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Abstract

Our study demonstrates that substrates fabricated using a ‘reactive’ layer-by-layer approach
promote well-defined cell-substrate interactions of human corneal epithelial cells. Specifically,
crosslinked and amine-reactive polymer multilayers were produced by alternating ‘reactive’
deposition of an azlactone-functionalized polymer [poly(2-vinyl-4,4-dimethylazlactone)] and a
primary amine-containing polymer [branched poly(ethylene imine)]. Advantages of our system
include a 5 to 30-fold decrease in deposition time compared to traditional polyelectrolyte films and
direct modification of the films with peptides. Our films react with mixtures of an adhesion-
promoting peptide containing Arg-Gly-Asp (RGD) and the small molecule o-glucamine, a
chemical motif which is non-fouling. Resulting surfaces prevent protein adsorption and promote
cell attachment through specific peptide interactions. The specificity of cell attachment via
immobilized RGD sequences was verified using both a scrambled RDG peptide control as well as
soluble-RGD competitive assays. Films were functionalized with monotonically increasing
surface densities of RGD which resulted in both increased cell attachment and the promotion of a
tri-phasic proliferative response of a human corneal epithelial cell line (hnTCEpi). The ability to
treat PEI/PVDMA films with peptides for controlled cell-substrate interactions enables the use of
these films in a wide range of biological applications.
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Introduction

Creating surfaces that enable precise control over cell-substrate interactions is an important
material design consideration in the development of many biotechnology applications,
including corneal prosthetics and other implantable devices, stent grafts, cell-based
bioassays, and biosensors. Although the desired level of control varies with each application,
most approaches to the design of functional surfaces have focused on methods that can be
used to (1) present a sufficient density of biomolecular functionality (e.g., adhesion ligands)
required for cell attachment and survival, while at the same time (2) introduce functionality
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that resists protein adsorption and the non-specific attachment of cells and microbes. One of
the most common biological motifs used to promote specific cell attachment to surfaces is
the short peptide arginine-glycine-aspartic acid (RGD), a sequence found at the binding sites
of many extracellular matrix proteins and a structural motif that has been demonstrated to
specifically bind to integrin transmembrane receptors.12 In addition to promoting cell
attachment, RGD has been observed to regulate a number of other cell functions, including
cell proliferation,3-2 differentiation,3-6:9 and protein expression.® Of particular relevance to
the work presented here, RGD functionalized surfaces and has been recently been used to
promote increased rates of corneal wound healing.10

Many methods have been developed to incorporate RGD maotifs onto the surfaces of
materials, including the design of functional self-assembled monolayers (SAMs),11-14
interpenetrating networks (IPNs),415-17 hydrogels,3-18-23 peptide amphiphiles,®24-26 and
the use of layer-by-layer methods for the assembly of thin, polyelectrolyte-based
films.”:8:27.28 Although all of these methods have been demonstrated to be useful in both
fundamental and applied studies, methods based on layer-by-layer assembly provide several
practical advantages because (i) they can be used to deposit thin or ultrathin films
conformally on the surfaces of a wide range of different materials and (ii) they provide a
means for controlling film thickness, film composition, and mechanical properties, often
with nanometer-scale precision. In addition to specific binding of cells to peptides on the
surface, we note that several groups have developed approaches to prevent nonspecific
protein adsorption2®. Anti-fouling properties in combination with selected peptides can then
be utilized to promote specific cellular interactions. Of particular relevance to this current
study, Berg et al. demonstrated that polyelectrolyte multilayers (PEMs) fabricated from
poly(acrylic acid) and polyacrylamide could be patterned with controlled densities of RGD
and used to promote the attachment and spreading of NR6 fibroblast cells.?” In addition,
Chua et al. have demonstrated that PEMs fabricated using hyaluronic acid and chitosan
could be used to immobilize RGD and promote osteoblast adhesion and proliferation while
inhibiting bacterial growth. In the above studies, the structures of the polymers used to
fabricate these PEM’s required the initial treatment of the films with either a
heterobifunctional linker or an activating compound to render the surfaces of the films
reactive to promote the covalent immobilization of the peptide.

The approach to surface immobilization of RGD reported here makes use of methods and
materials developed recently for the ‘reactive’ layer-by-layer assembly of azlactone-
containing polymer multilayers.3931 This approach to assembly preserves many of the
general advantages of layer-by-layer assembly, but it differs substantially from more widely-
used methods for the aqueous assembly of polyelectrolyte-based materials in three important
ways: (i) film growth is mediated by the formation of covalent bonds between mutually
reactive polymer species (rather than by electrostatic or other weak interactions), and
therefore leads to thin films that are covalently crosslinked, (ii) film growth mediated by
reactions between azlactone and amine functionalities is significantly more rapid than
conventional electrostatic layer-by-layer deposition (individual layers can be deposited
within seconds), and (iii) the films contain residual reactive azlactone functionality that can
be used to functionalize the films directly by exposure to amine-functionalized molecules.
Past studies have demonstrated that reactive layer-by-layer assembly of branched
poly(ethylene imine) (PEI) and poly(2-vinyl-4,4’-dimethylazlactone) (PVDMA) leads to
conformal, amine-reactive films30:31 and that these films can be modified to manipulate
surface properties (e.g., to modulate water contact angles by treatment with hydrophobic
amines, etc.).32:33 Past work has also demonstrated that treatment of PEI/PVDMA films
with o-glucamine (a small-molecule chemical motif demonstrated to prevent the adsorption
of proteins and the adhesion of cells) can be used to design coatings that prevent protein
adsorption and cell attachment, 30 and that methods that tune the density of immobilize
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glucamine can provide additional control over non-specific cell attachment and growth.34
Finally, PEI/PVDMA multilayers can be fabricated conformally on the surfaces of planar
objects as well as the surfaces of topographically complex objects,31:35:36 providing a
versatile platform for the investigation of cell-substrate interactions in a variety of contexts.

In this study, we demonstrate that RGD-containing peptides can be immobilized directly on
the surfaces of these amine-reactive films, and that treatment with solutions containing
mixtures of RGD peptide and »-glucamine can be used to design film-coated surfaces that
promote interactions with cells though specific RGD-integrin interactions. An immortalized
human corneal epithelial cell line, R TCEpi, used widely as a model for human corneal
epithelial cells,3” was chosen to examine the impact of controlled RGD densities. This
approach to the design of multilayer-coated surfaces presents reproducible and tunable
densities of RGD in an inert background of o-glucamine. When combined with the
versatility of the layer-by-layer processes used to fabricate these films as described above,
this reactive approach to the immobilization of RGD motifs could prove useful for the
design and investigation of biomaterials in a variety of fundamental and applied contexts.

Materials and Methods

Materials

Branched poly(ethylene imine) (PEI, M, = 10,000 g/mol, M,, = 25,000 g/mol) and solvents
were purchased from Sigma-Aldrich (Milwaukee, W1). 2-Vinyl-4,4-dimethylazlactone
(VDMA) monomer was a kind gift from Steve Heilmann at 3M. Poly(2-vinyl-4,4-
dimethylazlactone) (PVDMA, My, = 18,000, PDI = 3.1) was synthesized according to
methods described in Buck et al.3> The peptides GGGRGDSP (“RGD”) and GGGRDGSP
(“RDG”) were synthesized at the Biotechnology Center at the University of Wisconsin
(Madison, WI). o-Glucamine was purchased from TCI America (Portland, OR). Cell culture
and staining reagents were purchased from Invitrogen (Carlsbad, CA) unless otherwise
noted.

Fabrication of PEI/PVDMA multilayers

Reactive polymer multilayers were fabricated on glass substrates using a layer-by-layer
approach similar to that previously described.39 Glass slides (12.5 mm x 37.5 mm) were
rinsed with acetone, ethanol, methanol, and deionized water, and then 1) submerged in a
solution of PEI in acetone (20 mM with respect to molecular weight of the polymer repeat
unit) for 30 seconds; 2) submerged in two consecutive acetone rinse solutions, each for 30
seconds; 3) submerged in a solution of PVDMA in acetone (20 mM with respect to the
polymer repeat unit) for 30 seconds; and finally 4) submerged in two additional acetone
rinse baths for 30 seconds each. This cycle (steps 1 through 4) was repeated ten times for
each substrate, with each cycle forming one layer pair of PEI and PVDMA (referred to
hereafter as a PEI/PVDMA ‘bilayer’). After the final cycle of polymer deposition, film-
coated substrates were immediately dried with compressed nitrogen and stored in a vacuum
desiccator prior to use. Films maintain a homogenous appearance without the presence of
cracks, peeling or delamination.

Fabrication of RGD/b-glucamine and RDG/o-glucamine functionalized films

Small spots (diameters ~ 3mm) functionalized with varying amounts of peptide surrounded
by areas functionalized to prevent protein adsorption were patterned onto the surfaces of
film-coated substrates by treatment with DMSO solutions containing varying concentrations
of o-glucamine and either the cell attachment-promoting peptide (RGD) or a negative control
scrambled peptide (RDG). Seven solutions were prepared by mixing defined ratios of these
components in the following manner. The total sum concentration of the mixture
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components was held constant at 110 mM. Mixtures contained 1, 3, 5, 7, 9, 15, and 20 mole
% RGD (or RDG), with the remainder composed of o-glucamine (e.g., solutions containing
1.1 mM peptide were supplemented with 108.9 mM o-glucamine, etc.). PEI/PVDMA films
were then patterned by treatment with 0.5 pL spots of each peptide/o-glucamine solution for
one hour, followed by rinsing with DMSO and ethanol, and drying with compressed
nitrogen. To completely passivate remaining areas of the films surrounding these peptide/o-
glucamine-treated areas, the substrates were completely covered with 100 pL of a stock
solution of o-glucamine (110 mM in DMSO) and allowed to sit for one hour. Finally, the
substrates were rinsed with deionized water and ethanol, dried with compressed nitrogen and
stored up to 3 days in a vacuum desiccator prior to use.

Human corneal epithelial cell culture

Telomerase-immortalized human corneal epithelial ("nTCEpi) cells were a generous gift
from Dr. James Jester at the University of California, Irvine.3” hTCEpi cells were cultured
in epithelial medium containing a 3:2 ratio of Ham’s F12:Dulbelco’s Modified Eagles
medium (DMEM), supplemented with 2.5% (v/v) fetal bovine serum (FBS), 0.4 ug/mL
hydrocortisone, 8.4 ng/mL cholera toxin, 5 pg/mL insulin, 24 pug/mL adenine, 10 ng/mL
epidermal growth factor, 100 units penicillin, and 100 pg/mL streptomycin.38:3% hTCEpi
cells were plated into 200 mm tissue culture plates containing a mitomycin-c treated Swiss
3T3 fibroblast layer. hTCEpi cells, between passages 45 and 60, were incubated at 37 °C
and 5% CO,, until they reached approximately 70% confluence.

Plating of cells on RGD/s-glucamine-functionalized substrates

In preparation for cell seeding, a single peptide array substrate was placed into each well of
a 6-well tissue culture plate (BD Falcon, CA), and all samples were exposed to UV light for
15 min in a sterile laminar flow hood. hTCEpi cells were plated at a density of 25,000 cells
per cm?2. All cells were incubated for 24 h after plating to allow for attachment and
spreading. For proliferation studies, cells were incubated over a 5 day time period. All
experiments were prepared in triplicate and performed a minimum of three times.

Characterization of cell attachment

To investigate the attachment of hTCEpi cells to peptide—functionalized substrates, the
number of cells attached to the surface 24 hours after plating was characterized using a
nucleic acid dye. hTCEpi cells were rinsed with phosphate-buffered saline (PBS, pH 7.2)
and incubated at 37 °C with a 2 mM solution in epithelial medium of SYTO-11 green
fluorescent nucleic acid stain (Molecular Probes, Inc., Eugene, OR) for 30 minutes. Cells
were rinsed twice with warm DMEM, replenished with epithelial medium and imaged. For
quantification of hTCEpi cell attachment, the substrates were imaged using either a Zeiss
Axiovert 100M (Thornwood, New York) or an Olympus IX70 (Center Valley, PA)
fluorescence microscope. Images acquired at 4X magnification with the Olympus 1X70
microscope were used to create a montage of the images of hTCEpi cell attachment over the
entire substrate. Fluorescence microscopy images acquired at 10X magnification with the
Zeiss Axiovert 100M were analyzed for the total number of hTCEpi cells per image. ImageJ
software (NIH) was used to count the total number of cells per image. The average number
of cells per 10X image from a representative experiment is reported.

Competitive RGD binding assay using soluble peptide

RGD and RDG were individually dissolved in sterile deionized water to yield 100 mM stock
solutions. Either sterile water or one of the prepared 100 mM peptide solutions was added to
the medium to cells that had been allowed to attach for 24 hours resulting in final
concentrations of 0.1 or 1 mM peptide. Phase contrast microscopy images (10X
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magnification) of cells were acquired at O (before incubation with peptide), 1, 4, and 24
hours after the addition of soluble peptides. All experiments were performed in triplicate,
and data are reported as the percentage of cells remaining on the surface.

Characterization of hTCEpi cell proliferation

The proliferation of hTCEpi cells plated onto peptide array substrates was characterized 1, 3
and 5 days after seeding. On days 1 (24 hours) and 3 (72 hours) after plating, 10X phase
images were taken. On day 5, the cells were stained with SYTO-11 as previously described
and 10X fluorescence images were taken. For each RGD spot on the peptide array
substrates, 3 images (covering the entire RGD-patterned spot) were taken. Total cell number
was determined and normalized to the total cell number from day 1. Representative data
from one of four experiments are reported.

Statistical analysis

Results

Experiments were analyzed using analysis of variance (ANOVA). When variability was
determined to be significant (P < 0.05), the Bonferroni multiple comparison test was used to
determine significance (P < 0.05) between groups. Significance was further divided into
“statistically significant” (0.01 < P < 0.05), “very significant” (0.001 < P < 0.01), and
“extremely significant” (P < 0.001).

PEI/PVDMA films were functionalized in a manner that promoted hTCEpi cell attachment
and proliferation and limited non-specific interactions between cells and proteins that adsorb
to the surface. In a series of initial experiments, glass slides were coated with ten PEI/
PVDMA bilayers approximately 100 nm thick.3%:31 This thickness was chosen based on a
previous report that demonstrated stability and longevity on glass slides in cell culture
conditions.3 Film coated glass slides were then functionalized by exposure to solutions
containing different molar ratios of an RGD-containing peptide and o-glucamine (Figure 1).
The primary amine groups in the peptide and o-glucamine permit covalent immaobilization of
these motifs by reaction with residual azlactone groups in the PEI/PVDMA films,30.31.35
The covalent binding of RGD to the PEI/PVDMA films was confirmed using polarization-
modulation infrared reflectance-absorbance spectroscopy (PM-IRRAS, see supplementary
material).

Mixtures containing varying mole percentages of RGD and o-glucamine (but having
constant total molar concentrations of 110 mM) were used to treat substrates coated with
PEI/PVDMA films. The percentage of RGD in these solutions varied from 0 to 20 mole %.
Surfaces treated with solutions containing 20 mole % of RGD peptide (i.e. 0.20 x 110 mM =
22 mM RGD with the remaining 88 mM composed of o-glucamine) will be referred to as
20% RGD/o-glucamine surfaces. 20% RGD/o-glucamine was the highest level of RGD
investigated in this study because we observed no significant increase in cell attachment on
surfaces prepared from solutions containing more than 20% RGD in preliminary screening
experiments. Each substrate contained seven RGD-functionalized spots of 1, 3, 5, 7, 9, 15,
and 20% RGD, surrounded by areas of o-glucamine alone (0% RGD). The substrates with
RGD-functionalized spots were used to determine which percentages of RGD in the solution
mixtures of RGD/o-glucamine would promote human corneal epithelial (hnTCEpi) cell
attachment. Twenty-four hours after cell plating, hTCEpi cells were fluorescently stained
using SYTO-11 green fluorescent nucleic acid stain and imaged (Figure 2).
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hTCEpi cell attachment depends on RGD concentration in reaction solution

hTCEpi cell attachment to PEI/PVDMA films increased monotonically on surfaces reacted
with solutions containing increasing percentages of RGD. At very low concentrations of
RGD (0 or 1% RGD/s-glucamine solutions), there was little to no cell attachment (with
averages of 1.9 + 0.6 and 7.8 £ 1.3 cells per image, respectively (Figure 3). Attached cells
on these substrates exhibited a rounded morphology, indicative of poor surface anchoring.
Cells on 3% RGD/s-glucamine substrates demonstrated increased attachment (14.4 £5.1
cells per image); however, limited spreading was observed. Significantly more hTCEpi cells
(34.2 + 7.6 cells per image) attached and spread on spots treated with solutions of 5% RGD/
o-glucamine compared to 0% RGD/s-glucamine controls. A clear trend of increased cell
attachment and spreading of cells was observed on our 7 to 20% RGD/s-glucamine spots
(Figure 3). The most significant (P < 0.001) increases in cell attachment were observed at 9
to 20% RGD/o-glucamine, with 25 to 57 times more cells as compared to 0% RGD/o-
glucamine controls.

To verify that cell attachment resulted specifically from the presence of RGD on the surface,
hTCEpi cells were seeded onto films fabricated using solutions containing 1 to 20% RDG/o-
glucamine scrambled peptide control. For all surfaces treated with solutions of RDG/o-
glucamine, very low levels of cell attachment were observed (e.g., an average of 7.5 + 2.1
cells per image). These levels of cell attachment were not significantly different from those
observed on 0% RDG (e.g., 100% o-glucamine treated) controls (Figure 4). In contrast, we
visualized increased cell attachment as the level of RGD/D-glucamine was increased. Up to
70% coverage of hTCEpi cells was observed on the 20% RGD/D-glucamine.

Competitive inhibition of cell attachment to films using soluble RGD

Competitive binding experiments using soluble RGD-containing peptides demonstrated the
specificity of hTCEpi cell attachment to surface-associated RGD sequences. First, hTCEpi
cells were allowed to attach to RGD/o-glucamine films for 24 hours followed by exposure to
one of five different medium conditions containing either no peptide, 0.1 mM RDG, 1 mM
RDG, 0.1 mM RGD, or 1 mM RGD. hTCEpi rounding and detachment from the surface in
response to free RGD in solution demonstrated specific integrin mediated binding to RGD
on the surface.

hTCEpi cells rounded and detached from 3 to 7% RGD/o-glucamine surfaces in response to
0.1 mM soluble RGD. Specifically, addition of 0.1 mM soluble RGD resulted in hTCEpi
cell rounding within 1 hour and 75% cell detachment within 4 hours on 3 and 5% RGD/o-
glucamine substrates (Figures 5 b, ¢). On surfaces fabricated with 7% RGD/s-glucamine
solutions, addition of 0.1 mM soluble RGD promoted only 25% detachment after 24 hours
of incubation (Figure 5 d). No cell detachment was observed on 9 to 20% RGD/o-glucamine
substrates under otherwise identical conditions (Figure 5 e—g). hTCEpi cells on substrates
exposed to negative controls did not show significant differences in the number of cells
attached at 1, 4, and 24 hours compared to number of cells before treatment (open symbols
in Figure 5). Cells attached to tissue culture polystyrene (TCPS) (Figure 5 a) showed no
detachment response to soluble RGD alone.

hTCEpi cells attached to surfaces prepared by treatment with solutions containing 9 to 20%
RGD/o-glucamine were observed to round up and/or detach only at substantially higher
concentrations of soluble RGD. A ten-fold increase in soluble RGD of 1mM promoted
significantly greater cell detachment compared to 0.1 mM soluble RGD. Under these
conditions, approximately 80% of the cells detached from surfaces produced using solutions
of 3 and 5% RGD/s-glucamine within the first hour of incubation and 95% of the cells were
detached after 4 hours. In addition, 20 to 30% of cells detached from 7 and 9% RGD/o-
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glucamine surfaces after 4 hours of incubation with 1 mM RGD. After 24 hours, there was
almost 100% detachment of cells on the 3, 5, and 7% RGD/o-glucamine functionalized
surfaces, a 75% decrease in cell attachment on surfaces prepared with solutions of 9% RGD/
o-glucamine, and a 50% decrease in cell attachment on surfaces prepared with solutions of
15% RGD/o-glucamine. Cells attached to 20% RGD/o-glucamine surfaces did not
demonstrate detachment throughout the entire 24 hours of incubation with both 0.1 and 1
mM RGD. The data indicate that hTCEpi cell response to soluble RGD is dependent upon
both time and surface RGD density, suggesting cells are interacting specifically through the
immobilized RGD peptides on the PEI/PVDMA film surface.

hTCEpi cell proliferation on RGD/s-glucamine-functionalized substrates

In addition to determining the specificity of hTCEpi cell attachment to RGD/o-glucamine-
functionalized PEI/PVDMA multilayer films, we investigated the impact of surface bound
RGD on the proliferation of hTCEpi cells. The rate of hTCEpi cell proliferation
demonstrated three distinctive phases that depended on the relative amount of surface-bound
RGD. First, no attachment or proliferation was observed over a 5 day period for hTCEpi
cells on films treated with solutions of RGD ranging from 0 to 3% RGD/o-glucamine. Cells
seeded on films functionalized using 3% RGD/c-glucamine solutions initially attached to the
surface; however, by day 5, the hTCEpi cell number reduced by 75%, suggesting that the
amount of immobilized RGD was not sufficient to sustain long-term attachment and
subsequent proliferation (Figure 6). Second, films fabricated using solutions of 5 and 7%
RGD/s-glucamine supported cell attachment but not proliferation. On 5% RGD/o-glucamine
films, the total cell numbers per image remained constant over 5 days. From day 1 to day 5,
a 2.4 fold increase in cell number was observed on 7% RGD/o-glucamine films, but this
increase was not statistically different from cell proliferation on 5% RGD/o-glucamine films.
Third, hTCEpi cells showed a monotonic increase in the rate of proliferation on surfaces
fabricated from solutions containing 9 to 20% RGD/o-glucamine. A 3.5-fold increase in cell
number was observed from day 1 to day 5 on films functionalized using solutions containing
9% RGD/s-glucamine. The highest rates of proliferation were observed on 15 and 20%
RGD/s-glucamine films with average increases in cell number of 5 to 5.5-fold over 5 days,
respectively, and were approaching rates observed for cells on TCPS. The data demonstrate
that treatment with a solution containing a minimum of 9% RGD/o-glucamine is needed to
produce substrates that will support hTCEpi proliferation.

Discussion

The results presented here demonstrate that amine-reactive PEI/PVDMA films can be
functionalized with RGD/o-glucamine solutions, and that control over the relative surface
densities of RGD in a background of o-glucamine can be used to mediate human corneal
cell-substrate interactions. The relative amount of RGD on the surface is controlled by
treatment of PEI/PVDMA films with solutions containing mixtures of a peptide containing
the RGD sequence and o-glucamine. The primary amine groups present in these two
molecules can react with azlactone-groups on the surface of the PEI/PVDMA films to
promote covalent immobilization.3%:31.35 We note that these two species compete for
available azlactone-groups on the surface and potentially within the bulk of these films, but
may not react at equal rates. Therefore, it was necessary at the outset of these studies to
identify solutions of RGD and o-glucamine with optimal molar ratios of surface-bound RGD
to elicit specific hTCEpi-substrate interactions. Using hTCEpi cell attachment, proliferation
and competitive inhibition experiments as measurable end points, we demonstrate that cell-
substrate interactions are mediated by the relative amount of RGD bound to the surface.

The monotonic increase in hTCEpi cell attachment we observed on films functionalized
with solutions containing increasing percentages of RGD demonstrates that the relative
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RGD surface density is also monotonically increasing. Our observations are consistent with
recent studies using different materials systems to vary the surface density of RGD in non-
protein adsorbing backgrounds.3:7:11-13.27.40 Se|f-assembled monolayers (SAMs) of
alkanethiols on gold substrates formed using mixtures of RGD-containing molecules and
poly(ethylene glycol) promoted little to no cell attachment and spreading with RGD surface
densities of 0.01 fmol/cm? and less.1140 However, a 10-fold increase in surface density of
RGD promotes a 30-fold increase in cell attachment!! and doubles the number of fully
spread cells.#0 Likewise, cell attachment to polyelectrolyte multilayer (PEM) films
presenting 4 to 25 pmol/cm2 RGD-containing ligands in an inert background of either
poly(allylamine hydrochloride) (PAH) or hyaluronic acid (HA) demonstrated monotonic
increases in cell attachment in response to incremental addition of surface-bound RGD.”:27
The results of these studies support our findings with hTCEpi cell attachment and
demonstrate that a minimum surface density of RGD is required for cells to attach and that
PEI/PVDMA multilayer films can be functionalized with increasing RGD-surface densities
with a o-glucamine background by increasing the mole percentage of RGD in the solution
mixtures.

The observation of increasing proliferation of hTCEpi cells on surfaces treated with
solutions containing increasing RGD concentrations further demonstrates that PEI/PVDMA
films can be functionalized with increasing surface densities of RGD. Similar proliferation
data have been presented in previous reports demonstrating that increasing the surface
density of RGD in a protein-resistant background will increase proliferation rates of many
cell lines, including C2C12 skeletal myoblasts,3 human dermal fibroblasts,1® mouse
osteoblast MC3T3-E1,” and calvarial osteoblasts.*® As demonstrated in these reports, a
minimum level of surface bound RGD is required to allow for cell proliferation. Similar to
our observations on hTCEpi cells, further increases in the surface density of RGD result in
increased rates of proliferation. Our results imply that PEI/PVDMA films prepared from
reaction mixtures of RGD/o-glucamine have comparable increasing surface densities of
RDG. The ability to tune the proliferation rate of corneal epithelial cells by varying the
surface density of RGD on multilayer films that can conformally coat a range of
topographically diverse materials provides opportunities to further optimize the design of
biomaterials for cell culture systems and prosthetics.

The rate of hTCEpi cell rounding and detachment under competitive inhibition of RGD-cell
binding depended on the amount of RGD used to treat the film surface, provided additional
evidence that the relative surface density of RGD bound to PEI/PVDMA films can be
modulated by changing the amount of RGD in the reaction mixture. Studies that support our
findings have been demonstrated in other cell-types including endothelial cells, 1
myoblasts® and fibroblasts?241 where cells attached to surfaces with higher densities of
RGD required either longer incubation times or higher concentrations of soluble RGD to
demonstrate specificity.

In addition to showing that the immaobilization of RGD and o-glucamine to PEI/PVDMA
films can be tuned to sufficiently support hTCEpi cell attachment and proliferation, our data
also demonstrate that hTCEpi cells interact specifically with surface-bound RGD. First,
hTCEpi cells did not attach to films functionalized with solutions containing mixtures of the
scrambled peptide (RDG) and o-glucamine. Reports have demonstrated that cells do not
attach to surfaces presenting RDG-containing peptides at surface densities comparable to
surface densities of RGD that support cell attachment,14.17.21 indicating cells are specifically
bound to RGD. Second, competitive inhibition of hTCEpi attachment to RGD-
functionalized PEI/PVDMA films in the presence of soluble RGD indicates that the cells are
specifically interacting with surface-bound-RGD. For example, when enough soluble RGD
is presented to the cells, cell receptors will bind to the free peptides allowing for cell
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detachment. These results are similar to observations made in several other studies using
RGD bound to SAMs,1141 polyelectrolyte multilayers,2” and hydrogels322 that demonstrate
specific cell-RGD attachment.

It is interesting to note that the quickest detachment of hTCEpi cells occurred on substrates
that allow for initial cell attachment and not proliferation. This observation suggests that
sufficient RGD-cell adhesion points and/or strong cell-substrate binding are essential for
hTCEpi proliferation on these films. One indication that RGD-integrin binding, rather than
just adhesion, plays a crucial role in cell proliferation is the observation in a study from
Schuler et al. that osteoblasts proliferated at higher rates on RGD-containing surfaces
compared to surfaces that present non-integrin binding*? Although proliferation responses
can be dependent on cell type, it is likely that corneal epithelial cell proliferation is
significantly regulated via pathways activated by RGD-integrin binding. This may explain
why insignificant proliferation was observed for hTCEpi cells on surfaces that were
functionalized with the minimum level of RGD to promote the onset of cell attachment.

As noted above, other approaches have been used to design materials that elicit controlled
cell-substrate interactions upon immobilization of small molecule and/or macromolecular
inhibitors of protein adsorption and cell adhesion. For example, surfaces that inhibit protein
adsorption have been prepared using 1) self-assembled monolayers (SAMs) of oligo- and
poly(ethylene glycol) (PEG) functionalized alkanethiols on gold,11:40 2) hydrogels
comprised of poly(ethylene glycol),21:23:43 and 3) interpenetrating network (IPN) polymers
in which the outermost surface of the film is poly(ethylene glycol).#1544 Several of these
past studies have either measured or estimated the densities of non-fouling moieties
presented on the surfaces of these materials. For example, in the case of self-assembled
monolayers, quasi-crystalline packing of the alkane portion of the SAM results in a very
high surface density (~100 pmol/cm?) of the PEG moieties. Although additional
characterization will be required to understand the molecular-level structures of our PEI/
PVDMA films, it is unlikely that our films present reactive azlactone groups at such a high
density, or, as a result, that immobilized »-glucamine can self-organize to produce such
highly dense surface structures.

In contrast to reports on SAMs, Hern and Hubbell have reported in past studies that the
onset of cell attachment to RGD-functionalized PEG hydrogels occurs at surface densities
on the order of pmol/cm?,2! providing a wide range of possible surface densities of RGD
that promote cell attachment. We used several different spectroscopic methods (including X-
ray photoelectron spectroscopy (XPS), polarization modulation infrared reflection
adsorption spectroscopy (PM-IRRAS), and near edge X-ray absorption fine structure
(NEXAFS) spectroscopy) in attempts to characterize the density of RGD groups presented
in the surfaces of our treated films. Unfortunately, quantitative interpretations of the results
of these experiments (e.g., based on changes in elemental composition or differences in
amide functionality) were complicated by the presence of the underlying PEI/PVDMA films
due to the presence of amide functionality in the films and the presence of abundant C, H, N,
and O atoms. Additional quantitative experiments, such as the treatment of these reactive
films with radiolabeled RGD motifs, will be required to characterize ligand densities on our
films. However, the results of our current study demonstrate that post-fabrication treatment
can be used to functionalize multilayer-coated surfaces with densities of both RGD and anti-
fouling D-glucamine motifs that are appropriate to both (i) direct and (ii) modulate the
attachment and proliferation of hTCEpi cells.

Methods for the layer-by-layer assembly of thin films with controlled cell-substrate
interactions have potential use in a wide range of applications, including the development of
thin film coatings for medical implants, biological sensors, and other biomaterials. The
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reactive PEI/PVDMA films used here are particularly interesting because they are physically
robust, can be fabricated on a broad range of different substrate materials,31:35 can be
removed in a controlled manner to produce reactive free-standing films,3¢ or modified to
control other important surface properties such as hydorphobicity,3! and, as presented here,
can be readily functionalized with biologically active molecules. Many bioactive molecules,
including peptides, contain primary amines that can react readily with the azlactone-groups
of our PEI/PVDMA films. One particular advantage of the azlactone reactive PEI/PVDMA
film system used here, relative to other polyelectrolyte-based multilayers used in past studies
for the immobilization of RGD peptides,’-2 is that peptides can be immobilized directly by
reaction with residual azlactone functionality without the need for pre-treatment or initial
modification to render the films reactive. Thus, PEI/PVDMA films can potentially be used
to readily fabricate functionalized substrates that can be used to investigate the effects of a
wide range of different peptides (in addition to RGD) or combinations of peptides on cell
behaviors. This approach is also amenable to investigating the combinatorial effects of
controlled surface-cell interactions and biophysical cues, such as topography (e.g., by
depositing these reactive films on the surfaces of topographically-patterned substrates to
investigate the influences of both chemical and topographic features on cell behavior).

Conclusions

We have demonstrated that amine-reactive PEI/PVDMA multilayers can be functionalized
to control hTCEpi cell attachment via surface-bound RGD. Reaction mixtures containing
different ratios of RGD to o-glucamine were used to fabricate surfaces that modulated
hTCEpi cell attachment and proliferation. A minimum of 5% RGD was necessary to allow
for hTCEpi cell attachment. At the minimum surface RGD density that allowed for cell
attachment, cells did not proliferate. A minimum of 7-9% RGD was necessary to promote
hTCEpi proliferation. We demonstrated, using two methods, that cells specifically attach to
surface-bound RGD: (1) cells did not bind to surfaces treated with solutions containing a
scrambled negative control peptide, RDG and (2) cells began to round and detach from
RGD/s-glucamine-functionalized films upon the addition of soluble RGD to the culture
medium. These results demonstrate the ability of RGD-functionalized PEI/PVDMA
multilayer films to support controlled cell-substrate interactions for the use in the design of
biomaterials and other biological applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A schematic demonstrating functionalization of PEI/PVDMA multilayer films with mixed
solutions of RGD and »-glucamine. Films were allowed to react with solutions (total
concentration of 110 mM) that ranged from 0% RGD (100% o-glucamine) to 20% RGD
(80% o-glucamine).
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(b) 1%

Figure 2.
After 24 hours in culture, hTCEpi cells did not attach significantly to substrates fabricated

with 0, and 1% RGD solutions (a—b). However, increased attachment was noted on
substrates functionalized with solutions containing 3—-20% RGD/o-glucamine (c-h). The
cells were stained with SYTO-11 green fluorescent nucleic acid stain.
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Figure 3.

hTCEpi cells demonstrated significant increase in attachment to films functionalized with
5% RGD/o-glucamine solutions compared to 0 to 3% RGD/o-glucamine solutions. As the
percentage of RGD in the reactive solution increases from 5 to 20%RGD/»-glucamine, the
number of attached cells per 10X image also increases. (*0.01 < P < 0.05, **0.001 <P <
0.01, ***P < 0.001 compared to 0% RGD control)
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Figure 4.
Covalent multilayer films were functionalized with either solutions containing RGD or the

scrambled negative control peptide, RDG. hTCEpi cells seeded onto RDG surfaces (a—g)
were unable to attach. hTCEpi cells seeded onto RGD surfaces (h—n) attached to spots
fabricated from 3 to 20% RGD/s-glucamine solutions. Cells were allowed to attach for 24
hours and were then stained with SYTO-11 green fluorescent nucleic acid stain.Scale bar
equals 1 mm.
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hTCEpi cells detached from PEI/PVDMA surfaces treated with RGD/o-glucamine when
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exposed to soluble RGD. Soluble RGD was added to the medium 24 hours after cell seeding
onto surfaces. In the presence of 0.1 and 1 mM soluble RGD, hTCEpi cells detached from
surfaces treated with 3 and 5% RGD/»-glucamine solutions (b and c) within 4 hours. Cells
on surfaces fabricated from 7 to 20% RGD/o-glucamine solutions (d—g) demonstrated little
to no detachment in the presence of 0.1 mM soluble RGD. However, in the presence of 1
mM soluble RGD, hTCEpi cells on 7 to 15% RGD/o-glucamine surfaces (d—f) demonstrated
surface RGD-density dependent detachment. Cells on TCPS (a) and substrates fabricated
from 20% RGD solutions (g) did not demonstrate detachment in the presence of 0.1 and 1
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mM soluble RGD. Each graph is representative of the remaining cells attached to TCPS or a
given %RGD/o-glucamine-modified surface. Symbols: o- no peptide added to culture
medium; A-1 mM RDG added to culture medium; e- 0.1 mM RGD added to culture
medium; A- 1 mM RGD added to culture medium. Error bars denote the standard error of
the mean. Graphs are representative of experiments performed in triplicate.
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Figure 6.

hTCEpi cells demonstrated proliferation rates dependent on the surface density of RGD. On
0 to 3% RGD/o-glucamine films, cells did not attach well. Those cells that initially attached
to the surface ultimately detached over the course of 5 days. Cells on surfaces fabricated
with 5% RGD/o-glucamine did not proliferate, while cells on surfaces fabricated with 7%
RGD/»-glucamine showed a slight increase in cell numbers. The highest rates of
proliferation were observed on surfaces fabricated from 9-20% RGD/o-glucamine solutions.
(*0.01 <P <0.05, **0.001 <P < 0.01, ***P < 0.001 compared to 0, 1, 3, and 5 % RGD
from day 5)
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