2 software.

2.8 Light transmittance

Optical transmittance is also an important factor to be

considered for biomaterials used in corneal tissue engi-

neering [37]. GelMA hydrogels were placed in PBS for 1 h

and then the absorbance of the sample was obtained with a

Cytation5 Imaging Reader (BioTek Instruments, Winooski,

VT, USA).

2.9 Cell evaluation

2.9.1 The adhesion, viability and morphology of cell

rBM-MSCs were provided by Procell Life Technology Co.,

Ltd. (Wuhan, China) and cultured in DMEM/F12 medium

supplemented with 10% FBS and 1% penicillin/strepto-

mycin. First, 7, 10, 15 or 30% rBM-MSCs-seeded GelMA

hydrogels were prepared and cultured in DMEM/F12

supplemented with 10% FBS and 1% penicillin/strepto-

mycin for 7 days in a 37 �C, 5% CO2 incubator. The via-

bility and adhesion of rBM-MSCs were confirmed by using

live-dead assay kit. 4 lM calcein-AM was mixed in PBS to

prepare the live staining solution and 4 lM propidium

iodide was also mixed in PBS to prepare the dead staining

solution. Then, the rBM-MSCs-seeded GelMA hydrogel

was immersed in the live staining solution and incubated

for 30 min, then transferred to the dead staining solution

and incubated for 10 min. The images of GelMA hydrogel

were taken by Cytation5 Imaging Reader. The ratio of the

number of live cells to the total number of cells was cal-

culated to obtain the viability of the rBM-MSCs on GelMA

hydrogels by using ImageJ software. The adhesion rate was

calculated by the ratio of the area of the green fluorescently

stained cells to the total area by using ImageJ software. The

morphology of rBM-MSCs was confirmed by phalloidin

and DAPI staining. The stained samples were imaged using

Cytation5 Imaging Reader.

2.9.2 Cell proliferation assay

The proliferation of rBM-MSCs on the GelMA hydrogels

was examined with MTT assay. First, the rBM-MSCs-

seeded GelMA hydrogels were cultured in 96-well plate,

then incubated with 20 lL MTT for 4 h, after 1, 3, and

7 days. After removing the mixture, the DMSO solution

was added and shook on a shaker for 10 min. Then the

absorbance of supernatant was measured at 570 nm by

Cytation5 Imaging Reader.

2.10 Differentiation of rBM-MSCs

Rat corneal keratocyte cells were provided by Procell Life

Technology Co., Ltd. and cultured in DMEM supple-

mented with 0.1 mM/mL L-ascorbic-acid-2-phosphate and

2 mM/mL GlutaMAXTM with the addition of 100 U/mL

penicillin, 100 mg/mL streptomycin and 250 ng/mL

amphotericin B. After three days, the medium was har-

vested and centrifuged. The supernatant was collected by

0.22 lm filter and used as keratocyte-conditioned medium
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(KCM), which was directly transferred for the cultivation

of rBM-MSCs [38].

Initially, rBM-MSCs-seeded GelMA hydrogel was cul-

tured in complete DMEM/F12 medium for 24 h, and

transferred to DMEM/F12 containing 10% KCM. Then the

concentration of KCM in DMEM/F12 was gradually

increased (10–50%). Because of the proliferation rate of

rBM-MSCs decreased when the concentration of KCM was

greater than 50%. The rBM-MSCs-seeded GelMA hydro-

gels were induced to differentiate for 14 days.

2.11 Quantitative RT-PCR

After rBM-MSCs were induced to differentiate for

2 weeks, total RNA was extracted with Trizol reagent.

RNase-free water was used to dissolve the white RNA

pellet, and the RNA concentration was measured with a

spectrophotometer (NanoDrop OneC, Thermo Scientific).

cDNA synthesis kit was used to synthesize the total cDNA.

QRT-PCR was performed to detect the gene-specific of

Keratocan, Lumican, Na?,K?-ATPase alpha 1 subunit

(ALDH1A1), alpha-smooth muscle actin (a-SMA) and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

using SYBR Premix Ex Taq. The CFX96TM Real-time

PCR (BioRad, Hercules, CA, USA) was used to quantify

SybrGreen fluorescence of the amplified cDNA products.

The results of the qRT-PCR were obtained by calculating

the average expression of each target gene by using

GAPDH as the reference gene. The primer sequences of the

four different genes are shown in Table 1.

2.12 Immunofluorescent staining

The expression of Lumican in rBM-MSCs was detected by

immunofluorescence staining, after rBM-MSCs were

induced to differentiate for 2 weeks. The rBM-MSCs-see-

ded GelMA hydrogels were washed 3 times with PBS, then

fixed with 4% paraformaldehyde (PFA) and permeabilized

with 0.05% Triton X-100 to permeabilize fixed cells for

15 min. The rBM-MSCs-seeded GelMA hydrogels were

incubated with a blocking agent (bovine serum albumin in

PBS) for 30 min. Then the samples were incubated with

anti-Lumican (diluted 1:250 in blocking reagent) at 4 �C
overnight, then incubated with FITC-labeled goat anti-

rabbit IgG (diluted 1:500 in a blocking agent) in dark for

2 h and DAPI for 10 min. The stained samples were

imaged using Cytation5 Imaging Reader.

2.13 Statistical analysis

The experimental result data was analyzed by SPSS 20.0

and described in the form of mean ± standard deviation

(SD). A one-way analysis of variance (ANOVA) was used

to test whether there are differences between the data

groups. P\ 0.05 was considered statistically significant.

3 Results

3.1 Physical and chemical characterization

The infrared spectra of GelMA before and after pho-

topolymerization is shown in Fig. 2. In the comparison

between gelatin and GelMA, the new peak at

1533.51 cm-1 belonged to the N–H deformation vibration

peak of the amide. The strong peak of C =O stretching

vibration appeared at 1628.50 cm-1. This is because the

C=O on the amide was shifted from the acid anhydride.

This indicated that the target GelMA was synthesized. As

for the comparison between GelMA and GelMA hydrogel,

after photopolymerization, the C=C stretching vibration

Table 1 Sequences of qRT-PCR primers

Genes Primer sequence

Keratocan Forward: 50-
TAGAGTACAGGACCCAGAGGAGTG-30

Reverse: 50-GGGAAACTCGGTGGACAGAAGC-30

Lumican Forward: 50-TCCGCTCCCAAAGTCCCTACAAG-30

Reverse: 50-GCCTTTCAGAGAAGCCGAGACAG-30

ALDH1A1 Forward: 50-TCGTCAAGCCAGCAGAGCAAAC-30

Reverse: 50-GACAATGGTCACCACGCCAGGAG-30

a-SMA Forward: 50-GACCTCGTTTCTCCCTCCACCTC-30

Reverse: 50-AGGCATCCAACACGGCAAGAAC-30
Fig. 2 The infrared spectrum of GelMA before and after photopoly-

merization. A Gelatin, B GelMA [degree of MA modification (68%)]

and C GelMA hydrogel
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peak near 3769.13 cm-1 disappeared, while the C = O

stretching vibration peak near 1628.50 cm-1 and the N–H

stretching vibration peak near 1533.51 cm-1 were weak-

ened. Judging from this, GelMA was polymerized under

near-UV blue light (* 405 nm) to form GelMA hydrogel.

The morphology of the GelMA hydrogel was detected

by SEM, as shown in Fig. 3A-D. The inside of the GelMA

hydrogel presented a three-dimensional porous structure,

which affects the hydrophilicity and biological activity of

the material. In order to measure the average pore size of

the freeze-dried hydrogels, we used the Image J software.

As shown in Fig. 3, the average pore size of 7%GelMA

hydrogels was 183.45 ± 20.13 lm, 10%GelMA hydrogels

was 93.61 ± 13.14 lm, 15%GelMA hydrogels was

50.78 ± 7.26 lm, and 30%GelMA hydrogels was

39.32 ± 9.25 lm. The results showed that the larger the

concentration of GelMA, the smaller the pore size of the

hydrogel. The porosity of the GelMA hydrogel is shown in

the Fig. 3E. This indicated that the porosity of the hydrogel

decreases with the increase of the concentration of GelMA.

The porosity of 7%GelMA hydrogel was as high as

94.67 ± 1.71wt.-%.

3.2 Equilibrium water content and degradation

performance

The corneal stroma contains approximately 78% water

[39]. The equilibrium water content of 7, 10, 15 and 30%

GelMA hydrogels is shown in Fig. 4A. The water content

of hydrogels with different concentrations was significantly

different. The equilibrium water contents of the 7%

(75 ± 3.14wt.-%) and 10% (71 ± 2.54wt.-%) GelMA

hydrogels were comparable to that of the human cornea

(78.0 ± 3.0wt.-%) [22]. When the concentration of GelMA

increased, the equilibrium water content of the hydrogel

decreased accordingly. With the increase of GelMA con-

centration, the interconnected GelMA network chains in

the hydrogel were tightly packed to form a denser network

structure. Meanwhile, the porosity of the hydrogel

decreased, which reduced the swelling effect of water

molecules on the hydrogel to a certain extent, resulting in a

decrease in the equilibrium water content of the hydrogel

[40].

The degradation of four concentrations of GelMA

hydrogel in a 10 U/ml collagenase solution is shown in

Fig. 4B. With the increase of concentration of GelMA, the

degradation time of hydrogel in vitro was longer. Addi-

tionally, 7% of GelMA hydrogels were completely dis-

solved in collagenase within 3 days, 10% of GelMA

hydrogels were dissolved within 5 days, 15% of GelMA

hydrogels were dissolved within 7 days and 30% of

GelMA hydrogels were dissolved within 11 days. The

higher the concentration of GelMA hydrogel, the slower

the degradation rate.

3.3 Mechanical characterization

The cornea responds to stress with both the elasticity of the

biofilm and the viscosity of liquid as a soft tissue [41]. In

order to study the mechanical properties of GelMA

hydrogel, stress–strain curves were performed and recor-

ded as shown in Fig. 4C. The strain changed linearly with

Fig. 3 The morphology (A: 7%; B: 10%; C: 15%; D: 30%), E porosity and F pore size of GelMA hydrogel
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the increase of stress. There was a little jitter on the curve,

which represented the noise signal of the environment. The

Young’s modulus (Fig. 4D) of 7, 10, 15 and 30% GelMA

hydrogels were 0.92 ± 0.85, 3.28 ± 1.17, 7.54 ± 0.94 and

30.12 ± 1.25 kPa, respectively. There were statistically

significant differences (p\ 0.05) among the groups. The

mechanical properties of biomaterials have an important

impact on the biological behaviors of the cells attached to

or wrapped on them, including cell proliferation, differ-

entiation, migration and adhesion [42]. For this reason, it is

necessary to target the seeded cells (rBM-MSCs) to screen

out the most suitable gel parameters for their three-di-

mensional growth [43].

3.4 Characterization of contact angle

The wettability of hydrogel surface depends on its chemi-

cal composition. The contact angles of GelMA hydrogels

are shown in Fig. 5. The contact angles of 7, 10, 15 and

30% GelMA hydrogels were 37.36�, 50.24�, 64.12� and

73.89� after water staying on the GelMA hydrogel for 90 s,

respectively. It can be concluded that the hydrophilicity of

the hydrogel was excellent, and 7% of GelMA hydrogel

was the best.

Fig. 4 A The equilibrium water content, B degradation performance, C stress–strain curve and D Young’s modulus of GelMA hydrogel

Fig. 5 Contact angles of GelMA hydrogels with different concen-

trations (7, 10, 15 and 30%)
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3.5 Optical measurement-light transmittance

Figure 6 shows the transmittance curves of four GelMA

hydrogels with different concentrations after immersing in

PBS. The light transmittance of 7, 10, 15 and 30% GelMA

hydrogels were about 87.53, 83.43, 76.72, and 66.35% at

400–800 nm, respectively. The results showed that the

transparency of the hydrogel decreased with the increase of

the concentration of GelMA hydrogel.

3.6 Cell evaluation

rBM-MSCs-seeded GelMA hydrogels were cultured at 37

�C, 5% CO2 and the cell adhesion was examined 7 days

later. As shown in Fig. 7A, green fluorescence represents

live cells and red represents dead cells. The results showed

that rBM-BMSCs had the best adhesion to the surface of

7% GelMA, with the most live cells. On the surface of 7,

10 and 15% GelMA, most of the cells were alive, while on

30% GelMA, there were relatively more dead cells. The

survival and adhesion rates of rBM-MSCs cultured on

GelMA hydrogel (7, 10, 15 or 30%) were compared

(Fig. 7B, C). The survival rate of 7% GelMA was the

highest, 94 ± 4.67%. This result implied that rBM-MSCs

had higher adhesion rate and activity under lower GelMA

concentration.

The morphology of rBM-MSCs on GelMA hydrogels

with different concentrations is shown in Fig. 8. It can be

seen that the changes of GelMA concentration had no

obvious effect on the cell morphology of rBM-MSCs.

rBM-MSCs-seeded GelMA hydrogel was cultivated and

the proliferation of rBM-MSCs was judged by observing

the absorbance at 1, 3, and 7 days (Fig. 9). The rBM-MSCs

on the GelMA hydrogel of each concentration proliferated

over time. The cell viability of hydrogels with different

concentrations was comparable at all time points. The

proliferation of rBM-MSCs in 7% GelMA hydrogel was

significantly different from that of in 15 and 30% GelMA

hydrogels. However, on day 1, there was no significant

difference in the proliferation of rBM-MSCs on the scaf-

fold among different concentrations of hydrogels and there

was significant difference in cell proliferation between 7%

GelMA and 15%, 30% GelMA hydrogels on day 7. As the

concentration of GelMA increased, cell viability decreased.

3.7 Expression of keratocyte markers in rBM-MSCs

The expression of keratocyte marker genes in rBM-MSCs

including Keratocan, Lumican, ALDH1A1 and a-SMA

was determined by qRT-PCR with 7% GelMA hydrogel

group as the control group (Fig. 10). According to this

figure, greater upregulated expression of Lumican and

ALDH1A1 specific genes was observed in all four groups

of rBM-MSCs-seeded hydrogel. The expression of Kera-

tocan and a-SMA in the four groups of hydrogels was not

significantly different. In addition, Lumican and

ALDH1A1 expression levels were significantly increased

in 30% GelMA hydrogel compared with other groups.

These results suggested that 30% GelMA hydrogel can

provide a better microenvironment for rBM-MSCs to

successfully differentiate into keratocyte-like cells.

Furthermore, the immunofluorescence staining of

Lumican of four different concentrations of hydrogels is

shown in Fig. 11. According to the figure, the expression of

Lumican was found in rBM-BMSCs induced to differen-

tiate on the four different concentrations of hydrogels.

However, rBM-MSCs showed a greater expression of

Lumican on 30% GelMA hydrogel, which was signifi-

cantly different from the other three groups.

4 Discussion

The GelMA hydrogel used in this experiment is a natural

biological scaffold with cell adhesion sites, matrix metal-

loenzymes (MMPs) response peptide sequences, pho-

topolymerization and metabolizable properties. It is a kind

of polymer reactant which is based on gelatin and chemi-

cally polymerized after adding MA [44, 45]. The principle

of GelMA hydrogel photo-crosslinking is a covalent

crosslinking reaction that relies on exposure to near-UV

blue light (* 405 nm) radiation to initiate a polymeriza-

tion reaction of free radicals in the presence of a pho-

toinitiator [46]. Gelatin solution has the characteristics of

being able to physically crosslink at low temperature and

the addition of MA group makes it have photosensitive

characteristics, which can be quickly crosslinked under the

condition of adding a suitable concentration of
Fig. 6 The transmittance curves of four GelMA hydrogels with

different concentrations when immersed in PBS
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photoinitiator and the crosslinking process has time and

space adjustability. This indicates that the specific three-

dimensional morphological structure of the gel can be

modulated by means of microfluidics, which provides a

good reference value and science for the regulation of cell

behavior in basic research, cell-material interaction and

tissue engineering organ reconstruction in clinical research

background.

In this study, we prepared and characterized four dif-

ferent concentrations of GelMA hydrogel. As a carrier,

GelMA hydrogel was transparent, biodegradable and suit-

able for the attachment and proliferation of rBM-MSCs. At

Fig. 7 The detection of cell adhesion and viability. A Live/dead

staining shows the survival and adhesion of rBM-MSCs on GelMA

hydrogel with different concentrations. Live cells: green (calcein-

AM); Dead cells: red (PI). Scale bar: 100 lm. B The viability of

rBM-MSCs on GelMA hydrogel. C The adhesion rate of rBM-MSCs

on GelMA hydrogel

Fig. 8 Cell morphology of rBM-MSCs on GelMA hydrogel.

Nucleus, blue (DAPI); f-actin, green (green fluorescently labeled

phalloidin). Scale bar: 200 lm

Fig. 9 Proliferation of rBM-MSCs on GelMA hydrogels with

different concentrations after 1, 3, 7 days of culture
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the same time, GelMA hydrogel was beneficial to induce

the differentiation of rBM-MSCs. The results showed that

higher concentration of GelMA hydrogel could promote

the differentiation of rBM-MSCs into corneal keratocyte-

like cells. These results demonstrated the potential of BM-

MSCs in corneal tissue engineering.

The white foamy monomer of GelMA hydrogel can be

scanned by a scanning electron microscope to show that the

cross-section morphology of GelMA hydrogel biological

scaffold was multi-pore and interconnected three-dimen-

sional network structure. The three-dimensional porous

structure can absorb nutrients in the culture medium and

enable the antennae of the cells to grow inward along the

micropores [47]. In addition, temperature will affect the

pore size of the hydrogel. The temperature-sensitive

hydrogel can adjust the water absorption of the hydrogel by

changing the swelling temperature, so as to obtain a

microporous structure with different pore sizes [48]. Dif-

ferent concentration of GelMA hydrogels had different

crosslinking concentration and the greater the degree of

crosslinking, the smaller the degree of swelling. The results

of the equilibrium water content showed that 7%GelMA

hydrogel had the highest water content, which was similar

to human normal cornea [27]. Degradation rate is an

important factor to be considered in the implantation of

hydrogels. Rapid degradation is not conducive to the

growth of new tissues, so the appropriate degradation rate

is conducive to the combination of hydrogel with sur-

rounding tissues [19]. The compressive strength of human

natural corneal stroma is 403–624 kPa [49]. The higher the

concentration of GelMA, the better the mechanical prop-

erties of hydrogel. The young’s modulus of 30%GelMA

hydrogel was 30.12 ± 1.25 kPa, which was significantly

different from that of natural cornea. However, the calcu-

lation of Young’s modulus is also one of the main

requirements of material research and further consideration

should be given to improving the mechanical properties of

hydrogels in vivo. The hydrophilicity or hydrophobicity of

the surface of a biomaterial affects its interaction with

cells. The stem cells attach and diffuse to a larger area on

Fig. 10 qRT-PCR analysis of the expressions of keratocyte marker

genes including A Keratocan, B Lumican, C ALDH1A1 and D a-
SMA of rBM-MSCs cultured on GelMA hydrogel with different

concentrations after 2 weeks of differentiation. The values are

expressed as fold change and normalized to the GAPDH value (n = 3)
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the surface of the material with better hydrophilicity and

the cell proliferation is faster [50]. The light transmittance

of normal corneal stroma is as high as 90% at 750 nm.

Clinically, many reasons can cause corneal edema and

turbidity. The light transmittance of diseased corneal tissue

is about 30–80%. With the increase of corneal turbidity,

corneal transmittance decreased sharply. The greater the

concentration of GelMA, the lower the transmittance of the

hydrogel. The light transmittance of 7%GelMA hydrogel

was about 88.2% at 750 nm, which is close to human

normal cornea [51]. In addition, the light transmittance of

hydrogel increases with the increase of swelling time and

after reaching the equilibrium of swelling, the light trans-

mittance basically remains unchanged [19].

In the process of tissue repair and regeneration, stem

cells play an important role. After proliferation and dif-

ferentiation, stem cells can develop into mature cell lines

with specific functions. BM-MSCs can be cultured in vitro

and in vivo to induce differentiation into corneal epithelial

cells, limbal epithelial cells and corneal stromal cells. BM-

MSCs can differentiate into corneal epithelial cells after

transplantation, effectively repair damaged corneal

epithelial cell tissues, express a variety of cytokines, reduce

inflammatory cell infiltration, reduce cell damage, inhibit

cell apoptosis and reduce rejection after corneal trans-

plantation [52, 53]. Yun et al. proved that BM-MSCs can

significantly reduce corneal opacity. It was showed that

transplantation of allogeneic BM-MSCs is as safe and

effective as transplantation of allogeneic limbal epithelial

cells [54, 55]. Lumican protein is an extracellular protein,

which is closely related to the normal development of the

sclera, the maintenance of corneal transparency and the

occurrence of myopia [56]. Keratocan is also important in

maintaining corneal transparency. Corneal keratocytes

express large amounts of corneal crystallin, a water-soluble

protein such as ALDH1A1 that also helps to maintain

corneal transparency. When corneal keratocytes proliferate

continuously in vitro or corneal keratocytes were cultured

with serum, they will differentiate into fibroblasts and

myofibroblasts. These fibroblasts decrease the expression

of corneal specific proteins and show up-regulated of a-
SMA (mesenchymal marker) and down-regulated of Ker-

atocan [38]. In this study, we found that 7%GelMA

hydrogel could promote the growth and proliferation of

rBM-MSCs, while 30%GelMA hydrogel has a low cell

adhesion rate. This may be because the 7%GelMA

hydrogel has larger internal pore size and higher porosity,

which is conducive to the transport of nutrients and the

discharge of metabolites. In Shin et al. ’s study, reduced

graphene oxide (rGO)-GelMA (7% w/v) hydrogel could

promote the growth and proliferation of cells [57]. How-

ever, 30%GelMA hydrogel had small internal pore size and

low porosity, which is not conducive to the growth of rBM-

MSCs [58]. In addition, it may be that high concentrations

of GelMA hydrogels contain less RGD, which is the main

binding site for cells. It exists in a variety of extracellular

matrices and can effectively promote the adhesion of cells

to biomaterials. At the same time, we found that the

expression level of Lumican and ALDH1A1 was the

highest in the rBM-MSCs seeded on 30%GelMA hydrogel.

Mechanobiology studies have shown that the differen-

tiation of limbal stem cells is controlled by changes in the

hardness of the underlying matrix. The harder matrix

promotes differentiation, but the softer matrix does not

[59]. In our study, 30%GelMA hydrogel with better

mechanical strength can better promote the expression of

corneal keratocytes marker genes in rBM-MSCs, which is

consistent with their study. According to previous reports,

tissue biomechanics are important for maintaining the

homeostasis of the stromal layer of the cornea, highlighting

the close interaction between the corneal cells and the

underlying supporting matrix [60]. Therefore, the ideal

biomaterial for corneal stroma tissue engineering should

mimic the unique biomechanical properties of the extra-

cellular matrix of the cornea [61]. Corneal stromal hardness

is determined by the number and density of proteins pre-

sent in the extracellular matrix, such as collagen, fibrin and

proteoglycan. Yet their cross-linking and their spatial ori-

entation are difficult to recreate in a laboratory setting. So

Fig. 11 The expression of Lumican in rBM-MSCs cultured on

GelMA hydrogel with different concentrations was detected by

immunofluorescence staining after 2 weeks. Nuclei, blue (DAPI);

lumican, green. Scale bar: 100 lm
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this is also an important direction of future corneal stroma

tissue engineering research [62].

In this study, the physicochemical and biological prop-

erties of GelMA hydrogels in different concentrations (7%,

10%, 15%, 30%) were evaluated. Our results showed that

7%GelMA hydrogel had higher water content and porosity,

better optical properties and hydrophilicity. In addition, it

was more beneficial to the growth and proliferation of

rBM-MSCs. However, the 30%GelMA hydrogel had the

best mechanical properties and could promote the differ-

entiation of rBM-MSCs into keratocyte-like cells. This

study laid a theoretical and experimental basis for further

tissue engineered corneal stroma transplantation and pro-

vided a new idea for the source of seed cells of corneal

tissue engineering. A single material may not be able to

meet the various characteristics of corneal stroma tissue, so

composite biomaterials are our future research direction.
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Parafita-Mato M, González-Méijome JM. Corneal biomechanical

properties in different ocular conditions and new measurement

techniques. ISRN Ophthalmol. 2014;2014:724546.

43. Luo LJ, Lai JY, Chou SF, Hsueh YJ, Ma DH. Development of

gelatin/ascorbic acid cryogels for potential use in corneal stromal

tissue engineering. Acta Biomater. 2018;65:123–36.

44. Arica TA, Guzelgulgen M, Yildiz AA, Demir MM. Electrospun

GelMA fibers and p(HEMA) matrix composite for corneal tissue

engineering. Mater Sci Eng C Mater Biol Appl.

2021;120:111720.

45. Sun M, Sun X, Wang Z, Guo S, Yu G, Yang H. Synthesis and

properties of gelatin methacryloyl (GelMA) hydrogels and their

recent applications in load-bearing tissue. Polymers (Basel).

2018;10:1290.

46. Dragusin DM, Van Vlierberghe S, Dubruel P, Dierick M, Van

Hoorebeke L, Declercq HA, et al. Novel gelatin-PHEMA porous

scaffolds for tissue engineering applications. Soft Matter.

2012;8:9589–602.

47. Yue K, Trujillo-de Santiago G, Alvarez MM, Tamayol A, Annabi

N, Khademhosseini A. Synthesis, properties, and biomedical

applications of gelatin methacryloyl (GelMA) hydrogels. Bio-

materials. 2015;73:254–71.

48. Aldana AA, Rial-Hermida MI, Abraham GA, Concheiro A,

Alvarez-Lorenzo C. Temperature-sensitive biocompatible IPN

hydrogels based on poly (NIPA-PEGdma) and photocrosslinkable

gelatin methacrylate. Soft Mater. 2017;15:341–9.

49. Ma J, Wang Y, Wei P, Jhanji V. Biomechanics and structure of

the cornea: implications and association with corneal disorders.

Surv Ophthalmol. 2018;63:851–61.

50. Shin YN, Kim BS, Ahn HH, Lee JH, Kim KS, Lee JY, et al.

Adhesion comparison of human bone marrow stem cells on a

gradient wettable surface prepared by corona treatment. Appl

Surf Sci. 2008;255:293–6.

51. Meek KM, Knupp C. Corneal structure and transparency. Prog

Retin Eye Res. 2015;49:1–16.

52. Choong PF, Mok PL, Cheong SK, Then KY. Mesenchymal

stromal cell-like characteristics of corneal keratocytes.

Cytotherapy. 2007;9:252–8.

53. Espana EM, He H, Kawakita T, Di Pascuale MA, Raju VK, Liu

CY, et al. Human keratocytes cultured on amniotic membrane

stroma preserve morphology and express keratocan. Invest

Ophthalmol Vis Sci. 2003;44:5136–41.
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