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The development of new strategies for protein immobilization to control cell adhesion, growth and
differentiation is of prime interest in the field of tissue engineering. Here we propose a versatile approach
based on the interaction between two de novo designed peptides, Ecoil and Kcoil, for oriented immo-
bilization of epidermal growth factor (EGF) on polyethylene terephthalate (PET) films. After amination of
PET surfaces by ammonia plasma treatment, Kcoil peptides were covalently grafted in an oriented
fashion using succinimidyl 6-[30-(2-pyridyldithio)-propionamido] hexanoate (LC-SPDP) linker, and the
Kcoil-functionalized films were characterized by X-ray photoelectron spectroscopy (XPS). Bioactivity of
Ecoil-EGF captured on Kcoil-functionalized PET via coiled-coil interactions was confirmed by EGF
receptor phosphorylation analysis following A-431 cell attachment. We also demonstrated cell biological
effects where tethered EGF enhanced adhesion, spreading and proliferation of human corneal epithelial
cells compared to EGF that was either physically adsorbed or present in solution. Tethered EGF effects
were most likely linked to the prolonged activation of both mitogen-activated protein kinase and
phosphoinositidine 3-kinase pathways. Taken together, our results indicate that coiled-coil-based
oriented immobilization is a powerful method to specifically tailor biomaterial surfaces for tissue
engineering applications.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Eye diseases affecting the cornea are one of the major causes of
blindness worldwide. Whether the underlying etiology is trachoma
or corneal ulceration, an eye that is blind from corneal scarring or
vascularization typically remains blind throughout life [1]. A
favored treatment is corneal transplantation. However, due to the
limited availability of potential donors, the development of artificial
corneas has become a subject of intense investigation. Within the
last three decades, noticeable progress has been made in both
design and material used for corneal implant in order to promote
tight integration of the host tissue within the peripheral region of
the implant, and thus ensure appropriate anchorage [2]. A highly
desirable but yet unmet property for corneal devices resides in the
enhancement of their ability to promote epithelialization over their
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entire anterior surface. Indeed, complete epithelialization will
maintain a tear film and provide a natural barrier against bacterial
infection while protecting the stroma from collagenase and
proteinase enzymatic activity for longer implant stability [3]. The
development of new strategies allowing for both migration and
proliferation of epithelial cells on implanted eye devices is thus
highly desired.

In this context, epidermal growth factor (EGF) is a promising
candidate to stimulate the formation of an epithelial layer. In
mammals, EGF is synthesized as a membrane-spanning precursor
molecule that is proteolytically processed to become fully active. In
its soluble active form, EGF is a 6-kDa protein that directly interacts
with several cell surface receptors from the ErbB receptor tyrosine
kinase family. EGF exerts its activity by promoting the formation of
signaling-competent receptor homo- or hetero-dimers at the cell
surface. EGF-mediated receptor dimerization triggers receptor
cytoplasmic domain autophosphorylation, in turn leading to the
activation of two major signaling pathways, i.e., the mitogen-acti-
vated protein kinase (MAPK) and the phosphoinositidine 3-kinase
lial cell response to epidermal growth factor tethered via coiled-coil
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(PI3K) pathways. EGF has been demonstrated to be directly impli-
cated in almost all fundamental cellular processes, including
survival, proliferation, migration, differentiation and metabolism
regulation, and in different cell lines. Interestingly, in the case of
a damaged corneal epithelium, EGF has been shown to be abso-
lutely required to induce cell motility, a key component of the
epithelial response for repair [4].

Material surface properties (e.g., hydrophobicity, porosity,
topography) are key factors to control for optimal implant inte-
gration; in the context of a corneal device, material properties may
be further enhanced by grafting appropriate growth factors such as
EGF at its surface, as outlined by Klenkler and Sheardown [5].
Towards this end, covalent grafting of EGF on various supports such
as glass [6] or polydimethylsiloxane (PDMS) [7] substrates through
the use of PEG linkers has been reported to have clear effects on cell
growth, while adsorbed EGF showed no biological activity [6].
Nonetheless, covalent grafting combined with the use of a PEG
linker presents several caveats. Indeed, in a recent study, Klenkler
and colleagues [8] reported that the formation of a confluent layer
of corneal epithelial cells could not be achieved using an EGF-
tethering strategy based on PEG, most likely because PEG limits the
adsorption of adhesion molecules. Furthermore, covalent coupling
strategies that rely on the use of reactive amine groups present at
the EGF N-terminus or on its lysine side-chain (at position 28 and
48 for human EGF) have been shown to negatively impact EGF
bioactivity [9e11]. Alternative strategies exploring other types of
linkers while at the same time promoting the oriented immobili-
zation of EGF, should therefore be examined.

In the current study, we have immobilized a chimeric protein
(Ecoil-EGF) corresponding to human EGF fused at its N-terminus to
a de novo designed peptide, namely Ecoil, in order to promote EGF
tethering in an oriented fashion through the interaction of the Ecoil
peptide moiety with its interacting peptide partner, i.e., Kcoil
peptide. The E/K peptides have been shown to form a stable
heterodimeric complex in a highly specific fashion [12]. This coiled-
coil heterodimerizing pair has been previously used in many
applications such as virus retargeting [13], protein purification and
detection [14,15], or protein capture on glass [16] and biosensor [17]
surfaces. In this work, X-ray photoelectron spectroscopy (XPS) was
used to characterize each step leading to the covalent grafting of
Kcoil peptides on ammonia plasma-treated polyethylene tere-
phthalate (PET) through the use of a small linker (LC-SPDP, Fig. 1).
Ecoil-EGF capture on Kcoil-derivatized PET surfaces was then
achieved by simple incubation. The effect of tethered EGF upon
adhesion, spreading, proliferation and activation of both mitogen-
activated protein kinase and phosphoinositidine 3-kinase
Fig. 1. Schematic diagram of the chemical grafting procedure used for coiled-coil mediated
peptide was covalently bound to PET via LC-SPDP linker. Human serum albumin (HSA) treatm
steps. Ecoil-EGF was immobilized onto Kcoil-functionalized PET surfaces via coiled-coil inte
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pathways of human corneal epithelial cells were investigated and
compared to those related to adsorbed or in-solution EGF.

2. Materials and methods

2.1. Chemicals and reagents

Cysteine (99þ% purity) and sodium chloride (99.99% purity) were purchased
from SigmaeAldrich Canada Ltd. (Oakville, ON). Succinimidyl 6-[30-
(2-pyridyldithio)-propionamido]hexanoate (LC-SPDP, 95þ% purity) was obtained
from Pierce Biotechnology, Inc. (Rockford, IL). Cysteine-tagged Kcoil peptides were
synthesized by the peptide facility at University of Colorado (Denver, CO). Untagged
recombinant human EGF (carrier-free) was purchased from R&D Systems (Minne-
apolis, MN).

2.2. Ammonia plasma treatment

Polyethylene terephthalate (PET) film samples (50 mm-thick DuPont Mylar�,
DuPont Teijin Films, Hopewell, VA) were aminated with covalently-bound nitrogen
(N) groups, preferably primary amines, CeNH2, by exposing the films to ammonia
(NH3) plasma treatment, adapting the procedure previously described [18]. Briefly,
plasma treatments were carried out for 15 min in a cylindrical aluminium/steel
vacuum chamber of approximately 20 cm in diameter and 20 cm in height. A turbo-
molecular pump, backed by a two-stage rotary vane pump was used to evacuate the
chamber to a base pressure of <10�4 Pa (7.5 � 10�5 mTorr), as measured by a Pirani
gauge. A flow of anhydrous ammonia (99.99%, Air Liquide, Canada) was then fed into
the chamber using an electronic flow meter/controller (Vacuum General Inc.),
through a ‘shower head’ gas distributor (10 cm in diameter) at the top of the
chamber. The ammonia flow rate was kept constant at 20 standard cm3/min (sccm).
During plasma treatment, the operating pressure was set and maintained constant
at 80 Pa (600 mTorr) by a ‘butterfly’ throttle valve combined with a capacitive
pressure gauge (Baratron, MKS Instruments). The capacitively coupled radio-
frequency (r.f., 13.56 MHz) plasma was generated with the help of a power supply
(ENI) and an automatic impedance matching network (Advanced Energy), con-
nected to a 10-cm diameter powered electrode/sample holder in the center of the
chamber, the walls acting as the grounded electrode. The distance between the
bottom of the shower head (see above) and the r.f.-driven electrode was 15 cm.
The power fed to the plasmawas 10W, resulting in a negative d.c. bias voltage at the
powered electrode, VB ¼ �40 V.

2.3. Grafting procedures

2.3.1. Kcoil peptide grafting on aminated PET
Kcoil peptides were immobilized on aminated PET surfaces by adapting the

experimental protocol previously described [19]. Aminated PET samples (1,13 cm2)
were first covered with a 2-mM LC-SPDP solution (100 mL) for 2 h at room temper-
ature, to allow for LC-SPDP amine-reactive N-hydroxysuccinimide ester covalent
binding to free -NH2 groups on the aminated PET surfaces (Fig. 1). The surfaces were
then extensively rinsed with MilliQ water and incubated with cysteine-tagged Kcoil
peptides (10 mM, 100 mL) for 2 h at room temperature, in order to form a covalent
disulfide bond between the pyridyl disulfide group of LC-SPDP and the thiol group of
cysteine-tagged Kcoil peptide. After rinsing in MilliQ water, blockage of unreacted
LC-SPDP pyridyl disulfide groups was achieved with 50 mM cysteine solution (1 M

NaCl in 0.1 M sodium acetate, pH 4.0) for 45 min (100 mL). Each surface was finally
EGF tethering. After amination of PET by NH3 plasma treatment, cysteine-tagged Kcoil
ent was then performed to prevent non-specific adsorption of EGF during subsequent
ractions.

lial cell response to epidermal growth factor tethered via coiled-coil
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rinsed by extensive soaking in 10 mM phosphate buffer saline (PBS, pH 7.4) and
MilliQ water.

2.3.2. Ecoil-EGF grafting
Kcoil-functionalized PET samples were used untreated or after preincubation in

a 1% (w/v) human serum albumin (HSA) solution (SigmaeAldrich) for 1 h. Ecoil-EGF
was then captured by simple incubation (600 nM, 100 mL) for 1 h at room temper-
ature. The surfaces were then thoroughly rinsed by soaking in 10 mM PBS and MilliQ
water for 5 min.

2.3.3. Direct adsorption of EGF
For the sake of comparison, untagged EGF (600 nM in PBS) was also directly

adsorbed onto several aminated PET surfaces (1 h incubation at room temperature).
The surfaces were then rinsed in 10 mM PBS (pH 7.4) and MilliQ water for 5 min.

2.4. X-ray photoelectron spectroscopy

Modified PET surfaces (including those corresponding to each step of our
functionalization protocol) were characterized with regard to their elemental
chemical compositions (in atomic %) and chemical bond types, by X-ray photo-
electron spectroscopy (XPS) analyses (survey-, as well as C, N and O high-resolution
spectra, respectively), performed in a VG ESCALAB 3MkII instrument, using non-
monochromatic Mg Ka radiation (12 kV, 18 mA). None of the samples exhibited any
evidence of X-ray induced damage during those room-temperature XPS measure-
ments. XPS spectra were acquired at 0� emission angle, normal to the sample
surface, and possible charging was corrected by referencing all peaks to the carbon
(C1s) peak at binding energy, BE ¼ 284.7 eV, in accordance with the literature
[18,20]. Quantification of the constituent elements was performed using broad-scan
spectra and Avantage v4.12 software (Thermo Electron Corp., Waltham, MA) by
integrating the areas under relevant peaks after a Shirley-type background
subtraction, and using sensitivity factors from the Wagner table. C1s, N1s and O1s
spectra were deconvoluted by using full width at half maximum (FWHM) factors of
1.6, 1.7, and 1.8, respectively. Deconvoluted C1s peak positions (CeC, CeO, and C]O)
of chemical bonds in pristine PET were kept constant for each subsequent analysis,
in order to identify any new functional groups added after surface modification.
Ammonia (NH3) plasma-treated surfaces corresponding to LC-SPDP addition only, as
well as to LC-SPDP addition followed by Kcoil grafting, were extensively washed
(2 ml MilliQ water, 5 times in addition to previous washes) to remove any possible
traces of unreacted chemical that could affect XPS measurements.

2.4.1. Derivatization with TFBA
The surface-near concentrations of primary amine groups, [eNH2], created by

NH3 plasma treatments, were determined by the method of Favia et al. [21], using
the highly-selective derivatization reaction of 4-(trifluoromethyl) benzaldehyde
(TFBA, 98%, Aldrich) vapor with eNH2 groups. By way of this reaction TFBA is
covalently linked via imine bonds, following which [eNH2] values can readily be
deduced from the fluorine concentrations, [F], determined by XPS. To account for
carbon atoms being added to the surface as a result of the derivatization reaction, we
used correction formulas [22]. The reaction was carried out in a small glass desic-
cator vessel into which a tiny amount of TFBA liquid was dripped onto ae1 cm deep
layer of 2 mm diameter glass beads. The plasma-treated PET was placed on
a microscope glass slide on the layer of glass beads, whereby direct contact between
the modified sample surface and liquid TFBA could be avoided. The desiccator was
then placed in an oven at 45 �C for 3 h, which we determined to be the minimum
reaction time needed to convert all near-surface amine groups, in accordance with
previously reported experiments [22].

2.4.2. Solubility tests
Possible decreases in nitrogen- and eNH2 concentrations, [N] and [NH2], of

plasma-treated PET films after their immersion in PBS buffer solution were inves-
tigated by XPS with and without chemical derivatization with TFBA. The samples
were covered with ca. 100 ml of PBS for 2 h, then washed 5 times with MilliQ water,
and then dried before derivatization and XPS measurements.

2.5. Quantification of grafted EGF

Quantification of grafted EGF was performed with the ELISA human EGF kit
(DuoSet� development system, R&D Systems). The surface density of EGF was
determined by comparing its concentration in solution before and after immobili-
zation (n¼ 4). According to the manufacturer’s protocol, absorbance of streptavidin-
HRP was measured using a Victor v3� spectrophotometer (450 nm, Perkin-Elmer,
Woodbridge, ON) after a 10-min incubation at room temperature. EGF concentra-
tions were determined using a standard calibration curve prepared with serial
dilutions of human recombinant EGF or Ecoil-EGF as standards.

2.6. Cell culture

The human epidermoid carcinoma (A-431) and human corneal epithelial (HCE-
2) cell lines, all purchased from the American Type Culture Collection (ATCC�
Please cite this article in press as: Boucher C, et al., Human corneal epithe
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number CRL-1555� and CRL-11135�, respectively) were maintained in 175 cm2

flasks at 37 �C with 5% CO2 in Dulbecco’s modified Eagle’s medium (GIBCO/BRL,
Burlington, ON) supplemented with 10% foetal bovine serum (Invitrogen, Burling-
ton, ON) or keratinocyte-serum free medium (KSFM) supplemented with 0.05 mg/
ml bovine pituitary extract (BPE), 5 ng/ml EGF (Invitrogen), 500 ng/ml hydrocorti-
sone and 0.005 mg/ml insulin (SigmaeAldrich), respectively, until 85e90% conflu-
ence was reached. Prior to HCE-2 cell seeding, culture vessels were pre-coated with
a mixture of 0.01 mg/ml fibronectin (BD Biosciences, Bedford, MA), 0.03 mg/ml
bovine collagen type I (BD Biosciences) and 0.01 mg/ml bovine serum albumin
(SigmaeAldrich).

2.7. Production of Ecoil-EGF

Ecoil-EGF was produced in HEK 293-6E cells and purified by immobilized metal-
ion affinity chromatography (IMAC) as previously described [16]. Protein concen-
trationwas determined by the Bradfordmethod and analyzed by SDS-PAGE. Purified
Ecoil-EGF was then stored at �80 �C until use.

2.8. Cellular assays

2.8.1. A-431 cell seeding
A-431 cells were washed with PBS and incubated overnight in DMEM medium

without serum. Cells were then trypsinized for 5 min at 37 �C, washed by centri-
fugation and re-suspended in DMEMwithout serum. A-431 cells were distributed at
0.3 � 106 cells/ml, 1 ml/well, in 24-well plates containing PET surfaces onwhich EGF
had been coiled-coil captured (with or without HSA pre-treatment) or adsorbed.

2.8.2. HCE-2 adhesion assay
HCE-2 cells were washed with PBS and incubated overnight in KSFM without

supplemental EGF and bovine pituitary extract. Cells were then trypsinized for 5min
at 37 �C, washed by centrifugation and re-suspended in serum-free medium com-
plemented with hydrocortisone. HCE-2 cells were distributed at 0.3 � 106 cells/ml
(1 ml per well) in 24-well plates containing native PET, Kcoil-functionalized PET,
EGF-functionalized surfaces as well as unmodified surfaces. In the latter case, cell
culture medium was supplemented with soluble EGF.

KSFMwas removed 2 h after HCE-2 cell seeding. Immobilized cells were washed
3 times with KSFM. Cells were observed with an inverted microscope (Axiovert
S100TV, Carl Zeiss Canada, North York, ON). Images were processed with a QICAM
Fast 1394 camera (QImaging) and cell count was operated manually or using
Northern Eclipse image acquisition software (Empix imaging).

2.8.3. Proliferation assays
HCE-2 cells were washed, re-suspended in serum-free medium and plated as

described in the previous section at 0.05 � 106 cells/well. KSFM medium was
changed at 24 h and 96 h for fresh medium complemented with bovine pituitary
extract. To test the impact of soluble EGF addition on cell proliferation, EGF (4 nM)
was initially added to the medium; the subsequent EGF repletion, when changing
the medium, was assayed for one condition, or not for another. Immobilized cells
werewashed 3 times with KSFM. KSFMwas removed 4, 24, 48, 72, 96 and 120 h after
HCE-2 cell seeding. Cell count was operated as described in Section 2.8.2.

2.8.4. Cell lysis
DMEMor KSFMwas removed 5min, 2 h, 3 h, 4 h and 5 h after cell seeding and A-

431 or HCE-2 cells were washed three times with PBS supplemented with sodium
orthovanadate (1 mM, SigmaeAldrich) and extracted with lysis buffer (50 mM HEPES
pH 7.4, 150 mM NaCl, 1% thesit, 0.5% Na deoxycholate, Complete� protease inhibitor
cocktail (Roche, Laval, QC) supplemented with 0.1 mM Na3VO4, 20 mM b-glycer-
ophosphate, 10 mM Na4P2O7.10H2O and 0.5 mM microcystin). Insoluble material was
removed by centrifugation at 10,000 � g for 5 min at 4 �C. Protein phosphorylation
was then analyzed by Western blotting.

2.9. Western blot analysis

Western blotting experiments were then performed as previously described
[16]. Briefly, lysates were mixed with 4� NuPAGE sample buffer (Invitrogen) con-
taining 50 mM DTT and heated to 70 �C for 10 min. Electrophoresis was performed at
200 V and proteins transferred to nitrocellulose membranes (Schleicher & Schuell)
for 1 h at 300 mA. Membranes were incubated in blocking reagent (Roche Diag-
nostics, Indianapolis, IN), and then probed with various antibodies (anti-phospho-
tyrosine (PY99, Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-Erk1/2 or
anti-Erk2 (Santa Cruz Biotechnology), anti-phospho-Akt or anti-Akt (New England
Biolabs Ltd., Pickering, ON), anti-b-tubulin (SigmaeAldrich)) for 1h. Detection was
performed using BM Chemiluminescence Blotting Substrate (Roche Diagnostics)
with a Kodak Digital Science Image Station 440cf equipped with Kodak Digital
Science 1D image analysis software version 3.0 (Eastman Kodak, NY).

2.10. Immunochemistry and confocal microscopy

As previously described in the HCE-2 cell seeding section, cells were distributed
at 0.3 � 106 cells/ml, 1 ml/well, in 24-well plates containing native PET, unmodified
lial cell response to epidermal growth factor tethered via coiled-coil
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surfaces supplemented with untagged EGF, Kcoil-functionalized surfaces on which
untagged EGF had been physically adsorbed and Kcoil-functionalized surfaces that
had been blocked with HSA on which Ecoil-EGF had been immobilized via coiled-
coil-mediated interactions. 24h after seeding, HCE-2 cells were fixed in 4% para-
formaldehyde in PBS, permeabilized in 0.4% Triton X-100 solution (SigmaeAldrich)
for 10min and blocked in a 1% w/v bovine serum albumin (BSA)/PBS solution for 1 h.
All samples were stained for actin with phalloidin-alexa 488 (1/40, Invitrogen) in 1%
w/v BSA in PBS. Samples were mounted in 16.7% (w/v) mowiol 4e88 (Fluka), 33.3%
(v/v) glycerol, 0.75% (w/v) n-propyl gallate in PBS. Confocal microscopy was per-
formed using an Olympus Fluoview 1000 (Tokyo, Japan) equipped with a 1.4NA 40�
objective. Alexa 488-labeled actin was excited with a 488 nm laser and visualized
using a 520e500 nm emission filter.

2.11. Statistical analysis

Values are given as mean value � standard deviation. Statistical analysis was
performed by independent two-sample t-test with equal variances. Values of
P < 0.05 and P < 0.001 were considered to be statistically significant and are
identified by * and **, respectively.

3. Results

3.1. Covalent grafting of Kcoil on aminated PET surfaces - XPS and
TFBA characterization

The immobilization of Kcoil peptide on PET surfaces was con-
ducted as a multistep process as schematically described in Fig. 1.
First, amine functionalization of PET films was performed by
ammonia plasma treatment at room temperature. Amine-func-
tionalized PET surfaces (hereafter designated ’PETeNH2

0) were then
treated with the hetero-bifunctional LC-SPDP linker, to subse-
quently graft cysteine-tagged Kcoil peptide in a covalent fashion via
its unique thiol group present on its N-terminal residue. In order to
validate each step of our experimental grafting protocol, the
elemental chemical compositions of functionalized PET resulting
from the different treatments (XPS survey-spectral measurement)
as well as the corresponding high-resolution XPS compositions of
C1s, O1s and N1s were obtained (Table 1, Fig. 2).

In the case of untreated PET, XPS survey spectra revealed atomic
percentages of C and O equal to 70.5% and 29.5%, respectively (Table
1). Furthermore, binding energies (BE) for each of the possible
functional groups (compositions in percentages given between
brackets) were determined from high-resolution XPS experiments:
C1s peaks located at 284.7, 286.2 and 288.7 eV representing CeC
and C]C (59%), CeO (22%) and C]O (19%), respectively; O1s peaks
located at 531.7 and 533.3 eV representing OeC¼O (47%) and CeO
(53%).

Grafting of primary amines on PET film via plasma treatment
was unambiguously confirmed, since PET-NH2 samples were
characterized by the appearance of 13.7 atomic % N (Table 1), of
which primary amine groups accounted for 30.5%, as determined
by chemical derivatization with TFBA (Table 1). This [eNH2] value
was consistent with the deconvolution spectrum analysis of N1s
(Fig. 2). That is, the peak corresponding to BE¼ 398.3 eVmost likely
represented CeNH2 bonding (30.7%), while the other peaks
Table 1
Elemental compositions for: PET; PET aminated via plasma treatment; aminated PET that h
and on which Kcoil had been grafted via LC-SPDP. [NH2]/[N] ratios (deduced from TFBA

Survey

C1s (at. %) O1s (at. %)

PET 70.5 29.5
PET-NH2 (plasma) 63.0 (�0.2) 23.3 (�0.2)
PET-NH2 (plasma then 2h in PBS) 70.1 (�0.6) 28.0 (�0.7)
PET-NH2 þ LC-SPDP 68.7 (�0.5) 29.0 (�0.4)
PET-NH2 þ LC-SPDP þ Kcoil 67.7 (�0.1) 27.9 (�0.1)
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corresponding to BE ¼ 399.2 and 399.9 eV could be attributed to
C]N/C^N (54.3%) and NeC¼O (15%), respectively. Altogether, XPS
analysis and chemical derivatization with TFBA indicated that 4.2
at. % of primary amine groups had been generated on PET film
surfaces via the NH3 plasma treatment. For PET-NH2, deconvolu-
tions of C1s and O1s high-resolution XPS spectra were also
obtained (Fig. 2). A close inspection of the deconvoluted C1s
spectrum revealed that plasma treatment resulted in the
appearance of two new peaks when compared to untreated PET
(peaks D and E, Fig. 2) characterized by BE ¼ 285.6 eV (CeNH2,
2.7%) and 287.1 eV (NeC¼O, C]N, C^N, 5.9%). For O1s, deconvo-
lution revealed that plasma treatment led to the appearance of
a new peak corresponding to BE ¼ 530.2 eV (NeC¼O, 6.3%; Fig. 2).

PET-NH2 stability in PBS was then assayed. The [N] value was
found to decrease from 13.7 to 1.9% following a 2-h incubation in
PBS, resulting in a final primary amine concentration [eNH2] of 1.3
at. %, again as determined by derivatization with TFBA. Altogether,
our experimental results were in excellent agreement with those
related the chemical composition and high-resolution studies that
had been previously reported in the literature [18], thus validating
our XPS experimental protocols for subsequent analysis.

PET-NH2 surfaces, following LC-SPDP treatment, were charac-
terized by the appearance of S (2 at. %) in their elemental compo-
sition (Table 1), strongly suggesting successful grafting, which was
further supported by high-resolution XPS analyses. Indeed, LC-
SPDP-mediated modification correlated with i) a variation of the
peak intensity at BE¼ 399.1 eV in the high-resolution N1s spectrum
(CeN and aromatic CeN; Fig. 2), ii) an increase of the CeN, CeS
signal at 285.2 eV in the high-resolution C1s spectrum, and iii) an
increase of the NeC¼O signal at a BE ¼ 531.6 eV in the high-reso-
lution O1s spectrum (Fig. 2).

After a 2-h incubation with Kcoil peptide, the overall [N] value
was doubled (from 2.0 to 3.9 at. %, see Table 1), while analysis by
high-resolution XPS indicated an increase of i) NeC¼O bonds at
a BE ¼ 531.6 eV, ii) NeC¼O and CeNeO at 286.8 eV and iii) NeC¼O
andCeNat399.5 eV, fromO1s, C1s andN1s spectral deconvolutions,
respectively (Fig. 2). These results are consistent with the fact that
Kcoils are nitrogen-rich peptides (one amide function per peptide
bond, in addition to the primary amine on each lysine residue side-
chain). Altogether, these results convincingly suggested that Kcoil
peptide had been covalently attached to aminated PET via LC-SPDP
linker, in accord with the chemical route described in Fig. 1.

3.2. EGF display on Kcoil-derivatized PET surfaces e specificity of
coiled-coil mediated EGF immobilization

In our previous study [16], coiled-coil mediated capture of Ecoil-
EGF onto Kcoil-derivatized glass surfaces was demonstrated to be
highly specific, most likely due to the generation of an optimal
surface coverage with grafted Kcoil peptides. In order to evaluate if
such was the case on PET, the following experiments were then
performed. Kcoil-functionalized PET surfaces were first placed in
ad been incubated for 2 h in PBS; aminated PETonwhich LC-SPDP had been grafted;
derivatization assays) are also listed (last column).

[NH2]/[N] (%)

N1s (at. %) S2p (at. %) Deduced from TFBA assay

N/A N/A N/A
13.7 (�0.3) N/A 30.5 (�0.4)
1.9 (�0.2) N/A 69.5
2.0 (�0.1) 0.2 (�0.1) N/A
3.9 (�0.1) 0.4 (�0.1) N/A

lial cell response to epidermal growth factor tethered via coiled-coil



Fig. 2. C1s (a), O1s (b) and N1s (c) spectral analyses of native PET (1), PET following plasma treatment (2), LC-SPDP covalent grafting (3), and final Kcoil covalent grafting (4).
Assignments of possible chemical bonds and relative compositions in atomic percentages are indicated in each panel.
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contact with either fully bioactive Ecoil-EGF or untagged EGF
(control). After thorough rinsing to eliminate any excess EGF, A-431
cells were seeded onto the various PET surfaces. Levels of EGFR
phosphorylation were then assayed by Western blot analysis, as
described in the Materials and Methods section. A-431 cells were
selected since they are known to over-express high amounts of EGF
Please cite this article in press as: Boucher C, et al., Human corneal epithe
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receptor at their surface [23]. As can been seen in Fig. 3, in the
absence of HSA pre-treatment, EGFR phosphorylation levels were
observed to be of equal intensity for both Ecoil-tagged and
untagged EGF (see lanes 1e3). These results strongly suggested that
both untagged and Ecoil-tagged EGF were able to interact directly
with the PET surface in a similar fashion.
lial cell response to epidermal growth factor tethered via coiled-coil



Fig. 3. HSA pre-treatment on Kcoil-functionalized PET surfaces prevents non-specific
adsorption of EGF. A-431 cells were seeded on Kcoil-functionalized PET on which
untagged EGF and Ecoil-EGF had been previously incubated for 1 h at 600 nM. Prior EGF
incubation, the surfaces were treated for 1 h with HSA (right lanes). The phosphory-
lation of A-431 cell EGF receptors was monitored by Western blotting 2 h after A-431
seeding. The 180 kDa band immunoreactive to anti-pTyr antibody (corresponding to
EGF receptor) was captured using a Kodak 440cf imager.
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The same experiment was then performed by adding a 1-h
human serum albumin (HSA) incubation step prior to the addition
of Ecoil-tagged or untagged EGF. We reasoned that HSA pre-treat-
ment would block any non-specific adsorption site on our Kcoil-
functionalized PET surfaces. As expected, HSA pre-treatment
resulted in the total abrogation of EGFR phosphorylation on
surfaces where untagged EGF had been incubated (Fig. 3, lane 4). In
contrast, a strong increase in EGFR phosphorylation was observed
with HSA pretreated surfaces that had been incubated with Ecoil-
EGF (Fig. 3, lane 6). These findings thus indicated that HSA treat-
ment did not block the oriented immobilization of Ecoil-EGF, while
efficiently abrogating its non-specific adsorption onto Kcoil-func-
tionalized PET. EGF surface density was then determined by ELISA
assays as described in the materials and methods section. Incuba-
tion of 600 nM of Ecoil-EGF following HSA pre-treatment resulted
in the capture of 46.9 � 9.5 pmol/cm2 of Ecoil-EGF whereas the
same concentration of untagged EGF onto unblocked
Kcoil-functionalized PET resulted in the non-specific adsorption of
253.5 � 38.7 pmol/cm2.
Fig. 4. Dose-response curve of HCE-2 cell EGF receptor phosphorylation by EGF. HCE-2
cells were treated with increasing concentrations of untagged EGF ranging from 0 to
81 nM for 5 min. Cells were then lysed and autophosphorylation of EGF receptor was
monitored by Western blotting using a chemiluminescent substrate. The 180 kDa band
immunoreactive to anti-pTyr antibody (corresponding to EGFR) was quantified using
a Kodak 440cf imager (n ¼ 4).
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3.3. Sensitivity of HCE-2 cells to soluble untagged EGF - dose-
response assay

In order to better characterize HCE-2 cell response upon soluble
EGF supply, and thus determinewhich concentration of soluble EGF
to be used as control for adhesion and proliferation assays,
increasing concentrations of soluble EGFwere added to HCE-2 cells.
Cells were lysed 5 min after EGF addition and EGFR phosphoryla-
tion was quantified by Western blotting (Fig. 4). Maximal phos-
phorylation of EGFR was observed for concentrations higher than
3 nM. A 4 nM concentration was thus chosen for soluble EGF supply
in the subsequent cellular assays with HCE-2 cells.

3.4. Cell adhesion assays

The effect of soluble EGF, adsorbed EGF and captured EGF via
coiled-coil interactions onto Kcoil-functionalized surfaces upon
HCE-2 cell adhesionwas then investigated. For that purpose, HCE-2
cells were incubated on aminated-PET surfaces in the presence or
absence of soluble EGF (4 nM), on Kcoil-functionalized PET surfaces
where Ecoil peptide only or Ecoil-EGF had been previously immo-
bilized via coiled-coil interactions (following HSA pre-treatment),
and on Kcoil-functionalized PET surface where EGF had been
adsorbed. As can be seen in Fig. 5, a marked increase of HCE-2
adhesion was observed in the presence of coiled-coil immobilized
Ecoil-EGF (þca. 55%) whereas both adsorbed EGF and soluble EGF
resulted in a less significant effect when compared to control
conditions (þca. 13% and þca. 16%, respectively). Of interest, no
statistical differences were observed between control PET and
aminated PET surfaces.

3.5. Morphological assays

The effect of immobilized EGF via coiled-coil interactions, upon
cellular morphology was then compared to that of adsorbed or
soluble (4 nM) EGF. After a 24-h incubation period, a drastic change
in HCE-2 cell morphology was observed for coiled-coil immobilized
Ecoil-EGF, when compared to all other tested conditions (Fig. 6).
Whereas cells were characterized by a spherical morphology,
indicative of low adhesion, the presence of Ecoil-EGF that had been
immobilized via coiled-coil interactions, induced cell spreading
with dense peripheral actin filament structures terminating in
actin-rich domains, a typical trait of focal adhesion (indicated by
arrows in Fig. 6, panel f). For other conditions (soluble EGF supply or
adsorbed EGF), most of the cell remained spherical even though
spreading mechanisms were initiated.

3.6. Phosphorylation assays

EGF-dependent phosphorylation of EGFR can result in the acti-
vation of several signaling pathways. Among them, the mitogen-
activated protein kinase (MAPK) and the phosphoinositide 3-kinase
(PI3K)/Akt pathways have been demonstrated to be important for
cell proliferation and migration [5,24]. Phosphorylation levels of
EGFR were first assayed for HCE-2 cells, at different time points by
Western blotting (Fig. 7A). As expected, EGF receptor phosphory-
lation was observed neither for native PET nor for Kcoil-function-
alized PET, on which untagged EGF had been previously adsorbed.
On the contrary, EGFR phosphorylation in the presence of Ecoil-EGF
that had been immobilized via coiled-coil interactions, was
observed for 4 h, sharply contrasting with the transient EGFR
phosphorylation pattern obtained with soluble EGF supply (no
detectable EGFR phosphorylation was observed after 5 min, see
Fig. 7A).
lial cell response to epidermal growth factor tethered via coiled-coil



Fig. 5. Cell adhesion assays. HCE-2 cells were incubated for 2 h on PET harbouring aminated groups (condition #1), or coated with grafted Kcoil peptide only (condition #2), Ecoil
peptide bound to grafted Kcoil peptide (condition #3), Ecoil-EGF immobilized via coiled-coil interactions (condition #4), adsorbed EGF (condition #5), and aminated PET with Ecoil-
EGF supply in solution (4 nM, condition #6). Note that each surface was HSA treated, with the exception of (e). Compared to PET-NH2, differences were significant for p < 0.05 (*) and
p < 0.001 (**), (n ¼ 4).
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In order to determine to which extent both MAPK and PI3K
signaling pathways were triggered by immobilized EGF, Erk1/2 and
Akt levels (total and phosphorylated) were also monitored by
Western blotting. As shown in Fig. 7B, phosphorylation of Akt was
not observed for cells seeded on native PET, whereas in solution,
adsorbed and coiled-coil tethered EGF all resulted in Akt phos-
phorylation for at least 4 h. Note that Akt phosphorylation was
further prolonged for at least 5 h in the case of coiled-coil tethered
Fig. 6. Morphological study of adhered HCE-2 cells. HCE-2 cells were cultured in KSFM for
surfaces coated with adsorbed EGF (c) and coated with Ecoil-EGF immobilized in an oriented
cultured on native PET (e) or on Kcoil-functionalized PET on which Ecoil-EGF had been imm
point towards actin-rich domains, indicative of focal adhesion. Scale bar ¼ 10 mm for a, b,
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EGF, as opposed to soluble EGF supply. In the case of Erk1/2,
phosphorylation was observed neither for PET alone nor adsorbed
EGF. As expected, soluble EGF supply resulted in a transient Erk1/2
phosphorylation pattern (phosphorylation was only detectable for
the 5-min time point). In sharp contrast, a strong and prolonged
Erk1/2 phosphorylation pattern (for at least 5 h, Fig. 7B) was
observed when HCE-2 cells were cultured on PET surfaces where
Ecoil-EGF had been immobilized.
24 h on native PET only (a) or with soluble EGF (4 nM) (b), on Kcoil-functionalized PET
fashion via coiled-coil interactions (d). Panels (e) and (f) are magnified images of cells

obilized (f). HCE-2 cells were stained for actin with Alexa Fluor 488 phalloidin. Arrows
c and d, and 2.5 mm for e and f.
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Fig. 7. Time course of EGF receptor, Erk1/2 and Akt phosphorylation. The phosphorylation of EGF receptor, Erk1/2 and Akt in HCE-2 cells was monitored at different time byWestern
blotting on native PET, on native PET with Ecoil-EGF supply in solution (4 nM), on Kcoil-functionalized PET on which untagged EGF was adsorbed and on Kcoil-functionalized PET on
which Ecoil-EGF was immobilized via coiled-coil interactions. The 180 kDa band immunoreactive to anti-pTyr antibody (corresponding to EGF receptor) (A) and the 44, 42, 60 and
55 kDa immunoreactive band corresponding, respectively, to pErk1/2, Erk2, Akt and b-tubulin (B) were captured using a Kodak 440cf imager.
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3.7. Proliferation assays

HCE-2 cells were then seeded on the same type of surfaces as
those used for adhesion assays. Mediumwas changed 24 h and 96 h
after seeding. HCE-2 culture was halted after 5 days, which corre-
sponded to HCE-2 cells reaching near-confluence when grown on
coiled-coil immobilized Ecoil-EGF. Similar growth rates (m) of
0.0196 h�1, 0.0186 h�1, 0.0184 h�1 and 0.0184 h�1 (corresponding to
doubling times ranging from 35.4 to 37.7 h) were calculated for cells
respectively grown on native PET, Kcoil-functionalized PET with
adsorbed EGF, native PET with soluble EGF added at seeding only or
replenished at medium change (Fig. 8). In contrast, a growth rate of
0.0257 h�1, corresponding to a doubling time of only 26.9 h, was
observed for HCE-2 cells grown on coiled-coil immobilized Ecoil-
EGF. This corresponded to a 30% increase in HCE-2 cell growth rate
when compared to all of other tested conditions.
Fig. 8. Proliferation assays. HCE-2 cells were cultivated in KSFMmedium for 120 h on native
EGF had been previously adsorbed and on which Ecoil-EGF had been previously immobiliz
complemented with bovine pituitary extract. Untagged EGF (4 nM) was supplied in solutio
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4. Discussion

One of the challenges faced by tissue engineering and
regenerative medicine resides in the precise, efficient and repro-
ducible control of the interactions between cells and (bio)materials
in order to promote the restoration or maintenance of tissue or
organ functions [25]. With this goal in mind, the development of
new scaffolds to stimulate and spatially guide cell growth has been
burgeoning, while advances in micro/nano-patterning techniques
[26], plasma- and wet chemistry-based modification methodolo-
gies have opened new pathways to control protein-coupling [27]
and cell-adhesion [28,29] to these polymeric materials. Growth
factors are important local mediators that control proliferation and
differentiation of cells in healthy tissue, and are locally stored in the
cells’ extracellular matrix in their active or proform. Growth factor
administration, combined with biomaterial implants, is thus
PET, on native PET with soluble EGF supply (4 nM), on Kcoil-functionalized PET onwhich
ed via coiled-coil interactions. KSFM medium was changed at 24h and 96h by KSFM
n after each medium replacement for one condition (n ¼ 4).
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a highly attractive strategy to synergistically enhance tissue
regeneration. The short half-life of soluble growth factors, their
high cost and potential side effects related to the broad expression
of their receptors at the surfaces of many cell types, are short-
comings which limit their systematic use. An alternative is stable
immobilization of growth factors on scaffolds to limit their
clearance through endocytosis/degradation pathways, and their
diffusivemobility, thus limiting delivery to the local implant region.
The proof-of-concept of the applicability of such a strategy was first
made by Kuhl and colleagues with murine EGF covalently tethered
to glass surfaces via PEG linkers [6]. Further recent studies have
highlighted the impressive potential of immobilized EGF for the
recruitment and expansion of neuronal [30] or mesenchymal stem
cells [31], bone marrow-derived multi-potent stromal cells [32] or
corneal cells [7].

As demonstrated in our current study, as well as our previous
work [19] and by others [6], passive adsorption of EGF has a minor
effect, if any, on EGF receptor phosphorylation (Fig. 3) and subse-
quent activation of the MAPK signaling pathway (Fig. 7), cell
adhesion (Fig. 5), spreading (Fig. 6) and proliferation (Fig. 8). In
stark contrast, strategies for covalent tethering of EGF that take
advantage of primary amines present on EGF N-terminus or on
lysine side-chains can promote EGF-dependent signaling and cell
outcomes. This approach may be suitable for murine EGF (no lysine
residue) [6,33], but suboptimal for human EGF, as it was recognized
that direct amine coupling was detrimental to its bioactivity [9,10].
As an alternative, several research groups have explored various
strategies to display EGF in an oriented, non-direct and non-cova-
lent fashion. These approaches relied on the use of chimeric
proteins corresponding to EGF fused to tags (poly-histidine
[34,35]), the Fc domain of an IgG [11,16] for Ni2þ/NTA- and protein
A/G-mediated recruitment, respectively, or protein domains that
are directed to bind to specific scaffolds (e.g., collagen-binding and
hydrophobic domains [36,37]). However, the nature and the posi-
tion of a tag per semay negatively affect the bioactivity of the fused
EGF [16]. Furthermore, in the case of polyhistidine tags, metallic
ions used for chelation may be potentially toxic [38].

In the present study, we have explored the use of a de novo
heterodimeric coiled-coil system to immobilize EGF in an oriented
fashion, via coiled-coil interactions, on PET surfaces, in order to
promote subsequent corneal epithelial cell adhesion and
proliferation. More specifically, we have set up a capture method
based on the Ecoil and Kcoil that hetero-dimerize in a highly
specific and stable fashion [12,39]. In our approach, tethering is
achieved by simple incubation of fully bioactive Ecoil-EGF [16] onto
surfaces on which the other coil partner (i.e., the Kcoil) has been
covalently bound. In order to achieve covalent grafting of the
partner Kcoil, PET surfaces were first aminated by ammonia plasma
treatment (Fig. 1). Plasma-generated active species reacted with
CeC, CeH and CeO bonds within the polymer’s backbone, resulting
in substantial addition of nitrogen-containing functional groups, of
which more than 30% were primary amines (Table 1). Plasma
treatment is also known to promote polymer chain scissions near
the surface, resulting in the generation of lower molecular-weight,
soluble oligomers at the material’s surface [18]. Many of the
nitrogen functionalities introduced by our plasma treatment were
likely on these oligomers and thus removed after a 2-h incubation
in PBS, leading to the observed decrease in primary amine
concentration down to 1.3 at. %, in agreement with Girardeaux and
coworkers’ results [18]. LC-SPDP linker was then successfully
grafted on aminated PET via the formation of a stable amide bond
(Fig. 1), resulting in the appearance of sulfur in the elemental
composition of the treated PET (Table 1). After a 2-h incubation of
the modified PET with Kcoil peptide, nitrogen concentration, [N],
doubled (Table 1) and the relative concentration of amide bonds
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also increased (Fig. 2), strongly suggesting that covalent grafting of
the peptide had occurred. Thereafter, HSA pre-treatment that had
been required to prevent non-specific adsorption of EGF (Fig. 3)
impeded further XPS characterization due to the great complexity
of the modified surface. HSA pre-treatment was however required
to abrogate non-specific interactions of Ecoil-EGF with aminated
PET (Fig. 3), in agreement with previous reports highlighting that
protein physisorption is favored on aminated surfaces [40]. Ecoil-
EGF specific grafting via coiled-coil interactions and bioactivity
were then confirmed by assaying A-431 cell surface EGF receptor
phosphorylation in vitro (Fig. 3). A surface concentration of
46.9 � 9.5 pmol/cm2 of grafted EGF was determined by ELISA. This
value is in the same range as those previously reported for the
oriented grafting of EGF by various different approaches (values
ranging from 16 to 66 pmol/cm2) [11,30], but it is almost three-fold
lower than the value we previously reported for coiled-coil-medi-
ated EGF tethering on glass surfaces [19]. In that respect, N-rich
plasma-polymerized ethylene (PPE:N) coating, which has been
shown to dramatically increase the (stable) primary amine
concentration [22], may in future be applied to further increase
Kcoil grafting levels.

HCE-2 cell culture on PET surfaces displaying Ecoil-EGFwas then
demonstrated to be highly advantageous in a tissue engineering
perspective, when compared to all other culture conditions we
tested including EGF adsorbed on PET films, and compared to
providing soluble EGF. In particular, coiled-coil-mediated display of
EGF resulted in increased adhesion (Fig. 5), proliferation (Fig. 8) and
spreading of HCE-2 cells (Fig. 6). EGF grafting has been shown to
increase 3T3 Swiss cell adhesion [11], whereas no significant
differences between adsorbed and grafted EGF (PEG-mediated)
were observed by Klenkler et al. upon human epithelial cell
adhesion [41]. This difference may result from our HSA pre-treat-
ment of Kcoil-functionalized surfaces that may provide HCE-2 cells
with additional anchoring points when compared to physisorbed
EGF (HSA pre-treatment was not performed on these surfaces), or
to EGF tethered via PEG linker [41]. Alternatively, it may also be
attributed to the intrinsic differences within the protocols used to
assay cell adhesion (centrifugation [41], versus manual rinsing to
remove poorly-adhering cells as in this study). Following adhesion,
cell spreading was accelerated in the presence of Ecoil-EGF (Fig. 6).
It is thus likely that EGF stimulated cell spreading, via the
production of laminin, a6-integrin [41] and fibronectin [41,42], an
extracellular matrix component known to interact with integrins to
promote spreaded morphologies with actin rich-domains indica-
tive of focal adhesion [43,44], such as those we observed by
immunofluorescence (Fig. 6). HCE-2 cell exposure to tethered EGF
drastically prolonged the duration of EGF receptor phosphorylation
(Fig. 7A) and the downstream activation of its signaling pathways, i.
e., MAPK and PI3K pathways, through the phosphorylation of Erk1/
2 and Akt, respectively [24,45]. These findings sharply contrasted
with the transient phosphorylation patterns of EGF receptor, Erk1/2
and Akt that were induced by soluble EGF supply (Fig. 7). These
results are in agreement with previous reports where Erk activation
upon soluble EGF supply was transient with a strong decrease of its
phosphorylation generally observed after 30 to 90 min [31,45]. In
the presence of Ecoil-EGF, Erk phosphorylation was observed to be
intense for at least 5 h, in agreement with results previously
reported by Ito et al. for A-431 cells [46], and by Fan et al. for
mesenchymal stem cells (MSC) [31] in response to stimulation by
immobilized EGF. Interestingly, Erk is acknowledged to be involved
in HCE-2 proliferation [45]; furthermore, in the case of MSC,
spreading is enhanced by tethered EGF via sustained phosphory-
lation of Erk1/2 [31]. The prolonged activation of Erk may thus be
directly linked to both increases of corneal epithelial cell prolifer-
ation and spreading (Figs. 6 and 8, 30% increase in growth rate) that
lial cell response to epidermal growth factor tethered via coiled-coil
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we and others [41] have observed. Although our results show great
promise for the development of improved corneal implants, further
developments will be needed to assess the long-term effects of our
immobilization strategy, both in vitro and in vivo.

5. Conclusion

We report an approach based on coiled-coil interactions for the
oriented immobilization of EGF on plasma-modified PET surfaces.
The approach is versatile, since it is applicable to any protein that
can be Ecoil-tagged and thereby tethered on any aminated surface
or scaffold via interaction with its Kcoil partner. Important advan-
tages for tissue engineering applications of Ecoil-EGF being dis-
played in an oriented fashion are evident from the observed
promotion of corneal cell response by stimulated adhesion,
spreading and proliferation through a prolonged activation of ErbB
receptor-signaling pathways.
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Appendix

Figure with essential color discrimination. Fig. 6 in this article
has parts that are difficult to interpret in black and white. The full
colour images can be found in the online version, at doi: 10.1016/j.
biomaterials.2010.05.072.

References

[1] Whitcher JP, Srinivasan M, Upadhyay MP. Corneal blindness: a global
perspective. Bull WHO 2001;79:214e21.

[2] Chirila TV. An overview of the development of artificial corneas with porous
skirts and the use of PHEMA for such an application. Biomaterials
2001;22:3311e7.

[3] Legeais JM, Renard G. A second generation of artificial cornea (Biokpro II).
Biomaterials 1998;19:1517e22.

[4] Zieske JD, Takahashi H, Hutcheon AEK, Dalbone AC. Activation of epidermal
growth factor receptor during corneal epithelial migration. Invest Ophthalmol
Vis Sci 2000;41:1346e55.

[5] Klenkler B, Sheardown H. Growth factors in the anterior segment: role in
tissue maintenance, wound healing and ocular pathology. Exp Eye Res
2004;79:677e88.

[6] Kuhl PR, Griffith-Cima LG. Tethered epidermal growth factor as a paradigm for
growth factor-induced stimulation from the solid phase. Nat Med
1996;2:1022e7.

[7] Klenkler BJ, Griffith M, Becerril C, West-Mays JA, Sheardown H. EGF-grafted
PDMS surfaces in artificial cornea applications. Biomaterials 2005;26:7286e96.

[8] Klenkler BJ, Chen H, Chen Y, Brook MA, Sheardown H. A high-density PEG
interfacial layer alters the response to an EGF tethered polydimethylsiloxane
surface. J Biomater Sci Polym Ed 2008;19:1411e24.

[9] Lee H, Park TG. Preparation and characterization of mono-PEGylated
epidermal growth factor: evaluation of in vitro biologic activity. Pharm Res
2002;19:845e51.

[10] O’Connor-McCourt MD, De Crescenzo G, Lortie R, Lenferink A, Grothe S.
The analysis of surface plasmon resonance-based biosensor data using
numerical integration: the epidermal growth factor receptor-ligand
interaction as an example. In: Lundahl P, Lundqvist A, Greiger E, editors.
Quantitative analysis of biospecific interactions. Australia: Harwood
Academic Publishers; 1998. p. 175e90.

[11] Ogiwara K, Nagaoka M, Cho C-S, Akaike T. Construction of a novel extracel-
lular matrix using a new genetically engineered epidermal growth factor
fused to IgG-Fc. Biotechnol Lett 2005;27:1633e7.

[12] De Crescenzo G, Litowski JR, Hodges RS, O’Connor-McCourt MD. Real-time
monitoring of the interactions of two-stranded de novo designed coiled-coils:
effect of chain length on the kinetic and thermodynamic constants of binding.
Biochemistry (Moscow) 2003;42:1754e63.

[13] Zeng Y, Pinard M, Jaime J, Bourget L, Le PU, O’Connor-McCourt MD, et al. A
ligand-pseudoreceptor system based on de novo designed peptides for the
Please cite this article in press as: Boucher C, et al., Human corneal epithe
interactions, Biomaterials (2010), doi:10.1016/j.biomaterials.2010.05.072
generation of adenoviral vectors with altered tropism. J Gene Med
2008;10:355e67.

[14] Tripet B, Yu L, Bautista DL, Wong WY, Irvin RT, Hodges RS. Engineering a de
novo-designed coiled-coil heterodimerization domain off the rapid detection,
purification and characterization of recombinantly expressed peptides and
proteins. Protein Eng 1996;9:1029e42.

[15] Boucher C, St-Laurent G, Jolicoeur M, De Crescenzo G, Durocher Y. Protein
detection by Western blot via coiled-coil interactions. Anal Biochem
2010;399:138e40.

[16] Boucher C, St-Laurent G, Loignon M, Jolicoeur M, De Crescenzo G, Durocher Y.
The bioactivity and receptor affinity of recombinant tagged EGF designed for
tissue engineering applications is defined by the nature and position of the
tags. Tissue Eng Part A 2008;14:2069e77.

[17] De Crescenzo G, Pham PL, Durocher Y, Chao H, O’Connor-McCourt MD.
Enhancement of the antagonistic potency of transforming growth factor-beta
receptor extracellular domains by coiled coil-induced homo- and hetero-
dimerization. J Biol Chem 2004;279:26013e8.

[18] Girardeaux C, Zammatteo N, Art M, Gillon B, Pireaux JJ, Caudano R. Amination
of poly(ethylene-terephthalate) polymer surface for biochemical applications.
Plasmas Polym 1996;1:327e46.

[19] Boucher C, Liberelle B, Jolicoeur M, Durocher Y, De Crescenzo G. Epidermal
growth factor tethered through coiled-coil interactions induces cell surface
receptor phosphorylation. Bioconjug Chem 2009;20:1569e77.

[20] Beamson G, Briggs D. High resolution XPS of organic polymers: the Scienta
ESCA300 database. Chichester [England], New York: Wiley; 1992.

[21] Favia P, Stendardo MV, d’Agostino R. Selective grafting of amine groups on poly-
ethylenebymeansofNH3-H2RFglowdischarges. PlasmasPolym1996;1:91e112.

[22] Truica-Marasescu F, Wertheimer MR. Nitrogen-rich plasma-polymer films for
biomedical applications. Plasma Process Polym 2008;5:44e57.

[23] Hunter T, Cooper JA. Epidermal growth factor induces rapid tyrosine phos-
phorylation of proteins in A431 human tumor cells. Cell 1981;24:741e52.

[24] Huo Y, Qiu WY, Pan Q, Yao YF, Xing K, Lou MF. Reactive oxygen species (ROS)
are essential mediators in epidermal growth factor (EGF)-stimulated corneal
epithelial cell proliferation, adhesion, migration, and wound healing. Exp Eye
Res 2009;89:876e86.

[25] Langer R, Vacanti JP. Tissue engineering. Science 1993;260:920e6.
[26] Curran JM, Chen R, Stokes R, Irvine E, Graham D, Gubbins E, et al. Nanoscale

definition of substrate materials to direct human adult stem cells towards
tissue specific populations. J Mater Sci Mater Med 2010;21:1021e9.

[27] Crombez M, Chevallier P, Gaudreault RC, Petitclerc E, Mantovani D, Laroche G.
Improving arterial prosthesis neo-endothelialization: application of a proac-
tive VEGF construct onto PTFE surfaces. Biomaterials 2005;26:7402e9.

[28] Mwale F, Wang HT, Nelea V, Luo L, Antoniou J, Wertheimer MR. The effect of
glow discharge plasma surface modification of polymers on the osteogenic
differentiation of committed human mesenchymal stem cells. Biomaterials
2006;27:2258e64.

[29] Latkany R, Tsuk A, Sheu MS, Loh IH, Trinkaus-Randall V. Plasma surface
modification of artificial corneas for optimal epithelialization. J Biomed Mater
Res 1997;36:29e37.

[30] Nakaji-Hirabayashi T, Kato K, Arima Y, Iwata H. Oriented immobilization of
epidermal growth factor onto culture substrates for the selective expansion of
neural stem cells. Biomaterials 2007;28:3517e29.

[31] Fan VH, Tamama K, Au A, Littrell R, Richardson LB, Wright JW, et al. Tethered
epidermal growth factor provides a survival advantage to mesenchymal stem
cells. Stem Cells 2007;25:1241e51.

[32] Platt MO, Roman AJ, Wells A, Lauffenburger DA, Griffith LG. Sustained
epidermal growth factor receptor levels and activation by tethered ligand
binding enhances osteogenic differentiation of multi-potent marrow stromal
cells. J Cell Physiol 2009;221:306e17.

[33] Ichinose J, Morimatsu M, Yanagida T, Sako Y. Covalent immobilization of
epidermal growth factor molecules for single-molecule imaging analysis of
intracellular signaling. Biomaterials 2006;27:3343e50.

[34] Kato K, Sato H, Iwata H. Immobilization of histidine-tagged recombinant
proteins onto micropatterned surfaces for cell-based functional assays.
Langmuir 2005;21:7071e5.

[35] Nakaji-Hirabayashi T, Kato K, Iwata H. Surface-anchoring of spontaneously
dimerized epidermal growth factor for highly selective expansion of neural
stem cells. Bioconjug Chem 2009;20:102e10.

[36] Hannachi Imen E, Nakamura M, Mie M, Kobatake E. Construction of multi-
functional proteins for tissue engineering: epidermal growth factor with
collagen binding and cell adhesive activities. J Biotechnol 2009;139:19e25.

[37] Elloumi I, Kobayashi R, Funabashi H, Mie M, Kobatake E. Construction of
epidermal growth factor fusion protein with cell adhesive activity. Biomate-
rials 2006;27:3451e8.

[38] Zhou ZH, Liu XP, Liu QQ, Liu LH. Evaluation of the potential cytotoxicity of
metals associated with implanted biomaterials (I). Prep Biochem Biotechnol
2009;39:81e91.

[39] De Crescenzo G, Pham PL, Durocher Y, O’Connor-McCourt MD. Transforming
growth factor-beta (TGF-beta) binding to the extracellular domain of the type
II TGF-beta receptor: receptor capture on a biosensor surface using a new
coiled-coil capture system demonstrates that avidity contributes significantly
to high affinity binding. J Mol Biol 2003;328:1173e83.

[40] Faucheux N, Schweiss R, Lutzow K, Werner C, Groth T. Self-assembled
monolayers with different terminating groups as model substrates for cell
adhesion studies. Biomaterials 2004;25:2721e30.
lial cell response to epidermal growth factor tethered via coiled-coil

http://dx.doi.org/10.1016/j.biomaterials.2010.05.072
http://dx.doi.org/10.1016/j.biomaterials.2010.05.072


C. Boucher et al. / Biomaterials xxx (2010) 1e11 11
[41] Klenkler BJ, Dwivedi D, West-Mays JA, Sheardown H. Corneal epithelial cell
adhesion and growth on EGF-modified aminated PDMS. J Biomed Mater Res A
2009;93:1043e9.

[42] Nishida T, Tanaka H, Nakagawa S, Sasabe T, Awata T, Manabe R. Fibronectin
synthesis by the rabbit cornea: effects of mouse epidermal growth factor and
cyclic AMP analogs. Jpn J Ophthalmol 1984;28:196e202.

[43] Bill HM, Knudsen B, Moores SL, Muthuswamy SK, Rao VR, Brugge JS, et al.
Epidermal growth factor receptor-dependent regulation of integrin-mediated
signaling and cell cycle entry in epithelial cells. Mol Cell Biol
2004;24:8586e99.
Please cite this article in press as: Boucher C, et al., Human corneal epithe
interactions, Biomaterials (2010), doi:10.1016/j.biomaterials.2010.05.072
[44] Maldonado BA, Furcht LT. Epidermal growth-factor stimulates integrin-
mediated cell-migration of cultured human corneal epithelial-cells on fibro-
nectin and arginine-glycine-aspartic acid peptide. Invest Ophthalmol Vis Sci
1995;36:2120e6.

[45] Wang Z, Yang H, Zhang F, Pan Z, Capo-Aponte J, Reinach PS. Dependence of
EGF-induced increases in corneal epithelial proliferation and migration on
GSK-3 inactivation. Invest Ophthalmol Vis Sci 2009;50:4828e35.

[46] Ito Y, Chen G, Imanishi Y, Morooka T, Nishida E, Okabayashi Y, et al. Differ-
ential control of cellular gene expression by diffusible and non-diffusible EGF.
J Biochem 2001;129:733e7.
lial cell response to epidermal growth factor tethered via coiled-coil


	Human corneal epithelial cell response to epidermal growth factor tethered via coiled-coil interactions
	Introduction
	Materials and methods
	Chemicals and reagents
	Ammonia plasma treatment
	Grafting procedures
	Kcoil peptide grafting on aminated PET
	Ecoil-EGF grafting
	Direct adsorption of EGF

	X-ray photoelectron spectroscopy
	Derivatization with TFBA
	Solubility tests

	Quantification of grafted EGF
	Cell culture
	Production of Ecoil-EGF
	Cellular assays
	A-431 cell seeding
	HCE-2 adhesion assay
	Proliferation assays
	Cell lysis

	Western blot analysis
	Immunochemistry and confocal microscopy
	Statistical analysis

	Results
	Covalent grafting of Kcoil on aminated PET surfaces - XPS and TFBA characterization
	EGF display on Kcoil-derivatized PET surfaces - specificity of coiled-coil mediated EGF immobilization
	Sensitivity of HCE-2 cells to soluble untagged EGF - dose-response assay
	Cell adhesion assays
	Morphological assays
	Phosphorylation assays
	Proliferation assays

	Discussion
	Conclusion
	Acknowledgement
	Appendix
	References


