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Many functions of the extracellular matrix can be mimicked by small peptide
fragments (e.g., arginine—glycine—aspartic acid (RGD) sequence) of the entire
molecule, but the presentation of the peptides is critical to their effects on cells. It
is likely that some effects of peptide presentation from biomaterials simply relate
to the number of bonds formed between cell receptors and the adhesion ligands,
but a lack of tools to quantify bond number limits direct investigation of this
assumption. The impact of different ligand presentations (density, affinity, and
nanoscale distribution) on the proliferation of C2C12 and human primary
myoblasts was first examined in this study. Increasing the ligand density or
binding affinity led to a similar enhancement in proliferation of C2C12 cells and
human primary myoblasts. The nanoscale distribution of clustered RGD ligands
also influenced C2C12 cells and human primary myoblast proliferation, but in an
opposing manner. A rheological technique and a FRET technique were then
utilized to quantify the number of receptor-ligand interactions as a function of
peptide presentation. Higher numbers of bonds were formed when the RGD
density and affinity were increased, as measured with both techniques, and bond
number correlated with cell growth rates. However, the influence of the nanoscale
peptide distribution did not appear to be solely a function of bond number.
Altogether, these findings provide significant insight to the role of peptide
presentation in the regulation of cell proliferation, and the approaches developed
in this work may have significant utility in probing how adhesion regulates

a variety of other cellular functions and aid in developing design criterion for
cell-interactive materials.

1. Introduction

A variety of approaches have been developed to functionalize material surfaces with
bioactive components to gain a greater control over the cell response to the mate-
rials. Functionalizing with short peptide sequences derived from extracellular matrix
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molecules (e.g., the arginine—glycine—-aspartic acid [RGD] sequence of fibronectin),
in particular, has been extensively investigated,' including targeting drugs to tumor
vasculature,” and novel design of biomimetic materials for tissue engineering.® For
the latter application, the RGD motif has been incorporated into polymers to trigger
cell adhesion and subsequently control tissue regeneration, including bone and neu-
ral regeneration.*5

Cell adhesion peptides may be presented in a variety of manners from biomaterials,
and critical variables include the density of peptides, their affinity for cellular recep-
tors, and their nanoscale distribution. The density of peptides likely will alter the
number of bonds formed with cellular receptors, and activation of intracellular sig-
naling pathways.®> The peptide affinity (e.g., cyclic versus linear RGD peptides®)
may also impact bond formation. Following integrin occupancy, integrin clustering
is required to elicit many cellular responses,” and clustering of adhesion ligands on
a biomaterial may result in more efficient clustering of receptors as compared to a uni-
form distribution.® These variables in peptide presentation have been demonstrated
to control the adhesion, proliferation, and differentiation of various cell types, in-
cluding fibroblasts, chondrocytes, osteoblasts, myoblasts, endothelial, smooth mus-
cle and neuronal cells, both in vitro and in vivo.*>'®> However, while it is widely
assumed that the number of bonds that form between cell receptors and adhesion li-
gands underlie at least part of this control, a lack of assays to quantify bond number
has limited direct testing of this assumption. Quantification of receptor—ligand bind-
ing is a primary concept for pharmacology' and can be readily performed with sol-
uble radiolabeled ligands,'>'¢ but not immobilized ligands, particularly when the cells
are immobilized within a three-dimensional material. More recently, fluorescence
correlation spectroscopy (FCS) has provided a means to examine this issue in living
cells, but this computationally-intense approach only allows a small number of cells
to be analyzed, and changes in cell position during analysis can introduce errors.™

This study examined in a quantitative manner the relation between one important
cell function, proliferation, and varying RGD peptide presentation from
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Fig. 1 Three different presentations of RGD ligand (@) to control cell-material interactions
were investigated in this study. Ligand density (referred as degree of substitution, DS) is simply
varied by altering the number of RGD ligands incorporated per polymer chain (A). Ligand
binding affinity is enhanced by using cyclic RGD versus linear RGD. Cyclic RGD binds to in-
tegrin receptors with higher affinity as conformation of cyclic RGD more closely mimics a com-
mon structural motif for native RGD sites in fibronectin (FG loop) (B). Uniform ligand
distribution can be achieved by mixing polymers containing ligands with others containing sim-
ilar quantities of ligands (upper C). In contrast, simple mixing of RGD-containing polymers

with unmodified polymers at an appropriate ratio allows one to decouple RGD distribution
and RGD bulk density (lower C).
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a biomaterial (Fig. 1). Alginate, a naturally-derived polysaccharide composed of
linearly assembled (1-4)-linked B- mannuronic acid (M), and a-guluronic acid (G)
monomers,'” was utilized as the adhesion substrate in this study, as the lack of inter-
action between cells and native alginate allows it to act as a “blank slate”. Cell
adhesion to these gels can be promoted by incorporation of immobilized cell adhe-
sion peptides (e.g. G4RGDSP) via carbodiimide chemistry.*!® Two types of skeletal
muscle cells were employed in this study: C2C12 cells and human primary myoblasts.
The transformed C2C12 cells, originally derived from mouse myoblasts, have been
widely used in studies of muscle biology and regeneration.'® However, cell lines typ-
ically lose some sensitivity to environmental cues, specifically those related to adhe-
sion. To address this concern, experiments were also performed with human primary
myoblasts to most closely approximate normal human muscle biology. In the second
series of studies, the formation of receptor-ligand bonds as a function of peptide
presentation was quantified with two different approaches: rheological measure-
ments and a FRET technique. The viscoelastic properties of mixtures of RGD-
containing alginate and cells were measured, as receptor—peptide bond formation
leads to changes in viscoelastic properties.?® FRET is a technique used to measure
the interactions between two molecules labeled with two different fluorophores
(donor and acceptor) by the transfer of energy from the excited donor to the accep-
tor,?*? and has recently been demonstrated to allow for quantification of bond
number between cells immobilized in RGD-presenting biomaterials.?®* Finally, the
correlation between the growth rates of the C2C12 cells and human primary cells
and the number of bonds formed between cells and the various gels was examined.

2. Materials and methods

2.1 Material chemistry

Oligopeptides (linear-GGGGRGDSP, linear-GGGGRGDASSK, or cyclic-
GGGG[CRGDSPC], Commonwealth Technology, VA) were covalently conjugated
to sodium alginates rich in GG-block (MVG, Pronova, Norway, M,, = 2.7 x 10° g
mol~") using carbodiimide chemistry.’® The number of peptides per single polymer
chain, referred to as degree of substitution (DS), was varied up to three orders of
magnitude by changing the amount of peptides added in the reaction (16.7 linear
mg peptide per g alginate or 3.4 mmol peptide per mol alginate yields DS = 2 while
167.0 mg linear peptide per g alginate was equal to DS 20, and so on). The modified
alginates (except GGGGRGDASSK -containing alginate) were reconstituted in cal-
cium-free DMEM (Invitrogen) to obtain 2% w/v solution prior to gelation. Mainte-
nance of ring closure for cyclic oligopeptides following this coupling reaction was
confirmed, as there was no free sulfur detected by DTNB assay.

GGGGRGDASSK-containing alginate was further coupled with 5-(and-6) car-
boxyltetramethylrhodamine succinimidyl ester (Molecular Probes, cat. #C1171)
for FRET experiments. Briefly, RGD-modified alginates were dissolved in 0.1 M
sodium bicarbonate buffer at pH 8.5. 5(and 6)-Carboxyltetramethylrhodamine suc-
cinimidyl ester was then added to the solution, followed by 1-ethyl-3-[3-(dimethyla-
mino)propyl]carbodiimide (EDC). The molar ratio of oligopeptide: fluorescent
probes: EDC was kept constant at 1 : 1.2 : 5. After a 24-hour reaction, the solution
was dialyzed, sterilized, lyophilized, and reconstituted in Phenol-Red-free medium
(Invitrogen) to obtain 1% w/v fluorescently-labeled alginate solution.

2.2 Alginate hydrogel formation

To form hydrogels for in vitro cell studies, 2% (w/v) alginate solutions were mixed
with autoclaved CaSOy slurry (0.41 g CaSO4 per ml ddH,O, ratio of 40 ul CaSOy,
slurry to 1 ml alginate) through a syringe connector to facilitate the mixing process
and prevent entrapment of air bubbles during mixing. The resulting mixture was cast
between two glass plates separated with 1 mm spacers and allowed to gel for
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30 minutes. Gel disks were punched out using a 11.1 mm puncher, and incubated in
medium overnight prior to use. Typically, a single type of alginate was utilized to
form gels, leading to uniform ligand distribution. In certain experiments to vary
RGD ligand distribution, non-modified alginates were mixed with RGD-modified
alginates at different mixing ratios prior to mixing with calcium slurry to form
gels.?* For example, 10 times dilution of RGD-modified alginates (e.g., 9 parts of
unmodified alginates with one part of RGD-modified alginates at DS 20) created
a cluster of RGD islands, while the bulk density was identical to solely using DS
2 RGD-modified alginates to create gels. In this study, three different RGD distri-
butions were prepared: (1) uniform distribution (single type of DS 2, RGD spacing
= 36 nm); (2) cluster organization of (DS20/DS0) = (1/9) (RGD spacing = 85 nm);
and (3) cluster organization of (DS40/DS0) = (1/19) (spacing = 121 nm). Island
spacing was calculated as previously described.?® In this paper, the notation of these
RGD distributions is presented as X RGDs/Y nm, where X refers to the number of
peptides per single polymer chain as a local density and Y refers to the distance
between clusters or spacing. These three different RGD presentations are denoted
as: (1) 2 RGDs/36 nm (2) 20 RGDs/85 nm (3) 40 RGDs/121 nm, respectively.

2.3 Invitro cell studies

Two myoblast cell types were used in this study: C2C12 mouse myoblast cell line
(ATCC passage number 7-15) and cryopreserved primary adult human skeletal
muscle cells. Human primary cells (average purity = 80% myoblasts) were isolated
from biopsies of the Vastus lateralis of healthy male adults aged 35-48; the detailed
procedure is described in Powell e al?¢ Cells were cultured in growth media and
maintained subconfluent prior to each experiment. Media was changed daily to
prevent myoblast differentiation. The growth medium of C2C12 cells was DMEM
supplemented with 10% FBS, 1% penicillin-streptomycin (Invitrogen). The growth
medium of human primary cells was basal skeletal muscle medium SkGM with sup-
plement kit (Cambrex, cat. #CC-3160), as adapted from Powell er al.*” Cells were
seeded at approximately 10 000 cells cm~2 onto alginate disks placed in non-tissue-
culture treated 24 well plates. At 4 hour post-seeding, non-adherent cells were
removed and the alginate gels were transferred to new plates. Alginate disks (at least
4 samples per condition per time point) were harvested at 4 hours and days 1, 2, and
3 for C2C12 cell lines and at 4 hours and days 1, 3, 5, 8 for human primary cells.
Samples were placed in 1 ml of 0.25 M trypsin for 5 minutes at 37 °C, to which
9 ml of 50 mM EDTA in phosphate buffered saline (PBS) pH 7.4 was subsequently
added and incubated for 30 minutes in order to dissolve the alginate gels. Cell num-
ber was determined using a Coulter counter (Beckman Coulter, model Z2). Media
was changed daily during the experiments.

2.4 Rheological measurements in cell-crosslinking system

The viscoelastic properties of cell-alginate mixture were determined with a cone-
and-plate rheometer (C-VOR 120 Bohlin instrument, 20 mm diameter, 4° cone
angle) to examine the receptor-ligand interactions. To prepare the mixture, a cell
pellet was mixed with 2% (w/v) RGD-containing alginate through a syringe connec-
tor to yield a final concentration of 150 x 10° cells per ml mixture. The resulting mix-
ture was incubated at 37 °C for 30 minutes prior to testing. RGD-Modified alginates
tested in this study were alginates containing linear G4QRGDSP at DS = 0, 2, 4, 20,
40, cyclic G4CRGDSPC at DS = 2, 20, and the mixture of linear G4RGDSP at
(DS20/DS0) = (1/4) (20 RGDs/58 nm) and (DS40/DS0) = (1/9) (40 RGDs/85
nm). The oscillatory regime of a controlled stress rheometer was used to measure
storage (G') and loss (G") moduli of the alginate solutions in the absence or presence
of cells as a function of frequency in the range from 0.01-10 Hz. The testing temper-
ature was varied from 4, 10, 25, to 37 °C. The stress amplitude was fixed at 0.05 Pa,
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as it was within the linear viscoelastic region when testing in an amplitude sweep at
constant frequency 1 Hz. The gap opening at the apex of the cone and plate was fixed
at 150 um and the temperature control was achieved within +0.1 °C. The same
experiment was repeated with blocking of cell receptors with RGD-modified algi-
nate solutions prior to mixing to confirm specificity of this receptor-ligand binding.
Cell receptors were blocked by incubating cells for 30 minutes with soluble
G4RGDSP ligands at the concentration of 5 mM. Gap size dependence of G' and
G” as a function of time was examined by testing the samples with a plate-and-plate
rheometer. The gap size between plates was varied from 50, 100, to 250 pm at 25 °C.

In order to calculate the number of crosslinks between cell receptors and ligands,
viscoelastic properties of the cell-alginate mixture determined at varying tempera-
tures (4, 10, 25, and 37 °C) were next analyzed (an example is shown in
Fig. 8A,B). Results from temperature dependence assays were utilized to calculate
zero-shear viscosity (79), in order to further calculate horizontal shift factors (ar)
and activation energy required to dissociate the receptor-ligand bonds (A ).
Zero-shear viscosity (1), estimated from 7y = lim,,_,o G"/w, was used to calculate
the horizontal shift factors (a7) at each temperature using eqn (1) and the reference
temperature (7)) was assumed to be 25 °C.

" T " T
no(T) = lim ZL) _ i, G (Tosare)

lim =22 = lim == 2 = g (To)arw = arng(To)™ (1)

The plot between reduced frequency (products of a7 and frequency) versus G’ or
G" was shown to confirm that the horizontal shift factor could be employed to shift
the curves of each temperature to form one master curve (an example is shown in
Fig. 8C).»®

The activation energy (A u) was next calculated from the slope obtained by fitting
the horizontal shift factors (a7) and the reciprocity of temperatures from the relation
in eqn (2).

— —1,AulkT 28
Tdisso = Qo e2* 2)

where A u is the free energy to dissociate the bond (J), k is the Boltzmann constant
(J K™, and T is absolute temperature (K), see the inserted plot in Fig. 8C.

To calculate the number of crosslinks between RGD ligands and cell receptors
from the activation barrier energy obtained from rheological measurements, the
value of the binding force between linear RGD and cell receptors was adopted
from a study of interactions between osteoblasts and RGD ligands assessed by
atomic force microscopy (AFM) (fo. tincar = 3-20 x 107" N).>>*® The bond length
used was 5 nm, a median value of separation distance.’! Because a previous study
has shown that the bond strength with cyclic RGD is higher than linear RGD,
the bond strength between cyclic RGD and cell receptors was estimated by values
from Lehenkari et al. and Xiao et al.**** (fo, cyaiic = 4.27 x 107" N).

2.5 Fluorescent resonance energy transfer (FRET) to monitor an extent of
receptor-ligand bond formation

FRET was utilized to measure the interactions between cell receptors (labeled with
donor fluorophores—5-hexadecanoylaminofluorescein  [Molecular Probes cat.
#H110]) and RGD ligands (conjugated with Rhodamine as acceptor fluorophores
as described earlier). C2C12 cell membranes were labeled overnight. Fluorescein
was dissolved with DMSO and sterile-filtered prior to adding to cultured cells at
the ratio of 1 mg per 15 x 10 cells. When testing, cells were trypsinized and counted.
Each sample contained 1, 5, or 10 x 10° cells was mixed with 150 pl of 1%
GGGGRGDASSK-Rhodamine-containing alginate solutions. Phenol-Red-free
medium was added to obtain a total volume of 2 ml per sample. Samples were incu-
bated in 5% CO,, 37 °C with an orbital shaker for 10 minutes to prevent cell
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sedimentation. Changes of emission from donor and acceptor fluorophores were ex-
amined with a fluorimeter (Fluoromax-3, Jobin Yvon), while exciting the solutions
at 488 nm. Control conditions included emission from donor fluorophore labeled
cells without the acceptor fluorophore, the emission from acceptor fluorophores
coupled to RGD-ligands for each ligand presentation without the donor fluoro-
phore, and the emission from donors and acceptors in the test samples when the re-
ceptors were initially blocked with soluble G4RGDSP for 30 minutes. To analyze
cell receptor-ligand interactions, the emission intensity of donors at 520 nm was
used to calculate the degree of energy transfer (y) by comparing the yield of
donor emission in the presence (@green) and absence of acceptor (Pgreen,0) by using

eqn (3).

‘// =1- [q)green / @green,O]ZI (3)

2.6 Radiolabeling of GGRGDASSKY to monitor extent of receptor-ligand bond
formation in solution

G4RGDASSKY oligopeptides (Commonwealth Biotechnology Inc., VA) were
linked with T (Perkin Elmer, 0.74 pCiug~').%® Briefly, the iodinated oligopeptides
were coupled to sodium alginate using previously-described aqueous carbodiimide
chemistry. The molar ratio of oligopeptides to sugar residues was varied from
0.0015 : 1 to 0.03 : 1. The number of '*I-G4,RGDASSKY was first calibrated to
the radioactivity using a gamma counter. The amount of '*I-G4RGDASSKY-
alginate bound to cells was then measured by mixing a suspension of cells (cell
density: 20 000 cells per ml) with '*I-G4RGDASSKY -alginate solution at varied
polymer concentrations. The number of RGD peptides linked to a single alginate
chain (degree of substitution) was varied from 1 to 20 in these studies. Cell-polymer
mixtures were incubated at 37 °C on a shaker to prevent cell sedimentation, and
unbound '*T G4RGDASSKY-alginate molecules were subsequently removed by
centrifugation at 1200 rpm for 5 minutes followed by discarding of supernatent. Cells
were re-suspended in fresh medium, and bound '*’I was measured with a gamma
counter. The number of '*I-G4,RGDASSK Y -alginate bound to cells was determined
as a function of peptide presentation, and parallel studies using the FRET technique
were used to calibrated the degree of energy transfer (FRET assay) with absolute
numbers of bound ligands ('*I-G4RGDASSKY-alginate studies).

3. Results

The effect of RGD ligand presentation on myoblast proliferation was first investigated
by culturing the C2C12 cells or human primary myoblasts on gels comprised of poly-
mers with a varying degree of substitution, presenting peptides with binding affinity,
or altering ligand organization. The number of receptor-ligand interactions under
these various conditions was next quantified by two independent approaches: rheolog-
ical measurements and fluorescence resonance energy transfer (FRET) to determine if
the effects of ligand presentation on proliferation correlated with bond number.

3.1 Regulation of myoblast phenotype through RGD ligand presentation

The effects of peptide presentation on the immortalized C2C12 cell line were first
examined. C2C12 cells were plated on RGD-modified alginate gels, and the initial
adhesion and subsequent proliferation rate were dependent on the degree of ligand
substitution (Fig. 2A,B). A minimal RGD density was required for cell proliferation,
as cells showed very limited spreading and proliferation when RGD was presented at
DS 0.2 (Fig. 2A,E). Increasing the RGD density led to faster cell proliferation
(Fig. 2E). The decrease in cell number at the DS 20 condition on day 3 was the result
of myoblast fusion into multinucleated myotubes, not cell death or detachment (data
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Fig. 2 Photomicrographs of C2C12 myoblasts adherent to alginate gels presenting linear
RGD at DS 0.2 (A), linear RGD at DS 2 (B), cyclic RGD at DS 2 (C), and a mixture of poly-
mers coupled with linear RGD and plain polymers at a ratio of 1 : 9 and 1 : 19 (D), which re-
sults in a spacing between adhesive islands of 85 nm (20 RGDs/85 nm), 121 nm (40 RGDs/121
nm), respectively, as contrasted to a spacing of 36 nm between polymer chains with ligands
when all are labelled (2 RGDs/36 nm) on day 2. The proliferation rate of C2C12 cells cultured
on gels varying in DS (E), binding affinity (F), and spacing (G) was determined by cell counts
normalized to the initial adherent cell number. Scale bar represents 100 um (A-D). Values
represent mean and standard deviation. * denotes a statistical significance of differences
between cell numbers on linear versus cyclic peptide conditions, comparing at identical DS
(F), and of cell numbers between 2 RGDs/36 nm versus 20 RGDs/85 nm and 2 RGDs/36
nm versus 40 RGDs/121 nm (G) at each time point (t-test, p-value < 0.05, n = 4).
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not shown). C2C12 cell growth was also greatly influenced by the binding affinity of
the peptide, as the cyclic RGD promoted greater proliferation (Fig. 2C,F) than the
linear RGD at the equivalent DS. The nanoscale organization of the RGD ligands
was next varied, while maintaining a constant total density of RGD ligands in the
gels. C2C12 cells adherent to gels with more clustered RGD peptides demonstrated
a more extended shape (Fig. 2D), and significantly higher proliferation, as compared
to cells on the gels with uniform RGD distribution (Fig. 2G).

Similar experiments were next performed with human primary myoblasts to deter-
mine if they were regulated by peptide presentation in a similar manner. Similarly to
the results with the C2C12 cells, the proliferation rate of human primary cells was
dependent on the DS of the polymers used to form gels. These primary cells showed

DS 2 oyclicRGD
DS 20 oyclicRGD
DS 2 linear RGD

Cell number (fraction initial) M =
SO 4 M W e O @~ @ o®©

o
)

4 6 8 I
Time (day) Time (day)

Fig. 3 Photomicrographs at day 8 of human primary myoblasts adherent to alginate gels

presenting linear RGD at DS 2 (A), linear RGD at DS 20 (B), cyclic RGD at DS 2 (C), and
a mixture of polymers coupled with linear RGD and plain polymers at a ratio of 1 : 19 (D),
which results in 40 RGDs/121 nm, as contrasted to 2 RGDs/36 nm. Proliferation rate of human
cells cultured on gels varying in DS and binding affinity (E), and spacing (F) was determined by
cell counts normalized by initial adherent cell number. Scale bar represents 100 pm (A-D).
Values represent mean and standard deviation. * denotes a statistical significance of differences
between cell numbers on linear versus cyclic peptide conditions, comparing at identical DS (E),
and of cell numbers between 2 RGDs/36 nm versus 20 RGDs/85 nm and 2 RGDs/36 nm versus
40 RGDs/121 nm (F) at each time point (t-test, p-value < 0.05, n = 4).
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very slow proliferation on gels presenting linear RGD at DS 2 (Fig. 3A,E). An in-
crease of linear peptide from DS 2 to 20 led to a significant increase in cell prolifer-
ation, and cells were able to fuse to form myotubes on day 8 (Fig. 3B) in this
condition. This contrasted to cells on the DS 2 condition, as they did not reach con-
fluence, and did not show any cell fusion at this time. The effect of peptide affinity on
the proliferation rate of these cells was similar to that found with the C2C12 cells
(Fig. 3C,E). However, the results were much more pronounced with human primary
cells, especially when comparing at DS 2. An increase of the DS of cyclic RGD from
DS 2 to 20 did not further improve human cell proliferation (Fig. 3E). The slight
reduction in cell number from day 5 to day 8 was due to cell fusion to form multi-
nucleated cells, not to cell death or detachment (Fig. 3E). The nanoscale distribution
of clustered RGD also influenced human primary myoblasts, but strikingly, prolif-
eration was effected in an opposing manner as found with the C2C12 cells. Present-
ing ligands at a greater spacing and clustered format (20 RGDs/85 nm and
40 RGDs/121 nm) led to significantly lower proliferation, as compared to uniform
ligand distribution (2 RGDs/36 nm) (Fig. 3F). The cells adhering to the gels with
higher peptide cluster spacing exhibited very limited proliferation, and the cell
number actually decreased at 40 RGDs/121 nm. Examination of cell morphology
also confirmed these findings, as cells adherent to gels with a uniform peptide distri-
bution were well spread, while the cells adherent to gels with the greater spacing
between clustered peptides maintained a round shape (Fig. 3D).

3.2 Quantification of receptor-ligand bond formation with rheological
measurements

The number of bonds formed between cell receptors and RGD ligands was next an-
alyzed with rheological measurements to determine if the changes in cell phenotype
with peptide presentation directly correlated to the bond number formed in each
condition. These measurements are based on changes in the rheological properties
of cell-polymer solutions due to cell receptors cross-linking the polymer chains.?
Non-modified (no peptide) polymer plus cells was first analyzed, and the storage
modulus (G') of mixtures was lower than loss modulus (G”), over the entire applied
frequency (Fig. 4A), indicating the expected liquid-like property of these mixtures.
Strikingly, at the identical cell concentration, the storage modulus (G') of RGD-
modified alginate—cell mixtures (DS 20) exceeded the loss modulus (G”), illustrating
a transition to a cross-linked network (Fig. 4A). This finding confirmed that cells can
act as crosslinking agents by using their receptors to bind with RGD ligands pre-
sented from alginate chains, leading to the formation of an ordered structure.
This experiment was repeated when cell receptors were first blocked by incubating
cells with soluble RGD to confirm the specificity of this gelling process. No solid-
like behavior (G'< G”’) was observed when receptors were pre-occupied (Fig. 4B),
confirming that network formation was specifically caused by the interactions
between cell receptors and RGD ligands coupled to alginate chains. In network
formation, multiple cells would be required to crosslink multiple polymer chains,
and these interactions would need to percolate through the entire sample volume.
By varying the gap size in the plate-plate rheometer, one can test the assumption
that this behavior is caused by network behavior, as the time required for percola-
tion should scale with the gap size. Gel-like rheological properties were immediately
observed when the gap size was set at 50 pm (Fig. 4C), while it required approxi-
mately 25 minutes to establish a network when the gap size was 100 pm
(Fig. 4D). Further increasing the gap size to 250 (Fig. 4E) or 1000 um (data not
shown), resulted in no onset of network formation for the observation time frame.
However, the disparity between G’ and G” at 250 um was much less than that of the
1000 pm gap size condition at the end of the first period.

Varying the RGD density dramatically influenced this gelation behavior, as a re-
duction from DS 20 to DS 2 or 4 decreased the ability of cells to crosslink the

This journal is © The Royal Society of Chemistry 2008 Faraday Discuss., 2008, 139, 53-70 | 61



A 10000 B 100000

RGD-moedified alginate
8,76 1.0000 4
1.000
g g 0.1000
o 0-100 ¢ i."
-C'; = 0.0100 {
0.010 4 non-modified alginate
G">G' 0.0010 4
0.001 0.0001 T T
0.01 0.10 1.00 0.01 0.10 100
o " o(s’)
C 100.0 D 1000

Gapsize= 100 ym

G',G" (Pa)

' ' ' 04 ' ; .
0;  S00: 1000 “1500; 2000 0 500 1000 1500 2000
Time (s) Time (s)

E 1000
"

100
3
b
B 10 4

01 ‘ |

o 50 1500 2000

1000
Time (s)

Fig. 4 Storage (G', W) and loss modulus (G”, () of cell-polymer mixtures as a function of
shearing frequency. A solution of cells with polymer not containing RGD (lower two lines),
and linear RGD-modified-alginate—cell solution (upper two lines, DS 20) (A). When the cells
were incubated with soluble G4RGDSP peptides prior to mixing with alginate RGD solution,
no network behavior was noted (B). Storage and loss modulus of cell-alginate mixture (RGD
DS 20) as a function of time, when the gap size was varied from 50 (C), to 100 (D), and 250 um
(E). Values represent mean and standard deviation calculated from three independent experi-
ments (n = 3).

polymers and form gel structures, as indicated by the storage modulus being lower
than the loss modulus (Fig. SA). On the contrary, an increase in DS of RGD from 20
to 40 increased the solid-like property of the mixture (Fig. 5B), as the storage mod-
ulus always exceeded the loss modulus, and the difference between G' and G” was
higher at the DS 40 condition (G’ >> G"). At the cell concentration used in these
studies, a DS at 20 was minimally required to form a gel-like structure. G’ and G”
were tested over a large whole frequency range in order to illustrate that the net-
works fall in the viscoelastic region, and these graphs are provided as supplemental
data (data not shown).

The different peptide presentations dramatically influenced network formation.
Presenting cyclic RGD from polymer chains greatly enhanced the cell crosslinking
behavior, as in this condition at DS 2, a network formed (Fig. 6). An increase of
the cyclic RGD density to DS 20 led to an even greater effect, as the magnitudes
and difference between G' and G” were greater (Fig. 6). Presenting RGD peptides
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Fig. 5 Storage (G', W) and loss modulus (G”, ) of cell-polymer mixtures as a function of
shearing frequency when polymers were coupled with RGD ligands at varying DS of 0, 2, 4,
which behaved with liquid-like property (A), and at DS of 20 and 40, where network formation
(solid-like property) was observed (B). The standard deviation for each independent experi-
ment was always less than 15% of its average value (n = 3).
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Fig. 6 Storage (G’, M) and loss modulus (G”, [J) as a function of shearing frequency for cell-
polymer mixtures when were polymers coupled with cyclic RGD at DS 2 and DS 20. The stan-
dard deviation for each data point was always less than 15% of its average value (n = 3).

in a cluster format also led to network formation, even at an average DS of 4. A uni-
form distribution of peptide-labeled polymer chains of DS 4 did not lead to network
formation (4 RGDs/36 nm) (Fig. 7), but presenting highly clustered RGD peptides
(20 RGDs/58 nm or 40 RGDs/85 nm) led to network formation (Fig. 7).
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Fig.7 Storage (G, M) and loss modulus (G”, () as a function of shearing frequency for cell-
RGD-modified polymer mixtures when RGD ligands were presented at varying RGD spacing,
but constant total RGD in the gel (equivalent to uniform presentation of DS 4): uniform dis-
tribution resulting in RGD spacing of 36 nm, clustered distribution of mixing DS 20 with un-
modified polymers at a 1 : 4 ratio, resulting in RGD spacing of 58 nm (20 RGDs/58 nm), or
clustered distribution of mixing DS 40 with unmodified polymers at a ratio of 1 : 9, resulting
in an RGD spacing of 85 nm (40 RGDs/85 nm). The standard deviation for each data point
was always less than 15% of its average value (n= 3).
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The temperature dependence of the viscoelastic properties of the cell-alginate
mixtures was next determined to quantify the number of cross-links that formed
between receptors and RGD ligands. Gels formed with this cell-crosslinking ap-
proach displayed higher G’ and G” with a decrease of temperature (Fig. 8A,B).
The dependence on temperature was utilized to estimate the zero-shear viscosity,
and the horizontal shift factor (a7), as detailed in the Materials and Methods. The
horizontal shift factor could be employed to shift the curves of each temperature
to form one master curve, which was a plot between reduced frequency (the product
of ar and frequency) and G’ or G” (Fig. 8C). The activation energy to dissociate cell
receptor—RGD interactions per cell was calculated by fitting a7 and 1/7 with an Ar-
rhenius expression (inserted in Fig. 8C). Available literature values of the force
between receptor-ligand per bond (fo, fincar = 3.20 x 107" N, fo, cyctic = 4.27 x
10" N) and bond length (ro = 5 nm) were used to calculate the number of crosslinks
that participated in the formation of the cell-crosslinked structure for varying RGD
presentations and DS (Table 1). Increasing the ligand density or binding affinity, and
clustering RGD ligands led to an increased number of crosslinks.

A comparison of the growth rate of C2C12 and human primary cells cultured on
the various types of gels, and the relative number of bonds formed between cells and
these gels indicated an approximately linear correlation between these two measures
when the RGD density or binding affinity are increased (Fig. 9), and all of this data
for each cell type could be fit by one curve. The relation between proliferation and
bond number varied for the two cell types, as the C2C12 cells required many fewer
bonds to actively proliferate. Strikingly, results from experiments in which the
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Fig. 8 Temperature dependence of storage (A) and loss modulus (B) of polymer—cell mixture
(DS 20, linear RGD as an example). Calculated temperature-dependent shift factor (a7) was
used to superimpose data from multiple temperatures onto a master curve, which was a plot
between reduced frequency and storage or loss modulus (C). arwas plotted versus 1/T to obtain
activation barrier energy (inserted plot in C). The standard deviation for each data point was
always less than 15% of its average value (n = 3).
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Table 1 Summary of calculated activation barrier energy, obtained from slope of plot between
log ar and 1/T (for example, inserted plot in 8C), and calculated number of crosslinks between
RGD ligand and cell receptors for different RGD ligand presentations

Average slope Calculated Calculated number
Condition (log arvs. UT) activation energy/J of crosslinks/ cell
Linear RGD
DS =2 — — 1
DS =4 — — 1
DS =20 1.0966 349 e -20 2.18 £ 0.16
Cyclic RGD
DS=2 1.7376 5.52 e 20 2.59 +£0.12
RGD cluster
DS20:0=1:4 1.1278 3.58 ¢ —20 2.24 +0.13
DS40:0=1:9 1.1792 3.75e -20 2.34 £ 0.13
25
- 2 »
& 5
k=
x 15
o At
®
=
=
E
9 o5
o /
0 xd

0 05 1 15 2 25
Relative number of bonds/cell

Fig. 9 The correlation between relative number of bonds per cell formed between RGD-con-
taining polymer chains and cells, and the growth rate of the C2C12 cells (upper line) and human
primary myoblasts (lower line). The data points arising from experiments in which the DS was
changed (M) or ligand affinity was varied ([1) all collapsed onto one line. Growth rates (k)
were calculated by fitting cell number data to an exponential expression for growth (N =
No2“, where N, Ny = number of cells at time #, and #,). Data points from experiments in which
the island spacing (A ) was varied do not fall on these lines.

nanoscale organizations of RGD ligands were varied did not fall on these curves for
either cell type, suggesting the effects of nanoscale ligand organization on prolifer-
ation were not simply or solely related to altering bond number.

3.3 FRET measurements to probe receptor-ligand interactions

A FRET technique was next utilized as a completely different and independent
means to quantify the interactions between cell receptors and RGD ligands. In
this study, cells were labeled with donor fluorophores, while RGD ligands were
covalently conjugated with rhodamine as acceptor fluorophores. The dependence
of energy transfer on cell density was first determined to obtain the optimal condi-
tions at a constant ligand density (DS 2) for this cell type. The degree of energy
transfer was indicated by a reduction of donor intensity at the donor emission wave-
length (A = 520 nm, only cell suspension versus cell-RGD modified polymer mix-
ture) when acceptor fluorophore was present (Fig. 10A). A further increase of cell
density from 2.5 to 5 million cells per ml led a reduction in the degree of energy
transfer, likely due to limited available ligand acceptors, relative to donor fluoro-
phores (Fig. 10B). In contrast, at very low densities (0.5 million cells per ml),
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Fig. 10 An example of fluorescent emission intensity of donor fluorophores in the absence
(only cell solution, M), and presence of acceptors (cell-RGD-modified polymer mixtures at
DS =2, [J) at total cell concentration of 2.5 million cells per ml. Intensity of acceptor fluoro-
phores (only RGD-modified polymers, —) was measured to account for bleed-through in
excitation (A). The degree of energy transfer was determined when cell concentration was var-
ied, while maintaining degree of substitution at 2, and a condition of 2.5 million cells per ml was
chosen for other experiments due to the optimal degree of energy transfer (B). The degree of
energy transfer was calculated at varying DS (C), and island spacing (D). The correlation be-
tween the number of bonds per cell (calculated from the calibration curve between degree of
energy transfer and number of '*I-G4RGDASSKY-alginate bound to cells, (E)) and the
growth rate of the C2CI12 cells (upper line) and human primary myoblasts (lower line) (F).
The data points represent experiments in which the DS was changed () or ligand spacing
was varied (A). Growth rates (k) were calculated by fitting cell number data to an exponential
expression for cell growth (N = Ny2*, where N, Ny = number of cells at time z, and #y).
* denotes a statistical significance of values between DS 2 and 20, and between DS 20 and
40 (t-test, p-value < 0.05, n = 4).
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a poor signal to noise ratio precludes obtaining reproducible data. As a result, a den-
sity of 2.5 million cells per ml was chosen to test the varying RGD ligand presenta-
tions, due to the optimal degree of energy transfer at this concentration. The
specificity of the receptor-ligand interactions by this measurement was also con-
firmed by repeating the experiment when blocking cell receptors with soluble
RGD prior to mixing with alginate solutions. Neither a reduction of donor intensity
nor any significant energy transfer was found (data not shown). The ligand density
significantly influenced the extent of receptor-ligand interactions. An increase of the
degree of substitution led to a great reduction of donor intensity, and thus a higher
degree of energy transfer (Fig. 10C). This indicated a greater number of interactions
between cell receptors and ligands, consistent with the results from the rheological
measurements. Varying the ligand distribution, on the other hand, led to no changes
in energy transfer at DS 2 (Fig. 10D), in contrast to findings from rheological
measurements.

The degree of energy transfer was then calibrated to the absolute number of RGD
peptides bound to cells by measuring radiolabeled peptide-alginate binding to cells
in solution while performing parallel FRET experiments with cells and soluble
RGD-alginate. This calibration curve (Fig. 10E) was utilized to calculate the num-
ber of bonds formed between cell receptors and RGD ligands when cells were encap-
sulated in gels at differing ligand presentations, and to obtain the correlation
between the cellular growth rate and the number of bonds measured with FRET
(Fig. 10F). Increasing the number of bonds by raising the RGD density resulted
in an enhanced growth rate for both cell types, as noted with the rheological assay
to monitor bond formation. The relationship between the cell growth rate and the
number of bonds formed when RGD ligand affinity was varied also fell on the
same curves, although the C2C12 cells again required many fewer bonds to prolifer-
ate than the primary cells.

4. Discussion

These data demonstrated how three aspects of RGD presentations—density, affinity
and nanoscale distribution—influenced the proliferation of both C2C12 and human
primary skeletal muscle cells. There was a minimal required ligand density (DS 2) for
cell growth, and increasing ligand density leads to higher proliferation. This is con-
sistent with other studies using several cell types such as osteoblasts,* fibroblasts,**
and endothelial cells.?* The direct relationship between cell growth rate and bond
number, as assessed by FRET and rheological measurements, suggest that varying
degree of peptide substitution or affinity effects cell proliferation by regulating
bond number. However, the effects of ligand distribution do not appear to be simply
related to bond number.

Increasing the ligand affinity through use of cyclic peptides enhanced proliferation
of both cell types; although it did not affect initial cell adhesion. Past studies directly
comparing linear and cyclic peptides mainly focused in early cellular events, and
revealed that increasing the ligand affinity increased neurite extension, fibroblast,
smooth muscle and endothelial adhesion,**3*¢ and focal adhesion and distribution of
fibroblasts.®” The current results extend the influence of peptide affinity to regulation
of proliferation.

The nanoscale organization of RGD ligands regulated spreading and prolifera-
tion of both cell types. Interestingly, though, the two cell types had an opposite
dependency on ligand distribution. Typically, cell attachment, spreading and prolif-
eration are coherently related (i.e., increased cell spreading leads to increased prolif-
eration) and the results from the C2C12 cells and human primary cells in this study
were consistent with this relation.*® C2C12 cells showed higher initial cell spreading
and proliferation when RGD was presented in a clustered format, consistent with
studies with fibroblasts on tethered RGDs in a star configuration.®* In contrast,
human primary myoblasts demonstrated significantly diminished spreading and
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growth on clustered petides. This inhibitory effect of clustering RGD ligands is con-
sistent with a previous study on osteoblast proliferation and differentiation.?* Previ-
ous reports have suggested that an RGD spacing of 140 nm is required for focal
contact and stress fiber formation of fibroblasts,* but human primary myoblasts
may require a spacing less than 121 nm for focal adhesion formation and subsequent
promotion of proliferation. Further studies with these and other cell types are
needed to delineate the mechanism relating nanoscale peptide organization to cell
proliferation, and determine whether the relation is always cell-type dependent.

Rheological measurements and a FRET technique provided extremely useful
tools to probe receptor-ligand interactions in this study. As shown by the rheolog-
ical measurements, classical gel network theory can be exploited to understand these
cell-material systems, and enabled us to acquire quantitative information of molec-
ular level interactions. This approach may in the future provide a means for large
scale screening to examine the receptor binding ability of other molecules proposed
as drugs or cell binding candidates. The rheological measurements, while offering
a quantitative assay of bond formation, provided this in relation to the number of
crosslinks in the system. The calculated number of crosslinks was very low in all con-
ditions, presumably due to the low probability that a single polymer chain (size scale
~10s of nm) can span between two cells. Brownian motion of cells in the polymer
solution likely provides the close proximity required to provide this infrequent
cross-linking. The fraction of total polymer—cell bonds resulting in a cross-link
may be predicted based on Smoluchowski’s equation on cell aggregation.*! This
approach combined with recent Monte Carlo simulations of receptor dynamics*
may provide a basis to calculate absolute bond numbers from these measurements.
In this work, however, a completely independent technique was used to confirm the
results from rheological measurements and provide absolute information on bond
formation, as previously described.?®

Higher numbers of bonds were formed between cell receptor and RGD peptides as
the RGD density and affinity were increased, as assessed by both rheological and
FRET analysis, and bond number in these situations correlated with cell growth
rates. This suggests that varying peptide density and affinity may simply regulate cel-
lular function by altering the number of bonds. However, the influence of nanoscale
distribution of peptides could not be simply explained by the bond numbers. An
increase in the number of bonds was observed when RGD ligands were clustered,
as assessed by the rheological measurements, but this did not enhance the C2C12
cell proliferation to the same extent as increasing the number of bonds by increasing
ligand density or binding affinity, and actually inhibited the spreading and growth of
primary human cells. However, analysis of bond number using the FRET technique
indicated a similar extent of bond formation when ligand organization was varied.
In either case, though, the proliferation of cells did not correlate well with the clear
relation between bond number and proliferation obtained by varying RGD density
or affinity. The different bond number measurements with the two assays when pep-
tide clustering/spacing was altered could have a number of causes related to the
different conditions used in the measurements. In any case, even if the number of
bonds formed is similar between the uniform and clustered peptide distributions,
the size of integrin clusters may be different, which could subsequently lead to dif-
fering formation of focal adhesions and signaling. Studies examining the relation
between RGD distributions and the formation and components of focal adhesions
(e.g., vinculin, focal adhesion kinase) may shed light on this issue.

5. Conclusions

Presentation of RGD ligands strongly regulated the proliferation of skeletal muscle
cells in vitro. An increase in ligand density and affinity led to higher cell proliferation
in both primary myoblasts and a cell line. Ligand distribution also regulated the pro-
liferation of both cell types, but in an opposing manner. Rheological measurements
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and a FRET technique provided useful tools to quantify receptor-ligand bond for-
mation, and suggest that RGD density and affinity may directly regulate myoblast
function by altering the number of bonds formed with the material. This approach
to study material-cell interactions provides a highly versatile system that may be
broadly applied to other systems and cell types, and to predict cellular function
(e.g., proliferation, differentiation) a priori based on the number of bonds formed
with a material.
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