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Abstract: The study aimed to fabricate and characterize a 2-part artificial cornea as a substitute 

for penetrating keratoplasty in patients with corneal blindness. The peripheral part of the artificial 

cornea consisted of plasma-treated electrospun poly (ε-caprolactone) (PCL) nanofibers, which 

were attached to a hydrogel disc of polyvinyl alcohol (PVA) as a central optical part. The physical 

properties of the prepared artificial cornea, including morphology, mechanical properties, light 

transmittance, and contact angle, were assessed. Cell attachment and proliferation studies were 

performed on rabbit limbal stem cells. The SEM image of the polymeric system showed that 

the peripheral part formed a highly porous scaffold that could facilitate tissue biointegration. 

Assessment of the mechanical properties of the peripheral nanofibrous part and the hydrogel 

optical part showed suitable elasticity. Young’s modulus values of the electrospun PCL skirt and 

PVA hydrogel core were 7.5 and 5.3 MPa, respectively, which is in line with the elasticity range 

of natural human cornea (0.3–7 MPa). The light transmittance of the central part was .85% 

when measured in the 400–800 nm wavelength range. The plasma-treated PCL nanofibrous 

scaffold promoted limbal stem cell adhesion and proliferation within 10 days. These results 

confirmed that the polymeric artificial cornea showed suitable physical properties and good 

biocompatibility and epithelialization ability.

Keywords: two part artificial cornea, nanofibers, electrospun, poly (ε-caprolactone), polyvinyl 

alcohol hydrogel, limbal stem cells

Introduction
The cornea is the first and most important refractive layer of the eye whose function 

is to focus light onto the retina. It also functions as a physical and optical barrier that 

protects the intraocular part of the eye by absorbing UV radiation and preventing the 

invasion of microbes and other particles.1–5

Corneal blindness is a major and widespread eye problem, with approximately 

10 million people worldwide who are blind because of corneal disorders.2,3,6–10 

Injury to the cornea can be a consequence of trauma, burns, infections, disease scars, 

and  previous surgery resulting in inflammation, vascularization, scar formation, 

 opacification, and finally blindness.1,6,11

The current treatment of corneal blindness is penetrating keratoplasty or corneal 

transplantation. Although the success rate of corneal transplantation is higher than that 

of other tissue transplants, certain issues such as tissue availability, cost, risk of  infection, 

potential complications (astigmatism, glaucoma, keratoconus), recurrent corneal graft 
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rejection, and cases of chemical burn or inactive central scars 

can limit the use of keratoplasty. Therefore, the development 

of an “artificial cornea” (keratoprosthesis, KPro) is a desirable 

option to overcome these problems.2,3,5,8–12

An artificial cornea generally consists of an optical 

central part or “core” that should be transparent, and a 

 biocompatible peripheral part or “skirt” that should allow for 

cellular integration.13 The main problem of KPro was, and 

still is, the rejection of the prosthesis or “extrusion” because 

of erosive tissue necrosis (melting) around the margin of the 

prosthesis.1,10

The first keratoprostheses were made from glass, crystal, 

and celluloid implants in the 19th century. Because of poor 

results and the success of human to human corneal transplan-

tation, the interest in artificial corneas decreased. In 1950, 

polymethyl methacrylate (PMMA), as a synthetic polymer 

with low toxicity and good optical properties, was applied for 

the preparation of an artificial cornea. Studies showed that 

PMMA could not be maintained in the eye for a long period as 

a result of its rigidity and hydrophobicity.6,10 Since the 1990s, a 

new generation of experimental KPros have been developed to 

solve the complications associated with the existing prostheses 

by increasing their hydrophilicity and flexibility to stimulate 

biocolonization of host cells on the peripheral part of the 

prosthesis, and consequently improve their biocompatibility.5,9 

Chirila KPro or AlphaCor™  (Addition Technology Inc, Des 

Plaines, IL), one of the recent Food and Drug Administration 

(FDA) -approved keratoprostheses, is an artificial device con-

sisting of a homogeneous spongy peripheral skirt and a transpar-

ent central part. Both parts are made from poly-2-hydroxyethyl 

methacrylate.14,15 However, the development of inexpensive 

and biocompatible materials that can be manufactured using 

novel and simple techniques is necessary to further improve 

the biocompatibility of artificial corneas.

Biocompatibility depends on the chemical properties 

(eg, hydrophilicity) of the polymers used, in particular 

those forming the peripheral part, and the architecture of the 

prosthesis (eg, porous structure, size, and number of pores). 

These properties induce cell attachment by improving the 

hydrophilicity of the corneal matrix and the circulation of 

nutrient fluids and gases.

Ideally, the peripheral part of a prosthesis should mimic 

the structure and biological function of the native extracel-

lular matrix (ECM) of the surrounding tissue. The ECM is 

composed of proteoglycans (ground substances) and col-

lagens (fibrous proteins). The collagen fibrous structure is 

arranged in a 3-dimensional nanofiber network.16  Therefore, 

in the present study, the peripheral part of the KPro  consisted 

of poly (ε-caprolactone) (PCL) nanofibers that were 

 manufactured using an electrospinning process.

Electrospinning is a novel method for the fabrica-

tion of unwoven, porous, and 3-dimensional polymeric 

nanofibrous scaffolds. In this method, ultrafine fibers are 

produced by electrically charging a suspended droplet 

of polymer solution. The nanofibrous structure made by 

electrospinning has a high surface area to volume ratio, 

which provides an increased surface for cell adhesion in 

comparison with other structures.16–19 In addition, sim-

plicity and cost effectiveness are 2 attractive features of 

electrospinning.18

PCL is a biocompatible, biodegradable, and inexpensive 

semicrystalline aliphatic polymer that has been used in an 

electrospun form. Furthermore, this material is compatible 

with various types of cells. In addition, the slow degrada-

tion rate of PCL makes it suitable for application in the 

peripheral part of an endurable KPro.18–21 The application of 

certain surface treatment methods such as plasma treatment 

can increase the surface hydrophilicity of these polymeric 

nanofibers. Plasma treatment is one of the best techniques 

for the development of surface hydrophilicity, which can 

improve cell attachment, expansion, and proliferation of host 

cells on polymeric surfaces.17,22–24

Polyvinyl alcohol (PVA) is a good candidate material for 

the optical part of 2-part (core-and-skirt) artificial corneas. 

PVA is a representative water-soluble, biocompatible and  

processable polymer. Physically cross-linked PVA made 

by a freeze–thawing method under specific conditions has 

excellent light transparency, nutrition permeability, and 

suitable mechanical properties, which are necessary for 

keratoprosthesis.12,25,26

In this study, we prepared and characterized a biocompat-

ible 2-part artificial cornea with a transparent PVA hydrogel 

core surrounded by a porous plasma-treated electrospun 

PCL skirt.

Materials and methods
Materials
PCL with M

n
 ∼80,000 Da was purchased from Sigma- Aldrich 

(St. Louis, MO). The solvents  N,N-dimethylformamide 

(DMF) and dimethyl sulfoxide (DMSO) were obtai-

ned from Merck (Darmstadt, Germany). PVA with  

M
w 

∼200,000 Da was purchased from Merck (Darmstadt, 

Germany). The other chemicals were obtained from 

 Sigma-Aldrich.
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Fabrication of the PcL electrospun 
nanofibrous scaffold (skirt)
PCL nanofibers were produced by an electrospinning 

 method.17 Briefly, a PCL solution (5% by weight) was 

prepared in chloroform and DMF in a 8.5:1.5 ratio and 

fed into a blunted needle with a syringe pump. A rotating 

cylindrical drum was used as a collector and placed at a 

distance of 15 cm from the needle. Voltage was 20 kV and 

flow rate was 0.5 mL/h.

To increase the hydrophilicity of the nanofibers, surface 

modification of the PCL scaffold was performed by plasma 

treatment.

A low-frequency plasma generator (40 kHz frequency) 

with a cylindrical quartz reactor (Diener Electronics, 

Ebhausen, Germany) was used. Pure oxygen gas was intro-

duced into the reaction chamber at a pressure of 0.4 mbar, 

and the glow discharge was ignited for 3 minutes.

Plasma-treated sheets were cut into disks of 1 cm 

 diameter and again punched with a device of 0.5 cm diam-

eter to make a rim 0.5 cm wide as the peripheral part (skirt) 

of the KPro.

Preparation of the PVA hydrogel (core) 
and attachment to the PCL nanofibrous 
skirt
A 15% by weight PVA solution was prepared by mixing 

the polymer in deionized water and DMSO (2:8, v:v). 

The mixture was placed in a loosely capped container. The 

PVA solution was obtained upon heating the mixture for 

2 hours in a 140°C oven. The mixture was then transferred 

to a sterile ventilation hood and stirred to ensure a homog-

enous solution.27 When the solution cooled to 80–100°C, 

a suitable volume was poured into the center of a circular 

mold to prepare a disk with a diameter slightly larger than 

0.5 cm and about 0.5 mm thick. After a few seconds, the 

peripheral part was thermally attached to the core. The mold 

was then subjected to 5 cycles of freezing and thawing. The 

sample was allowed to cool for about 24 hours for each 

freeze–thaw cycle.

characterization of physical properties
Mechanical properties
Plasma-treated PCL nanofiber and PVA hydrogel sheets 

approximately 0.5 mm thick were cut into 1 × 5 cm2 rect-

angular shapes. The tensile properties of the samples were 

determined using the Universal Testing Machine (STM-20; 

SANTAM, Tehran, Iran). Samples were vertically mounted 

on 2 mechanical gripping units of the tensile tester at their 

ends, leaving a 3 cm gauge length for mechanical loading. 

Load–deformation data were recorded at a deforming speed 

of 50 mm/min and the stress–strain curves of 2 structures 

were constructed from the data.

Transparency measurement
PVA sheets of 0.5 mm thickness were evaluated for 

transparency by scanning at the visible wavelength range 

(400–800 nm) with a spectrophotometer (CECIL-CE 7500; 

Cecil instruments, Cambridge, UK) in wet and dry forms. 

In the wet form, the PVA sheet was floated in a cuvette 

containing water, and for preparation of the dry sample, the 

PVA sheet was placed at room temperature (21°C) in 70% 

relative humidity for 6 hours.

Morphology study
The morphology of the PCL nanofibers and PVA hydrogel 

was studied using a scanning electron microscope (SEM; 

XL30; Philips, Eindhoven, Netherlands). Samples were 

coated with gold by a sputter coater, and the diameter of 

the fibers was determined from images by using an image 

analysis software.

contact angle measurement
The wettability of the nanofibrous skirt after surface modi-

fication was assessed by the sessile drop method with a 

G10 Krüss contact angle goniometer (Krüss, Hamburg, 

Germany), at room temperature. A water droplet was placed 

on the sample surface, and the contact angle was measured 

after 10 seconds.

cell culture study
rabbit limbal stem cell isolation and expansion
Limbal biopsy specimens were harvested from healthy 

New Zealand rabbits according to the ARVO Statement 

for the use of Animals in Vision and Ophthalmic Research. 

Specimens were digested by 2.4 IU/mL dispase and collage-

nase in DMEM for 3–4 hours in a CO
2
 incubator. Cells were 

then collected by centrifugation at 1500 g for 5 minutes and 

cultured for 7–10 days in 6-well plastic plates coated with 

1% gelatin. The limbal stem cells (LSCs) were grown in 

DMEM/F12 supplemented with insulin (5 µg/mL), epidermal 

growth factor (10 ng/mL), hydrocortisone (0.4 µg/mL), and 

fetal bovine serum (FBS) (7%).
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cell attachment study
For the cell attachment study, LSCs were seeded onto the 

1.5 cm disk of the plasma-treated PCL scaffold at a density of 

104 cm−1 and incubated in the culture medium. After 2 days, the 

sample was fixed for 1 hour with 2.5% glutaraldehyde. After 

the incubation period, the sample was rinsed with phosphate-

buffered saline (PBS), then gradually dehydrated with an 

ethanol gradient (60%, 70%, 80%, 90%, and 100%) for at least 

5 min at each concentration. Thereafter, SEM photography and 

4′,6-diamidino-2-phenylindole (DAPI) staining of the prepared 

samples were performed to analyze cell attachment.

cell proliferation study
For the cell proliferation assay, 5 × 103 LSCs were seeded on 

a PCL nanofibrous scaffold and on tissue culture polystyrene 

(TCPS) as controls.

The cellular constructs and controls were maintained 

in an incubator at 37°C, and the cell culture medium was 

changed every 3 days. After 1, 3, 5, 7, and 10 days, samples 

were harvested, washed with PBS to remove  nonadherent 

cells, and exposed to the indicated amount of 3-(4,5-dim-

ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 

Sigma-Aldrich. After 4 hours of incubation, 200 µL of DMSO 

was added to each well and the optical density was read in 

a microplate reader (Anthos 2010; Biochrom, Cambridge, 

UK) at 570 nm.

Results
characterization of physical properties
Mechanical properties
The mechanical properties of electrospun nanofibrous and 

hydrogel sheets were determined separately using the Uni-

versal Testing Machine. A representative stress–elongation 

percentage (%) curve is shown in Figure 1. The Young’s 

modulus (mean E), break stress, and break force of both 

structures are shown in Table 1.

Transparency measurement
Figure 2 shows the visible light transmittance of the PVA 

samples as the optical part of the KPro in dry and wet form. 

The prepared samples showed a light transmittance higher 

than 85% in the 400–800 nm wavelength range.

Morphology study
SEM micrographs of the electrospun nanofibrous skirt and 

hydrogel core (Figure 3) revealed that the PCL nanofibrous 

matrix has a very porous structure. Homogeneously distrib-

uted pores were interconnected with an average diameter of 

10–30 µm, while the PVA core did not contain pores.

contact angle measurement
To compare the hydrophilicity of the surface of PCL scaf-

folds, the water contact angle was measured before and 

after surface modification. The water contact angles of 

PCL and plasma-treated PCL were 131.5 and 20 degrees, 

respectively.

cell culture study
cell attachment study
DAPI staining and SEM showed the attachment of LSCs on 

plasma-treated PCL nanofibers after 3 days (Figure 4).

Identification of LSCs was confirmed by their morphol-

ogy, and the expression of some epithelial markers (K3, K12, 

P63) was analyzed by reverse transcription polymerase chain 

reaction (data not shown).

Table 1 Tensile property of polymers

PCL nanofibrous 
matrix

PVA hydrogel

Tensile modulus (MPa) 7.5 5.3
Ultimate tensile stress (MPa) 2.53 ± 0.58 0.85 ± 0.55
Ultimate tensile strain (%) 427.2 ± 24.6 284.8 ± 48.6

Abbreviations: PcL, poly (ε-caprolactone); PVA, polyvinyl alcohol.
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Figure 1 Stress–strain curve, PCL nanofibrous matrix (A), PVA hydrogel (B).
Abbreviations: PcL, poly (ε-caprolactone); PVA, polyvinyl alcohol.
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cell proliferation study
A cell proliferation assay was performed to evaluate cell 

growth on the nanofibrous skirt and for the assessment of 

biocompatibility. Figure 5 clearly shows a gradual increase 

in the proliferation rate of LSCs on the scaffold surface over 

a 10-day period.

Discussion
The use of an artificial cornea for the treatment of corneal dis-

orders and blindness is a very attractive concept. The artificial 

cornea as a substitute for keratoplasty has many advantages, 

among which the cost effectiveness and feasibility are impor-

tant. Although several models of KPros have been designed 

for clinical use, few models have received FDA approval and 

are currently on the market.15,28 The most critical problem of 

clinically approved KPros is bioincompatibility, followed by 

extrusion, glucoma, and endophthalmitis. Improvements in 

the design and materials of KPros are therefore necessary to 

increase tissue biointegration and biocompatibility and to pre-

vent extrusion. A biocompatible artificial cornea showing suit-

able tissue biointegration and adequate optical and mechanical 

properties can be a substitute for damaged corneas.

The mechanical properties of an artificial cornea are 

important aspects to be considered in the design of a scaf-

fold. The preparation of a nanofibrous scaffold as a skirt of an 
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Figure 2 Light transmittance of wet and dry PVA hydrogel.
Abbreviation: PVA, polyvinyl alcohol.
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Figure 3 SEM micrographs of PCL nanofibers (A, B) and PVA hydrogel (C).
Abbreviations: PcL, poly (ε-caprolactone); PVA, polyvinyl alcohol.

artificial cornea is not only meant to facilitate host cell residence 

and spreading but also for the maintenance of mechanical 

stability at the implantation site. This structure must retain 

its integrity and stability through surgery and the physician’s 

handling.16 Evaluation of the mechanical properties of the 

present artificial cornea showed that the core and skirt had a 

Young’s modulus (an indicator of elasticity) of 7.5 and 5.3 MPa, 

respectively, which falls within the range measured in the human 

cornea (0.3–7 MPa).2,29 These results show that the combined 

structure should have the capacity to tolerate incoming pressure. 

In addition, the thermal attachment of the 2 parts achieved by 

the interation of the hydrogel into nanofibers results in a tight 

interface that is completely resistant to stresses in this region.

Transparency is one of the most important properties of 

an artificial cornea. The measurement of the optical properties 

of the hydrogel core of our fabricated KPro showed that this 

structure has an excellent light transmittance.

As shown in the SEM micrographs, the PVA hydrogel 

did not appear to have any pores. Although the use of a 

high percentage of DMSO in the solvent mixture for the 

preparation of PVA hydrogels results in smaller and more 

homogenous pores, the absence of pores in our hydrogel 

was likely caused by the sample drying out and the con-

sequent collapse of the pore structure during the SEM 

process. The PCL nanofibrous structure is highly porous. 

High porosity provides increased space for cell settling and 

facilitates the efficient exchange of metabolic waste and 

nutrients between the matrix and the environment. These 

characteristics are principal criteria for successful tissue 

biointegration.16,30

Moreover, when nanofibers are generated in an electro-

static field, they are randomly deposited on the collector layer 

by layer with loose junctions, and various diameters of pores 

are created. Cells can force their way into pores with their 

amoeboid movement. This dynamic structure provides cells 

with the opportunity to adjust to the optimal pore diameter 

and grow into the mat even though some pores are relatively 
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small.16 This phenomenon can help promote cellular invasion 

into the prosthesis.

As mentioned before, the surface of the PCL nanofibrous 

mat was modified by plasma treatment. Many studies have 

revealed that cell attachment and proliferation on the surface 

of biomaterials increases when surface hydrophilicity is 

increased.17,23,31,32

To compare the hydrophilicity of the surface of the PCL 

scaffold before and after surface modifications, the water 

contact angle of the specimens was measured. The results 

showed that the hydrophilicity of the surfaces was increased 

after surface modification, confirming the role of hydrophilic 

groups (OH and COOH) in increasing the hydrophilicity of 

surfaces after plasma treatment. Plasma surface treatment of 

a polymeric matrix with N
2
, O

2
, and NH

3
 makes the surface 

of the matrix more hydrophilic and more bioadhesive.23,31 

The SEM images of the attachment of cells to the nanofi-

brous structure show significant expansion of the cells on 

plasma-treated surfaces, thus confirming their biocompat-

ibility and  tissue  biocolonization. The molecular structure 

of adhesive molecules in the cell membrane promotes  better 

and more stable attachment to hydrophilic surfaces in com-

parison with hydrophobic ones.17,31

In the present study, cell attachment and proliferation 

studies confirmed the considerable adhesion and expansion 

of epithelial cells onto the plasma-treated PCL nanofibrous 

skirt. Rabbit limbal cells are epithelial stem cells selected 

based on the evaluation of biocompatibility with this pros-

thesis. The attachment of these cells, as well as the rate of 

cell proliferation, can be used as criteria to evaluate the 

epithelialization ability of this corneal implant.

Results of the cell proliferation assay revealed that the 

electrospun nanofibrous structure promoted cell growth. 

Although cell proliferation onto TCPS was higher than in 

the scaffold, cell proliferation onto the scaffold up to day 

10 showed an increasing trend. Moreover, on day 10, cell 

proliferation on TCPS decreased while that on the nanofi-

brous scaffold increased compared with day 5. This novel 

structure provides an increased surface area for cells to attach, 

owing to its 3-dimensional feature and its high surface area to  

volume ratio.16

Although the PVA hydrogel has a low affinity for cell 

adhesion, its hydrophilicity and biocompatibility is sufficient 

to allow spreading of epithelial cells that have attached and 

proliferated onto the margin. However, future studies should 

evaluate the effects of immobilizing structural and adhesive 

biomolecules such as collagen, laminin, or fibronectin to 

improve the epithelialization ability of this structure.
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Figure 4 seM micrograph (A) and DAPI staining image (B) of LSC attachment onto the surface of plasma-treated PCL nanofibers after 3 days.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; Lsc, limbal stem cell; PcL, poly (ε-caprolactone).
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