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ABSTRACT: Argon plasma treatment enhanced the at-
tachment of epithelial cells to a collagen-based artificial
cornea crosslinked using glutaraldehyde (GA) and glutar-
aldehyde-polyethylene oxide dialdehyde (GA-PEODA)
systems. The epithelialization of untreated and treated sur-
faces was evaluated by the seeding and growth of human
corneal epithelial cells. Characterization of polymer surface
properties such as surface hydrophilicity and roughness
was also made by contact angle measurement and atomic
force microscopy, respectively. Contact angle analysis re-
vealed that the surface hydrophilicity significantly in-
creased after the treatment. In addition, AFM characteriza-
tion showed an increase in surface roughness through

argon plasma treatment. Based on the biological and sur-
face analysis, argon plasma treatment displays promising
potential for biocompatibility enhancement of collagen-
based artificial corneas. It was also found that the cell
attachment to artificial cornea surfaces was influenced by
the combined effects of surface chemistry (i.e., surface
energy), polymer surface morphology (i.e., surface rough-
ness), and polar interactions between functional groups at
the polymer surface and cell membrane proteins. � 2007
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INTRODUCTION

The cornea is an avascular transparent tissue that act
as the window to the eye. It forms part of the outer
tunic of the eyeball that protects the inner contents
of the eye, and functions as the main refractive
component. When irreversibly diseased or damaged,
corneas lose their transparency, leading to vision
loss and/or blindness. Corneal blindness may be
treatable by donor cadaver corneas.1 However, at
present, supply of healthy donated tissue is short,
and an estimated 10 million patients worldwide
are in need of corneas.2 As a consequence, there
have been considerable efforts put into the develop-
ment of artificial replacements as keratoprostheses
(KPros).3

One major complication in the development of
KPros is the lack of adequate biocompatibility. It is
generally agreed that the growth of corneal epithelial

cells over the external surface of KPros is desirable
for smooth integration of the devices into the host
tissue.4 The absence of a continuous sheet of epithe-
lium exposes the eye to bacterial invasion, inhibits
the formation of a tear film, permits epithelial down-
growth, and may result in a rough, dry surface.
Therefore, an important criterion for a successful
KPro is that the anterior surface rapidly becomes
covered with a continuous sheet of epithelium.5

The past decade has witnessed a tremendous surge
in interest regarding various techniques for surface
modification of biomaterials. Typically, surface mod-
ification strategies such as grafting, immobilization,
coating, plasma deposition, and plasma surface treat-
ments are applied to impart desirable chemistry and
morphology to facilitate interfacial interactions be-
tween biomaterials and biological species.6 The criti-
cal principle behind these technologies is that they
make it possible to change surface properties of a
biomaterial without altering the bulk properties.7

Plasma treatment is a promising tool for the surface
modification of polymeric biomaterials, in particular,
to improve their biocompatibility.8 A surface layer of
a few nanometers is modified, while the bulk pro-
perties of the material remain unchanged.9 There are
various approaches to obtain tailored surface proper-
ties using low-pressure plasma techniques.10
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Several studies have been reported on the enhance-
ment of corneal epithelial cell attachment and growth
on synthetic biomaterials. For example, an ammonia
plasma treatment was applied to artificial corneas
fabricated from poly(2-hydroxyethyl methacrylate)
(pHEMA) and intraocular lenses fabricated from
poly(methyl methacrylate) (PMMA) to promote the
migration of corneal endothelial cells during wound
healing.11 The attachment of the cells onto control
untreated PMMA and pHEMA surfaces was found
to be negligible, whereas there was an enhanced at-
tachment of endothelial cells to the ammonia plasma
treated surfaces. In another study, various plasma
modification techniques were used to modify a syn-
thetic cornea containing poly(vinyl alcohol) (PVA)
hydrogel. Results from both the in vitro study and
in vivo implantation in a rabbit model indicated that
an enhanced epithelial layer was obtained on the
plasma modified PVA surface when compared with
the untreated surfaces.5 Despite the great deal of re-
search performed previously on plasma modification
techniques, the effect of surface properties of collagen-
based polymers, such as surface morphology and sur-
face energetic, on cell attachment have not been ad-
dressed adequately.

Various in vitro experiments have shown that the
cell behavior is influenced by the physicochemical
properties of synthetic polymer surfaces. However,
the relationship between substratum surface proper-
ties and in vitro cell response is not well under-
stood.12 Surface energy of the substratum was
shown to influence the adhesion of various cells.13–16

Materials with high surface energy were generally
reported to promote cell adhesion, as opposed to
low-energy surfaces, which deterred cell adhesion.
The influence of surface chemical composition may
also be related to such a macroscopic property or to
the presence of specific chemical groups.17–20

In this article, the relationship between surface pro-
perties of crosslinked collagen and adhesion of epithe-
lial cells has been studied. Argon plasma was used to
modify the surface of collagen-based artificial cornea.
Artificial corneas were biologically characterized
in vitro by epithelial cell assay. Surfaces of artificial
corneas were also characterized by contact angle mea-
surement and atomic force microscopy (AFM). Results
from the in vitro study indicated that epithelial cells
attachment was enhanced on the argon plasma modi-
fied surfaces. Surface roughness and hydrophilicity
were also increased by plasma treatment.

METHODS

Fabrication of artificial cornea hydrogels

Artificial cornea hydrogels were prepared from puri-
fied, acid-soluble rat-tail collagen films (Telo collagen

Type I from BD) crosslinked with glutaraldehyde
(GA) and poly ethylene oxide dialdehyde (PEODA).
Three stages involved in the fabrication process of
artificial cornea hydrogels are summarized here.

Production of collagen films

An evaporation technique was developed to produce
solid collagen films prior to crosslinking. Purified
rat-tail Type I (telo-) collagen (0.45% (w/v) in 0.05N
acetic acid from Becton-Dickinson, Canada) was
used for this study. Collagen solution was poured
into a 35-mm diameter sterile culture dish. The cul-
ture dish was placed in a cold chamber at 48C, and
nitrogen gas was purged parallel to the surface of
the solution in the evaporation dish using a gas-flow
distributor. Additional collagen solution was added
to the dish and then dried until sufficient collagen
film thickness was obtained (i.e., 300 mm). The final
collagen film that was transparent and flat was cut
into 7-mm diameter disks, weighed, and prepared
for the crosslinking reaction.

Fabrication of artificial cornea hydrogels
using GA crosslinker

Selected collagen films were placed in flat Teflon re-
action molds. A certain amount of GA solution was
added to the top and bottom surfaces of the film at a
GA to collagen molar ratio of 1.3 (1.3 aldehyde
group in GA to 1 amine in collagen). The flat Teflon
reaction mold was then closed and held in place
using two aluminum plates and two clips. The reac-
tion molds were placed in an isolated dust-free
chamber at room temperature for 72 h. The top por-
tion of the mold was then removed, and the samples
were dried at room temperature for 24 h and rehy-
drated in sterile distilled-deionized water (ddH2O).

Further crosslinking of GA-crosslinked hydrogels
with poly(ethylene oxide dialdehyde)

PEODA crosslinking was performed to enhance elas-
tic properties of GA-crosslinked hydrogels. Some of
the hydrogels that were initially crosslinked with
GA were post crosslinked with PEODA at a molar
ratio (%) of 7 (7 aldehyde groups in PEODA to 100
amine group in collagen). PEODA was used at 0.07-
fold molar aldehyde to collagen amine based on our
previous unpublished work. We found that the opti-
mal PEODA-to-collagen molar ratio (aldehyde to
amine groups) was about 0.07 that enhanced mechan-
ical properties, while biological activity of the pro-
tein was well retained. A fixed amount of PEODA
(poly ethylene oxide dialdehyde, ALD-3400 Shear-
water Polymers, USA) was mixed with ddH2O to
form the solution. The desired PEODA to collagen
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molar ratio was utilized to calculate the concentra-
tion of PEODA solution. The GA-crosslinked sam-
ples were dried and subjected to PEODA crosslink-
ing. The same technique used for GA-crosslinking
was used for PEODA-crosslinking of hydrogels.

Modification of artificial cornea hydrogels

Artificial cornea hydrogels were subsequently dried
using nitrogen gas in an isolated clean chamber
(refrigerated at 48C) before being exposed to argon
plasma. Samples were then placed in the middle
of a radio frequency (RF) plasma system (SP 100
Anatech, Springfield, VA). This is a small laboratory-
scaled plasma system that generally comprises five
main components: the reactor chamber in which the
polymer samples are treated, a vacuum system, a
gas-introduction and gas-control system, a high-
frequency generator, and a microprocessor-based
system controller as shown in Figure 1. Air in the
plasma reactor chamber was removed through three
evacuation-purge cycles with argon gas to around
2000 mTorr. After three evacuation/purge cycles,
argon gas (Ultra High Purity from PRAXAIR) was
again introduced to the system at a constant flow
rate of 250 mL/min. The plasma reactor pressure
was controlled and kept at 80 mTorr by adjusting
the gas flow rate. Argon plasma was excited in the
plasma reactor at 100 W for 30 min. After the plasma
was turned off, the reactor was returned to atmos-
pheric pressure purging with argon and samples
were further quenched in argon for 10 min. The

treated samples were rehydrated and treated with
PBS solution and with 1% (v/v) chloroform for steri-
lization. Prior to evaluating the cellular response,
samples were extraneously rinsed in sterile PBS/
chloroform solution.

In vitro biocompatibility assessment

The in vitro biocompatibility test involved two stages.
The first stage involved the construction of a fixed
volume of collagen lightly crosslinked by GA that
was also used as an in vitro control for epithelial
cells growth. Aliquots of 1.5 mL of this viscous colla-
gen were placed into a 12-well culture dish with

Figure 1 A diagram of a typical RF plasma reactor.9

Figure 2 Schematic representation of an insert in a cul-
ture dish in which artificial cornea samples were placed
and in vitro biocompatibility test was performed. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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inserts and incubated at 378C for less than 1 h until
it was partially gelled to give a stromal equivalent.

In the second stage, each sterile sample was laid
on top of a lightly gelled stromal equivalent and
pressed into the matrix to give good contact between
the two components (see Fig. 2). Immortalized
human epithelial cells were seeded on top of the
exposed portions of the stromal equivalent and the
samples at a concentration of 1000 cells per insert.

Approximately 4 mL of KSFM2þ growth medium
was added to the inside and outside of the insert.
The system was then incubated at 378C, and the
medium was replaced every 48 h.

Epithelial cell density and morphology were moni-
tored using a digital camera attached to a light
microscope (10–40� magnification, Olympus IMT-2
Optical Company, Japan with Nikon Coolpix 990
Nikon, Japan) on Days 1, 2, and 3 after seeding.

Figure 3 Microscopic images of epithelial cells cultured on various crosslinked matrices: (A) GA [Day 3]; (B) Argon-
plasma-treated GA [Day 3]; (C) GA-PEODA [Day 3]; (D) Argon-plasma-treated GA-PEODA [Day 3]; (E) Stromal equiva-
lent (control) [Day 1]; and (F) Stromal equivalent (control) [Day 3]. GA, artificial corneas fabricated by glutaraldehyde
crosslinking of collagen matrices; GA-PEODA, artificial corneas fabricated by glutaraldehyde crosslinking of collagen mat-
rices followed by crosslinking with poly(ethylene oxide dialdehyde). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Contact angle measurements

To measure the contact angle, artificial cornea sam-
ples were soaked in sterile distilled water for 1–2 h
prior to measurement. Each artificial cornea sample
was placed on a glass plate and then on the sample
holder of a Horizontal Beam Comparator (Scherr
Tumico Model 20-4200 Series, St. James, MN). Excess
water on the sample surface was removed by a light-
weight lint free cloth (Kimwipe). A 5-mL drop of
distilled, deionized water was deposited onto the
artificial cornea surface by a microsyringe, and the
equilibrium contact angle (ye) was measured.

Atomic force microscopy characterization

AFM studies were conducted by tapping mode
using a MultiModeTM scanning probe microscope
(MM-SPM) (Nanoscope III equipped with 1553D
scanner, Digital Instruments, CA). Artificial cornea
samples were soaked in distilled water prior to AFM
studies. Excess water on the surface was removed by
a lightweight lint free cloth (Kimwipe). Each sample
was then placed on a metal disc, and the disc was
magnetically attached to the top of the scanner tube.
Images produced from scans were analyzed using
the microscope’s software. The mean surface rough-
ness (Ra) is the mean value of the surface relative to
the center plane, the plane for which the volumes
enclosed by the image above and below this plane

are equal, and is calculated as

Ra ¼ 1

LxLy

Z Ly

0

Z Lx

0

j f ðx; yÞjdx dy (1)

where f(x, y) is the surface relative to the center
plane, and Lx and Ly are the surface dimensions in x
and y directions, respectively.21

RESULTS AND DISCUSSION

Enhanced attachment of epithelial cells to artificial
cornea surfaces was observed after argon plasma
treatment when compared with the low degree of
cell attachment onto untreated surfaces (Fig. 3). The
number of epithelial cells attached to the polymer
surfaces on Day 1 and Day 3 were quantified in
Figure 4. As shown in Figures 3 and 4, attachment
of the cells onto untreated surfaces was found to be
significantly lower than the plasma treated surfaces
on Days 1 and 3 after seeding (P < 0.05). A conflu-
ent epithelium was observed on stromal equivalents
(controls) on Day 3. In addition, comparing the
plasma treated surfaces, those crosslinked using GA-
PEODA system showed better cell attachment than
those crosslinked using GA system.

The plasma-treated surfaces had significant in-
crease in wettability compared with the untreated
ones, with the equilibrium contact angle decreasing
from 708 to 328 on average by argon plasma treat-

Figure 4 Effect of argon plasma treatment on epithelial cells attachment on GA and GA-PEODA crosslinked matrices.
Five replicate samples were used in determining the mean value and standard deviation for each data set. The statistical
difference between data sets was analyzed using one-way ANOVA. *P ¼ 0.0025 and P ¼ 0.0022 for the differences
between GA and Plasma-treated-GA on Day 1 and Day 3, respectively. *P ¼ 0.0264 and P ¼ 0.0032 for the differences
between GA-PEODA and plasma-treated-GA-PEODA on Day 1 and Day 3, respectively. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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ment as shown in Figure 5 (P ¼ 2.2 � 10�14 < 5 � 10�2

for GA and P¼ 1.2� 10�5 < 5� 10�2 for GA-PEODA).
The contact angle measurement of the plasma-treated
surfaces was repeated over a period of 30 days. As
shown in Figure 5, the contact angle was practically
unchanged over time for plasma-treated surfaces,
and variations were not significant (P ¼ 0.25 > 0.05).
This is important because it has been reported that
treatment with ionized gases, in most cases, was not
of lasting nature and the effect of treatment normally
disappeared within days or even hours.22

Also, it can be seen that collagen matrices cross-
linked using GA-PEODA system had a lower contact
angle (more hydrophilic) compared with those cross-
linked using GA system (Fig. 5). This was likely due
to hydrophilic nature of PEODA that also enhanced
cell attachment.

Surface morphology of plasma-treated and un-
treated polymers was studied by AFM. Figures 6
and 7 represent AFM topographical images of the
surface of the polymers crosslinked using GA and
GA-PEODA systems, respectively. For both cases,
the surface roughness was increased after argon
plasma treatment. Upon plasma treatment, the AFM
mean surface roughness significantly increased from

30 6 2.5 to 35 6 1.7 nm, and from 24.0 6 1.9 to 40.0
6 2.5 nm for collagen matrices crosslinked by GA
and by GA-PEODA, respectively, (Fig. 8). This in-
crease may be due to the etching that took place at
the artificial cornea surfaces during plasma treat-
ment. Also, untreated samples crosslinked by GA-
PEODA system demonstrated a smoother surface
compared with those crosslinked by GA, while it
was the opposite for the plasma treated samples.
Incorporation of PEODA into the collagen matrices
may have filled up the gaps between collagen chains
resulting in a smoother surface. As depicted in
Figure 8, the increase in surface roughness was more
significant for GA-PEODA crosslinked materials
(P ¼ 0.002) compared with that for GA crosslinked
materials (P ¼ 0.049). We have hypothesized that
high-energy plasma treatment may have caused the
scission of PEODA chains as well as removal of
low-molecular-weight materials from the surface of
the corneas resulting in a higher increase in the
roughness.

The mechanism of cell adhesion to biomaterial
surfaces has been extensively studied and docu-
mented.23,24 There are two theories on how cells
interact with biomaterials surfaces. The surfaces are

Figure 5 Effect of plasma treatment on surface hydrophilicity of the artificial cornea matrices fabricated by GA and GA-
PEODA crosslinking of collagen films. Five replicate samples were used in determining the mean value and standard
deviation for each data set. The statistical difference between untreated and plasma treated data sets was analyzed using
one-way ANOVA. *P ¼ 2.2 � 10�14 for GA and P ¼ 1.2 � 10�5 for GA-PEODA. x-Axis represents the number of days
after plasma treatment. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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either capable of (1) selectively adsorbing intact,
functional proteins in the biological environments
(i.e., cell culture medium) that in turn can interact
with receptors from a targeted cell type or (2) directly
interacting with cell surface receptors through the
functional polar groups or ligand motifs.6 Our results
are consistent with the second theory although fur-
ther surface studies should be conducted to confirm
our findings.

It is reported that the increase in surface energy
(reduced contact angle) after argon plasma treatment
is caused by the formation of hydroxyl (OH), car-
bonyl (CO), and carboxyl (COOH) functional groups
that exhibit negative charges.5 Also, cells are nor-
mally believed to exhibit polarity. This polarity is
important because normal cell function can only be
expressed if the cell has the correct orientation.25

Therefore, it was hypothesized in this study that
enhanced cell attachment was the result of polar
interactions (i.e., hydrogen bonding) between hydro-
philic functional groups at the polymer surface and
cell membrane proteins. The functional groups at the
polymer surface were either created by plasma or
already existing particularly when the polymer mat-
rices contain PEODA component.

More specifically, the cells may be held to the
polymer surface through hydrogen bonding between
the oxygen of the CO or OH functional groups at the
polymer surface and the hydrogen of NH2 or COOH
groups in the polypeptide chains of cell membrane
proteins. Hydrogen bonding is found very often in
proteins, especially those having a-helical and/or
b-pleated structures. In these structures every pep-
tide bond is essentially involved in at least one
hydrogen bond.26 In addition to surface chemistry
and polar interactions, surface morphology has been
a factor in cell attachment mechanism. For example,

Figure 6 AFM images representing the effect of argon
plasma treatment on surface morphology of matrices cross-
linked by GA. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 7 AFM images representing the effect of argon
plasma treatment on surface morphology of matrices
consecutively crosslinked by GA-PEODA. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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the increase in surface roughness increased the effec-
tive surface area resulting in more sites available for
the interaction between the cells and the polymer
surfaces.

The results presented here suggest that the epithe-
lial cell attachment to artificial cornea surfaces was
influenced by the combined effects of plasma-induced
surface chemistry (i.e., surface energy), polar interac-
tions between functional groups at the polymer surface
and cell membrane proteins, and polymer surface
morphology (i.e., surface roughness).

CONCLUSIONS

In conclusion, plasma surface modification of colla-
gen-based artificial cornea was found to be a promis-
ing technique to

• Enhance epithelial cells attachment to collagen-
base surfaces

• Enhance surface hydrophilicity
• Enhance surface roughness.

More specifically, the following conclusions are
drawn from this work:

1. Enhanced attachment of epithelial cells to colla-
gen-based artificial cornea surfaces was observed
after argon plasma treatment when compared
with the untreated surfaces.

2. Among plasma treated surfaces, those cross-
linked by consecutive application of GA and
PEODA crosslinkers showed better cell attach-
ment compared to those crosslinked with GA
only.

3. Equilibrium contact angle significantly decreased
from 708 to 328 on average after argon plasma
treatment.

4. The contact angle of the plasma-treated samples
did not change over a period of 30 days.

5. Upon plasma treatment, the mean surface
roughness increased from 24.0 6 1.9 to 40.0 6
2.5 for collagen matrices crosslinked by GA-
PEODA, and from 30 6 2.5 to 35 6 1.7 nm for
collagen matrices crosslinked by GA.

6. Increased epithelial cells attachment to plasma-
treated surfaces is most likely due to the in-
crease in number of hydrophilic functional
groups (increased hydrophilicity), and increased
roughness, endowing the surface with increased
effective surface area that is made available for
specific interactions with corneal cells.

The author is grateful to Dr. Dave Carlsson for his careful
review of this article.
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