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Controlling cell-matrix interactions is critical in regulating cell phenotypes for tissue engineering applications.
Cellular adhesion to synthetic extracellular matrices (ECMs) can be enhanced by introduction of adhesion ligands
to the matrices. We tested the hypothesis that biophysical cues such as ligand organization in synthetic ECMs play
an important role in modulating cell responses to the microenvironment. To investigate and monitor cell-matrix
interactions, we used a fluorescence resonance energy transfer (FRET) technique with cell-interactive polymers
generated by conjugating a peptide with the sequence of arginine-glycine-aspartic acid (RGD) to alginate hydrogels.
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Introduction

Tissue engineering aims to replace, maintain, and/or improve
tissue functions in the body using an interdisciplinary approach
that requires the principles and methods of engineering and
life science.' In tissue engineering, it is essential to use polymeric
scaffolds to mimic the function of the extracellular matrix (ECM)
and create microenvironments suitable for cell and tissue growth.
Controlling cell-matrix interactions such as biocompatibility,
biodegradability, mechanical integrity, and cell attachment via
chemical or physical modification of matrices is critical to
regulate the gene expression of the cells to be engineered.”

Controlling cellular adhesion to a matrix is essential in tissue
engineering approaches, as both cell fate and phenotype can
be regulated by cellular adhesion.” Integrin receptors of cells
play important roles in cellular binding to a matrix and this can
be biophysically regulated by physical arrangement of adhesion
ligands as well as by matrix rigidity.5 Cellular interactions can
be improved by introduction of a peptide with the sequence of
arginine-glycine-aspartic acid (RGD) to a matrix.’ This peptide
sequence has been widely investigated and used as a cell adhe-
sion ligand that specifically binds to integrin receptors of cells,
including o5 and asB,.” It has been frequently reported that
the bulk density of RGD peptides in polymer matrices can
regulates the proliferation and/or differentiation of various
cell types in vitro and in vivo.*” In addition, spacing between
adhesion ligands on the tens of nanometers scale has been
found to be important in regulation of spreading, growth, and
differentiation of preosteoblasts in vitro."

We hypothesize that controlling the distance between RGD
islands influences the cell adhesion strength of fibroblasts,
which can affect cellular growth on the ligand-organized polymer
matrices. We used hydrogels as a matrix for cell culture, as
hydrogels are structurally similar to macromolecular-based
materials in the body. Alginate, a natural polysaccharide extracted
from seaweed, has been used to form hydrogels due to its bio-
compatibility and low toxicity, as well as wide applications in
many biomedical areas.'' In this study, a fluorescence resonance
energy transfer (FRET) technique was used to investigate the
effect of ligand organization on cell-matrix interactions as

well as relationship with cellular adhesion and growth. This
FRET technique has been widely used in studies of biological
interactions including proteins and cells,”" as this approach
does not require mechanical/chemical perturbation or cell sti-
mulation, which may potentially alter cellular traction and ad-
hesion forces. '’

Experimental

Synthesis of RGD-modified alginate. Peptide-modified algi-
nate was prepared by standard carbodiimide chemistry using
ultrapure MVG alginate (MW = 200,000-300,000, FMC Biopoly-
mers) and Glys-Arg-Gly-Asp-Ala-Ser-Ser-Lys (GsRGDASSK;
Anygen). Sodium alginate was dissolved in 2-(N-morpholino)
ethanesulfonic acid (Sigma) buffer (pH 6.5, 0.3 M NaCl) at
room temperature overnight. Peptide was added to the alginate
solution in the presence of N-hydroxysulfosuccinimide (sulfo-
NHS; Pierce) and 1-ethyl-3-(dimethylaminopropyl) carbodiimide
(EDC; Aldrich). The peptide-modified alginate was purified
by extensive dialysis against deionized water for four days
(molecular weight cut-off, 3500), activated charcoal treatment,
and sterilization through 0.22-um filter. The degree of substi-
tution (DS) was defined as the total number of RGD peptides
per alginate chain and was altered by varying the concentration
of RGD peptides.lo

Fluorescence labeling. Peptide-modified alginate was labeled
with Alexa Fluor 488 (Invitrogen). The molar ratio between
Alexa Fluor 488 and peptide was kept constant at 1:1. In this
reaction, fluorescence molecules were added to an alginate
solution dissolved in MES buffer at pH 6.5. Both fluorescence-
labeled RGD-alginate and fluorescence-labeled non-peptide-
modified alginate were synthesized, purified by dialysis and
active charcoal treatment, sterilized through a 0.22-pm filter,
and freeze-dried for four days. Dried alginate samples were
constituted with Dulbecco’s Modified Eagle Medium (DMEM;
Gibco, no phenol red) at a concentration of 2 wt%.

Preparation of RGD-modified alginate hydrogels. Hydrogel
disks were prepared by ionic cross-linking of an alginate solution
(2 wt%) with calcium sulfate (20%) using syringes connected
with a female connector. The mixture was poured onto a glass
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plate (separated by 1.0 mm thick spacer), and then covered by
another glass plate for 20 min. The gels were cut into 1 cm
diameter using a punch and swollen in DMEM overnight.
Ligand-organized hydrogels were prepared using a simple
mixing of RGD peptide-modified alginate with non-peptide
modified alginate. All hydrogels used in this study had the same
bulk RGD concentration, but differed in the distance between
RGD islands (i.e., RGD clusters). The distance between RGD
islands was calculated using the specific volume of a single
alginate chain in the gel under the assumption of an even distri-
bution of peptides in the gel."

Cell culture and staining. NIH3T3 mouse fibroblasts were
purchased from Korea Cell Line Bank, cultured and expanded
in DMEM containing 10% FBS and 1% penicillin-streptomycin
(PS). Cells were then trypsinized with trypsin-EDTA solution
and centrifuged for removal from the cell suspension. Cell
membranes were stained with octadecyl rhodamine B chloride
(Invitrogen) for 2 h at 37 °C under 5% CO, atmosphere. Excess
rhodamine molecules were removed, and the stained cells
were re-suspended in fresh DMEM without phenol red. Cells
were seeded onto alginate gel disks with different RGD island
spacing and incubated at 37 °C in the presence of 5% CO;
atmosphere.

Immunostaining of vinculin. A cell suspension in DMEM
(5 x 10* cells/mL) was seeded onto ligand-organized alginate
gel disks and incubated at 37 °C under 5% CO, atmosphere for
10 h. Non-adherent cells were removed by washing with PBS
and adherent cells were fixed with 10% formalin solution
containing sucrose and cytoskeleton buffer. Cells were then
treated with AbDil for 10 min, followed by treatment with
anti-human vinculin antibody (primal antibody, 1:200 dilution,
Chemicon) for 5 min. The cells were then treated with rhodamine-
conjugated donkey anti-mouse IgG (secondary antibody) (Jack-
son ImmunoLab). The gel disks were rinsed with TBS buffer
containing 0.1% Triton X for five times and mounted on a
cover slip before sealing with wax. Images of vinculin-stained
cells were taken by confocal laser scanning microscopy (Olympus).

Fluorescence measurement. Fluorescence emission was mea-
sured with a spectrophotometer (Molecular Devices). Hydrogels
with different island spacings of fluorescein-labeled RGD pep-
tides were put into a 24-well tissue culture plate and pre-
swollen in DMEM without phenol red overight (37 °C, 5%
CO; atmosphere). Octadecyl rhodamine B-labeled cells were
then seeded onto each gel and incubated for 6 h. After removing
the media, fluorescence emission spectra were recorded (Aex =
494 nm). The degree of energy transfer (y) was determined
from the emission intensity of the donor (fluorescein) in the
absence (In-a) and presence (Ip+a) of the acceptor (rhodamine)
using the following relationship:17
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Rheological measurement. The viscoelastic properties of
ligand-organized hydrogels were measured by a rotational
rheometer (Malvern Instrument) using a fixture of parallel
plates. The gap opening was set to 800 um and the stress
amplitude was fixed at 0.1 Pa. The samples were completely
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covered with a solvent trap to prevent the evaporation of water
during the measurement. The temperature was kept constant
at37.0+0.1 °C.

Cell adhesion assay. Briefly, NIH3T3 cells were seeded onto
ligand-organized alginate gels (5 x 10° cells/mL) and incubated
for 12 h at 37 °C under 5% CO, atmosphere. Each gel disk was
turned upside down and transferred to a porous cell strainer
(100 pum, pore size). The cell strainer containing the gel disk
was placed into a 50-mL conical tube filled with media and the
conical tube was then centrifuged with 50 g centrifugal force
for 10 min. To collect adhered cells after centrifugation, the
gel disk was transferred to another conical tube containing 50
mM EDTA and 0.05% trypsin solution and incubated for 10
min at room temperature. After the gel was completely dissolved,
cells were collected and the number of cells was counted by a
Coulter counter (Beckman). The fraction of cells adherent after
centrifugation, normalized to the total number of cells adhered,
was calculated and used as a measure of cell adhesiveness to
the gels.

Results and Discussion

Characteristics of ligand-modified alginate hydrogels. Cell-
interactive polymers were synthesized by chemical conjugation
of RGD peptides to an alginate backbone. Hydrogels with
various RGD island spacings were prepared to test whether
the phenotype of adhered fibroblasts could be regulated by the
spatial organization of adhesion ligands on a nanometer scale
(Fig. 1). The bulk RGD density was kept constant, while the
island spacing (i.e., distance between RGD peptide clusters)
varied from 36 to 78 nm. Fibroblasts were seeded on the surface
of gels with an average island spacing of 36, 50 and 78 nm,
while a constant bulk RGD density of 16.7 ug/mg alginate was
maintained. The various characteristics of ligand-organized
alginate hydrogels with different RGD island spacings are
listed in Table 1. The water content and mechanical properties
of all alginate hydrogels used in this study were not significantly
affected by ligand organization.

Cell adhesion and spreading on ligand-organized hydrogels.
We investigated the effects of ligand organization on the adhe-
sion and spreading of fibroblasts, and determined the aspect
ratios and growth rates of the cells cultured on the gels with
different RGD island spacings. Although the initial number of
cells attached to the hydrogels was similar, the growth rates were
significantly different after three days of culture, depending on the
RGD island spacing. The growth rates of fibroblasts increased as
the distances between RGD islands decreased (Table 2). The
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Figure 1. Schematic description for controlling specific receptor-
ligand interactions between cell (e.g., fibroblast) and matrix (e.g.,
alginate hydrogel) by ligand organization.
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Table 1. Characteristics of RGD peptide-organized alginate hydrogels

RGD island spacing [RGD] Dilution factor Number of peptide Elastic modulus (G') Water content
(nm) (ng/mg alginate) per alginate chain (at 1.0 Hz) (%)
36 16.7 1 2 1034 + 14.7 95.3
50 16.7 2 4 101.9 + 16.4 95.2
78 16.7 10 20 108.1 + 14.6 95.3
Table 2. Cellular responses to RGD peptide-organized alginate hy- 0.5
drogels
. 5
RGD island [RGD] . Growth rate % 04r @
spacing (nm) (pg/mg alginate) Aspectratio (day™) § \
36 16.7 40+0.5 1.7+0.05 & 03r o
50 16.7 55+1.0 1.4+0.02 2
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Figure 2. Relationship between cellular adhesion strength and RGD
island spacing in a gel.

NIH3T3 cells that adhered to gels with an RGD island spacing
of 78 nm displayed a more extended morphology than those
that adhered to gels with an RGD island spacing of 36 nm. Cell-
matrix adhesion strength was analyzed by determining the frac-
tion of adherent cells after centrifugation with a defined force.
The fraction of adherent fibroblasts on gels with an RGD island
spacing of 36 nm was higher than for other groups (Fig. 2), indi-
cating a stronger adhesion force for cells on ligand-organized
gels with shorter RGD island spacings.

Measurement of cell-matrix interactions using FRET. We
next investigated cell-matrix interactions using a FRET tech-
nique. When FRET occurs, emission energy from an excited
donor molecule transfers to an acceptor molecule and the flu-
orescence intensity of the donor molecule decreases.'® This
energy transfer depends on the distance between two fluorescent
molecules. When two molecules are closely located to each other
(e.g., within a few nanometers), energy transfer occurs. In this
study, we found that the degree of energy transfer (y) was
strongly dependent upon the distance between RGD islands in
the gels. The degree of energy transfer between cell and matrix
with an island spacing of 36 nm was higher than that for other
island spacings (Fig. 3), indicating more prominent cell-matrix
interactions for cells on ligand-modified gels with shorter

Focal contact formation. We further investigated cell-matrix
interactions in terms of focal contact formation on the ligand-
organized gels, as cell adhesion and spreading were dependent
on the RGD island spacing. Visualization of vinculin provided
direct evidence that the focal adhesion of fibroblasts depended
on the RGD island spacing. Focal adhesion was observed for
fibroblasts cultured on gels with the short RGD island spacing
(Fig. 4). The cell spreading was more evident for gels with the
greater island distance with traction at the leading edge area.
The decrease in the growth rate with an increase in RGD island
spacing is shown in Table 2 and this could be explained by the
lack of focal adhesion formation on ligand-organized hydrogels
and the decrease of cell’s contractility with the substrates.'®

We found that the distance between RGD islands is essential
for the formation of integrin-mediated adhesion, and this finding
was consistent with the changes in the growth rate and adhesion
of cells adhered on ligand-organized gels. Closely spaced ligands
promote Rho-family GTPases that induce cell spreading and
motility, while wider spaced ligands support cell differentiation. Y
Focal adhesion implies that cells can sense the elasticity of the
matrix and respond to it by distinguishing between soft and rigid
matrices. In our system, organization of adhesion ligands did
not alter the mechanical cues (Table 1). Therefore, biophysical
cues in the matrix influenced cell morphology and adhesion
strength based on the distance between RGD islands. Although
the molecular nature and mechanism of action in this system
is not fully known yet, our experiments provide initial quanti-
fication of the response by measuring the degree of cell-matrix
interaction using a FRET technique and cellular adhesiveness
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Figure 4. Confocal microscopic images of immunostained vinculin of fibroblasts cultured on alginate gels with RGD island spacing of (a) 36,

(b) 50, and (c) 78 nm, respectively.

assay. The next challenge would be to explore the structure
and function of cell-matrix interactions in a three-dimensional
microenvironment in vivo.

Conclusion

Ligand organization in a gel on the nanoscale range signi-
ficantly influences cellular adhesion, spreading, and growth.
We used a FRET technique to analyze cell adhesiveness in order
to elucidate cell-matrix interactions. RGD islands in a gel matrix
that were spaced on a nanometer scale revealed the highest
growth rate and adhesion strength for cells cultured on the gel,
in comparison to matrices with longer RGD island spacings.
Understanding the complexity of cell-matrix interactions can
be a useful tool for effective biomaterial design in tissue engi-
neering applications.
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