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Abstract

Corneal stroma has a significant function in normal visual function. The corneal stroma is 

vulnerable because of being the thickest part of the cornea, as it can be affected easily by 

infections or injuries. Any problems on corneal stroma can result in blindness. Donor shortage 

for corneal transplantation is one of the main issues in corneal transplantation. To address this 

issue, the corneal tissue engineering focuses on replacing injured tissues and repairing normal 

functions. Currently, there are no available, engineered corneal tissues for widely accepted 

routine clinical treatment, but new emerging 3D printing applications are being recognized as 

a promising option. Recent in vitro researches revealed that the biocompatibility and 

regeneration possessions of 3D printed hydrogels outperformed conventional tissue engineering 

approaches. The goal of this review is to highlight the current developments in the 

characterization of 3D cell-free and bioprinted hydrogels.

Keywords: artificial cornea; corneal stroma; characterization; hydrogels; 3D printing.

1. Introduction

The human cornea, a transparent and avascular tissue placed in the anterior part of the eye, has 

two crucial functions. It acts as the primary optical element that refracts about 75% of the 

incident light, and functions as a barrier to protecting the internal components of the eye against 

mechanical damages, UV light and infections [1, 2]. The cornea is around 11-12 mm in diameter 

vertically and horizontally in adults [3, 4]. The cornea comprises of three main cellular layers: 

the outermost epithelium, stroma and innermost endothelium. Two acellular interfaces called 

the Bowman's layer and Descemet's membranes (Figure 1) [5].

The corneal stroma is a collagen-rich connective tissue that composes of about 90% of the 

corneal thickness [6]. The collagen fibers are organized in parallel bundles called fibrils [7]. 

The fibrils contain highly organized collagen types I, III, V, VI, with proper alignment and 

spacing necessary for the transparency of the cornea [8, 9]. Aligned fibrils are packaged in 
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layers called lamellae. The corneal stroma consists of 200 to 250 distinct lamellae, and each 

layer is arranged perpendicular to the fibers in adjacent lamellae [10]. This arrangement is 

crucial for preserving corneal mechanical strength [11].

There are bridges formed by glycosaminoglycan and proteoglycans between the lamella. 

Keratocytes can express keratocan, ALDH3A1 (Aldehyde dehydrogenase 3 family, member 

A1), and keratan sulfate and are immobile. In corneal injuries, these immobile keratocytes can 

turn into fibroblasts and myofibroblasts that can secrete randomly disturbed collagen fibrils to 

repair the damage. It is critical to maintaining the vertical alignment of this lamella and the 

keratocyte structure in the regeneration of the corneal tissue [12].

Corneal blindness affects over 10 million individuals worldwide [13]. Partial or full thickness 

transplantation of cadaveric donor cornea, also known as keratoplasty, is the most effective 

treatment for improving vision [14, 15]. However, deficiency of donor cornea is the main 

limiting factor of corneal transplantation. Although approximately 130,000 corneas are donated 

annually globally, most transplants result in immune rejection [16, 17]. Another treatment 

choice, keratoprosthesis (KPro) implantation, involves removing the diseased cornea and 

changing by an artificial cornea [18]. However, severe complications such as corneal melting, 

glaucoma, prosthesis extrusion, membrane formation and calcification can occur [15, 19]. 

The creation of biocompatible, optically transparent and mechanically stable structures poses a 

significant challenge in producing corneal replacements [20].

2. Tissue engineering approaches

Many approaches have been adopted in tissue engineerings, such as a polymer, cell, and 

hydrogel-based [6]. Polymers are widely adopted due to their high surface/volume ratio, high 

porosity, biodegradability and mechanical behaviours, and biocompatibility [21]. Materials 

used in scaffolds can be synthetic or natural, degradable or non-degradable depending upon the 

purpose of use (Table 1). Main polymers used as biomaterials include natural and synthetic 
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biodegradable polymers [22]. Natural polymers are known as the first clinically used 

degradable biomaterial, and due to their bioactive properties, they interact better with cells [23]. 

Natural polymers can be classified as proteins, polysaccharides, and polynucleotides [24]. 

Proteins can be listed as myosin, gelatin, collagen, fibrinogen, elastin, keratin, actin, and silk. 

Polysaccharides can be listed as cellulose, chitin, amylose, dextran, and glycosaminoglycans 

and polynucleotides are DNA and RNA [24]. Synthetic polymers are advantageous in the 

biomedical field because of their pore structures, tunable degradation properties, and 

mechanical properties [25]. Polylactic acid (PLA), polyglycolic acid (PGA), and polylactic-co-

glycolic acid (PLGA) copolymers [26] and Polyhydroxyalkanoates (PHA) included in the 

microbial polyester class are frequently used in tissue engineering [27].

It is essential to meet two requisites in the cellular approach of tissue engineering. The first is 

that the cells integrate themselves into specific tissues, and the second is to secrete various 

growth factors and cytokines that activate endogenous tissue regeneration. Therefore, 

embryonic stem cells (ESC) and adult stem cells (ASC) are used as alternative cell sources in 

tissue engineering [28]. ESCs are very limited in use due to their potential to produce teratomas 

and are pluripotent cells that can be divided into many origins [29].

ASC and their derived tissues are less likely to be rejected after transplantation, and it has been 

made possible to isolate these from different tissues such as bone, muscle and adipose tissue, 

umbilical cord. Another cell type is pluripotent stem cells (iPSC), produced from mouse 

fibroblasts and/or adult human cells. These cells have the advantage of autologous properties, 

differentiation capacities and must understand the mechanisms underlying reprogramming 

before implementation [30].

Hydrogels are the 3D network of cross-linked hydrophilic polymers that can hold large amounts 

of water and exhibit an elastic behaviour due to their soft structure [31]. Pores allow diffusion 

of biomolecules, nutrients, and oxygen and enable the release of cell metabolites and toxins 
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[32]. Hydrogels with a pore diameter of less than 10 µm have dense crosslinks and limit the 

movement of the cell. The intense cross-links reduce the expansion of the gel and stabilize the 

structure [33]. If the cross-links in the gel are chemical cross-links formed by the covalent bond, 

it adds mechanical strength to the structure, and the gel exhibits elastic behaviour [34]. Physical 

cross-linking is based on non-covalent interactions and allows stress release by demonstrating 

viscoelastic gel behaviour [35].

3. Properties and fabrication of hydrogels for corneal stroma applications

A standard corneal scaffold should be designed to be transparent in the visible region, 

mechanically strong, biocompatible, and allow cells to adhere, migrate and grow [35], which 

are summarized in Figure 2. To date, synthetic and/or natural biomaterials in different forms 

such as films [36], foams [37], 3D printed scaffolds [38] and decellularized tissues [39] have 

been used to manufacture the cornea. Although some of the corneal structures are being 

examined in Phase I clinical works [40], no corneal tissue-equivalent is available for standard 

clinical use [41].

Advanced approaches have been developed to produce corneal equivalence based on natural 

(collagen [42], gelatin [43], chitosan [44], silk [45] or synthetic materials (poly (ethylene 

glycol) (PEG) [46], poly (Ɛ-caprolactone) (PCL) [47], PLGA [41], poly-hydroxyethyl 

methacrylate (PHEMA) [48]) or their combinations, using casting [49], hydrogel [50], 3D 

printing [51], electrospinning processes [52], or their combinations [51]. Hydrogels from 

natural materials [53] used in the production of corneal tissue have many advantages such as 

biocompatibility, intrinsic cell-binding sites, 3D high pore structure, and a high degree of the 

aqueous environment, as well as weak mechanical stability. Hydrogels from synthetic materials 

have better mechanical stability while exhibiting worse biocompatibility [45]. Therefore, 

chemically functionalized semi-synthetic hydrogels (gelatin methacrylate (GelMA)) have been 
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developed to obtain hydrogels that exhibit both mechanical stability and high biocompatibility 

[54].

Fiber-reinforced hydrogels have been developed for application in soft tissue regeneration [55]. 

The fibers in the structure can increase the mechanical performance of the structure by sharing 

the load on the hydrogels, and the mechanical stability can be easily compared to the mechanical 

stability of the fibers obtained by the electrospinning method.

4. Current 3D-printing techniques for bioinks design

The 3D method allows building complex structures without using traditional molds [56]. In 

recent years, 3D printing technologies have been widely used in various fields, including 

aerospace, tissue engineering, architectures, etc. In particular, 3D bioprinting precisely controls 

the accumulation of bioinks which consist of biomaterials and living cells [57]. The 3D printing 

methods are fused deposition modelling (FDM), selective laser sintering (SLS), inkjet printing, 

and stereolithography, etc [58].

4.1. Fused deposition modelling(FDM)

FDM technique consists of a filament made up of thermoplastic polymer. In this method, the 

temperature was used for heating the filament to attain a semi-liquid state. Then, materials 

extruded on the panel to build the layers. The thermoplastic property of the filament is an 

excellent advantage for the FDM technique because filaments fuse during printing and easily 

solidify at room temperature after printing. During printing, parameters such as layer thickness, 

width, direction, air gaps between layers of the filaments affect the mechanical properties of 

the product. The advantages of the FDM method include low cost, high speed and simplicity. 

Its disadvantages are poor mechanical properties, low surface quality and the scarcity of 

thermoplastic materials [58]. 

4.2. Selective laser sintering(SLS)
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This technique uses a laser to bind powder particles together instead of using a sputtering 

solution. A certain pattern is drawn on the surface of the powder bed with a laser. When the 

first layer is formed, the roller distributes a new powder layer over the previous layer. Thus, the 

object is produced layer by layer and then removed from under the powder bed. The materials 

used for this technique are powdered plastic, ceramics, and metal alloys that require high 

temperature and high energy laser [59]. While the SLS procedure is conceptually simple, the 

underlying physics is complex and covers a wide variety of time and length scales [60].

4.3. Inkjet printing

The inkjet head prints a liquid binder onto fine powder layers based on object profiles created 

by the software. The inkjet head prints a liquid binder onto fine powder layers based on object 

profiles created by the software. Piezoelectric and thermal heads are used in inkjet systems. 

Thermal heads have a heating element as a thin film resistor. When an electric shock is applied 

to the thermal head, high current flows through this resistor, and the liquid on contact 

evaporates, creating a vapor bubble on the resistor. This vapor bubble expands in the liquid 

chamber, and the increased pressure causes the droplet to be ejected from the needle. In the 

piezoelectric system, the volumetric change in the fluid reservoir is induced by applying a 

voltage to the piezoelectric element directly or indirectly connected to the fluid. With the 

volumetric change that occurs, it causes pressure in the fluid and the formation of drops from 

the nozzle [61]. 

4.4. Stereolithography(SLA)

In SLA technique, the liquid resin is placed in a liquid reservoir and relies on photocuring, in 

which a positionally programmed laser is scanned on the resin surface to initiate 

photopolymerization. This hardens the resin and turns it from liquid to solid, usually through a 

chemical crosslinking process. The layered nature prevents the SLA printed products from 

reaching the mechanical properties of their monolithic counterparts. One of the advantages of 
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SLA printing is that active additives cannot be added to the resin as long as they are miscible. 

By crosslinking the resin, the extra components are simply trapped in the polymeric matrix [62].

5. Characterization of bioprinted hydrogels for stroma tissue

Some assembled hydrogels as a potential material for the cornea stroma layer was given in 

Figure 3 and Table 2.

5.1. Physical characterizations

Understanding the physical possessions of gelled systems comprising emulsifying or stabilizing 

factors becomes essential for developing the systems’ properties [63]. Campos et al. [64] 

created 3D corneal stromal models with drop-on-demand bioprinting. Bioink was formed with 

a combination of corneal stromal keratocytes and collagen-based composite. In this study, 

rotational rheometer was used to measure the rheological properties of non-printable 0.3% Type 

I collagen and 3D-bioprintable 0.5% agarose with 0.2% collagen gel mixtures at 37 °C. 

According to the results, they found that blended bioink had higher viscosity compared to the 

pure collagen bioinks, and it had faster gelation time.

In the Kim et al. study [65], they built a biomimetic corneal stroma tissue containing corneal 

decellularized extracellular matrix (Co-dECM) and cells by 3D bioprinting. Rheometric 

Expansion System was used to analyse the rheological properties of 0.5%, 1.0%, 1.5%, and 2% 

of Co-dECM gels. According to this study, Co-dECM gel with various concentrations showed 

shear-thinning behaviours in 1-1000 s-1 shear stress range, and larger viscosity values at 1 s-1 

shear rate were observed for Co-dECM gel which has a higher concentration. The viscosity 

values were found as 2.35, 3.83, 22.51, and 64.99 Pa.s for 0.5, 1, 1.5, and 2.0 %Co-dECM, 

respectively. 

Kutlehria et al. [66] fabricated cornea stroma using 3D bioprinting. In this study, sodium 

alginate, gelatin type B, and type I collagen solution were combined to fabricate the cornea 

stroma. The rheometer was used to investigate the rheological behaviours of the gels. According 
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to their results, gelatin melted at the printing temperature higher than 37° C and storage modulus 

of the bio-ink decreased above this temperature value. Printing temperature lower than 20° C 

caused the high-pressure requirement to extrude the filament.

5.2. Swelling/degradation behaviours

Corneal swelling is related to the electrostatic repulsion between matrix charges connected to 

other collagen fibrils [67].

In Bektas et al. study, transparent Gelatin Methacryloyl (GELMA) hydrogel was fabricated. 

Corneal stromal keratocytes were loaded into hydrogels and printed using extrusion-based 

bioprinter. In this study, the water intake capacity of the produced hydrogel was measured at 

certain intervals by keeping the hydrogel in body fluid with 0.5 mg/mL sodium azide at 37 °C. 

They found that hydrogels absorbed a notable amount of water (90%) into their structures [68]. 

In Ulag et al. work, cornea stroma tissue was fabricated with a combination of Polyvinyl alcohol 

(PVA) and Chitosan (CS) using 3D printing. According to this procedure, PBS (pH=7) was 

used to incubate the printed constructs using a thermoshaker at 37 °C in thermal shaker during 

a week. The results indicated that constructs immersed PBS rapidly, and this continued up to a 

constant swelling rate. The swelling ratio of CS added composites was higher than 

13%(wt)PVA matrix [69].

Bektas et al. observed the degradation properties of GELMA hydrogels, with and without 

enzymatic degradation. According to their methods, hydrogels were frozen dried to report their 

initial weights, and they were incubated in 10 mM PBS (pH 7.4) for 3 weeks, shaking at 37 °C. 

The samples were then rinsed with distilled water, lyophilized and weighted for 1, 7, 14, and 

21 days. They performed the degradation test with collagenase type II. Preweighted samples 

were incubated in solutions which contained 1, 2.5, 5, and 10 U collagenase Type II/ml in PBS 

(7.4) for 4 hours. According to their results, 3D printed hydrogels lost their weights within the 

21 days [68].
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In Ulag et al. study, degradation behaviours of the 13%wtPVA/(1, 3, 5)wt.%CS cornea stroma 

constructs were observed in PBS for a month. During the test, fresh PBS was used. All 

constructs absorbed the PBS until 3 days, and after this time they started to lose their weights. 

With CS addition, the degradation rate increased, and 13%PVA/5%CS had higher degradation 

value [69].

5.3. Porosity analyses

Mahdavi et al. study, GELMA hydrogels were produced with 7.5 and 12.5 % concentrations 

and mixed with corneal stromal cells using stereolithography bioprinting. SEM was used to 

examine the microstructure of GELMA hydrogels. ImageJ software using a built-in threshold 

and particle functions analysis was used to measure the porosity. According to their results, 

76% and 70% porosity values were found for 7.5, and 12.5% GELMAs. It was reported that 

uniform and interconnected pores were obtained from GELMA hydrogels [70].

5.4. Permeability Analyses

Extra solution perme O2 single cell with temperature (23 °C) and relative room humidity (60%) 

system was used to observe the oxygen permeability of the cornea constructs in Ulag et al. study 

[69]. Epoxy was used to glue to corneal constructs onto the metal surface with a hole. %100 

oxygen gas was sent from both sides in this experiment. The oxygen permeability rates (OTR) 

were determined <0.002, <0.002, <0.002, <0.002, cubic centimeters (cc)/24, for 13%PVA, 

13%PVA/1%CS, 13%PVA/3%CS, 13%PVA/5%CS, respectively. 

5.5. Morphological analyses

Ulag et al. analyzed the morphological characterization of the constructs using SEM. The innate 

cornea shape of 13%(wt)PVA and smooth surface was observed. The homogeneous 

morphology demonstrated high homogeneity between the components. The mean thickness 

values of the corneal stroma were found 136 µm towards the periphery and 400 µm at the centre 

[69].
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In Kutlehria et al. [66], before the SEM imaging, polydimethylsiloxane (PDMS) corneal 

substitutes were got ready with silicone elastomer base and silicone elastomer curing agent in 

a 10: 1 ratio, respectively. They were centrifugated to remove bubbles. After that, the samples 

were put in an oven for 12 hr, 9° C. The PDMS corneas were then discarded from the wells. 

PDMS sample was mounted, and SEM images were captured by Helios G4 UC at 2 kV.

5.6. Transparency properties

The optical property is an essential parameter for corneal transplantation [68]. In Bektas et al. 

study [68], cell-loaded (1×106 cells) and cell-free GELMA hydrogels were analyzed in the 

range of 250-700 nm wavelength with a UV spectrophotometer on days 1, 7, 14, and 21. They 

observed nearly 75% transmittance value for cell loaded hydrogels on day 1 at 700 nm. With 

the increase of culture time, the transmittance of the hydrogels increased to around 83%. During 

three weeks in culture, the transparency of cell-free and cell-loaded hydrogels exhibited 80% 

value, which is closed to the transparency value of the innate cornea (85%). In Ulag et al., light 

transmittance percentage of the 3D-printed stroma constructs was determined using UV/VIS 

Spectrophotometer in the visible region, and with Chitosan addition, transmittance values 

decreased a bit [69].

Kim et al. produced bioinks which have decellularized corneal extracellular matrix (Co-dECM) 

hydrogel and differentiated keratocytes [65]. The light transmittance measurement was tested 

using a microplate reader. The native human cornea was determined as a control group, and 

they were dehydrated in glycerol. 200-μm thickness value was determined for all samples, and 

the test was performed in the range of 300-700 nm wavelength.

In Mahdavi et al. study, Gelatin Methacrylate (GELMA) was combined with corneal stromal 

cells to fabricate bioink for stroma equivalent. The transparency properties were tested after 

cell encapsulation into the bioprinted three-dimensional scaffolds for 1, 3, and 7 days. ELISA 
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microplate reader was utilized to determine the absorbance of the samples at 450, 490, 570 and 

630 nm.

Transmission spectrum was recorded for both the edge and center of the bioprinted samples. 

Results showed that native cornea tissue had different transmittance values ranging from 80 to 

94% in the 450 to 600 nm wavelength and 95 to 98% in the 600-1000 nm. The produced 12.5% 

GELMA had optical transmittance values of 80-95% at the edge and 78-90% at the centre. 7.5% 

GELMA showed lower transmittance value compared to the native corneal tissue [70].

Kim et al. fabricated stroma containing corneal decellularized extracellular matrix (Co-dECM) 

gel encapsulated with cells. The transparency of the samples was examined using a microplate 

reader at 300-700 nm range. Samples were produced with 25GN (25 Gauge Nozzle), and PG 

(non-printed group) were put into the 48-well plate to provide the same height of native cornea, 

which is about 500 μm. After that, samples were cultured for 28 days in white media. According 

to the results, 25GN showed more transparency than PG, which value is similar to the native 

cornea (over than 75%). The aligned cells in 25GN increase the light to transmit the human 

cornea [65].

In the study of Kutlehria et al. [66], light transmittance values were determined from the 

microplate reader at 300-700 nm range. Before the measurement, bioink was solved at 37 °C 

and poured into a 48-well plate to match the thickness and height values of the human cornea. 

Results showed that the transmittance of inks was a range from 75% to 90%.

5.7. Mechanical characterizations

Compression test was performed using 5 N load and displacement rate of 1 mm/min, in Bektas 

et al. study. According to the results, modulus of compression of the GelMA hydrogels was 

lower than the mechanical strength of the native corneas (403 to 624 kPa) but still had the 

potential [68].

Page 15 of 27

John Wiley & Sons

Polymers for Advanced Technologies

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

13

In Ulag et al. study, the mechanical properties of the dry 3D-bioprinted constructs were 

determined by the tensile testing device. Degrade samples were also included in tensile testing 

to analyze the mass loss effect on mechanical possessions. In this study, samples had sufficient 

mechanical strength even if they lose their masses [69].

Unconfined compression testing was used in Campos et al. study [65] to determine the stiffness 

of Collagen tip I and agarose bioinks. Samples were pressed at a cross-speed of 4 mm/min onto 

the testing platform until rupture. It was reported that compressive modulus of the mixture 

bioink was 18.1 ±3.5 kPa. The compressive modulus for the human cornea is ~300 kPa [69].

5.8. In vitro cell viability

In Sorkio et al. study [37], the authors fabricated three types of corneal layers, stratified corneal 

epithelium using human embryonic stem cell-limbal epithelial stem cells (hESC-LESCs), 

lamellar corneal stroma using acellular layers of bioink and hASCs, and constructs with both a 

stromal and epithelial part. The hESC-LESC viability was performed after 3 and 7 days of 

printing, next day cell viability of hASCSs was examined. The PrestoBlueTM viability assay 

was carried out on 1 and 7 days for hESC-LESCs, 1 and 4 days for hASCs printed in 2D models. 

For 3D stromal mimicking structures, they cultured at 1, 4, and 7 days.

According to the protocol of the Ulag et al. study, MTT procedure was carried out for 1, 3, and 

7 days for corneal structures. Printed cornea constructs with 4x104 hASCs and DMEM were 

incubated together for 30 min, at 37 °C, 5%CO2.

To observe the cytotoxic properties of the cornea constructs, cytotoxicity detection kit was used. 

ELISA reader was used for measuring the absorbance values at 560 nm wavelength. MSCs 

morphologies on the 3D-printed constructs were observed under a fluorescence microscope and 

SEM [69].

In Campos et al. study [65], CSKs was used to examine the live/dead cells on the 3D-bioprinted 

Collagen tip I and agarose bioinks. First, cells (106 cells) were trypsinized and embedded in 
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bioinks supplemented with 0.5% agarose with 0.2% Collagen type I. After one and seven days 

of the bioprinting, live/dead marking was visualized with a laser scanning microscope. To see 

the CSK survival after the bioprinting process, the constructs were incubated at 37 °C for 1 and 

7 days. After incubation, it was observed that most cells were live. Immunocytochemical 

stainings were carried out with antibodies identifying human keratocan, lumican, and smooth 

muscle actin to sustain the phenotype of CSK in 3D-bioprinted inks. They observed that CSK 

in bioinks elongated parallel to each other to resemble the innate cornea.

In Bektas et al. study [68], live-dead human corneal keratocytes (HCKs) viability assay was 

performed on the GELMA discs for 1, 2, 7, and 21 days. ImageJ program was utilized to 

calculate the live/dead keratocytes in the hydrogels. In the immunofluorescence staining, 

Collagen Types I/V, decorin, and biglycan antibodies were used. The samples were incubated 

at 4 °C with these antibodies during the night. Samples were rinsed and incubated with either 

anti‐rabbit or anti‐mouse Alexa fluor 488 secondary antibodies. Then, nuclei of the cells were 

marked with DRAQ5 at RT and incubated for 1 hr. Samples were stored in PBS for CLSM 

examination.

Kutlehria et al. [66] performed human corneal keratocytes (HCKs) viability for sodium 

alginate/gelatin/collagen bioinks for days 1, 7, and 14 live/dead assay. Live/dead assay 

contained the calcein and ethidium bromide II with a ratio of 1:4. After that, live/dead solution 

was added to printed corneas, and the plate was incubated at 37° C for half an hour. Image J1 

program was used to calculate the cell viability.

To observe the cell number/growth, Alamar blue assay was carried out in Kutlehria et al. study. 

First of all, HBSS was used to wash the corneas, then 10% Alamar blue was added into the 

wells. After that, the plates were placed inside the incubator for 4 hr at 37º C and 5%CO2. The 

concentration was analyzed at 560 nm, 590 nm, and 570 nm using a plate reader. The same 
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protocol was used for 1, 10, and 14 days. They reported that high cell viability observed for the 

optimal combination of collagen, gelatin [66].

6. In vivo evaluations

Sorkio et al. [38] tested the corneal structures in vivo into organ cultured porcine model. To 

prepare the porcine corneas for the experiment, the corneas were removed from the eyes in 

aseptic disciplines. CnT-Prime-CC medium supplemented with 1%Penicillin-Streptomycin 

amphoterisin B and Plasmocin was used to culture the corneas at 37 °C, 5%CO2 for two weeks 

before the transplantation. Two-day-old 3D printed stromal structures were implanted into the 

corneal organ cultures 4 days after printing. After implantation, the corneas were moved back 

to the culture plates, covered with soft contact lenses, and partially immersed in EBM-2 medium 

with 2% HS for 7 days at +37 ° C in 5% CO2. One week after implantation, corneal organ 

cultures were fixed in 4% PFA for 4 hours at room temperature, dehydrated in the Tissue-Tek 

VIP 5 automated tissue processor and embedded in paraffin. Paraffin blocks were cut into 6 

mm thick slices and the sections were viewed with a microscope. According to the results, 3D-

bioprinted stromal constructs demonstrated interaction to the host tissue and 3D bioprinted 

structures showed good mechanical robustness after implantation to the corneal culture model 

after 7 days of implantation.

In Kim et al. research [65], they performed the animal experiment to observe the transparency 

in vivo with Ten healthy New Zealand white rabbits. Anesthesia was performed using ketamine 

(15 mg/mL) and rumpun (5 mg/mL). Three-quarter circular sections of 6 mm in diameter were 

taken with a crescent-shaped blade. Five printed and five NP samples were transplanted into 

the corneal stroma of each animal. The incision areas were sutured with ethylon nylon and the 

operated eyes were treated with eye drops containing polymyxin B, neomycin and 

dexamethasone twice a day for 2 weeks. Then they were intramuscularly injected with ketamine 

and rompun; gently placed on the sample stage of a medical kit, and kept there for 10 min prior 
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to the experiment. To obtain micro-dust-particles-free OCT image, we washed the eyes with 

physiological saline to remove foreign substances, dust particles, and eyebrows. The 

experiments were carried out for 2 weeks. According to the their results, the 25G implanted 

cornea had more transparency compared to the NP implanted cornea. Furthermore, it was 

reported that all transplanted constructs were incorporated with the surrounding corneal tissue 

for 28 days and after in vivo transplantation, no enzymatic degradation of the collagen was 

found.

7. Conclusion and future outlook

The stroma is the key and thickest layer in the cornea. There have been valuable efforts on the 

direction of useful and biocompatible stromal transplantation. Each study has its advantages 

and disadvantages, and as with all areas of tissue engineering, in vitro, results do not often 

indicate good in vivo behaviour. The aforementioned characterization techniques have been 

valuable supports to the application of corneal stroma engineering. Future research should focus 

on combining various techniques to succeed adequate stromal replacements and regenerate the 

functionality of the stroma.
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FIGURES/TABLE LEGEND

Figure 1. Schematic view of the cornea and its fundamental layers with details

Figure 2. The schematic view of the required properties of hydrogels.

Figure 3. The eye (a), gel (b), cell (c), bioprinting device (d), images of fabricated 3D-

bioprinted corneas (e-j): gelatin type B/sodium alginate/type I collagen (e), 3D bioprinted 

GELMA hydrogel (f), 3D bioprinted collagen based bioink (g), PVA/CS cornea stroma 

construct (h), 3D printed GELMA hydrogel (i), CSK loaded bioprinted stroma (j).

Table 1. The suitable biomaterials for cornea tissue replacement.

Table 2. Summary of recent developments of 3D-bioprinted corneal stroma structures, 

properties, and characterization techniques in the literature.
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