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Due to the high demand for donor corneas and their low supply, autologous corneal endothelial cell (CEC)
culture and transplantation for treatment of corneal endothelial dysfunction would be highly desirable.
Many studies have shown the possibility of culturing CECs in vitro, but lack potential robust substrates
for transplantation into the cornea. In this study, we investigate the properties of novel ultrathin chito-
san–poly(ethylene glycol) (PEG) hydrogel films (CPHFs) for corneal tissue engineering applications.
Cross-linking of chitosan films with diepoxy-PEG and cystamine was employed to prepare �50 lm
(hydrated) hydrogel films. Through variation of the PEG content (1.5–5.9 wt.%) it was possible to tailor
the CPHFs to have tensile strains and ultimate stresses identical to or greater than those of human corneal
tissue while retaining similar tensile moduli. Light transmission measurements in the visible spectrum
(400–700 nm) revealed that the films were >95% optically transparent, above that of the human cornea
(maximum �90%), whilst in vitro degradation studies with lysozyme revealed that the CPHFs maintained
the biodegradable characteristics of chitosan. Cell culture studies demonstrated the ability of the CPHFs
to support the attachment and proliferation of sheep CECs. Ex vivo surgical trials on ovine eyes demon-
strated that the CPHFs displayed excellent characteristics for physical manipulation and implantation
purposes. The ultrathin CPHFs display desirable mechanical, optical and degradation properties whilst
allowing attachment and proliferation of ovine CECs, and as such are attractive candidates for the regen-
eration and transplantation of CECs, as well as other corneal tissue engineering applications.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Corneal endothelial cells (CECs) are specialized, polygonal-
shaped cells that reside on the inner surface of the cornea within
the aqueous chamber [1]. CECs are responsible for actively pump-
ing fluids across the cornea to maintain corneal transparency [1].
Human CECs do not regenerate in vivo and upon loss of their func-
tion corneal transplantation is required to restore vision [1,2]. Var-
ious factors can lead to the loss of function of the CEC layer,
including ageing, trauma and disease [1,3]. Once the number of
these cells reduces below a critical value, the cornea loses its opti-
cal clarity due to oedema, which subsequently leads to blindness
[1]. Various transplantation methods are available, ranging from
the replacement of the whole cornea to the replacement of only
the diseased cell layer [4–7]. As a result of the highly invasive nat-
ure of full-thickness corneal transplants, less invasive methods
have been developed. For example, Descemet’s stripping endothe-
lial keratoplasty (DSEK) [8,9] involves removing the Descemet’s
membrane, along with the non-functioning CECs, from the cornea
via a small incision into the anterior chamber. Subsequently, a thin
layer of donor corneal endothelium supported by a section of the
stroma is inserted into the anterior chamber to replace the CECs
[8]. Since only a thin layer of tissue is replaced via a small incision,
the technique is less invasive, healing rates are more rapid and the
chances of infection are greatly reduced [9]. As with all types of
corneal transplantation techniques utilizing donor tissue, there
are also risks of rejection and graft failure with the DSEK procedure
[9–11]. As such, development of an autologous transplant for the
treatment of corneal endothelial dysfunction would be ideal.

A wide variety of substrates have been investigated for the
regeneration and potential implantation of CECs [12–19]. In partic-
ular, collagen-based materials demonstrate desirable properties
for the attachment and proliferation of CECs but generally have
tensile strengths inferior to that of the human cornea [12–14].
The effects of harvesting, isolation and purification negatively im-
pact upon the mechanical properties of collagen, whereby they are
rapidly degraded due to disassembly of the natural structure and
cross-links present in vivo [20]. Ultimately, this hinders their appli-
cation in surgical procedures such as DSEK, which are physically
demanding and require robust substrates for implantation. In
addition, since most natural polymers are sourced from animals,

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.actbio.2013.01.020&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2013.01.020
mailto:gregghq@unimelb.edu.au
http://dx.doi.org/10.1016/j.actbio.2013.01.020
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


B. Ozcelik et al. / Acta Biomaterialia 9 (2013) 6594–6605 6595
there are potential risks in regards to disease transmission [21,22].
Other materials, such as hyaluronic acid, amniotic membrane and
silk fibroin, have also been investigated as potential substrates for
CEC regeneration and transplantation with promising results [23–
25]. These substrates have desirable tensile properties, support
CEC attachment and proliferation, and were able to be implanted
in vivo. However, there are certain issues associated with the use
of such materials as implantable substrates. Hyaluronic acid re-
quires modification for structural integrity and chemical stability
[26] and silk fibroin has issues related to immune responses
in vivo [27,28]. In addition, amniotic membrane, which is obtained
from human donors in most cases, carries risks associated with dis-
ease transmission [29]. Furthermore, variation in the transparency
of amniotic membranes depending on the source and location has
been reported, which is a significant consideration for ophthalmic
applications [30].

Rafat et al. recently demonstrated that cross-linking of collagen
composites with a poly(ethylene glycol) (PEG)-dialdehyde deriva-
tive yielded thick hydrogel films (�500 lm) that displayed desir-
able properties for corneal tissue engineering [31]. Interestingly,
the incorporation of small amounts of chitosan (1 wt.% relative to
collagen) into the composites led to significant improvements in
the strength and elasticity of the hydrogels. The hydrogels were
subsequently used to replace the majority of the cornea in animal
subjects via deep lamellar keratoplasty and displayed good bio-
compatibility over a period of 120 days. Liang et al. also demon-
strated that chitosan, gelatin and chondroitin sulfate composite
membranes are capable of supporting the regeneration of rabbit
CECs, thus highlighting the suitability of chitosan-based materials
for corneal engineering applications [20].

Chitosan is a linear polysaccharide consisting of randomly dis-
tributed glucosamine and N-acetylglucosamine repeat units and
is derived from N-deacetylation of chitin, the world’s second most
abundant polysaccharide after cellulose [32]. Chitosan’s biocom-
patible, biodegradable and non-toxic nature has resulted in signif-
icant interest in its use within the biomedical field [33,34]. In
addition, its antimicrobial and antifungal properties, and low
immunogenicity make chitosan an attractive polymer for medical
applications [35,36], particularly wound healing [37,38]. Further-
more, chitosan has also been extensively investigated as a material
for various tissue engineering applications. As a result of chitosan’s
many amine and hydroxyl functional groups, it can be readily
cross-linked and modified to afford hydrogels suitable for drug
delivery, cartilage and skin regeneration and adipose tissue engi-
neering [39–43].

PEG is a water-soluble, hydrophilic polymer that has been
widely explored for biomedical applications due to its non-toxic,
minimal immunogenicity and anti-protein fouling properties
[44–47]. As the US Food and Drug Administration (FDA) has ap-
proved this polymer for use in drug and cosmetic applications
[44], PEG has also been investigated to prepare hydrogel scaffolds
for tissue engineering applications [48]. Many in vitro and in vivo
studies have demonstrated the desirable properties of PEG, as well
as the cell and tissue penetration and vascularization capability of
scaffolds fabricated using PEG [49–52].

Several studies have investigated the combination of chitosan
and PEG to prepare potential tissue engineering scaffolds [53–
55]. As such, combining the advantageous properties of both PEG
and chitosan, we herein report the fabrication of ultrathin, biocom-
patible and biodegradable chitosan–PEG hydrogel films (CPHFs) for
the regeneration and implantation of CECs. The CPHFs are prepared
via the cross-linking of chitosan films with diepoxy-PEG and cysta-
mine. The judicious introduction of disulphide-containing cysta-
mine during the PEG cross-linking step imparts additional points
of degradation within the films as well as branching for the
cross-linking. The resultant optically transparent and permeable
films have excellent mechanical properties that surpass the tensile
strength of the human cornea whilst retaining similar elastic mod-
uli, and, as such, are well suited to ophthalmic applications. Their
mechanical properties combined with a thicknesses of just 50 lm
make these films particularly desirable for minimally invasive
implantation procedures resembling DSEK. In vitro studies re-
vealed that the CPHFs supported the proliferation of CECs from
sheep sources, thus demonstrating their potential for corneal tis-
sue engineering.
2. Experimental

2.1. Materials

Chitosan from fresh shrimp shells (Pandalus borealis) (190–
310 kDa; �80% deacetylated), cystamine dihydrochloride (98%),
poly(ethylene glycol) diglycidyl ether (PEGDGE) (Mn = 526 Da), col-
lagen Type I from calf skin (0.1% solution, sterile filtered), phos-
phate-buffered saline (PBS) tablets, glucose assay kit (Sigma
GAGO-20: glucose oxidase/peroxidise reagent and O-dianisidine
dihydrochloride) and albumin–fluorescein isothiocyanate conju-
gate from bovine (albumin-FITC), insulin, transferrin, selenium,
40,6-diamidino-2-phenylindole (DAPI) fluorescent stain, Triton X-
100, and dextran Mr � 500000 were obtained from Sigma–
Aldrich. Dulbecco’s Modified Eagle’s Medium:Nutrient Mixture
F12 (DMEM:F12), antibiotic–antimycotic, epidermal growth factor
(EGF), fetal calf serum (FCS), Alexa Fluor 488 goat anti mouse IgG,
trypsin, and EDTA were obtained from Invitrogen. Anti-Na+/K+-ATP-
ase (b2-subunit) monoclonal IgG produced in mouse clone M17-P5-
F11 was obtained from Santa Cruz Biotechnology. Thermanox tissue
culture plastic (TCP) coverslips were obtained from NUNC. D-Glu-
cose (anhydrous) was obtained from Chem-Supply. Cystamine dihy-
drochloride was neutralized according to a previously published
procedure [52]. Tetrahydrofuran (THF) (Honeywell, 99.99%), sodium
hydroxide (Merck, >99%), acetic acid (Chem-Supply, >99.7%) were
used as received. Milli Q water (18.2 MX cm) was obtained from a
Millipore Synergy Water system. Poly(vinyl chloride) (PVC) sheets
were obtained from Bunnings Warehouse, Australia. Deuterium
oxide (99.8% D) was purchased from Cambridge Isotope Laborato-
ries and used as received. Matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectroscopy (MALDI ToF MS) matrices
(a-cyano-4-hydroxycinnamic acid (a-CHCA) (P99.5%), trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) (P99.0%), 2,5-dihydroxy benzoic acid (DHB)), and cationiza-
tion agent (NaTFA (99.999%)) were purchased from Aldrich and used
as received.
2.2. Instrumentation

Thermogravimetric analysis (TGA) was conducted using a Per-
kin-Elmer Diamond TGA/DTA with Pyris Thermal Analysis Software.
Environmental scanning electron microscopy (E-SEM) was carried
out using a FEI Quanta FEG 200 Enviro-SEM with the samples
mounted on carbon tabs. UV–Vis light transmittance measurements
were carried out using a Shimadzu UV-1800 UV–Vis scanning spec-
trophotometer. A side-by-side diffusion cell with magnetic stirrers
was obtained from PermeGear Inc. Mechanical testing was con-
ducted using an Instron Microtester 5848 equipped with Bluehill
material testing software. Spectral reflectance measurements were
obtained using a Filmetrics thin-film measurement system with
the F20-XT configuration. Immunofluorescence imaging was carried
out using a Olympus BX61 system with computer-assisted stereo-
graphic tomography (CAST) (Olympus, Japan). 1H nuclear magnetic
resonance (NMR) spectroscopy was performed using a Varian
Unity400 spectrometer operating at 400 MHz (using the deuterated



6596 B. Ozcelik et al. / Acta Biomaterialia 9 (2013) 6594–6605
solvent as lock). MALDI ToF MS was performed on a Bruker Autoflex
III mass spectrometer operating in positive/linear mode. The matrix
(DHB, DCTB or a-CHCA) and cationization agent (NaTFA) were dis-
solved in methanol (10 and 1 mg ml�1, respectively) and then mixed
with the analyte in a ratio of 10:1:1. 0.3 ll of this solution was then
spotted onto a ground steel target plate and the solvent allowed to
evaporate prior to analysis. FlexAnalysis (Bruker) was used to ana-
lyze the data. The values quoted correspond to the molecular weight
of the species.
2.3. Preparation of CPHFs

2.3.1. Casting of chitosan films
Chitosan (1 g) was suspended in Milli Q water (99 ml) with stir-

ring and acetic acid (1 ml) was added. The clear, viscous solution
was stirred for 15 min and then centrifuged at 4400 rpm for
5 min. The centrifuged solution was pipetted onto a smooth PVC
sheet so that 0.21 ml of 1% chitosan solution was pipetted for every
cm2 of the PVC surface. A spirit level was used prior to pipetting of
the chitosan solution, to ensure that the containers were flat and
an even coverage with the solution was obtained. The solution
on the coated PVC sheet was then degassed for 1 h under vacuum
(0.1 mbar) prior to being placed in an oven at 30 �C with an open-
ing to allow for water evaporation for 24 h. The resulting chitosan
film was peeled off the PVC sheet, immersed in 1 M NaOH (20 ml)
for 10 min and then washed with Milli Q water (3 � 200 ml). Sub-
sequently the films were dried in vacuo (20 mbar) at 60 �C for 2 h
and stored in a glass container until further use.
2.3.2. Cross-linking of chitosan films
PEGDGE was dissolved in THF with agitation to afford 10, 30, 50

and 70% v/v solutions or used neat. Cystamine was added in a 4:1
PEGDGE:cystamine molar ratio and the solution was mixed thor-
oughly. Dry chitosan films were placed into solutions both with
and without cystamine at a volume to mass ratio of 65 ml solu-
tion/g chitosan film. After 24 h at 25 �C the resulting CPHFs were
removed and soaked in THF (50 ml, 3 � 15 min) before being
washed thoroughly with Milli Q water (3 � 200 ml). The CPHFs
were then dried in vacuo (20 mbar) at 60 �C for 24 h and stored
in a glass jar until further use. No additional surface modification
or extracellular matrix (ECM) coating was carried out on the CPHFs
following PEGDGE and cystamine cross-linking. To observe the
swelling characteristics, CPHFs were placed in 1 � PBS for 24 h.
The percentage equilibrium swelling ratio (%ESR) of the films
was calculated using the equation %ESR = [(Ws �Wd)/
Wd] � 100%, where Ws and Wd refer to the swollen and dried
weights, respectively. The analysis was conducted in triplicate for
each type of CPHF and the results averaged.
2.4. Thickness analysis of CPHFs

E-SEM and spectral reflectance analysis was used to determine
the thickness of the CPHFs. Dried CPHFs mounted on carbon tabs
were analyzed via E-SEM under low-vacuum conditions. The tilt
adjustment of the sample holder was used to observe the cross-
section of the CPHFs. Subsequently, ImageJ software (National
Institute of Health, USA) was used to determine the average thick-
ness. Spectral reflectance measurements of the dried and hydrated
CPHFs were conducted in air with a film refractive index of 1.459,
at different locations on the films. Thickness values were obtained
from an average of three measurements between wavelengths of
1600 and 1650 nm using the Filmetrics F20-XT configuration.
2.5. Light transmittance evaluation of CPHFs

Dried CPHFs were swollen in 1 � PBS solution prior to UV–Vis
evaluation. Light transmittance measurements were recorded at
25 �C over the visible spectrum (350–750 nm).

2.6. In vitro degradation of CPHFs

Dried CPHFs prepared from cross-linking with 50% v/v PEGDGE/
cystamine solutions (CPHF50) were cut into 2 cm � 2 cm squares.
Lysozyme (4.8 g) and L-cysteine (0.825 g) were dissolved in PBS
(750 ml) to afford a solution containing a 100 times greater con-
centration of lysozyme and L-cysteine than that found in the hu-
man aqueous humour [56,57]. The solution was separated into
15 glass containers (50 ml) and the CPHF squares were weighed
and then placed into each of the solutions. The containers were
sealed and placed in a temperature-controlled orbital shaker at
35 �C. Three containers were removed from the orbital shaker at
time points of 3 days, and 1, 2, 4 and 8 weeks. The remaining films
were carefully removed from the containers, immersed in Milli Q
water (25 ml) for 15 min with occasional gentle agitation, dried
in vacuo (20 mbar) at 60 �C for 24 h under vacuum and then
weighed. The mass remaining was plotted against time to obtain
the degradation profile of the films.

2.7. Compositional characterization of CPHFs

For TGA, CPHFs (2 cm � 2 cm) were dried in vacuo (20 mbar) at
60 �C for 24 h prior to analysis. The dried CPHFs, unmodified chito-
san film and PEGDGE were individually subjected to TGA to deter-
mine their degradation profiles. Each sample was loaded into a
porcelain crucible and after 30 min was weighed. The samples
were heated to 500 �C at a rate of 5 �C min�1. The thermal degrada-
tion data obtained by the TGA was analyzed using OriginPro 7.5
software. For NMR spectroscopic analysis and MALDI ToF MS the
dried CPHFs (0.3 g) were placed in fuming hydrochloric acid (37%
HCl) (20 ml) and stirred at 70 �C for 22 h. The HCl was removed
in vacuo and the residue was azeotroped with Milli Q water
(5 � 50 ml). The resultant powder was suspended in methanol
(5 ml) and centrifuged. The supernatant was then analyzed via
MALDI ToF MS. The methanol supernatant was then dried in vacuo
and the residue was suspended in isopropanol (2 ml) and sonicated
for 30 min. The suspension was then centrifuged and the superna-
tant was removed and dried in vacuo. The resultant light yellow
powder was then dissolved in D2O (1 ml) and analyzed via 1H
NMR spectroscopy.

2.8. Evaluation of tensile properties of CPHFs

CPHFs were swollen in 1 � PBS and then cut into 4 cm � 2 cm
pieces for evaluation of their tensile properties. The films were
clamped between wooden tabs within the metal clamps of an In-
stron Microtester 5848 to prevent slippage and jaw tearing of the
films (gauge area 2 cm � 2 cm). CPHFs were not stress precondi-
tioned prior to tensile testing. Tensile evaluation of the CPHFs
was carried out in the water bath of the microtester in 1 � PBS
solution at 35 �C. At least three repeats from each cross-linking
condition were used in the tensile evaluation. Samples were
stretched at a rate of 0.1 mm s�1 until breakage of the films in
the gauge area occurred. Any film that did not break within the
gauge area was disregarded for compilation of raw data. To deter-
mine the effects of in vitro conditions on the tensile properties, the
CPHFs (4 cm � 2 cm) were maintained in DMEM (supplemented
with 10% v/v FBS, 1% v/v penicillin–streptomycin, 1% v/v L-gluta-
mine) for 14 days (37 �C, 5% CO2) and subsequently subjected to
the same tensile evaluation. Data obtained from the Bluehill
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software was analyzed using OriginPro 7.5 software to determine
the ultimate tensile stress–strain and tensile modulus.

2.9. In vitro cytotoxicity assessment of CPHF degradation products

Dried CPHFs (5 g) were placed in fuming hydrochloric acid (37%
HCl) (30 ml) and stirred at 70 �C for 18 h. The HCl was removed in
vacuo and the residue was azeotroped with Milli Q water
(5 � 100 ml) until a neutral pH was obtained. The resulting light
brown powder was stored in a desiccator until further use. For
the cytotoxicity study 3T3 fibroblasts were passaged and seeded
onto 2 � 6 well plates at 75,000 cells per well. The degradation
products were dissolved in sterile DMEM to provide a 4 mg ml�1

stock solution. 10 and 1000 ll of the stock solution was added to
the wells and the total volume in the wells was made up to 4 ml
to obtain degradation product concentrations of 10 and
1000 ppm, respectively. The wells were then placed in a 37 �C,
5% CO2 incubator for 72 h. Following incubation, the morphology
of the cells was observed under a microscope. Cells in each well
were trypsinized and the numbers of viable cells were counted
using a haemocytometer following staining with trypan blue.

2.10. In vitro permeability evaluation of CPHFs

Glucose and albumin diffusivity measurements were carried out
using a side-by-side diffusion cell (PermeGear, Bethlehem, PA) with
cell volumes of 5 ml. The CPHF was placed between the two cells and
clamped tightly. For glucose measurements, the source cell was
filled with glucose in PBS (0.05 g ml�1, 4 ml) and the receiving cell
with PBS buffer only (4 ml). For albumin measurements, 50 lM
albumin-FITC in PBS (4 ml) was placed in the source cell and PBS
(4 ml) in the receiving cell. For both glucose and albumin measure-
ments the chambers were maintained at 35 �C with magnetic stir-
ring in each cell. At set times (30, 45, 60, 80 and 100 min) 2 ml
aliquots were removed from the receiving cell and replaced with
fresh PBS (2 ml). For glucose measurements, the aliquots were pre-
pared for spectrophotometric analysis using a glucose assay kit (Sig-
ma GAGO-20: glucose oxidase/peroxidise reagent and O-dianisidine
dihydrochloride reagent) and analysed using a Shimadzu UV-1800
spectrophotometer at 540 nm. For albumin measurements, the
absorbance of the albumin-FITC at 495 nm was measured using a
Shimadzu UV-1800 spectrophotometer.

2.11. Evaluation of attachment and proliferation of sheep CECs on
CPHFs

2.11.1. Preparation of CPHFs for cell culture studies
CPHFs were hydrated in 1 � PBS (50 ml) and cut into circular

disks (diameter 16 mm) using a circular hole punch. No surface
modification or ECM coating was carried out on the CPHFs prior
to the in vitro studies. Subsequently, the films were immersed in
80% v/v ethanol for 1 h. The films were then immersed in sterile
PBS solution for 15 min (3 � 50 mL) and placed into a 24 well plate
with sterile glass rings (external diameter 15 mm) to hold them in
place. PBS (2 ml) was added to the wells and the plate was stored
at 8 �C prior to cell culture studies.

2.11.2. CEC harvesting and in vitro cell seeding of CPHFs
Eye orbs from fresh scavenged experimental cadavers of merino

sheep were washed with proviodine (1:50, 8 min), methanol (20%
v/v, 60 s), peracetic acid (0.1% v/v, 5 min), and in PBS with antibi-
otic–antimycotic. Corneas were then dissected and transferred to
thinning media (1:1 DMEM:F12, insulin (0.5 lg ml�1), transferrin
(0.275 lg ml�1), selenium (0.25 ng ml�1), EGF, 2% FCS, antibiotic–
antimycotic and dextran) for 16 h. Descemet’s membrane was dis-
sected from corneal tissues, and treated with collagenase
(2 mg ml�1) for 60 min followed by trypsin (0.05%)–EDTA (0.02%)
for 5 min. Descemet’s membrane in the samples was then cut into
small pieces and triturated to produce a single-cell suspension,
subsequently the decellularized Descemet’s fragments were re-
moved. 25000 and 50000 cells were seeded onto CPHFs or Therma-
nox TCP coverslips in corneal media (1:1 DMEM:F12, insulin
0.5 lg ml�1, transferrin 0.275 lg ml�1, selenium 0.25 ng ml�1,
EGF, 10% FCS and antibiotic–antimycotic). Cell culture was per-
formed under standard conditions (37 �C, 5% CO2) for 7 days.

2.11.3. Immunofluorescence
Descemet’s membranes dissected from sheep corneas were

used as positive controls. Test samples were cultured sheep CECs
on various test surfaces, CPHF and TCP. Negative control samples
were not incubated with the primary antibody. All samples were
fixed with 4% paraformaldehyde for 10 min before washing in
PBS, and stored at 4 �C until use. Immunofluorescence was per-
formed as follows. Samples were permeabilized with 0.3% Triton
X-100 for 15 min before washing with PBS. Blocking was with 3%
normal goat serum for 30 min. Samples were incubated with the
primary antibody in PBS for 2 h in a humidified chamber. The neg-
ative controls were incubated without a primary antibody (Anti-
Na+/K+-ATPase IgG antibody). After PBS washing the samples were
incubated with the secondary antibody for 1 h (Alexa Fluor 488).
After PBS washing samples were incubated with DAPI for 5 min.
After a final PBS wash, samples were mounted with aqueous med-
ium. Images were obtained using an Olympus BX61. CAST (Olym-
pus) was used to determine cell density from DAPI-labelled
nuclei. For comparison, the cell density of freshly dissected ovine
corneas was determined by confocal microscopy and CAST.

2.12. Ex vivo surgical evaluation of CPHFs using ovine eyes

Whole sheep eyes were extracted from sacrificed sheep and
mounted on polystyrene foam using a surgical needle for ex vivo
evaluation. CPHFs prepared from the 50% v/v PEGDGE solution
(CPHF50), were cut into 9 mm diameter disks for surgical assess-
ment. Two small incisions were initially made on opposite sides
of the ovine cornea using a slit knife. The CPHF disks were placed
on top of the cornea and were subsequently pulled into the ante-
rior chamber using fine vitreo-retinal forceps. Saline solution was
used to keep the sheep orb hydrated throughout the procedure.
Following the insertion of the CPHF into the anterior chamber,
air bubbles were introduced to allow the film to flatten and adhere
onto the inner surface of the cornea. Photographs were obtained
and the robustness of the film for use in the DSEK procedure was
qualitatively assessed.
3. Results and discussion

3.1. Fabrication of CPHFs

As a result of their versatile properties, availability, processabil-
ity and potential in biomedical research, chitosan and PEG were
chosen as the main constituents for the fabrication of ultrathin
hydrogel films (CPHFs). The precursor chitosan films were initially
cast onto PVC sheets from dilute acetic acid solutions at 30 �C for
24 h (Fig. 1a). Casting of chitosan films on glass surfaces, i.e. glass
Petri dishes, resulted in strongly adhered films that were difficult
to remove without damaging the film. Hence PVC sheets were pre-
ferred for the chitosan film-casting process, since the chitosan
films could be removed easily from these surfaces. Casting temper-
atures above 30 �C without degassing led to imperfections in the
films as a result of bubble formation, which is non-desirable for
optical applications where a smooth, defect-free surface is required



Fig. 1. (a) Synthesis of CPHF films. (b) Swollen CPHF with schematic showing cross-
linked structure. (c) SEM images of the dehydrated CPHF cross-section and surface
(note the smoothness and lack of defects). (d) CPHF50 folded in half in PBS solution.
Transparency of the film makes observation with the naked eye difficult. The arrow
is pointing at the location of the fold in the film to demonstrate transparency even
when film thickness is doubled.
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to prevent refraction of incoming light and distortion of images.
The films were subsequently treated with 1 M NaOH solution,
washed with water and dried to afford stiff chitosan films that
readily absorbed water, leading to elastic films that were robust
enough to handle repeated stretching. NaOH treatment was carried
out to neutralize any residual acetic acid and the protonated chito-
san amino groups, thus making the chitosan film insoluble in
water.

The neutralized and dried chitosan films were subsequently
cross-linked using epoxy–amine chemistry through reaction of
the amino groups present on the glucosamine repeat units with a
diepoxy-PEG, PEGDGE and cystamine in solution (Fig. 1a).
Epoxy–amine reactions are simple, stepwise reactions that have
been widely studied for various applications [58–61], including
the fabrication of hydrogel scaffolds for tissue engineering [52].
Solutions of PEGDGE in tetrahydrofuran (10, 30, 50 and 70% v/v,
and neat) containing cystamine at a 4:1 PEGDGE:cystamine molar
ratio were used to afford the CPHFs (referred to as CPHFX, where x
corresponds to the concentration of PEGDGE in the cross-linking
solution, e.g. CPHF30) (Fig. 1b). The chitosan films were immedi-
ately placed into the PEGDGE solutions with and without cysta-
mine: the epoxy groups of the PEGDGE then react with the
chitosan amino groups, resulting in cross-linking of the chitosan
chains. Cystamine was selected to aid the cross-linking as it can re-
act with the epoxy groups of PEGDGE to form branched cross-link-
ing structures, and to introduce disulfide groups into the network,
which provides additional degradation points that can be cleaved
by cysteine and glutathione in vivo. A 4:1 PEGDGE:cystamine mo-
lar ratio was selected to maximize the formation of branch points
without the formation of a cross-linked gel network from PEGDGE
and cystamine. Thus, cystamine aids in the cross-linking of the
chitosan film by generating multifunctional cross-linkers through
reaction with PEGDGE. Tetrahydrofuran was used as the solvent
due to the insolubility of chitosan in organic solvents [62]; hence,
the chitosan film could be cross-linked without dissolution. Visual
examination of the films following cross-linking revealed no obser-
vable differences between the initial chitosan film and the PEGDGE
cross-linked films (CPHFs); however, upon addition of CPHFs trea-
ted with added cystamine to aqueous acetic acid (5% v/v), they re-
mained intact and retained optical clarity, whilst the initial
chitosan film readily dissolved. In comparison the chitosan films
that were treated with PEGDGE without cystamine also readily dis-
solved similar to the untreated chitosan films, indicating that with-
out cystamine incorporation, cross-linking of the chitosan film did
not occur. This could be the result of branched cross-linkers
formed due to the reaction between PEGDGE and cystamine that
are able to increase the probability of cross-linking and allow the
incorporation of PEG. Since multi-epoxy functional cross-linkers
can be formed through the reaction between cystamine and up
to four PEGDGEs, this would provide more potential cross-linking
points, improving the chances of cross-linking with chitosan.

3.2. Thickness analysis

The thickness of the CPHFs was analyzed via E-SEM and spectral
reflectance analysis. Cross-sectional and surface analysis of the
dried CPHFs via E-SEM provided a dehydrated thickness of
�26 lm and displayed the smooth and imperfection-free topology
of the films (Fig. 1c). The film thicknesses were also confirmed by
spectral reflectance measurements that provided dehydrated and
hydrated thicknesses of �25 and �46 lm, respectively. DSEK and
similar lamellar keratoplasties such as Descemet’s membrane
endothelial keratoplasty (DMEK) utilize 10–150 lm thick grafts
[63,64], and thus the thickness of the CPHFs is well suited for such
applications. Previous studies using much thicker gelatin and hyal-
uronic acid films (650–800 lm) for corneal endothelial tissue engi-
neering [65,66] require much more invasive procedures such as
penetrating keratoplasty for implantation compared to the 50 lm
CPHFs, which could be easily inserted via small incisions in the cor-
nea. Whereas the thickness of the films for the purpose of these
studies was chosen to be �50 lm, alteration of the initial chitosan
concentration and/or the amount of solution used for casting al-
lows the thickness of the films to be tailored for specific
applications.

3.3. Light transmittance evaluation

The human cornea allows transmittance of light in a monotoni-
cally increasing manner, whereby UV-light transmittance increases
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from approximately 30% to 75% (310–400 nm) and the transmittance
of visible light continues to increase from �75 to 95% (400–700 nm)
[67–69]. Any films for corneal applications should be at least as capable
as the human cornea with respect to the transmittance of visible light
in order not to hinder the vision of the host. As a result of their high
transparency and 50 lm thickness, the CPHFs are almost invisible to
the naked eye in water (Fig. 1d). UV–Vis spectroscopic analysis of all
the CPHFs revealed that they transmit >95% of visible light at all wave-
lengths (400–700 nm) (Fig. 2), whereas the UV light transmittance re-
duces from 400 to 220 nm (Fig. 2). The transmittance of the CPHFs to
UV and visible light is therefore similar to the human cornea. The po-
tential effect of the implanted CPHFs on corneal transmittance would
be minimal as DSEK-like procedures only remove a very thin layer of
the cornea and replace it with a thin layer, leaving the majority of
the cornea intact. In addition, the CPHFs are designed to biodegrade,
and therefore any effect that they have on the light transmittance of
the cornea would ultimately be eliminated. To prevent hindrance of
the patient’s vision, it is desired that the CPHFs are at least as capable
as the human cornea in terms of the transmittance of visible light.
The transmittance profile (Fig. 2) of the CPHFs reveals that they
are easily capable of achieving this objective throughout the visible
spectrum.
3.4. Compositional characterization of CPHFs

To determine the composition of the CPHFs, TGA was carried
out to study the thermal degradation characteristics of the chito-
san and PEG components. Initially, the unmodified chitosan film
and the PEGDGE precursor were analyzed and the results were
plotted as first-derivative thermogravimetric curves, which re-
vealed degradation peaks at 280 and 340 �C, respectively (Fig. 3a
and b). In comparison, TGA of the CPHFs revealed a peak corre-
sponding to the chitosan at �280 �C with a shoulder at �340 �C
corresponding to the PEG component (Fig. 3c), thus indicating
the successful incorporation of PEG. Interestingly, the intensity of
the shoulder increased as the concentration of PEGDGE used to
cross-link the chitosan film increased up to 50%, with further in-
creases in concentration resulting in a decrease in the intensity
of the shoulder (Fig. 3c). In comparison the chitosan films treated
without cystamine demonstrated identical TGA profiles to that of
the unmodified chitosan film (Fig. 3c). The shoulders that indicate
the incorporation of PEG into the CPHFs were not present in the
TGA, hence indicating that PEG incorporation into the films did
not occur in films treated without cystamine. This could be due
to the multifunctional epoxy cross-linkers that form between cys-
tamine and up to four PEGDGEs, increasing the cross-linking po-
tential due to the additional cross-linking points formed.

The wt.% of PEG in the CPHFs was determined via analysis of the
degradation rates of CPHFs and comparison to that of chitosan and
Fig. 2. Light transmission of CPHF across the UV–visible spectrum.
PEGDGE. These were plotted against the concentration of PEGDGE
in the cross-linking solutions (Fig. 3d), which revealed an increase
followed by a decrease in wt.% with increasing PEGDGE concentra-
tion, demonstrating a ‘‘Gaussian-like’’ trend. This increase and sub-
sequent reduction in PEG content could result from an increase in
viscosity of the cross-linking solution when the concentration of
PEGDGE is increased. The increased viscosity may limit reaction
between the PEGDGE and the chitosan amino groups as higher vis-
cosities reduce the mobility of the PEG chains and hinder their
penetration into the chitosan film. The CPHFs demonstrated simi-
lar swelling characteristics to that of the control chitosan film.
Regardless of the PEGDGE concentration used for the swelling, neg-
ligible differences were observed in regards to the %ESR between
the different films (Table 1). Since chitosan is the major component
in all CPHFs and is capable of swelling, the effect of small amounts
of PEG incorporated into the CPHFs is negligble, and hence the dif-
ference between the films prepared with varying PEGDGE concen-
trations and the chitosan film is negligible.

For 1H NMR spectroscopic analysis and MALDI ToF MS initially
the CPHFs were acid hydrolyzed in concentrated HCl via a similar
method to that previously described [70,71]. 1H NMR spectroscopic
analysis and MALDI ToF MS of the HCl-mediated degradation prod-
ucts of the CPHFs confirmed the incorporation of PEG into the
cross-linked chitosan films (Fig. 4). 1H NMR spectroscopic analysis
revealed characteristic resonances corresponding to the anomeric
proton of the glucosamine repeat units at dH 5.40 ppm, as well as
the methine protons of the glucosamine ring between dH 3.20
and 4.00 ppm (Fig. 4a). Incorporation of cystamine into the CPHF
network was also evident with resonances observed for methylene
protons adjacent to the disulfide and amino groups at dH 2.60 and
2.90 ppm, respectively. Amongst the resonances observed for glu-
cosamine, methylene protons of the PEG chains were also observed
at dH 3.70 ppm, indicating the incorporation of PEG into the chito-
san film. MALDI ToF MS analysis of the degradation products was
performed using various different matrices (DHB, a-CHCA and
DCTB) (Fig. 4b–d).

When DHB was employed as the matrix a broad and complex
distribution of species was detected (Fig. 4b). Analysis of the spec-
trum in the 750–1250 m/z region revealed two major series of
peaks corresponding to glucosamine- and cystamine-bound PEG-
based species with either 1 or 2 glucosamine repeat units. The
presence of chitosan oligomers was also detected towards higher
molecular weights with a series of peaks separated by 161.1 Da,
which corresponds to the glucosamine repeat unit. Alternatively,
when a-CHCA was used as the matrix, three major doubly charged
series were observed (Fig. 4c). Between 830 and 1100 m/z these
series corresponded to (i) glucosamine-capped PEG linked by cys-
tamine, (ii) glucosamine-capped PEG groups and (iii) branched glu-
cosamine capped with three PEG groups and linked by cystamine.
Using DCTB as the matrix provided a spectrum with two major ser-
ies corresponding to PEG-functionalized glucosamine series and
glucosamine-capped PEG series (Fig. 4d). In addition to the series
presented in Fig. 4b–d, other multibranched PEG series bound with
cystamine and glucosamine (results not shown) were also ob-
served. The complementary results obtained from MALDI ToF MS
and 1H NMR spectroscopic analysis provide good evidence for the
structure of the degradation products and indicate that the CPHFs
are comprised of chitosan chains cross-linked with PEG and PEG/
cystamine combinations.

3.5. Mechanical evaluation of CPHFs

To investigate the effect of PEG cross-linking on the films’
mechanical properties, tensile testing was performed to determine
the ultimate stress (r), fracture strain (ultimate elongation, %e) and
elastic moduli (E) of the unmodified and cross-linked chitosan



Fig. 3. First-derivative thermogravimetric curves for (a) chitosan film, (b) PEGDGE and (c) CPHFs cross-linked using various concentrations of PEGDGE with and without
cystamine. (d) PEG content of CPHFs.

Table 1
Water content of unmodified chitosan film and CPHFs.

Material Chitosan film CPHF10 CPHF30 CPHF50 CPHF70 CPHF100

%ESR 172.5 ± 9 171.4 ± 1 170.2 ± 8 171.8 ± 9 170.2 ± 5 170.3 ± 8
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films (Fig. 5 and Table 2). In general, cross-linking with PEGDGE
and cystamine was found to significantly enhance the r and %e
of the chitosan film without significantly effecting the E. For exam-
ple, the r and %e of the unmodified chitosan film were 9.9 MPa and
65%, respectively, whereas CPHF50 had an r and %e of 28.2 MPa and
101%, respectively. Interestingly, the r and %e of the CPHFs were
observed to increase and then decrease with increasing PEGDGE
concentration (Fig. 5a and b), which correlates well with the wt.%
of PEG determined from TGA (Fig. 3d and Table 2). The Gaussian-
like trend in the PEG content of the CPHFs observed from the
TGA (Fig. 3) is also replicated in the r and %e of the films (Fig. 5).
In regards to the ultimate stresses and strains obtained from the
tensile evaluation, this increase and decrease in the r and %e of
the films correlates directly with the PEG content of CPHFs. This
indicates that the r and %e of the films is directly related to the
PEG content of the CPHFs, and most likely an increase in cross-link-
ing density with higher PEG content. Thus, as the PEG content de-
creases, the improvement in r and %e also diminishes. The E of the
CPHFs is comparable to the human cornea, which is important for
modulating cell behaviour [72–74]. In comparison, the chitosan
films that were treated without cystamine showed negligible dif-
ference to the unmodified chitosan films. Since no cross-linking
of films treated without cystamine was observed in the TGA, the
tensile properties of these films remained unchanged as expected
(Fig. 5). CPHFs are designed as platforms to support attachment
and proliferation of CECs. This proliferation period can take a few
days or even weeks. This period, in which the CPHFs are main-
tained in media at 37 �C, could lead to degradation of their tensile
properties. Hence CPHFs maintained in the same in vitro condi-
tions for 14 days were subjected to tensile evaluation. From these
results a small reduction in the r and the %e was observed (~25.4
MPa and ~95%, respectively). Compared to the human cornea,
CPHFs maintain a very high r and %e even after 14 days in media,
and hence still demonstrate suitable tensile properties for implan-
tation following in vitro CEC proliferation. The high tensile strength
and elasticity of the CPHFs make them suitable for utilization in
implantation techniques such as DSEK, where a robust substrate
is required to survive the physical manipulations of the surgical
procedure. As a result of its high r and %e, and comparable E to
the human cornea, CPHF50 was selected for further studies and
evaluation.

3.6. In vitro permeability evaluation of CPHFs

Since the cornea receives nutrients via diffusion it is extremely
important that substrates targeted towards ophthalmic applications
are permeable to nutrients and other biomolecules (e.g. glucose and
albumin) [75]. Therefore, the permeability of CPHF50 to glucose and



Fig. 4. (a) 1H NMR spectrum (D2O) of the residue isolated from isopropanol extraction of the CPHF degradation products. MALDI ToF mass spectra of CPHF acid degradation
products recorded in linear/positive using (b) DHB, (c) a-CHCA and (d) DCTB as the matrices.
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albumin was investigated in vitro using a thermostated side-by-side
cell, and the diffusivity for glucose and albumin were determined
to be�1.0 � 10�6 and�1.0 � 10�8 cm2 s�1, respectively. The human
cornea has diffusivities for glucose and albumin of �2.6 � 10�6 and
�1.0 � 10�7 cm2 s�1, respectively [31]. Thus, the glucose permeabil-
ity of the CPHF is comparable to the human cornea, and even though
the albumin permeability is a magnitude lower, this may still be
sufficient. Further in vivo studies may demonstrate whether the
diffusivity of the CPHFs is suitable for implantation. Ultimately,
the in vitro permeability studies demonstrate that the CPHFs are
permeable to both large and small molecules that are important
for the survival and function of CECs.

3.7. In vitro degradation of CPHFs

Ideally, tissue engineering scaffolds need to degrade in a con-
trolled manner and allow the restoration of the target tissue to
its natural structure, morphology and function without leaving
any foreign material behind. Chitosan is readily degraded by en-
zymes via the cleavage of the glycosidic bonds, specifically lyso-
zyme, which is naturally present in various parts of the human
body and notably in tears [76,77]. To assess the degradability of
the films, CPHF50 was subjected to an accelerated in vitro degrada-
tion study using lysozyme and L-cysteine. CPHF50 was selected as
an example to demonstrate the degradation capacity of a cross-
linked CPHF. The naturally occurring L-cysteine was included in
the degradation solution to aid in the cleavage of the disulfide
bonds present in the cross-links as a result of the inclusion of cys-
tamine during the cross-linking process. Degradation of CPHF50

using lysozyme and L-cysteine at concentrations of 100 times
greater than those in the human aqueous humour resulted in a
mass loss of �50% after 55 days (Fig. 6). Evidently, slower degrada-
tion would be expected in vivo as a result of lower concentrations
of lysozyme and L-cysteine, although the presence of other en-
zymes or bioactive molecules (e.g. glutathione) could play a role
in degradation of the films. For example, chitosan degradation by



Fig. 5. Comparisons of the effects of PEGDGE concentration during cross-linking on
CPHFs: (a) ultimate stresses (r); (b) ultimate strains (%e).

Fig. 6. In vitro degradation profile of CPHF50 over a 55 day time period.

Fig. 7. Comparison of 3T3 proliferation after 72 h in the absence (control, 0 ppm),
and presence of 10 and 1000 ppm of CPHF degradation products.
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non-specific enzymes present in the human body (e.g. collagenase)
has been reported [78–80]. Regardless, a slower degradation rate
may be more favourable to allow the cell’s natural migration to
maintain a confluent corneal endothelium and migrate to the cor-
neal stromal surface as the film is degraded and cleared from the
anterior chamber of the cornea. Furthermore, follow-up inspec-
tions for the DSEK procedures can range from 6 to 18 months,
which is within the degradation time frame of the CPHFs
[11,65,8]. Other studies have shown that the degradation rate of
PEG-blended/modified chitosan films can vary depending on the
PEG content as well as cross-linking density [81–83]. Since the
PEG content of the CPHFs can be tailored via the variation of the
PEGDGE concentration during cross-linking, this may allow control
of the degradation rate of the CPHFs. Nevertheless, this study dem-
onstrates that the CPHFs are biodegradable in the presence of lyso-
zyme and L-cysteine, which are naturally present in the cornea.
3.8. Cytotoxicity assessment of CPHF degradation products

As CPHFs are potential implantation materials, it is crucial
that their degradation products are benign and demonstrate
negligible toxicity. Therefore, CPHF50 was completely degraded
Table 2
Mechanical properties of unmodified chitosan films, PEGDGE-modified films without cyst

Materiala PEG content wt.%b Ultimate stress (r)/

Chitosan film – 9.9 ± 1.6
No cystamine film – 9.8 ± 1.8
CPHF10 1.5 12.7 ± 2.9
CPHF30 5.4 22.9 ± 1.5
CPHF50 5.9 28.2 ± 3.3
CPHF70 2.8 11.9 ± 3.7
CPHF100 2.3 5.9 ± 2.1
Human cornead – 3.3 ± 0.2

a CPHF refers to chitosan–PEG hydrogel film and the subscript number refers to the c
b Determined by TGA.
c Determined via tensile mechanical testing.
d Values taken from Ref. [31].
under acidic conditions in an accelerated manner and the degra-
dation products were isolated, analyzed and subjected to in vitro
cytotoxicity studies with 3T3 fibroblasts. Initially, CPHF50 was
degraded using concentrated HCl and the excess HCl was com-
pletely removed to afford a light brown powder. The cytotoxicity
of the degradation products was evaluated via a standard cell
proliferation study, whereby 3T3 cell suspensions of known cell
number were incubated in the presence of 10 and 1000 ppm of
the degradation products for a period of 72 h. For both concen-
trations studied the cells proliferated at the same rate as that
of the control (Fig. 7), implying that the acid-catalyzed degrada-
tion products do not impair cell growth and are benign. It is
likely that the degradation products that would result from deg-
radation by lysozyme in vivo are large chitosan oligomers and
cross-linked PEG chains. HCl degradation degrades chitosan to
much shorter glucosamine oligomers covalently attached to
PEG as observed in the NMR and MALDI ToF studies. Even
though they are not identical to the in vivo degradation products
in regards to their molecular weight, by composition they are
similar. Ultimately, in vivo cytotoxicity studies would need to
be conducted to confirm the toxicity of the CPHFs, but these
studies are outside the scope of this manuscript.
amine, CPHFs, and human cornea.

MPac Fracture strain (%e)c Tensile modulus (E)/MPac

65 ± 12 15.5 ± 2.7
56 ± 15 17.6 ± 4.3
70 ± 6 12.5 ± 1.8

103 ± 9 14.3 ± 5.1
101 ± 17 17.7 ± 6.6

81 ± 12 12.6 ± 0.8
38 ± 8 10.4 ± 3.4
60 ± 15 15.9 ± 2.0

oncentration (% v/v) of PEGDGE used in the cross-linking solution.
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3.9. In vitro CEC attachment and proliferation on CPHFs

Ultimately, the CPHFs need to be able to support the attach-
ment, migration and proliferation of CECs if they are to be used
as substrates for CEC regeneration and transplantation. In this
study, preliminary in vitro CEC culture experiments were con-
ducted using primary cells of sheep origin, demonstrating that
the CPHFs have the capacity to support the attachment and prolif-
eration of CECs. CECs were isolated by first carefully microdissect-
ing the Descemet’s membrane. This membrane is a thick ECM
which is covered by a monolayer of pure CECs. This isolation tech-
nique purifies CECs, removing other cell types. The cells are re-
moved from the Descemet’s membrane by digestions first with
collagenase, and then trypsinized before being resuspended in cor-
neal media. The cultured CECs retained their natural in vivo polyg-
onal morphology (Fig. 8a and b). CAST counting of cells cultured on
CPHF gave a cell density of 4499 cell mm�2 (n = 2, 4071, 4926).
CAST determined the CPHF area to be 111.7 mm2; this indicates
Fig. 8. Comparison of ovine CECs cultured on (a) TCP and (b) CPHF surface (7 days). Na+

CECs on CPHF (gamma adjusted to minimize background autofluorescence from CPHF).
ovine anterior chamber.
a total cell number of �470 000 cells after 7 days, which is a 9-fold
increase in cell number from the 50 000 cells seeded initially. A
film seeded with 25 000 cells achieved a cell density of 3747 cell
mm–2. These cell densities are slightly higher than that of sheep
CEC in vivo, which were determined to be 3150 (SE = 88, n = 3)
by specular microscopy, and 3428 cell mm–2 (n = 2, 2433, 4423)
by CAST. This is because it was observed at 7 days of culture that
the cells were slightly overgrown. Immunofluorescence demon-
strates that cultured cells are positive to Na+/K+-ATPase (Fig. 8c
and d). Na+/K+-ATPase is a regulator of pump function [84,85].
Na+/K+-ATPase has been used previously as a marker for CECs
[86,87]. The presence of Na+/K+-ATPase at the lateral periphery is
indicative of intact pump function [85]. Although sheep CECs are
delicate cells that naturally do not have a replicative capability
in vivo [3,88], they were able to readily proliferate on the CPHFs.
The in vitro capability of the CPHFs to support the attachment,
migration and proliferation of CECs indicates their potential appli-
cation to corneal tissue engineering.
/K+-ATPase immunostaining on (c) CECs on native sheep Descemet’s membrane, (d)
Ex vivo evaluation of CPHF implantation (e) before and (f) after insertion into the



6604 B. Ozcelik et al. / Acta Biomaterialia 9 (2013) 6594–6605
3.10. Ex vivo surgical evaluation of CPHFs using ovine eyes

Ex vivo evaluation was carried out using ovine eyes to deter-
mine the applicability of the CPHFs in the DSEK surgical procedure.
Small incisions were made on opposite sides of the ovine cornea
and the CPHF was pulled into the anterior chamber using fine vit-
reo-retinal forceps. The excellent mechanical properties allowed
facile manipulation of the CPHF during the procedure and it was
easily pulled into the anterior chamber of the ovine eye (Fig. 8e
and f). The insertion of the film did not require any instrumental
aids such as a Busin’s glide or sutures [89,90], and following inser-
tion the films remained flat and unfolded, and easily adhered onto
the interior corneal surface with minimal physical assistance. The
ex vivo surgical evaluation demonstrates that the CPHFs are excel-
lent platforms for transplantation of CECs via a DSEK-like proce-
dure as a result of their robustness and ease of handling.
4. Conclusions

Ultrathin CPHFs were successfully fabricated using a new method
of post-cross-linking via epoxy–amine chemistry. The CPHFs were
found to possess excellent mechanical properties. The tensile modulus
of the CPHFs was engineered to be comparable with that of the cornea
to provide a favourable mechanoresponsive environment for CECs. The
robust mechanical properties and hydrated film thickness of just
50 lm make the CPHFs excellent candidates for minimally invasive
surgical procedures, such as DSEK, as demonstrated by ex vivo surgery
with ovine eyes. The transmission of visible light through the CPHFs
was found to be greater than 95% and they were readily permeable
to glucose and albumin, which makes them highly suitable for ophthal-
mic applications. In vitro degradation of the CPHFs in the presence of
lysozyme and L-cysteine over an 8 week period demonstrated that
the CPHFs are biodegradable and in vitro cell proliferation studies re-
vealed that the acid-catalyzed degradation products are benign. Natu-
rally non-proliferative CECs from sheeps were successfully grown to
confluence on the CPHFs. Thus, the CPHFs demonstrate excellent
mechanical, optical, permeable and biocompatible properties that
make them desirable candidates as substrates for the attachment,
proliferation and implantation of CECs.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–3 and 5–8, are
difficult to interpret in black and white. The full color images can
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