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One of the fundamental interactions in cell biology is the binding
of cell receptors to adhesion ligands, and many aspects of cell
behavior are believed to be regulated by the number of these
bonds that form. Unfortunately, a lack of methods to quantify
bond formation, especially for cells in 3D cultures or tissues, has
precluded direct probing of this assumption. We now demonstrate
that a FRET technique can be used to quantify the number of bonds
formed between cellular receptors and synthetic adhesion oli-
gopeptides coupled to an artificial extracellular matrix. Similar
quantitative relations were found between bond number and the
proliferation and differentiation of MC3T3-E1 preosteoblasts and
C2C12 myoblasts, although the relation was distinct for each cell
type. This approach to understanding 3D cell-extracellular matrix
interactions will allow one to both predict cell behavior and to use
bond number as a fundamental design criteria for synthetic extra-
cellular matrices.

fluorescence resonance energy transfer | myoblast | osteoblast |
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C ell-extracellular matrix (ECM) binding interactions, via cell
surface receptors such as integrins (1, 2), regulate a wide
array of developmental, pathological, and regenerative processes
(3-5). Both the number of these bonds that form and the specific
receptor-ligand pairing may mediate this signaling (6, 7). Al-
though identification of the pairing may be readily accomplished
and clearly regulates intracellular signaling and gene expression
(2, 4,7, 8), tools to quantify bond formation, especially for cells
within a 3D environment, are lacking. Delineating this latter
relation may be particularly important both in understanding the
cellular behavior in different ECM and in developing a strategy
to design synthetic ECM or cell-instructive materials, because
biomaterials are frequently functionalized with molecules con-
taining a receptor-binding domain to direct cell fate (5, 9). The
ligand molecular structure, overall density, and spatial distribu-
tion at the micrometer and nanometer scale may all influence
cell adhesion (e.g., focal adhesion formation), signaling path-
ways, cellular proliferation, apoptosis, migration, differentiation
(9-14), and tissue formation (15, 16). It is unclear whether a
subset or all of these variables alter the cellular response by
simply altering bond number, but this assumption underlies
many aspects of current biomaterials design. One can analyze
receptor-ligand bonding with radioactive molecules (17), fluo-
rescent molecules (18), and chemical assays (19), but these
methods have been limited to analyzing cells suspended in
medium or adherent to 2D substrates. Encapsulation of cells in
3D better reflects in vivo cell adhesion to ECM (20) and leads
to distinct patterns of gene expression (21, 22) but is not
amenable to the application of existing methods to quantify bond
formation.

In this study a FRET technique is demonstrated to allow one
to quantify the number of receptor-ligand bonds formed be-
tween cells and adhesion peptides coupled in a 3D gel matrix.
FRET techniques have been widely used to probe molecular
interactions at the nanometer scale in the past (23-25). For this
study a biomimetic cell adhesion substrate was designed by
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Fig. 1. G4RGDASSKY oligopeptides (RGD peptide) were covalently bound to
alginate molecules with varying degrees of substitution. '2° was linked to the
tyrosine (Y) residue for the radioactive assay (a), and rhodamine was linked to
the lysine (K) residue for the FRET experiments (b). In FRET experiments, cell
membranes were stained with fluorescein (c). The fluorescent cells were mixed
with various numbers of rhodamine-G4RGDASSSKY-polymer molecules. Gels
were formed by cross-linking polymer chains with Ca2* ions (c).

covalently linking synthetic oligopeptides containing the Arg-
Gly-Asp sequence [i.e., (Gly)s-Arg-Gly-Asp-Ala-Ser-Ser-Lys-
Tyr(G4RGDASSKY)] to polymer molecules. These oligopep-
tides allow these polymer chains, which are originally inert to
cells, to induce cell adhesion to 2D substrates and 3D matrices
via specific interactions and to regulate cell phenotype (5, 9, 15,
26). Both bone-forming (MC3T3-E1 preosteoblasts) and mus-
cle-forming (C2C12 myoblasts) cells, which provide useful mod-
els for tissue engineering studies, were used in these studies to
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Fig. 2. Generation of a calibration curve relating the degree of energy transfer (Dgret) to the number of 25I-RGD peptides on polymer chains bound to cells
(MC3T3-E1 preosteoblasts). The number of RGD peptides bound to cells suspended in serum-free medium was measured by using '2°I-G4RGDASSKY-polymer (a).
The overall number of RGD peptide (Nrgp) was varied either by altering the number of polymers with one RGD peptide per chain in the solution (®) or by varying
the degree of substitution of the polymer chains (m). Mixing cells containing fluorescein (donor) with rhodamine-G4RGDASSKY-polymer decreased the emission
intensity of the donor, which was maximized at a wavelength (A) of 520 nm (b). The Deger increased both as the number of polymer chains containing a single
RGD peptide was increased in the solution (c) and as the degree of substitution was raised (d). The 4 in c indicates the Dgrer measured with rhodamine-
G4RGEASSKY-polymer. Curves -m—and —A— in d represent the Dgger measured with unblocked cells and cells blocked with free RGD peptides before adding cells
to RGD-coupled polymer chains, respectively. Derer was calibrated to the number of RGD peptides bound per cell (Npond/cell), assessed with the 12°-G4RGDASSKY-
polymer (RZ = 0.90), over the linear response region of Derer (€). Inset in e shows that Derer measured by using multivalent RGD peptides is not correlated to the
number of 12|-labeled peptides bound to cells. Numbers in a and d represent the substitution degree. In the FRET measurements, mixtures of cells and polymers
were excited at a A of 488 nm by using a fluorometer. Data points and error bars in c and e represent the mean and SD from four independent experiments.

broadly examine the relation between bond formation and
proliferation and differentiation (27, 28), because both processes
are critical to both natural and engineered tissue morphogenesis
(29, 30). Furthermore, both processes in these cell types are
known to depend on binding to RGD ligands or entire fibronec-
tin molecules (15, 26).

Results

Calibration of FRET Technology with Cell Suspensions. The first
studies involved calibrating the FRET technology by correlating
energy transfer to peptide bond formation assessed by using
125T-G4RGDASSKY peptides coupled to the polymer in solu-
tion. Polymer chains that present '*I-labeled G4RGDASSKY
oligopeptides (RGD peptides) (Fig. 1la) were added to cell
suspensions at various concentrations, and the degree of sub-
stitution for RGD peptides on a single polymer molecule was
also varied from 1 to 20 peptides per polymer chain. The number
of 2I-G4,RGDASSKY bound to cells increased in both cases in
an approximately linear fashion as the total number of RGD
peptides (Nrgp/cell) was increased (Fig. 2a), as expected. The
degree of FRET, represented by Dgrgr, between the RGD
peptides coupled to polymers and the cell receptors was assessed
in parallel first with polymer chains that present a single
G4sRGDASSKY oligopeptide labeled with rthodamine (accep-
tor) (Fig. 1b) and cells labeled with the fluorescein (donor)
(Fig. 1c). Fluorescein molecules adjacent to receptors were
presumed to exclusively participate in the energy transfer to
labeled RGD peptides that bind to these receptors (31). Dgrer
was quantified with the emission intensity of fluorescein in the
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absence ([fiyoresceino) and presence (Iiyorescein) Of rhodamine-
G4RGDASSKY-polymer following Eq. 1 (23):

I‘fluorcsccin
Dygrer = 1_F [1]
fluorescein,0
Mixing fluorescein-labeled cells with rhodamine-

G4RGDASSKY-polymer decreased the emission intensity of
fluorescein [maximized at wavelength (A) of 520 nm], which
indicates energy transfer between the fluorescein and rhoda-
mine probes (Fig. 2 b—d). The minimal increase in the intensity
of rhodamine emission in these conditions is attributed to bleed
of the donor emission at 580 nm that obscures the acceptor
fluorescence at low levels of energy transfer (see Fig. 3¢ for
acceptor fluorescence at higher energy transfer). In contrast,
both mixing of fluorescein-labeled cells with rhodamine-
G4RGEASSKY-polymer (non-receptor binding peptide) (dia-
mond in Fig. 2c¢) and exposure of cells to a high concentration
of free RGD peptides before mixing with the G4uRGDASSKY-
polymer, to block the cell receptors (red curve in Fig. 2d and Fig.
5, which is published as supporting information on the PNAS
web site), greatly inhibited energy transfer. These results confirm
that changes in the donor emission are the result of specific
peptide-receptor interactions and rule out an influence of
bleaching between fluorescein molecules in the system. The
inverse system (cell membranes stained with donor and peptide
stained with acceptor) showed similar results (results not
shown). The difference of Drrer between the experimental
conditions is larger than that caused by instrumental error and
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Fig. 3. Quantification of the number of receptor-ligand bonds (Npong) formed by cells (preosteoblasts) in the 3D gel matrices. The overall number of RGD
peptides (Nrgp) was first varied by increasing the number of rhodamine-G,RGDASSKY-polymer chains (each presenting one RGD peptide per chain) (a and b).
These polymer chains were mixed with unmodified polymer at different volume ratios. Increasing the Nggp/cell decreased the emission intensity of fluorescein
from the cell membrane (a). The numbers in a represent Nrgp/cell. Blocking cell receptors with free RGD peptides before encapsulating cells in the gel matrix
limited the decrease in the emission intensity of fluorescein (Inset in a). Derer Was related to the Nrgp/cell in the gel matrix following a power law (R? = 0.92)
(b). Alternatively, the Nrgp was varied with the degree of substitution while keeping the ratio between G4RGDASSKY-polymer and unmodified polymer constant
at 1:4 (cand d). Increasing the degree of substitution decreased the emission intensity of fluorescein (c). The numbers in c represent the number of RGD peptides
conjugated to each single polymer chain. The increase in Deger Was also related to Ngrgp following a power law. The difference in the values between the 1 Nrgp/cell
and 20 Nrgp/cell in d were statistically significant (P < 0.05). Besides, curves -m—and —A—in d represent the FRET measurements with normal cells and cells blocked
with soluble RGD peptides, respectively, before their encapsulation. ¢ in d represents the condition in which cells were encapsulated in gels of 1:4
rhodamine-G4RGEASSKY-polymer/unmodified polymer. The FRET between cells and RGD peptides in the gel matrix was also visualized by using a confocal
microscope. The strong color intensity of fluorescein staining in the cell membrane in the unmodified gel (e) was greatly decreased as cells were encapsulated
in the gel presenting rhodamine-G4RGDASSKY-polymer chains (). The color intensity of rhodamine at the interface between cells and the gel matrix was also
increased as illustrated with microscopic images (f) and quantification using image analysis software (g). e corresponds to the fluorescence emitted between
500 and 540 nm, and f was prepared by overlaying fluorescence emitted between 500 and 540 nm and fluorescence emitted between 580 and 620 nm. By using
the calibration curve (Fig. 2e), the Npond/cell in the gel was calculated for experiments by using both approaches to modify the peptides available per cell (h).
In h, curves -@— and —m— represent the situations in which Nyond/cell was varied with the number of polymer chains containing one RGD peptide/chain and the
degree of substitution, respectively. Data points represent the mean and SD from four independent experiments.

the biological variation, which are typically 0.02-0.05 (32).  Measurement of Number of Receptor-Ligand Bonds in a 3D Gel Matrix.
Energy transfer increased with the number of polymer chains ~ The FRET between cells and RGD peptides in a 3D gel matrix
presenting peptides (Fig. 2 ¢ and d), until a saturating peptide ~ Was next examined to quan'tify' bond for.mation. The gel mgtrix
concentration, likely because of a saturation of cellular recep- ~ Was prepared by cross-linking a mixture of rhodamine-
tors. This response of energy transfer to Nrgp/cell was different ~ G4RGDASSKY-polymer and unmodified polymer (Fig. lc). A
from the measurement using ‘%1 peptides, especially when higher number of peptides was needed in 3D culture to obtain

multivalent polymer chains (containing multiple peptides) were linear binding responses, and this likely is related to the greatly
POy & pic peptt diminished mobility of polymer chains after cross-linking, and
used. Therefore, the energy transfer measured only using mono-

. L . 125 . thus access of peptides to the encapsulated cells. In this study the
valent polymer chains (containing a single **I peptide) was  gypgtitution degree of RGD peptides was kept constant at 1 and
calibrated to the number of RGD peptides bound to cells (Fig.  the Nyrgp/cell in the gel matrix was varied by altering the ratio
2e). This calibration curve was used in all subsequent studies of  between the rhodamine-G4RGDASSKY-polymer and unmodi-
cells immobilized within 3D peptide-presenting gels. fied polymer at a given polymer concentration of 1% (vol/vol).

18536 | www.pnas.org/cgi/doi/10.1073/pnas.0605960103 Kong et al.



aoe b s C s
Q
05} g B s
. T Y Mo c2C12 g 4 _occn
) 04| i -E sb B " ‘é 5 ‘ 5 l‘
gos3f METS_—~ 12| o . = y g
A P . 5 2k/ = 2f A
02} l i T U 3 ‘ - MC3T3
= R ‘
0.1F [ ] g & g b -
0.0 L ! | “ 0 L L L L & 0 . L . . !
10° 10* 10° 0 50 100 150 200 250 0 02 04 06 08 1 12
5 108 5
N, ,p/Cell (x 107) N, /Cell (x 10%) N, /Cell (x 10°)
dos eg 800
06 ‘ f‘é’ 700 |
T " o 600 |
£ 00| - i
5040 pa u =
g ] S a0
i 2 300F - a
) g 200 f
oof " by + — ; % 10
L fi el s 0 I | ! !
10% 10° 4 0’ 0 02 04 06 08 1 1.2

10°
N, ./Cell (x 10°)

Fig. 4.

. 5.
N,,/Cell (x 10°)

Cell proliferation and differentiation were regulated with the number of receptor-ligand bonds (Npond). The larger Nggp in the gel matrix increased

the degree of energy transfer (Derer) between cells and RGD peptides (a) and subsequently the Nyong/cell for both MC3T3 preosteoblasts and C2C12 myoblasts.
Passage through the cell cycle was increased with the overall number of RGD peptides (Nrgp/cell) for both cell types as measured with the amount of
[3H]thymidine incorporated into cells (b). The amount of [3H]thymidine, normalized to the lowest proliferation value at that condition, was also related to
Npond/cell for both cell types (c). Differentiation rates, measured with the level of osteocalcin secreted from preosteoblasts (d) and the level of MCK activity of
myoblasts (e), were also related to Nyong/cell. Data points and error bars represent the mean and SD calculated from four independent experiments.

The emission intensity of fluorescein from the cell membrane
was significantly decreased as the Nrgp/cell was increased (Fig.
3a). However, encapsulating cells in gels presenting RGE pep-
tides (diamond in Fig. 3d) and exposing cells to a high concen-
tration of free oligopeptides before encapsulating them in the gel
(Inset in Fig. 3a and red curve in Fig. 3d) greatly inhibited the
energy transfer, irrespective of the Nrgp/cell, again confirming
the specificity of the receptor-ligand bonding measured with
FRET. Dgrgr was increased with the Nrgp/cell in the gel matrix,
following a power law (Fig. 3b). Increasing the degree of
substitution also decreased the intensity of donor emission (Fig.
3c) and subsequently increased the Derer (Fig. 3d), although the
dependency of Derer on Nrgp/cell was smaller than found when
Nrgp/cell was increased by using monovalent polymer contain-
ing a single peptide per chain. At a substitution degree of 20, the
intensity of the acceptor emission was readily appreciated.
FRET at the interface between cells and the gel matrix was also
confirmed with microscopy, and a decreased intensity of the
donor emission on the cell membrane was noted (Fig. 3¢) along
with an increased intensity of acceptor emission in the polymer
interfacial region (Fig. 3 f and g).

The number of receptor-ligand bonds per cell (Npong/cell) for
cells within these gels was calculated from the Dgrgr by using the
calibration curve (Fig. 2¢). The Npond/cell increased up to 1 X 10°
as the Nrgp/cell was increased (Fig. 3/), and the dependency of
Npond/cell on the Nggp/cell was reduced as the degree of
substitution for RGD peptide was raised [i.e., Nvond * (NrGD)%
a was decreased from 0.5 to 0.2 as one alters Nrgp by increasing
the degree of substitution]. Similar studies were performed with
C2C12 myoblasts, with similar results (data not shown).

Correlation of the Number of Receptor-Ligand Bonds to Cell Growth
and Differentiation. The relevance of bond number to cell function
was next assessed by analyzing the proliferation and differenti-
ation of MC3T3 preosteoblasts and C2C12 myoblasts. For this
study the Dprer was again measured after incubating cell-
encapsulating gels in the serum-containing cell culture medium

Kong et al.

(same culture conditions as cell proliferation/differentiation
studies). The presence of serum decreased the Dgrgr, corre-
sponding to a decrease in bond formation, but Drrgt increased
with Ngrgp/cell in the same manner as gels incubated in serum-
free medium (Fig. 4a).

The proliferation of both cell types similarly increased with
Nrop (Fig. 4D), irrespective of the valency of RGD peptides.
Interestingly, cells encapsulated in gels that consist of polymers
having a different valency but that lead to the similar Nyona/cell
had a similar frequency of cell division (Fig. 6, which is published
as supporting information on the PNAS web site). The depen-
dency of cell growth on Nyong Was specific for the cell type (Fig.
4c). The level of osteocalcin secretion, a marker of osteogenic
differentiation (Fig. 4d), and the level of muscle creatine kinase
(MCK) activity, a marker of myogenic differentiation (Fig. 4e),
were also up-regulated as Npond/cell was increased. Strikingly,
both the dependency of cell proliferation and the dependency of
cell differentiation on Npena/cell were similar for each cell type.

Discussion

Altogether, these data demonstrate both a previously unde-
scribed approach to first quantify receptor-adhesion ligand
formation in 3D culture, and a quantitative relation between
proliferation and differentiation and bond number. Specifically,
it is demonstrated that the relationship between cell-ECM
interactions and cellular phenotype is correlated with the num-
ber of receptor-ligand bonds. We speculate that the number of
bonds quantitatively regulates the formation of focal adhesions
and the rearrangement of cytoskeletal structures and subse-
quently alters signaling pathways that promote proliferation and
cell differentiation (2, 4, 8, 9-13). This finding has significant
impact for many areas of biology and will likely lead to many
future studies probing the mechanism of these relations.

The FRET technique used in this study provides an accurate
measurement for receptor-ligand bonds. Specifically, an advan-
tage of FRET measurements of bond formation over '>I-based
measurements, even in solution, is evidenced by the studies with
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polymer chains that present multiple peptides. The 12°I-peptide
measurements demonstrated a continuous increase in bond
formation as the multivalency of the polymer was raised, whereas
the FRET measurements indicated a saturation of binding. The
125]-peptide measurements will provide an inaccurate measure-
ment for multivalent ligands, because if even one peptide on a
polymer is bound to a cellular receptor the entire polymer chain
will be associated with the cells and counted with this assay. This
is avoided with the FRET-based analysis, because only ligands
within 5-10 nm of a receptor will result in energy transfer (23).

Using the FRET technique, we demonstrate that the cellular
microenvironment is able to modulate the number of receptor—
ligand bonds. The smaller dependency of the bond number on
the total ligand number with use of multivalent ligands (Fig. 3k)
may be related to an increase in steric interference or unfavor-
able conformations of certain peptides. However, the effects of
multivalent ligands on initiating receptor clustering (33), not
monitored in this study, may lead to profound changes in cells
even in the absence of changes in total bond number. In addition,
the higher magnitude of energy transfer in gels than that
observed in cell suspension likely results from an enhanced
ability of cells to associate and perhaps cluster RGD peptides.
Strikingly, for cells within the gels, the Nyong/cell is larger than
the number of peptides theoretically available to each cell, if one
assumes that cell receptors can only access peptides present in
the nearest 10 nm of the gel as in previous calculations (6). This
result suggests that cells either actively probe the gels and recruit
peptides at distances >10 nm or expand their surface area (e.g.,
send extensions into surrounding gel) to access increasing num-
bers of peptides, in a manner similar to what has been observed
for cells adhered on the surfaces of materials. Cells generate
significant traction forces after adhesion (34, 35), and this allows
them to rearrange adhesion ligands in a manner dependent on
the mechanical properties of the adhesion substrate (36). This
phenomenon may partially underlie the ability of cells in 3D
culture in the current studies to bind to such high numbers of
peptides. It is likely that the mechanical properties also influence
cellular activity at least partially independent of changes in bond
number (37), although this has not yet been directly evaluated.

This method, through appropriate modification, may be
broadly applied to a range of cell types and adhesion ligands in
a manner that allows the contribution of distinct cell receptors
to total bond formation to be analyzed in vitro and even in vivo
in a noninvasive manner. Furthermore, this method may be
applied in the future to understand the relationship between
bond formation and cell migration (38). This approach may also
ultimately take the design of synthetic ECM, which currently is
based on empirical testing of the relation between ligand pre-
sentation and cell response, to a predictive approach based on
preestablished quantitative relations that tie fundamental bio-
logical interactions to cell behavior and greatly improve their
utility in a variety of stem or progenitor cell-based therapies
(39, 40).

Materials and Methods

Radiolabeling of GsRGDASSKY-Alginate. (Gly)s-Arg-Gly-Asp-Ala-
Ser-Ser-Lys-Tyr (G4RGDASSKY) oligopeptides (Common-
wealth Biotechnology, Richmond, VA) were linked with 21
(PerkinElmer, Boston, MA). These iodinated oligopeptides
were coupled to sodium alginate (FMC Biopolymer, Philadel-
phia, PA) by using a described carbodiimide chemistry (26). The
molar ratio of oligopeptides to sugar residues was varied from
0.0015:1 to 0.03:1.

Fluorescent Labeling of GsRGDASSKY-Alginate. The oligopeptides
bound to alginate molecules were covalently linked to rhodamine
succinimidyl ester (Invitrogen, Carlsbad, CA) following a de-
scribed procedure (34). In certain experiments, G4qRGEASSKY

18538 | www.pnas.org/cgi/doi/10.1073/pnas.0605960103

bound to alginate molecules were linked to rhodamine. The
molar ratio between fluorophores and coupled oligopeptides
was kept constant at 1:1. Polymers were reconstituted to 2%
(wt/wt) solutions with serum-free «MEM (Invitrogen), after
sterilization via filtering and freeze-drying.

Cell Culture. Murine MC3T3-E1 preosteoblasts, a generous gift
from Renny Franceschi (University of Michigan), were cultured
in ascorbic acid-free aMEM supplemented with 10% FBS
(Invitrogen) and 100 units/ml penicillin—streptomycin (PS) (In-
vitrogen). Cells with passage number between 14 and 20 were
used in this study. C2C12 myoblasts (American Type Culture
Collection, Manassas, VA) were cultured in high-glucose
DMEM (Invitrogen) supplemented with 10% FBS and 100
units/ml PS. Cells with passage number between 3 and 12 were
used in this study.

Measurement of the Number of RGD Peptides Bound to Cells Using
125]-G4RGDASSKY-Alginate. Preosteoblasts were first suspended in
the serum-free «MEM at a density of 20,000 cells per milliliter.
Then, cell suspensions were mixed with >I-G4RGDASSKY-
alginate solution at varied polymer concentrations. The number
of RGD peptides linked to a single alginate chain varied from 1
to 20. After incubating the cell-polymer mixture at 37°C for 20
min, '»1-G4,RGDASSKY-alginate molecules unbound to cells
were removed after centrifugation at 1,200 rpm (Eppendorf
5810R) for 5 min. Then, cells were resuspended in the fresh
aMEM. The activity of 1>5T was measured with a y-counter. The
number of '2I-G4RGDASSKY-alginate bound to cells (A;) was
calculated by using a calibration curve that relates the number
of »1-G4,RGDASSKY to the radioactivity. Next, the number of
nonspecific binding between cells and '*I-G4RGDASSKY-
polymer (A;) was determined by measuring the radioactivity
after the incubation of cells in high concentration of free RGD
peptides. This process leads to the substitution of the '2I-
G4RGDASSKY-polymer bound to cells via the receptor-ligand
bond with free RGD peptides. Then, the number of specific
bonds between RGD peptides and cell receptors was assessed by
subtracting A, from A;.

Measurement of FRET Between Rhodamine-GsRGDASSKY-Alginate
and Cells Suspended in the Medium. Cell membranes were stained
with fluorescein by incubating cells with 5-hexadecanoylamin-
ofluorescein (Invitrogen) in «MEM for 24 h. Then, fluorescently
labeled cells (1 million cells per milliliter) were incubated with
varied number of rhodamine-G4RGDASSKY-polymer in FBS-
free «aMEM for 20 min. The mixtures of cells and cell adhesion
polymers were excited at a wavelength of 488 nm, and the
resulting emission spectrum was collected by using a fluorometer
(Fluoromax; Jobin Ivon, Edison, NJ) at 37°C. The degree of
energy transfer was determined by comparing the peak height
of emission curve from fluorescein, maximized at wavelength of
520 nm, in the presence and absence of rhodamine-
G4RGDASSKY-polymer by using Eq. 1. In certain control
experiments, cells were incubated with rhodamine-
G4RGEASSKY-polymer. Alternatively, to block cell receptors,
cells were preincubated with high concentrations of free RGD
peptides before exposure to rhodamine-G4RGDASSKY-
polymer. The degree of energy transfer was calibrated to the
number of receptor-ligand bonds assessed with 12°]-
G4RGDASSKY-polymer.

Measurement of FRET Between Cells and Rhodamine-G;RGDASSKY-
Alginate in the 3D Gel Matrix. Cell membranes were stained with
5-hexadecanoylaminofluorescein in advance. Then, cells were
mixed with a 1% (wt/wt) mixture of unmodified polymer and
rhodamine-G4RGDASSKY-polymer. Subsequently, the cell-
polymer mixtures were mixed with calcium sulfate (CaSOu;
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Sigma, St. Louis, MO) slurries to form gel matrices. Gel disks
with 10-mm diameter and 1-mm thickness were punched after 10
min and incubated in the FBS-free «MEM at 37°C for 2 h. In
certain experiments, gel disks were incubated in the aMEM
supplemented with FBS for 4 h. The density of cells was kept
constant at 10 million cells per milliliter. The number of RGD
peptides in the gel matrix was varied by altering the volume ratio
between the unmodified polymer and rhodamine-
G4RGDASSKY-polymer (containing one peptide per polymer
chain). In certain experiments, the substitution degree of RGD
peptides varied from 1 to 20 while keeping the volume ratio
between unmodified polymer and polymer with coupled RGD
peptides constant. The emission spectrum from gel disks was
collected by using a fluorometer with excitation of 488 nm. From
the peak height of emission curve, the degree of energy transfer
was quantified following Eq. 1. In control experiments, cells were
encapsulated in the gel presenting rhodamine-G4RGEASSKY-
polymer, or cells were preincubated with a high concentration of
free RGD peptides before encapsulating them in the gel pre-
senting rhodamine-G4RGDASSKY-polymer.

Cells stained with fluorescein were also visualized by using a
laser scanning confocal microscope (Olympus, Center Valley,
PA). Cells encapsulated in the gel matrix were excited at 488 nm
by using a laser. The fluorescence emitted between 500 and 540
nm and the fluorescence emitted between 580 and 620 nm were
collected through separate detector channels. Images were sub-
jected to background subtraction by using National Institutes of
Health image processing software (ImageJ 1.36b).

Cell Proliferation and Differentiation Assays. Cells were encapsu-
lated in the gel matrix with a varied number of RGD peptides.
The density of cells was kept constant at 10 million cells per
milliliter. The overall polymer concentration to form the gel
matrix was kept constant at 1% (wt/wt), and the volume ratio
between unmodified polymer and polymer to present RGD
peptides was kept constant at 4:1 for MC3T3 preosteoblasts. For
C2C12 myoblasts, the overall polymer concentration to form the
gel matrix was kept constant at 2% (wt/wt). The volume ratio
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between unmodified polymer and polymer to present RGD
peptides was kept constant at 0:1.

The cell culture medium supplemented with FBS and PS was
exchanged every 2 days. Passage of cells through the cell cycle was
examined by measuring [*H]thymidine incorporation at 7 days.
Cells were incubated in the medium containing *H-labeled thymi-
dine (PerkinElmer) and collected by dissolving gels in 50 mM
EDTA (Sigma)-PBS (Invitrogen). Cells were lysed with 12 M NaCl
aqueous solution, and [*H]thymidine incorporation was quantified
by using a scintillation counter (Amersham Pharmacia).

Osteogenic differentiation of MC3T3 preosteoblasts was eval-
uated from the level of osteocalcin secretion. Preosteoblast cells
encapsulated in the gel matrix were incubated in the «MEM
supplemented with 10% FBS, 100 units/ml PS, 50 wg/ml ascorbic
acid (Sigma), 10 mM B-glycerophosphate (Sigma), and 0.1 uM
dexamethasone (Sigma), while exchanging the medium every 2
days. Cell culture medium was collected after 1 and 2 weeks. The
concentration of osteocalcin in the medium was analyzed with a
mouse osteocalcin ELISA kit (Biomedical Technologies,
Stoughton, MA). The osteocalcin concentration was normalized
to the total protein concentration of lysed cells that had been
encapsulated in gel matrices in parallel. Protein concentrations
were measured by using protein assay solution (Bio-Rad, Her-
cules, CA).

Myogenic differentiation of C2C12 myoblasts was evaluated
from the MCK activity. Cells encapsulated in the gel matrix were
incubated in DMEM supplemented with 10% horse serum
(Invitrogen) and 100 units/ml PS. After 1 week, cells isolated
from the gel matrix were lysated by using a passive lysis buffer
(Promega, Madison, WI). Then, cell lysates were analyzed by
using a MCK assay kit solution (Pointe Scientific, Canton, MI),
and the total MCK activity was normalized with protein con-
centration in the sample.
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