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ABSTRACT: Patients with advanced corneal disease do
poorly with conventional corneal transplantation and require
a keratoprosthesis (KPro) for visual rehabilitation. The most
widely used KPro is constructed using poly(methyl meth-
acrylate) (PMMA) in the central optical core and a donor
cornea as skirt material. In many cases, poor adherence
between the PMMA and the soft corneal tissue is responsible
for device “extrusion” and bacterial infiltration. The interfacial
adhesion between the tissue and the PMMA was therefore
critical to successful implantation and device longevity. In our
approach, we modified the PMMA surface using oxygen
plasma (plasma group); plasma followed by calcium phosphate
(CaP) coating (p-CaP); dopamine followed by CaP coating (d-CaP); or plasma followed by coating with (3-
aminopropyl)triethoxysilane (3-APTES). To create a synthetic KPro model, we constructed and attached 500 μm thick
collagen type I hydrogel on the modified PMMA surfaces. Surface modifications produced significantly improved interfacial
adhesion strength compared to untreated PMMA (p < 0.001). The p-CaP group yielded the best interfacial adhesion with the
hydrogel (177 ± 27 mN/cm2) followed by d-CaP (168 ± 31 mN/cm2), 3-APTES (145 ± 12 mN/cm2), and plasma (119 ± 10
mN/cm2). Longer-term stability of the adhesion was achieved by d-CaP, which, after 14 and 28 days of incubation in phosphate
buffered saline, yielded 164 ± 25 mN/cm2 (p = 0.906 compared to adhesion at day 1) and 131 ± 20 mN/cm2 (p = 0.053),
respectively. In contrast, significant reduction of adhesion strength was observed in p-CaP group over time (p < 0.001). All
surface coatings were biocompatible to human corneal stromal fibroblasts, except for the 3-APTES group, which showed no live
cells at 72 h of culture. In contrast, cells on d-CaP surface showed good anchorage, evidenced by the expression of focal adhesion
complex (paxillin and vinculin), and prominent filopodia protrusions. In conclusion, d-CaP can not only enhance and provide
stability to the adhesion of collagen hydrogel on the PMMA surface but also promote biointegration.
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■ INTRODUCTION

Corneal disease is a leading cause of blindness worldwide,
second only to cataract.1 Globally, it is estimated to be
responsible for blindness in 4.9 million individuals, which is
equivalent to 12% of the total 39 million who are blind.1,2

Currently, the only effective treatment for the advanced corneal
diseases is allogeneic corneal transplantation. However, donor
corneal transplantation is often plagued with clinical, ethical
and logistical limitations, such as the global shortage of
transplantation-grade corneas,3 or the necessary infrastructure
for a transplantation service not being available in most
countries due to a lack of storage facilities, or cultural and
religious issues.4,5

The current surgical alternative to donor corneal trans-
plantation is implantation of corneal prosthesis or keratopros-
thesis (KPro). Several commercially available KPros have been
used clinically with varying surgical complexity and success rate;
however, the Boston KPro is the most widely used.3,6 The
design and material of conventional KPros vary, but most share
a common feature in that poly(methyl methacrylate) (PMMA)
is used as the primary material of the optical axis.3,6 In these
KPro constructs, the PMMA serves as the optical core to the
surrounding donor corneal tissue (Figure 1A). The core−skirt
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constructional design has been shown to be one of the most
successful designs, whereby the PMMA provides resistance to
biodegradability of the device, and the surrounding corneal
tissue allows for host tissue integration.7 However, due to the
surface properties of PMMA that are unfavorable for tissue
adhesion, it has been a challenge to improve the skirt-PMMA
integration. The combination of perpetual eyeball movement
and blinking, and poor adhesion between PMMA and the
surrounding tissue inevitably detaches the corneal tissue from
the PMMA surface, allowing the possibility of epithelial
downgrowth, bacterial infection, leakage of aqueous humor,
and possibly leading to device failure.8,9 Surface modifications
of the PMMA surface can be used to create a surface that is
compatible and more ready to interact with the corneal tissue.
This will create a good adhesion between the two dissimilar
materials and ultimately, reducing the long-term complications
associated with KPro. Wang and colleagues attempted to
address this shortcoming by coating the PMMA surface with
hydroxyapatite (HAp), which was achieved by incubating the
polymer in simulated body fluid (SBF).10 Using in vitro
mechanical testing, they showed that the force required to

detach the corneal tissue from the HAp-coated PMMA cylinder
was increased by almost 1.5 order of magnitude compared to
noncoated PMMA.10

An alkoxysilane commonly used in the literature to attach
proteins or soft materials on various types of hard material is
(3-aminopropyl)triethoxysilane (3-APTES),11,12 which ends in
a primary amine group. The amine group can subsequently be
modified with another cross-linker, such as glutaraldehyde, to
produce a reactive group that binds to materials with amine
ends, such as collagen. The amine group can also react with
carbodiimide-activated carboxyl end of collagen to form a
covalent linkage. DiVito and colleagues had developed a
composite hydrogel made of a mixture of 3-APTES and
collagen type I, which showed the ability to promote corneal
epithelialization in rabbit corneas ex vivo.13 Therefore, 3-
APTES can be a candidate molecule to modify the PMMA
surface to improve its adhesion with corneal tissue, which is
predominantly constructed by collagen type I.14

In the current study, we used collagen type I hydrogel,
instead of human corneal tissue, to study its adhesion on
various modified PMMA surfaces as a KPro model. By using

Figure 1. Illustrations of core−skirt keratoprosthesis (KPro) and mechanism of PMMA surface modification. (A) A core−skirt KPro consists of a
core optical cylinder, made of PMMA, surrounded by skirt material, which conventionally is a human donor cornea. In our proposed synthetic KPro
model, we utilized collagen type I hydrogel as donor corneal substitute. (B) Mechanism of apatite-like deposition on either dopamine+11-MUA
functionalized surface (left panel) or oxygen plasma activated surface of PMMA (right panel) and subsequent interactions with the collagen
hydrogel. (C) Mechanism of 3-APTES coating on oxygen plasma activated PMMA surface and its subsequent interactions with the collagen
hydrogel.
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collagen hydrogel as donor corneal substitute, we could reduce
our current heavy reliance on the donor corneas and also
minimize long-term complications normally associated with the
use of donor corneas. We attempted to show the potential
improvements of interfacial adhesion between a surface
modified rigid material and a soft material, and also to highlight
a possibility to develop a synthetic KPro with PMMA core and
collagen hydrogel skirt in the near future. The PMMA surface
was modified using four different methods: (1) oxygen plasma
irradiation; (2) surface activation with oxygen plasma, followed
by calcium phosphate (CaP) deposition; (3) surface function-
alization with dopamine and 11-mercaptoundecanoic acid (11-
MUA), followed by CaP coating as described previously;10 (4)
surface activation with oxygen plasma, followed by 3-APTES
coating. To assess the outcomes of the different coatings, we
investigated the resulting interfacial adhesion strength,
cytotoxicity of the surface coatings, and the biointegration of
primary human corneal stromal fibroblasts on the modified
PMMA.

■ EXPERIMENTAL SECTION
Oxygen Plasma Treatment of PMMA Surface. PMMA sheets

with 0.5 mm thickness were purchased from Goodfellow (Hunting-
don, England). The sheets were cut into 2 × 3 cm, washed in 70%
ethanol for 15 min and extensively rinsed with distilled water. Oxygen
plasma treatment was performed in a Covance multipurpose plasma
system (Femto Science, South Korea). The samples were treated with
radio frequency oxygen plasma with 200W power for 5 min. The
PMMA sheets were placed between two parallel plate electrodes
enclosed in a rectangular plasma reactor chamber. Air was removed
with vacuum application for at least 30 min before the power was
turned on. The pressure at the moment of plasma discharge was 0.2
Torr. The flow rate of oxygen was set at 20 standard cubic centimeters
per minute (sccm). After the discharge stopped, oxygen gas flow was
continued for a further 15 min to stabilize the resulting radicals and
functional groups. This treatment method was referred to as the
plasma group.
Coating of PMMA Surface with Calcium Phosphate. Two

different methods were used to deposit CaP on the PMMA surface. In
the first method, previously reported by Wang and colleagues,10 the
sterilized PMMA sheet (2 × 3 cm in size) was treated in 2 mg/mL
dopamine (DOPA; Sigma-Aldrich, St. Louis, MO) in 10 mM Tris
buffer, pH 8.5 (Sigma-Aldrich) overnight at room temperature
followed by immersion in 50 μM of 11-mercaptoundecanoic acid
(11-MUA; Sigma-Aldrich) for 4 h at room temperature before being
placed in 1.5× simulated body fluid (SBF) solution at 37 °C for 14
days. The SBF was prepared according to the protocol described by
Kokubo et al.15 In brief, the SBF solution contains 213.0 mol/m3 Na+,
7.5 mol/m3 K+, 2.3 mol/m3 Mg2+, 3.8 mol/m3 Ca2+, 221.7 mol/m3

Cl−, 6.3 mol/m3 HCO3
−, 1.5 mol/m3 HPO4

3−, and 0.8 mol/m3 SO4
2−.

The SBF solution was refreshed daily. After 14 days, the sheets were
washed several times in distilled water, and dried in a vacuum
incubator at 37 °C. This treatment was referred to as the d-CaP group.
In the second method, referred as the p-CaP group, instead of

coating with dopamine and 11-MUA, the PMMA surface was treated
with oxygen plasma for 5 min. The power setting and oxygen flow
were as described in the preceding section. Following plasma
treatment, the sheet was incubated in 1.5× SBF at 37 °C for 14
days and refreshed daily.
Coating of PMMA Surface with Alkoxysilane. Sterilized

PMMA sheet (2 × 3 cm in size) was first treated with 5 min oxygen
plasma (power setting and oxygen flow were as described in the earlier
section). The PMMA sheet was immersed in 5% (v/v) 3-APTES
(Sigma-Aldrich) in 70% ethanol overnight at room temperature. The
sheet was then washed with 70% ethanol for 15 min, rinsed extensively
with distilled water, dried in vacuum incubator at 37 °C, and finally

placed in 90 °C incubator overnight to stabilize the coating layer. This
treatment was referred to as the 3-APTES group.

Water Contact Angle Measurement. The water contact angle
was measured by a contact angle goniometer (Analytical Technologies,
Singapore) using a static sessile drop technique. At room temperature,
distilled water was pumped out of a syringe at a rate of 5 μL/s and
allowed to settle for 15 s on the samples before the image was taken.
The contact angle was generated from the image with FTA32 software
version 2.0 (build 276.2; Portsmouth, VA).

Analysis of Surface Morphology and Elemental Composi-
tion. The surface morphology of surface modified PMMA sheets was
observed with a Nanoscope IIIa atomic force microscope (AFM;
Digital Instruments, Santa Barbara, CA). Topographic images were
captured in tapping mode employing monolithic silicon NCH-50
Point Probe (NanoWorld AG, Neuchatel, Switzerland). The scan size
was set at 15 × 15 μm. The surface was scanned at a rate of 1 Hz with
a resolution of 256 × 256 pixels. Three-dimensional topographic
images and roughness (RMS value) data were obtained using
Nanoscope image processing software version 5.12r5 (Digital
Instruments).

For scanning electron microscopy (SEM), the PMMA sheets were
mounted on a stub secured by carbon adhesive tape. The sheets were
sputter-coated with a 10 nm thick layer of gold and examined with a
JSM-6300F microscope (JEOL, Tokyo, Japan) at an accelerating
voltage of 10 kV. Surface elemental composition was assessed by
energy dispersive X-ray spectroscopy (EDX) attached to the
microscope.

Attenuated Total Reflection-Fourier Transform Infrared
Spectroscopy. Infrared (IR) spectra of the modified PMMA surfaces
were collected in the range from 4000 to 650 cm−1 using a
PerkinElmer Frontier FTIR spectrometer (Waltham, MA). The
spectrometer was equipped with an ATR sampling universal accessory
supplied with a top plate for ZnSe crystal. The plate was cleaned with
70% ethanol after each spectrum was acquired. The PMMA sheet was
placed on the plate and tightened down to the 40% gauge mark shown
on the software for the instrument. Spectra were obtained with 16
scans and 4 cm−1 resolution.

Casting of Collagen Hydrogel on Modified PMMA Surface.
Casting of collagen hydrogel on the modified PMMA surfaces was
performed immediately after surface modification. The collagen
hydrogel was constructed as described previously.16 Bovine
atelocollagen type I was purchased from Koken (Tokyo, Japan).
Briefly, 0.5 mL aliquot of 10% (w/v) atelocollagen in acidic solution
(pH 3.0) was loaded into a syringe mixing system. The collagen
solution was adjusted to pH 5.0 with 1N NaOH, followed by thorough
mixing by pumping the syringes. Calculated amounts of 10% (w/v) 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC; Sigma-Al-
drich, St. Louis, MO) and 10% (w/v) N-hydroxysuccinimide (NHS;
Sigma-Aldrich) were added to produce a 2:1 molar ratio of EDC to
NHS and mixed with the collagen solution. The mixed solution (0.1
mL) was dispensed onto the center of the PMMA sheet and flattened
with a glass slide, resulting in a cylindrically shaped hydrogel. The
thickness of the hydrogels was consistently maintained by placing 0.5
mm thick spacers under the glass side at the edges of the modified
PMMA sheet. The hydrogel was cured in a humidified chamber at
room temperature for 24 h before being subjected to the shear bond
strength test. Two groups that yielded the best adhesion to the PMMA
and untreated PMMA were subjected for a longer term study, whereby
the hydrogel-modified PMMA constructs were incubated in 0.01 M
phosphate buffered saline (PBS) at 37 °C for 14 and 28 days, with PBS
refreshed daily.

Shear Bond Strength Test. Samples (hydrogel adhered on
PMMA sheets; n = 5 of each group) were secured at the base of a
Chatillon tensile tester (Largo, FL). The position of the sample was
adjusted until the chisel-shaped fixture, attached to the 10 N load cell,
aligned at the center of the hydrogel at the bonding interface. The
crosshead speed was set at 5 mm/min. The test was stopped, and the
maximum force was recorded when the hydrogel was completely
detached from the surface of PMMA sheets.
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Culture and Seeding of Corneal Stromal Fibroblasts.
Research grade cadaveric corneal tissues were purchased from Lions
Eye Institute for Transplant and Research (Tampa, FL). They were
preserved in Optisol-GS (Bausch & Lomb Surgical, Irvine, CA) and
transported at 4 °C to the laboratory. Central button (8 mm in
diameter) was trephined and treated with Dispase II (20 mg/mL,
Roche, Basel, Switzerland) followed by gentle scraping to completely
remove corneal epithelium and endothelium. The stromal tissue was
trimmed into small pieces and digested with collagenase I (1 mg/mL,
Worthington, Lakewood, NJ) in DMEM/F12 (Life Technologies,
Carlsbad, CA) for 9−12 h at 37 °C. Single cells were cultured in
DMEM/F12 containing 10% fetal bovine serum (FBS; Life
Technologies) and 1% antibiotic/antimycotic (penicillin, streptomycin
sulfate, and amphotericin B; Life Technologies). At passages 3−5, the
stromal fibroblasts (1000 cells/cm2) was seeded on sterile modified
PMMA sheets and cultured for 24 h and 72 h before further tests.
Cells seeded on sterile glass coverslips were considered as control.
Cell Proliferation Assay. Proliferation of corneal fibroblasts on

modified PMMA surfaces was assessed using a 5-ethynyl-2′-
deoxyuridine (EdU) assay kit (Life Technologies) according to the
manufacturer’s protocol. In brief, the cells were incubated in EdU (10
μM) containing medium for 24 h. They were then washed with PBS,
fixed with 4% paraformaldehyde (Sigma), followed by blocking and
permeabilization in 0.1% Triton X-100 (Sigma) in 3% bovine serum
albumin (Sigma) at room temperature. Incorporated EdU was
detected by Alexa Fluor 488 fluorescent-azide coupling Click-iT
reaction.17 Finally, the samples were mounted in Fluoroshield
containing DAPI (4′,6-diamidino-2-phylindole; Santa Cruz Biotech-
nology, Santa Cruz, CA) and viewed under Zeiss AxioImager Z1
fluorescence microscope (Carl Zeiss, Oberkochen, Germany) at 200×
magnification. The total number of cells and EdU-positive cells were
quantified from three random fields of each sample (n = 3 of each
group).
Cell Viability on Modified PMMA Surface. The cytotoxicity was

analyzed using Live/Dead Viability/Cytotoxicity assay kit (Life
Technologies) according to the manufacturer’s protocol. In brief, the
cells were incubated with calcein AM and ethidium homodimer-1
(EthD-1) for 45 min, washed, and mounted in Fluoroshield containing
DAPI. Samples were viewed using a Zeiss AxioImager Z1 fluorescence
microscope (Carl Zeiss) at 100× magnification. Live cells were stained
green by calcein AM, and dead cells were stained red by EthD-1. Both
live and dead cells were quantified from 2 random fields on each
sample (n = 3 of each group), and the live/dead cell ratio was
calculated. In addition, initial cell attachment efficiency was calculated
by using the following formula:

=
⎛
⎝⎜

⎞
⎠⎟

n
n

cell attachment efficiency (%) 100actual

theoretical

where nactual is the actual number of cells in the viewing field, and
ntheoretical is the theoretical number of cells expected to attach in the
viewing field, which, in a 100× viewing field (4.5 × 3.5 mm) was
equivalent to 157 after accounting for the 1000 cells/cm2 seeding
density.
Immunocytochemistry of Cell Attachment Markers. Cells on

glass coverslips and surface modified PMMA sheets were fixed with
freshly prepared neutral buffered 2% paraformaldehyde (Sigma-
Aldrich). After quenching of free aldehyde with 50 mM ice-cold
ammonium chloride and PBS washes, cells were permeabilized and
blocked with PBS containing 0.425% saponin (Sigma-Aldrich), 1%
bovine serum albumin (BSA; Sigma-Aldrich) and 2% normal goat
serum (Life Technologies), followed by incubation of primary
antibodies: mouse monoclonal antipaxillin (Millipore, Billerica, MA)
and mouse monoclonal antivinculin (Sigma-Aldrich). After PBS
washes, cells were incubated with donkey antimouse IgG AlexaFluor
488-conjugated secondary antibody (Jackson ImmunoRes Lab, West
Grove, PA) and AlexaFluor 568-conjugated phalloidin (Life
Technologies). The samples were mounted in Fluoroshield containing
DAPI and viewed under Zeiss AxioImager Z1 fluorescence microscope
(Carl Zeiss).

Statistical Analysis. Data were expressed as mean ± standard
deviation (SD). Statistical significance between groups was calculated
by one-way ANOVA and post hoc Tukey comparison test. A value of p
< 0.05 was considered to be statistically significant. All statistical
analysis was performed using SPSS software (version 17.0, SPSS Inc.,
Chicago, IL).

■ RESULTS AND DISCUSSION

General Consideration for Choosing Surface Mod-
ification Methods. PMMA is one of the more commonly
used materials in biomedical applications, for instance in
craniofacial reconstruction,18 as corneal prosthetic device,19 and
as bone cement.20 However, tissue and cell biointegration with
PMMA is generally poor due to the relatively hydrophobic
surface property of the polymer and the lack of active functional
groups.21,22 In fact, the poor tissue−PMMA interaction has
been shown to be responsible for the failure of a KPro device in
the ophthalmic application.8,9 Surface modification can be an
effective method to improve the biointegration capacity of
PMMA without excessively altering the bulk properties of the
polymer.21,22 Dopamine, a versatile underwater adhesive, can
form on a variety of surfaces and further induce CaP deposition
in SBF.23 The addition of 11-MUA with carboxyl ends creates a
negatively charged surface, which can enhance the dopamine-
coated PMMA surface as nucleation site for CaP deposition
(Figure 1B, left panel). Similar to functionalization with
dopamine and 11-MUA, the activation of PMMA with oxygen
plasma produces negatively charged surface via the creation of
surface carboxyls and hydroxyls, which in turn acts as
nucleation site for CaP (Figure 1B, right panel). Electrostatic
bonding is proposed to be the main driving force for the
interaction of CaP to collagen, while adsorption of functional
binding groups of collagen by CaP and hydrogen bonding can
be formed as secondary interaction forces (Figure 1B).24,25 In
addition, the surface roughness of CaP-coated PMMA also
cannot be ruled out in improving its interfacial adhesion to
collagen.
Surface hydroxyls resulted from oxygen plasma treatment can

also undergo condensation reaction with silanols of the 3-
APTES (Figure 1C). The amine ends of 3-APTES coating can
subsequently be covalently bonded to the carboxyls, which are
abundantly present in the collagen, via carbodiimide chemistry
(Figure 1C).
We had initially attempted to construct the collagen

hydrogel, followed by bringing the hydrogel in contact with
the modified PMMA in order to mimic the construction of the
conventional KPro. However, the hydrogel could not form any
adhesion with the underlying PMMA, regardless of the surface
coatings. Adhesion could only be achieved when the hydrogel
was allowed to cross-link and settle overnight on the PMMA
surface.

Oxygen Plasma Treatment to Activate PMMA Surface.
We first investigated the effect of oxygen plasma treatment on
the surface hydrophilicity of PMMA and determined the
optimized plasma treatment time to activate the PMMA surface
prior to further surface modifications. The surface hydro-
philicity level of PMMA increased after a 2 min plasma
treatment, which yielded water contact angle of 43.4 ± 5.8° and
the contact angle reduced further after a 5 min treatment to
24.6 ± 1.1° (both p < 0.001 relative to untreated PMMA)
(Figure S1A). Increasing the treatment time beyond 5 min
produced a diminishing return in terms of hydrophilicity level,
evident by higher water contact angle after 10 min treatment
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(42.0 ± 1.5°) compared to that after 5 min treatment (Figure
S1A). This return was attributed to a substantial change in
surface morphology (see AFM analysis below) rather than to a
reduction in the amount of O−H functional groups that formed
by increasing plasma treatment time beyond 5 min (see surface
IR analysis below). On AFM, it was revealed that surface
roughness increased with plasma treatment time, where the 2
min plasma treatment produced a roughness of 9.7 ± 1.0 nm (p
< 0.001 relative to untreated PMMA) (Figure S1B), the 5 min
plasma treatment produced a roughness of 18.7 ± 1.0 nm (p <
0.001 relative to untreated PMMA) (Figure S1B), and the 10
min plasma treatment increased the roughness to 31.7 ± 2.5
nm (p < 0.001 relative to untreated PMMA) (Figure S1B).
This finding is consistent with a previously published study.26

Figure S1C summarizes the average roughness of untreated
PMMA and plasma-treated PMMA surfaces by AFM in a bar
graph. Moreover, the 10 min plasma-treated PMMA appeared
opaque due to prolonged surface plasma etching, rendering it
not suitable for corneal prosthetic use (Figure S1D).
We then investigated the surface IR spectra of the untreated

PMMA and the PMMA treated with plasma for different
periods of time. Small differences in the resulting surface IR
spectra could be seen in certain spectral regions (Figure S2).
First, there was a clear difference in the relative intensity of the
peak between 3650 and 3350 cm−1, attributable to O−H
functional group (Figure S2A). To further delineate the
differences, we performed spectral subtraction of the untreated
PMMA from the plasma-treated PMMA in the 2400−4000
cm−1 region. The subtraction factor was adjusted for each
subtraction until the strong CH3 peaks in the region of 2800−
3100 cm−1 were canceled out. The subtraction process revealed
that plasma treatment for 2, 5, and 10 min produced a broad
band peaking near 3400 cm−1, and highest intensities were seen
after 5 and 10 min plasma treatment (Figure S2B). This broad
peak is characteristic of H2O, suggesting that the amount of
water attached to the plasma-treated PMMA increased with
treatment time. A second spectral intensity difference was seen
between 2951 and 2995 cm−1 (C−H stretching modes), where
the untreated PMMA produced the highest peak intensity,
followed by plasma 2 min, plasma 5 min and plasma 10 min
(Figure S2C), suggesting that −CH3 terminal functional groups
were more abundant on untreated surface compared to the
plasma treated PMMA. The reduction of peak intensities was in
line with the formation of O−H groups due to partial oxidation
of the PMMA surface. The FTIR results were corroborated by
EDX analysis, showing a reduction of percentage of C atom and
an elevation of percentage O atom with increasing plasma
treatment time (Table S1). To provide PMMA surface with
sufficient hydrophilicity and to avoid opaqueness due to
increasing surface roughness, we selected and performed
oxygen plasma treatment for 5 min to activate the PMMA
surface before further surface modifications.
Surface Hydrophilicity Following Surface Modifica-

tion. The surface hydrophilicity of PMMA after various surface
modifications is summarized in Table 1. The treatment that
yielded the highest surface hydrophilicity (as measured by
reduced water contact angle relative to untreated PMMA) was
p-CaP group (2.7 ± 3.1°) and d-CaP group (2.7 ± 3.1°),
followed by plasma group (24.6 ± 1.1°) (Figure 2). One-way
ANOVA with posthoc Tukey test revealed that all surface
modification techniques significantly reduced the water contact
angle compared to untreated PMMA (p < 0.001), except the 3-
APTES group. Treatment with 3-APTES did not change the

water contact angle (72.0 ± 0.9°) significantly in comparison to
untreated PMMA (68.4 ± 3.0°; p = 0.286), which was
consistent with a previous study.27

Surface Infrared Spectra and Elemental Composition
after Surface Modification. The surface IR spectra of
untreated PMMA and differentially modified PMMA surfaces
are shown in Figure 2. Untreated PMMA showed distinct
spectral peaks near 1100−1300 and 1726 cm−1, which were
attributed to the presence of C−O and C=O stretching modes
of the ester group, respectively. In addition, a spectral peak at
2951 cm−1 indicated the C−H stretching of PMMA. Spectral
peaks of PMMA were not that prominent in the p-CaP and d-
CaP groups due to the relatively thick coating layer, which
almost completely masked the PMMA surface. A peak at 1027
cm−1 and a weak shoulder at 958 cm−1 in both groups were
attributed to the P−O group of CaP. The peak at 1027 cm−1 in
d-CaP group appeared to have slightly higher intensity than
that in p-CaP group. Three peaks at 1611, 1488, and 1408
cm−1, corresponding to the carbonate group of the CaP
coating, could also be observed. In the 3-APTES group, spectral
peaks appeared at 3294 and 3395 cm−1, indicating the presence
of the primary amine group of 3-APTES. Moreover, a peak at
1596 cm−1 confirmed the presence of primary amine groups
(N−H bending mode) attributed to 3-APTES coating. A sharp

Table 1. Surface Wettability of Untreated PMMA and
Modified PMMA

water contact angle (deg) p valuea

untreated PMMA 68.4 ± 3.0
plasma 24.6 ± 1.1 2.07 × 10−12

d-CaP 2.7 ± 3.1 1.28 × 10−12

p-CaP 2.7 ± 3.1 1.28 × 10−12

3-APTES 72.0 ± 0.9 0.286
aSignificant difference relative to untreated PMMA. p < 0.05 was
considered to be statistically significant.

Figure 2. Infrared (IR) spectra of surface modified PMMA.
Comparison of surface IR spectrum obtained from (black) untreated
PMMA and modified PMMA by (orange) oxygen plasma, (red)
dopamine + calcium phosphate (CaP) coating, (green) oxygen plasma
+ CaP coating, and (blue) 3-APTES.
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Figure 3. Morphology and elemental composition of surface-modified PMMA assessed by SEM and EDX. (A, D, G, J, and M) Macroscopic
appearance of untreated and surface-modified PMMA sheets. (B, E, H, K, and N) SEM images of untreated and surface modified PMMA sheets. (C,
F, I, L, and O) EDX spectrographs showing surface elemental composition of untreated and surface modified PMMA.

Table 2. Surface Composition of Untreated PMMA and Modified PMMA Detected by EDX

C O Ca P Si

untreated PMMA 71.2 ± 0.3% 28.8 ± 0.3%
plasma 69.7 ± 0.8% 30.3 ± 0.8%
d-CaP 54.8 ± 0.6% 45.2 ± 0.6%
p-CaP 56.4 ± 1.2% 43.6 ± 1.2%
3-APTES 60.9 ± 2.0% 28.9 ± 1.3% 10.2 ± 1.0%
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peak at 1000 cm−1 indicated the presence of Si−O−Si on the
aminosilane modified PMMA surface.
Consistent with the FTIR analysis, EDX spectroscopy

demonstrated a reduction of C atoms and increased O atoms
in the plasma group (Figure 3F) compared to untreated
PMMA (Figure 3C), which suggested the creation of surface
O−H groups by oxygen plasma treatment. EDX further
corroborated our FTIR analysis, which showed relatively
more phosphate groups produced by d-CaP than p-CaP. This
resulted in lower Ca/P ratio in d-CaP group (1.21 ± 0.03)
(Figure 3I) and p-CaP (1.29 ± 0.06) (Figure 3L). However,
the difference in Ca/P ratio was not significantly different (p =
0.069). EDX revealed the presence of 10.2 ± 1.0% Si atoms in
the 3-APTES group (Figure 3O). The atomic composition of
untreated and modified PMMA surfaces is summarized in
Table 2.
Surface Morphology and Roughness after Surface

Modification. Macroscopically, plasma (Figure 3D) and 3-
APTES (Figure 3M) treated PMMA appeared transparent and
similar to untreated PMMA (Figure 3A). In contrast, d-CaP
(Figure 3G) and p-CaP (Figure 3J) appeared opaque and were
completely covered by the bone-like apatite. Under SEM,
nanosized particles, indicative of bone-like apatite growth,28

were seen covering the entire PMMA surface of d-CaP (Figure
3H) and p-CaP (Figure 3K). Agglomerates of the particles were

present in some regions, attributing to the surface roughness of
both CaP-coated surfaces. This observation was confirmed by
cross-sectional SEM image of d-CaP (Figure S3A) and p-CaP
(Figure S3B), which revealed that multilayered particles in
some regions were thicker than those in other regions due to
agglomeration of the apatite-like particles. AFM showed an
average roughness of 343 ± 88 nm for d-CaP group (Figure
4C) and 301 ± 34 nm for p-CaP group (Figure 4D). No
significant difference was found between d-CaP and p-CaP
groups (p = 0.235).
The untreated PMMA surface appeared relatively smooth

under both SEM (Figure 3B) and AFM (Figure 4A),
interspersed with some nanosized grooves. Nanoscale surface
undulations created by plasma etching were observed in the
plasma group (Figure 3E). Under AFM, there was an increase
in surface roughness after 5 min plasma treatment (18.7 ± 1.0
nm; Figure 4B). As shown in SEM images, coating with 3-
APTES smoothed the initially plasma etched surface, evidenced
by the barely visible nanoscale undulations seen in the plasma
group earlier (Figure 3N). This was confirmed by AFM, which
showed a significantly smoother surface in 3-APTES group (8.1
± 1.1 nm; Figure 4E) compared to the plasma group (p <
0.001). The mean RMS values for untreated and all modified
PMMA surfaces are summarized in Table 3.

Figure 4. Surface roughness of untreated and modified PMMA analyzed with AFM. (A) Untreated PMMA. (B) Plasma group. (C) d-CaP group.
(D) p-CaP group. (E) 3-APTES group.
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Adhesion of Collagen Hydrogel on Modified PMMA
Surface. The experimental setup used in our study to obtain
the adhesion strength of collagen hydrogel, that was casted on
untreated and modified PMMA surfaces, is depicted in Figure
5A. The maximum force required to detach the hydrogel
completely from the PMMA surfaces was recorded and the
adhesion strength in mN/cm2 was calculated. Figure 5B
summarizes the resulting interfacial bonding strength, measured
1 day after the hydrogels were casted on untreated and
modified PMMA surfaces. There was significant improvement
in the interfacial bonding strength after any surface
modification (p < 0.001 compared to untreated PMMA).
CaP coating of PMMA, either pretreated with plasma or
dopamine and 11-MUA, produced the best bonding strength to
collagen hydrogel (177 ± 27 mN/cm2 for p-CaP group and 168
± 31 mN/cm2 for d-CaP group). No significant difference was
found between p-CaP and d-CaP groups (p = 0.647). However,
d-CaP (p = 0.010) and p-CaP (p < 0.001) produced
significantly stronger interfacial adhesion than the plasma
group. Coating with 3-APTES yielded the next best adhesion
strength (145 ± 12 mN/cm2), followed by plasma treatment
(119 ± 10 mN/cm2).

The KPro is designed to survive for a long period of time in
patients. Therefore, it is paramount to assess the stability of the
coating and the interfacial adhesion between the modified
PMMA and hydrogel. We selected the two coating methods,
that yielded the best adhesion strength from the tests
performed 1 day after hydrogel casting, for a longer term
study. Interestingly, we found that d-CaP produced a more
stable adhesion with collagen over time (Figure 5B). At day 14,
the adhesion was 164 ± 25 mN/cm2 (p = 0.906 relative to
adhesion at day 1) and was slightly reduced to 131 ± 20 mN/
cm2 at day 28 (p = 0.053). In contrast, the hydrogel adhesion
strength on p-CaP was significantly reduced at day 14 (86 ± 26
mN/cm2; p < 0.001 compared to day 1 adhesion) and was
further reduced at day 28 to 66 ± 22 mN/cm2. For both time
points, the d-CaP produced significantly better adhesion than
the p-CaP (p = 0.001). As expected, pristine PMMA could not
provide long-term stability on the interfacial adhesion. Most of
the hydrogels casted on untreated PMMA floated after a few
days incubation in the PBS.
We conducted further study to seek for an explanation of the

reduction of interfacial adhesion in the postincubation p-CaP
group. Macroscopically, the CaP coating on the d-CaP group
remained intact at day 28, except the region where the hydrogel
lied on (Figure S4A). It appeared that the CaP coating was
attached to and removed along with the hydrogel. A contrasting
observation made on the p-CaP group revealed that most of the
CaP coating was lifted off during the incubation process (Figure
S4A). When we conducted water contact angle tests on the
region where the hydrogel used to lie on, we found that d-CaP
(day 14) and d-CaP (day 28) had similar wettability to the
dopamine and 11-MUA activated PMMA (d-PMMA) (Figure
S4B). However, the surface of the bare p-CaP (day 14) and p-
CaP (day 28) had become more hydrophobic than the surface
after plasma treatment (both p < 0.001; Figure S4B). FTIR

Table 3. Surface Roughness of Untreated PMMA and
Modified PMMA

mean RMS (nm) p valuea

untreated PMMA 1.5 ± 0.3
plasma 18.7 ± 1.0 5.83 × 10−13

d-CaP 342.8 ± 88.1 2.74 × 10−6

p-CaP 300.7 ± 34.1 4.66 × 10−9

3-APTES 8.1 ± 1.1 2.84 × 10−8

aSignificant difference relative to untreated PMMA. p < 0.05 was
considered to be statistically significant.

Figure 5. Shear adhesion strength of collagen hydrogel on surface modified PMMA. (A) Snapshot of the adhesion strength test setup. A chisel-shape
fixture was attached to the load cell of a Chatillon tensile tester. The downward movement of the fixture would displace the hydrogel and eventually
detach it from the PMMA surface. (B) Bar graph depicting the interfacial adhesion strength after various PMMA surface modifications. The d-CaP
and p-CaP groups, which yielded the best adhesion strengths, were subjected for longer term study, whereby the hydrogel-modified PMMA
constructs were incubated in PBS at 37 °C for a further 14 and 28 days. At the end of each time point, shear adhesion tests were then performed on
the constructs. Height of error bars indicates standard deviation of means. *p < 0.001 in comparison to untreated PMMA group. **p < 0.001.
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performed on the bare d-CaP (day 14) and p-CaP (day 28) site
showed characteristic peaks, albeit relatively weak bands, of
phenyl group due to the presence of dopamine, such as the
overtones from 1850 to 1750 cm−1 and the aromatic C−C
stretch from 1600 to 1500 cm−1 (Figure S4C, right panel). The
IR spectrum of d-CaP (day 14) and d-CaP (day 28) appeared
similar to d-PMMA, where there was a lack of C−H stretching
peaks (2951 and 2995 cm−1) of the pristine PMMA (Figure
S4C, left panel). Due to difficulty in assigning distinct spectral
peaks in the p-CaP (day 14) and p-CaP (day 28) groups with
FTIR, we performed EDX on the bare surface site to assess the
difference in surface atomic composition of the postincubation
p-CaP. There was a decrease in the percentage of oxygen
composition on postincubation p-CaP compared to the plasma
treated PMMA (Figure S4D). By taking the increased water
contact angle and decreased number of O atoms on the
postincubation p-CaP into consideration, we can postulate that
there was a recovery of surface hydrophobicity after a period of
time on the plasma activated surface, even with CaP deposited
on it. This could be due to the degradation of the plasma-
induced O−H group over time in PBS, a phenomenon well-
documented in the literature.29,30 Due to the hydrophobic
surface and lack of active functional groups on which to anchor,
the CaP coating could be easily peeled off and ultimately
reduced the adhesion of hydrogel on the p-CaP (Figure 6A).
On the other hand, although the CaP was lifted off along with
the hydrogel, the dopamine and 11-MUA still remained grafted
on the surface, providing better anchorage to the CaP coating
(Figure 6B). Hence, the d-CaP resulted in better hydrogel
adhesion over time compared to the p-CaP.
In our study, aminosilane produced the next best adhesion

strength after d-CaP and p-CaP. The terminal −NH2 functional
groups of 3-APTES could form amide bonds with −COOH
functional groups, which are present in collagen type I, via
carbodiimide chemistry and as a result, enhanced the bonding
strength between collagen hydrogel and PMMA. The amide
bonds, which are generally stronger than hydrogen and

electrostatic bonds, should have resulted in stronger adhesion
strength than the CaP-coated PMMA. The reason for our
contradictory finding may be 2-fold. First, the coating thickness
of 3-APTES after overnight deposition is usually in the range of
10−15 nm.31 The extremely thin coating was most likely not as
effective in bearing the weight of the hydrogel vertically as the
much thicker CaP coating, which can be in the range of 20−40
μm thick after 14 days of deposition in SBF (Figure S3).
Second, most of the free carboxyl groups of the collagen were
already cross-linked to the amine groups of the collagen when
the solution was dispensed on the 3-APTES-modified PMMA
surface,32 leaving only a little carboxyl groups to react with
terminal amine groups of the 3-APTES.

Cell Viability and Cell Proliferation on Modified
PMMA Surface. As part of the optical core of a KPro, the
modified PMMA surface will be transplanted in corneal stroma.
Thus, it is necessary to study if the surface coating affects
stromal properties, such as cytotoxicity and stromal cell
proliferation. In Figure 7A, we show the in vitro effect of the
PMMA surface modifications on the proliferation of human
corneal stromal fibroblasts at 48 h and the cell viability at 24
and 72 h postseeding. The cells grown on glass coverslips,
acting as the control group, showed a proliferative capacity of
62 ± 14% and negligible cell death at both 24 and 72 h time
points. On untreated PMMA, relatively few cells were detected
and the proliferation rate was reduced to 43 ± 10% (p = 0.033
relative to control). In addition, the live/dead cell ratio at 24
and 72 h postcell seeding was about 50%, and they were
significantly less than the control group at the respective time
point (p < 0.001). Cell proliferation and viability of plasma, d-
CaP, and p-CaP groups were not significantly different than the
control group. On 3-APTES coated surface, more live cells
were found 24 h postseeding; however, fewer cells were seen at
48 h postseeding. The cell proliferation rate was significantly
reduced (31 ± 15%; p < 0.001). After 72 h of culture, no live
cells were detected, suggesting that 3-APTES coating might
have a latent cytotoxic effect. This could be related to the

Figure 6. Illustrations showing mechanism of interactions between collagen and bone-like apatite deposited on two differentially activated PMMA
surfaces after 28 days of incubation in PBS. (A) p-CaP group. (B) d-CaP group. Hydrophobic recovery and degradation of O−H functional groups
on p-CaP weakened the anchorage of the CaP on the PMMA, reducing the hydrogel adhesion on p-CaP significantly compared to d-CaP.
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partial hydrolysis and the presence of leachable toxic products
of 3-APTES during cell culture.33 The summary of cell
proliferation rate and live/dead cell ratio for all treatment
groups are depicted in Figure 7B,C.
From the live/dead cell assay, we also measured the initial

cell attachment efficiency on the modified PMMA surfaces.
Figure 7D showed an efficiency of 17.52 ± 5.21% for the
control group. Untreated PMMA with hydrophobic surface had
the significantly lowest cell attachment efficiency (7.62 ±
1.83%; p < 001) compared to any other group. The efficiency
increased after PMMA surface modifications. However, only p-
CaP (29.59 ± 5.58%) and 3-APTES (57.14 ± 5.06%)
treatments significantly improved the efficiency compared to
the control (both p < 0.001). The presence of −NH2 terminal
group after 3-APTES coating most likely enhanced the initial
cell attachment, a phenomenon reported previously, of which
human umbilical vein endothelial cells showed the best
attachment efficiency on −NH2 functionalized surface
compared to − COOH, −OH and − CH3 grafted surfaces.34

However, the adverse effects of 3-APTES coating were seen
after 3 days of culture.

Cell Morphology and Biointegration on Modified
PMMA Surface. The cell morphology and expression of cell
adhesion markers of human corneal stromal fibroblasts at day 3
after seeding on glass coverslip (control), untreated PMMA and
modified PMMA surfaces are shown in Figure 8. Cell
morphology observed in plasma group appeared similar to
the control, which showed the typical slender morphology of
fibroblast with prominent actin cytoskeleton spanning the
length of cells.35 In addition, prominent anchorage of cells to
the modified surfaces was evident by the expression of focal
adhesion proteins, paxillin and vinculin, at the cell periphery. In
contrast, fewer cells stayed on untreated PMMA and 3-APTES
coated PMMA, and they appeared round with reduced
adherence to the surface. Cells on d-CaP and p-CaP, showed
more prominent actin cytoskeleton. Most of them, however,
appeared thinner and more spindle-shaped compared to cells
on glass surface. Although CaP agglomerates generate huge

Figure 7. Viability and proliferation rate of human corneal fibroblasts on surface modified PMMA. (A, left) Proliferative corneal fibroblasts on 48 h
after cell seeding on differentially modified PMMA surfaces. Green fluorescence indicates proliferating cells, whereas blue fluorescence shows cell
nuclei. Live/dead cell assay performed on primary human corneal fibroblasts (center) 24 and (right) 72 h after cell seeding. Green fluorescence
indicates live cells, whereas red fluorescence indicates dead cells. Scale bars = 100 μm. (B) Percentage of cell proliferation rate on untreated and
modified PMMA surfaces. Height of error bars indicate standard deviation of means. *p < 0.05 in comparison to control. **p < 0.001 in comparison
to control. (C) Quantification of live/dead cell ratio (red) 24 and (green) 72 hours after cell seeding. *p < 0.001 compared to control. **p < 0.001
compared to live/dead cell ratio after 24 h of culture on 3-APTES-treated PMMA. (D) Percentage of cell attachment efficiency on untreated and
modified PMMA surfaces on 24 h after cell seeding. *p < 0.001 in comparison to control. **p < 0.001 in comparison to 3-APTES group.
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autofluorescent background, we still could detect the expression
of paxillin and vinculin in the adherent cells.
This cell adherence phenomenon on different coated PMMA

surfaces were confirmed by SEM. The fibroblasts seeded on
glass coverslip showed extensive filopodia protrusions at the cell
periphery, indicating prominent cell anchorage (Figure S5A).
Similar observation was made for cells grown on plasma treated
PMMA (Figure S5C). Cells seeded on either d-CaP (Figure
S5D) or p-CaP (Figure S5E) appeared more spindle-shaped,
but still featured prominent filopodia protrusions. In contrast,
fibroblasts cultured on untreated PMMA (Figure S5B) and 3-
APTES treated PMMA (Figure S5F) appeared round with rare
filopodia protrusions.
It remains to be seen whether the biointegration of soft

tissue, such as the cornea, to hard materials, such as PMMA can
be enhanced by direct cell adhesion, material interaction with
cell-secreted extracellular matrix and proteins, or both.
However, studies on cells contributing to the adhesion and
biointegration of hard tissue, such as bone, on hard materials
appear to suggest this possibility.36,37 The fact that corneal
stromal cells survived and formed good adhesion on the CaP-
coated PMMA surface suggests a potential benefit of the CaP
coating in long-term conservation of the material biointegra-
tion, thus improving the clinical outcomes of the KPro device.

A limitation associated with the current study is that the
hydrogels were acellular; however, the initial adhesion occurred
with the acellular collagen. Similar to other implants, long-term
survival of a KPro in the body is subject to many events
including (but not limited to) cellular infiltration. In vivo,
corneal stromal cells are normally in quiescent state, and their
migration rate is slow.38 Studies on the interactions between
PMMA and collagen (with cells) can only follow in the wake of
initial adhesion of the interfaces and are planned for later.
It should also be mentioned that the acellular hydrogel-

modified PMMA constructs that we showed here were
intended to model a synthetic core−skirt KPro, which would
eliminate the use of human donor cornea as skirt material. Not
only will the use of hydrogel reduce our reliance on donor
corneas, but it can also reduce long-term complications
normally associated with donor corneal transplantation due to
immunologic reaction elicited by donor cells.39 The collagen
hydrogels are similar to those that have been implanted as an
acellular artificial cornea in an ongoing human clinical trial, and
have been shown to promote host cellular regeneration within
months postimplantation.40 Nevertheless, it is still important to
maintain the stability of the interfacial adhesion before the
stromal cells populate the scaffold, biointegrate, and sub-
sequently provide further and more permanent stability to the

Figure 8. Cell morphology and attachment on modified PMMA surfaces on cell culture day 3. Cell morphology was assessed by staining of f-actin
marker, phalloidin (red fluorescence). The ability of cells to attach on the modified PMMA surfaces was studied by expression of cell adhesion
markers, paxillin and vinculin (green fluorescence). Nuclei (blue fluorescence) was stained with DAPI. Scale bars = 20 μm.
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KPro. The roles of stromal cells, which migrate into the
artificial matrix, in the biointegration of soft material to CaP-
coated PMMA warrant a separate and in-depth molecular level
investigation.

■ CONCLUSIONS
We have shown that d-CaP not only enhanced the interfacial
adhesion with collagen type I hydrogel, but also provided
stability over a longer period of time compared to p-CaP. In
addition, d-CaP provided a surface that was biocompatible,
which allowed good biointegration with corneal stromal
fibroblasts. Ultimately, the synthetic core−skirt KPro is aimed
at reducing the heavy dependence on transplant-grade human
donor corneas in the near future and reducing long-term
complications associated with conventional KPro.
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