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Abstract
The current paradigm in designing biomaterials is to optimize material chemical and physical
parameters based on correlations between these parameters and downstream biological responses,
whether in vitro or in vivo. Extensive developments in molecular design of biomaterials have
facilitated identification of several biophysical and biochemical variables (e.g. adhesion peptide
density, substrate elastic modulus) as being critical to cell response. However, these empirical
observations do not indicate whether different parameters elicit cell responses by modulating
redundant variables of the cell-material interface (e.g. number of cell-material bonds, cell-matrix
mechanics). Recently, a molecular fluorescence technique, Fluorescence Resonance Energy Transfer
(FRET) has been applied to quantitatively analyze parameters of the cell-material interface for both
two and three-dimensional adhesion substrates. Tools based on FRET have been utilized to quantify
several parameters of the cell-material interface relevant to cell response, including molecular
changes in matrix proteins induced by interactions both with surfaces and cells, the number of bonds
between integrins and their adhesion ligands, and changes in the crosslink density of hydrogel
synthetic extracellular matrix analogs. As such techniques allow both dynamic and 3D analyses they
will be useful to quantitatively relate downstream cellular responses (e.g. gene expression) to the
composition of this interface. Such understanding will allow bioengineers to fully exploit the
potential of biomaterials engineered on the molecular scale, by optimizing material chemical and
physical properties to a measurable set of interfacial parameters known to elicit a predictable response
in a specific cell population. This will facilitate the rational design of complex, multi-functional
biomaterials used as model systems for studying diseases or for clinical applications.
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Biomaterials Science: Correlating Material Properties to Biological
Responses

Research on cell-material interactions typically focuses either on materials chemistry,
fabrication and evaluation or on the biological response to the material in animal models or
tissue culture. Physical and chemical materials properties and biological responses can be
characterized rigorously using a variety of available methods. In contrast, there are few tools
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available to directly quantify cell-material interactions at the molecular level (e.g. the number
of bonds between cells and adhesion ligands). This is especially true when cells are
encapsulated into three-dimensional microenvironments (e.g. hydrogels), which are more
physiologically relevant to the biology of most cell types than standard monolayer culture
(Cukierman 2001). Thus, the biological response, as measured through changes in adhesion,
gene expression or other phenotypic factors, is often indirectly correlated with materials
chemistry or physical properties (e.g. elastic modulus) rather than related directly to parameters
of the cell-material interface (e.g. bond number). This approach is complicated by the large
number of inputs by sources other than the material (e.g. soluble stimuli) that may alter the cell
response to material cues (Figure 1). More importantly, it assumes that the cell-material
interface is static, despite evidence that cells actively rearrange the structure of the extracellular
matrix (ECM) during adhesion (Baneyx 2002, Kong 2005a, Krammer 1999, Discher 2005)
and migration (Ohashi 1999, Harris 1981).

Cells interact with adhesion substrates through a variety of mechanisms, including receptor-
ligand binding (Leckband 2001). Perhaps the best characterized set of receptors governing
receptor mediated cell adhesion to the extracellular matrix (ECM) is the integrin family (Hynes
2002), which interacts specifically with adhesion epitopes including the Arg-Gly-Asp (RGD)
sequence found in many natural ECM molecules (e.g. FN, Von Willebrand Factor; Wilson
2005, Pierschbacher 1984, Ruoslahti 1996). It is understood that biophysical and biochemical
parameters (e.g. surface charge, density of adhesion epitopes) of materials acting as cell
adhesion substrates affect a variety of biological responses, including cell shape, proliferation,
migration and gene expression (Folkman 1978, Lee 2001, Lutolf 2005, Cavalcanti 2006,
Harbers 2005, Kato 2004, Lee 2004, Maheshwari 2000, Massia 1991, Discher 2005, Engler
2004, Kong 2005a, Kong 2005b, Pelham 1997). However, because of the lack of tools available
to characterize the cell-material interface, it is unclear whether the aforementioned chemical
variables underlying these behaviors elicit cellular responses through common changes of
interfacial parameters.

Current work on biomaterials design typically focuses on modulating a specific material
characteristic (e.g. surface charge) and observing a biological parameter of interest (e.g.
proliferation), and this approach essentially treats the quantitative aspects of the cell-material
interfacial interaction as a black box. Understanding cell response in terms of quantitative
parameters of this interface between cell and ECM likely requires measurements of the number
of bonds found between receptors and adhesion peptide. It may also require quantitative data
on nanoscale rearrangement of the ECM via cellular contractile forces. Given a trend in
biomaterials fabrication toward increasing complexity and multi-functionality to exploit
various control points of the cell response to biomaterials chemistry (Lutolf 2005), such
understanding is likely essential in developing criteria for rational design. Methods for
quantifying the cell-material interface are especially important toward the design of three-
dimensional microenvironments (e.g. stem cell niches), for which ligand presentation can be
controlled but understanding of receptor-ligand interactions can currently only be done in a
qualitative fashion. In this article, we first review available approaches for engineering peptide
presentation by synthetic and natural ECM and current work to devise probes to characterize
the cell-material interface for 2-D systems. We then focus on the use of molecular fluorescence
phenomena, including fluorescence resonance energy transfer (FRET), which enable
measurement of various cell-ligand interaction parameters in three-dimensional systems.

Characterizing Ligand Presentation by Biomaterials
Tailoring Ligand Presentation on Cell Adhesion Matrices

The simplest way to present adhesion peptides from a biomaterial is to allow natural ECM
proteins to adsorb non-specifically to its surface. Cellular response (e.g. focal adhesion
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assembly, proliferation, differentiation) is modulated both by the concentration of adsorbed
protein and the surface chemistry of the substrate (Garcia 1999, Keselowsky 2005, Gallant
2005, Mooney 1995). The effects of surface chemistry on the conformation and adhesiveness
of adsorbed ECM proteins have been studied extensively and are reviewed elsewhere (Wilson
2005, Horbett 2004). The thickness and mass of the adsorbed layer can be quantified via
ellipsometry, and the chemical composition measured using X-ray Photoelectron Spectroscopy
(XPS; Horbett 2004). Presentation of adhesion epitopes by the adsorbed protein can also be
estimated using time-of-flight secondary ion mass spectrometry (TOFSIMS; Wang 2004).
TOFSIMS can be combined with imaging to quantify the spatial distribution of distinct
chemical epitopes on materials that are deliberately engineered to present patterned surface
chemistry to vary protein adsorption (Thomas 2002).

Native matrix proteins may also be presented to cells as three-dimensional hydrogels,
mimicking many tissues found in vivo. Using ECM derived from fibroblasts, Cukierman et
al. showed that the structure of adhesion plaques in adherent cells depended on the
dimensionality of these natural matrices: the adhesion plaques formed by cells adherent to cell-
derived hydrogel matrices were similar to the plaques found in tissues, whereas presentation
of the same chemical epitopes after mechanical flattening to make a 2-D matrix altered the
composition and structure of adhesion plaques (Cukierman 2001). Natural ECM are used
extensively for clinical applications (e.g. cosmetic surgery) and as substrates for cell adhesion
and migration studies. Some of the material properties relevant to cell response, such as fiber
alignment, can be quantified in such systems via scanning electron microscopy (SEM; Baker
2006).

There are significant drawbacks to the use of non-specific protein adsorption for studying cell-
biomaterial interactions in 2D. First, the initial conformation and density of adsorbed protein
is difficult to control. Second, the relative abundance of different proteins in the layer changes
with time due to competition amongst proteins for a limited number of surface binding sites
(e.g. the Vroman effect; Wilson 2005, Horbett 2004). Finally, cells may alter the protein content
of the absorbed layer by mechanically rearranging its contents and synthesizing their own ECM
molecules. The initial composition of adsorbed protein layers can be controlled by coating
surfaces with purified ECM components such as FN (Ingber 1990, Mooney 1995). The density
of the coated protein can be quantified by solvating protein labeled with radioactive isotopes
(typically 125I, Ingber 1990), or via immunoblotting (Wilson 2005, Garcia 1999). Exquisite
control over surface chemistry independent from substrate mechanics is provided by self
assembled monolayers (SAMs) (Prime 1991); the use of these engineered surfaces has
suggested that surface charge may modulate adsorbed FN conformation and interaction with
integrins (Keselowsky 2005, Gallant 2005). Similar concerns regarding compositional
variation in the naturally derived 3D matrices has motivated the development of more well-
defined systems to selectively combine defined ECM molecules (e.g. FN and fibrinogen) to
make three-dimensional matrices for adhesion and migration studies. (Midwood 2002).

Ligand presentation can be engineered in a more precise fashion using synthetic analogs of the
ECM. For example, biomimetic adhesion peptides can be adsorbed to surfaces to facilitate
receptor-mediated cell adhesion; studies using this approach have indicated that the RGD
peptide alone is insufficient for promoting spreading of some cell types (e.g. hepatocytes) that
spread and proliferate when adherent to FN (Hansen 1995). Adhesion peptides may also be
grafted to proteins that do not present adhesion epitopes but prevent surface adsorption of ECM
molecules (e.g. bovine serum albumin, BSA; Pierschbacher 1984), or by substrates that are
chemically modified to prevent protein deposition (e.g. glycophase glass; Massia 1991).
Peptides and matrix proteins can also be presented from well defined surfaces formed using
SAMs; if one of the components of the SAM is covalently attached to biomimetic peptides,
the surface resists both deposition of matrix protein and rearrangement of existing adhesion
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epitopes by cells, making the correlation between initial surface properties and cell response
more direct (Kato 2004, Roberts 1998).

Synthetic Extracellular Matrices based on Polymer Hydrogels
A popular approach in designing materials for medical applications (e.g. drug delivery and
tissue regeneration) is to engineer synthetic extracellular matrices (sECM) by combining
polymeric materials with biomimetic, integrin-binding peptides. Hydrogels are of particular
interest in this approach, as they resist non-specific protein adsorption, allowing integrin-
mediated cell adhesion to be specific to the peptides of interest (Lutolf 2005, Lee 2001, Rowley
1999). An additional advantage of using sECM based on hydrogel forming polymers such as
poly(acrylamide), poly(ethylene glycol) (PEG) and sodium alginate is that substrate
mechanical properties can be modulated independent of adhesion epitope presentation (Augst
2006, Lutolf 2005, Pelham 1997, Kong 2005a, Kong 2005b). The relationships between
mechanical properties, including elastic modulus and microstructural parameters such as
crosslink density are well understood and can be predicted based on well-established theories
(e.g. rubber elasticity) and tested with rheology (Lee 2001, Anseth 1996). Independent of
hydrogel mechanical properties, adhesion epitope type and structure can be modulated during
peptide synthesis (Harbers 2005, Kato 2004, Massia 1991). Thus, sECM can be used as model
systems to link the biophysical and biochemical properties of the ECM to cell responses such
as adhesion, migration, shape, proliferation and differentiation

Effects of Matrix Physical and Chemical Properties on Cellular Responses
Studies with synthetic and natural ECM have shown that these cellular responses are influenced
by several peptide presentation variables, including the density, type and structure of the
ligands, as well as their nanoscale organization (Cavalcanti 2006, Harbers 2005, Kato 2004,
Lee 2004, Maheshwari 2000, Massia 1991). The cell response has also been linked to the
mechanical properties of the sECM (Discher 2005, Engler 2004, Kong 2005a, Kong 2005b,
Pelham 1997) (Figure 2). Microscale parameters of substrate organization (e.g. fiber
orientation) also play a role in cell responses including migration (Guido 1993). Finally, soluble
byproducts of biomaterial fabrication (e.g. divalent cations used as crosslinkers) may effect
cell responses by modulating the activation state of integrins involved in adhesion to RGD
(Takagi 2002, Suehiro 2000, Rowley 2002). Nanoscale peptide organization (e.g. spacing
between epitopes) can be controlled in a statistically averaged fashion by varying the bulk
density of peptide grafted to substrate. Bulk peptide density can be decoupled from nanoscale
organization by mixing multivalent polymers modified with multiple peptides with unmodified
polymer (Maheshwari 2000, Lee 2004). Recently, nanopatterning methods have been
developed that allow more precise control over the nanoscale topography of adhesion epitopes
(Cavalcanti 2006, Lee 2002, Cherniavskaya 2005, Gu 2004).

Current Approaches for Characterizing the Cell-Material Interface
Measuring the Strength and Number of Bonds between Adhesion Ligand and Receptors

Variables in peptide presentation by ECM (e.g. peptide structure, nanoscale organization) and
substrate mechanical properties may differentially elicit cellular responses through interfacial
parameters (e.g. the number and strength of integrin-adhesion ligand bonds). The response may
further involve cellular traction forces, generated during rearrangement of ECM ligands, that
potentially correspond to intracellular stresses generated through the process of forming and
stabilizing focal adhesions (FA; Discher 2005, Kong 2005, Ingber 1990, Ingber 1994, Stupack
2002). One way to indirectly estimate bond number and strength is to measure the relative
force required to detach a population of cells from a biomaterial subjected to centrifugation or
shear (Harbers 2005, Garcia 1999, Gallant 2005, Maheshwari 2000). An excellent overview
on the use of physical techniques to analyze cell adhesion is provided by Curtis and Lackie
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(Curtis 1991). Recently, the ability of cells to act as crosslinks for peptide-modified hydrogels
has been exploited to estimate the number of bonds between RGD and integrin in three-
dimensional alginate sECM crosslinked by pre-osteoblasts (Lee 2003). However, in this case,
only the subset of polymer chains that bind to multiple cells cause a detectable change in the
elastic response of the cell-hydrogel composite.

Estimating either bond strength or number using mechanical approaches is complicated by the
complex, coupled relationship between bond number, bond strength and critical detachment
force. Theoretical prediction indicates that the kinetics of bond dissociation (koff) are sensitive
to forces applied to the bonds (Bell 1978). Furthermore, detachment of adherent cells depends
on collective interactions of many ligand-receptor pairs and dynamic changes in these
interactions during adhesion and detachment (Ward 1993, Merkel 1999, Dembo 1988).
Interactions between pairs of receptors (e.g. integrin clustering) also affect detachment
resistance (Gallant 2005). Measurement of adhesion in live cells using mechanical means is
further complicated by a strong dependence of integrin-mediated adhesion strength on cell
state and integrin activation (both being functions of soluble chemical stimuli as well as the
biomaterial substrate; Ingber 1994, Takagi 2002, Suehiro 2000).

In some cases, it is possible to quantify the amount of ligand actually bound to integrin through
biochemical means. Biochemical techniques that rely on antibody detection of integrins are
especially useful for these measurements due to the availability of antibodies engineered to be
specific to conformations of the integrin with bound ligand (Takagi 2002, Paszek 2005).
Through the use of crosslinking molecules that link integrin to ECM, and the selective use of
detergents that solubilize cellular but not ECM proteins, it is possible to quantify bound integrin
by Western blot or ELISA (Garcia 1999, Keselowsky 2005, Gallant 2005). This technique is
confined, however, to adhesion substrates in which diffusion of crosslinker into cell-matrix
contacts is not limited by pore size or reaction with scaffold, and may not be suitable to analyze
cell-ligand interactions in three-dimensional cell culture. This is also a destructive technique
that does not allow dynamic measurements. To simplify the measurement of bond strength, a
surface force apparatus has been used to measure the detachment force of a highly defined
system of receptors and ligands attached to alternate surfaces (Leckband 1995, Leckband
2001). The strength of single receptor-ligand bonds can also be probed in live cells using atomic
force microscopy (AFM; Kim 2003, Lehenkari 1999).

Analyzing and Manipulating Cell-Matrix Mechanics
Whereas techniques have been developed to estimate the number of cell-substrate bonds, it has
become increasingly apparent that cell-matrix mechanics play an active role in the cell response
to materials (Ingber 1994, Chen 1997, Discher 2005). Although it is currently unclear how
exactly these mechanical interactions are transduced into chemical signals within cells, several
potential mechanisms have been identified. It is also possible that cell-matrix mechanics may
influence the stability of cell-material bonds.

In addition to measurements of bond strength, AFM can also be used to probe the mechanics
of cellular and ECM deformation, and has been used in conjunction with molecular dynamics
simulations to suggest a role for force-induced unfolding of FN in cellular
mechanotransduction. (Oberhauser 2002, Krammer 1999, Bao 2003). Other tools can also be
used to quantify cell responses to extracellular mechanical forces, both to determine parameters
for physical models of cells and to probe effects of cell-matrix mechanics on intracellular
signaling (Bao 2003). A subset of these techniques involves external force application to the
integrins using beads coated with FN or RGD. Force can be applied to the beads using optical
tweezers or magnetic fields (Wang 1993, Jiang 2006). Experiments enabled by these tools have
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suggested a role for intracellular stresses in eliciting cellular responses (Tamada 2004, Ingber
1994).

Intracellular stresses can also be varied on a grosser scale by applying defined strains to the
adhesion substrate (Cunningham 2002, Putnam 1998); they can also be modulated indirectly
by varying the projected area over which cell spreading is permitted (Chen 1997, Singhvi
1994, Thomas 2001) or the compliance of the substrate (Perlham 1997, Kong 2005a, Kong
2005b, Brown 2005, Engler 2004). Varying intracellular stresses (and cell traction forces)
indirectly with these approaches affects cell migration, viability and gene expression. However,
in all these examples it is unclear if bond number is also changing, or is perhaps responsible
for some or all of the cellular response.

Because of complications in estimating cell-ligand bond strength and number via mechanical
detachment assays, engineering tools have been developed to facilitate non-invasive
observation of cell-mediated contractile forces exerted onto synthetic, two-dimensional
substrates. These measurements are presumably correlated to both the number of bonds and
the mechanics of the cell-matrix interface. The simplest of these tools, traction force
microscopy (TFM), involves embedding fluorescent beads into a material such as silicone
rubber and then observing displacement of the beads mediated by contractile activity of cells
growing on top of the substrate (Munevar 2001). Variants of TFM include microfabricated
cantilevers systems, micro-scale posts of adhesion ligands, or elastomers patterned with
fluorescent labels (Galbraith 1997, Balaban 2001, Tan 2003).

Characterizing Cell-Material Interactions with Fluorescence
Fluorescence is widely used to study cell signaling and protein-protein interactions. Many
intracellular processes relevant to cell-material interactions, including focal adhesion (FA) and
cytoskeletal assembly, are studied using fluorescence microscopy (Lichtman 2005).
Fluorescence is also useful to quantify adsorption of ECM components to surfaces (Model
1999). Implicit advantages of fluorescence over other methods for quantifying changes in ECM
and cellular proteins associated with cell-ECM interactions is the ability of fluorescence
microscopy to observe a wide variety of processes, and the simplicity involved in using
fluorescence instrumentation. These advantages have made such instruments (e.g.
epifluorescence microscopes) nearly ubiquitous in biomaterials and cell biology laboratories,
in contrast to more specialized equipment like AFM and surface force apparatus. Fluorescence
is an optical phenomenon through which energy imparted onto valence electrons in a molecule
by photon excitation decays via emission of lower energy (high wavelength) photons
(Lakowicz 2006, Lichtman 2005). Typically, the fluorescent probes used in biological studies
are small organic molecules (e.g. fluorescein, rhodamine); however, some proteins exhibit
sufficient fluorescence to be used as probes (e.g. green fluorescent protein, GFP) (Giepmans
2006). Recently, the unique quantum properties of semiconductor nanoparticles (e.g. quantum
dots) have been applied to develop novel fluorescent probes with high photoluminescence and
emission stability (Chan 1998).

In conventional fluorescence microscopy (useful for making observations of 2D systems),
objects in the x-y plane are separated with a resolution up to about 200nm, whereas objects in
the z-plane are convolved together. In confocal microscopy, each z-plane slice can be resolved
and the optical sections reconstructed to form the object using appropriate image processing
software, allowing analysis of relevant processes in cells studied in 3D microenvironments
(e.g. hydrogels). Because of the high Signal-to-Noise Ratio (SNR) and working range of
fluorescence, fluorescence microscopy can be combined with computational image processing
techniques, allowing this modality to be used to produce both qualitative and quantitative data
on the location, activation kinetics and transport of biomolecules (Miura 2005).
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Immunofluorescence
In immunofluorescence (IF), proteins of interest are imaged via fluorescently-tagged
antibodies or other molecules with which the protein interacts specifically and with high
affinity (e.g. rhodamine labeled phalloidin). Because it is antibody-based, IF facilitates analysis
of the conformation and topography of adsorbed proteins and of the bio-availability of
antibody-binding epitopes (Wilson 2004, Grinnel 1982). Characterizing adhesion epitope
bioavailability in this fashion may be particularly useful in understanding the synergistic effects
of non-adhesive proteins such as osteopontin in promoting integrin mediated adhesion to
epitopes of FN (Koblinski 2005). IF is used extensively to characterize both the behavior of
proteins involved in FA assembly, including integrins, as well as downstream signaling (e.g.
changes in gene expression). Like biochemical techniques (e.g. Western Blot, ELISA)
involving antibodies, IF can distinguish between integrin activation states or structural changes
in other molecules relevant to signaling (e.g. phosphorylation) (Galbraith 2002, Paszek 2005,
Takagi 2002).

A drawback to traditional IF is that it provides static snapshots of cells and ECM, which may
underestimate the kinetics involving FA formation, integrin clustering and cell-mediated ECM
rearrangement – more specifically, IF can capture the evolution of cell behavior (e.g. net
displacement in cell migration assays) but is not useful for observing dynamic perturbations
that provide useful information regarding cell-ECM interactions. Dynamic analyses of these
phenomena are facilitated by non-invasive imaging modalities, including optical coherence
tomography and second-harmonic generation imaging (Friedl 2004). In some cases it is
possible to perform live IF by introducing proteins exogenously labeled with synthetic
fluorophores, although there is the potential that this method of labeling may interfere with
adhesion epitope presentation (Keppler 2004). This strategy has been used to analyze
recruitment of rhodamine-labeled vincullin into FA by smooth muscle cells as a result of cyclic
strain (Cunningham 2002). It is also possible to probe the kinetics of receptor-ligand binding
in solution by combining fluorescently labeled ligands with flow assisted cell sorting (FACs;
Chigaev 2001, 2003). This strategy has been used to demonstrate the ability of divalent cations
(e.g. Ca2+ and Mn2+) to modulate the activation state of α4-integrin in leukocytes (Chigaev
2001), which affects their affinity (e.g. KD) for adhesion peptides. Some fluorescent molecules
have been engineered to change their excitation/emission characteristics in response to Ca2+

concentrations; these dyes have been used to study the effects of applied force on the activity
of mechanosensitive calcium-ion channels (Munevar 2003).

Genetic Labeling with Green Fluorescent Protein Chimeras
To overcome potential limitations associated with synthetic fluorophores, signaling or target
proteins can be genetically labeled with GFP using vectors that introduce DNA expressing the
GFP-fusion chimera into cells of interest (Giepmans 2006). GFP-tagging has been used
extensively to monitor dynamics of intracellular FA components (Kirchner 2003, Wiseman
2004, Laukaitis 2001) and of ECM components responding to cell adhesion and migration
(Ohashi 1999). GFP can also be used as a marker to quantify cells and identify morphological
features; this may be particularly useful for studying cell migration in three-dimensional
engineered tissues, wherein cells may be difficult to identify using light microscopy (Blum
2004, Lee 2005). GFP-chimeras for a variety of proteins involved in cell-material interaction
and FA formation, including α5-integrin, paxillin and vincullin have been developed (Laukaitis
2001, Zamir 1999). Another advantage of genetic labeling is that GFP-tagged proteins can be
combined with engineered adhesion matrices to simultaneously observe cell-mediated changes
in ECM structure and ECM-mediated changes in the dynamics of FA formation; for example,
patterned elastomers can be combined with GFP-vinculin chimeras to correlate cell traction
forces with FA localization, size and orientation (Balaban 2001). The same GFP chimera was
used to show that FA localization and formation was correlated to mechanical forces applied
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to integrin-bound beads via optical tweezers (Galbraith 2002). GFP-tagged α5-integrin, paxillin
and α-actinin have also been used together with a statistical image processing technique, image
correlation spectroscopy (ICS), to analyze intracellular transport of these FA components from
the trailing to the leading edge of migrating fibroblasts; this work indicated that α5-integrin
and paxillin existed in a complex throughout those cells (Wiseman 2004).

Using FRET as a Molecular Ruler
Although conventional microscopy provides quantitative information regarding both cells and
their matrix, the spatial resolution limit of 200nm prohibits protein-protein interaction from
being directly observed with conventional microscopy; these nanoscale interactions can be
observed through optical phenomena including fluorescence quenching and fluorescence
resonance energy transfer (FRET). Because these fluorescence phenomena provide molecular
information through relatively common instrumentation, FRET and fluorescence quenching
are widely used by cell biologists to study intermolecular interactions (Lichtman 2005,
Lakowicz 2006); these phenomena also have the potential to be useful in the analysis of cell-
material interfacial parameters. By providing a means to quantify cell-material interactions,
FRET and other optical phenomena have the potential to illuminate what has formerly been a
black box in biomaterials design.

FRET is a form of non-radiative energy transfer between two fluorescent molecules (Lakowicz
2006). The potential for FRET to occur depends in a non-linear fashion on the distance between
these molecules (Box 1) and can be used as a “molecular ruler” to quantify this nanoscale
distance (useful for mapping protein structures; Lakowicz 2006, Stryer 1967). FRET is
experimentally useful for two reasons: first, the quantum mechanical and optical properties of
many synthetic fluorophores and GFP variants (i.e. CFP, YFP) dictate a Förster radius, where
the efficiency of energy transfer is 50% efficient (Box 1), in the range of 20–100 Å, the distance
over which molecular interactions occur. Second, because the range over which FRET can be
observed is very narrow (due to the non-linear dependence of energy transfer efficiency on the
6th power of the distance between molecules involved in the energy transfer), positive
observation of FRET can be used to track protein-protein interactions in a semi-quantitative
fashion. Unlike IF measurements of co-localization, FRET has sufficient resolution to allow
definitive observation of protein interactions, rather than mere proximity. Unlike other optical
phenomena like quenching and excimer formation, FRET occurs over a small enough distance
that it does not involve the solvent shell around donor and acceptor, and hence is relatively
insensitive to many solvent properties as well as sample geometry (Lakowicz 2006).
Techniques for quantifying FRET based on analysis of fluorescence spectra or images are
discussed in Box 2.

In biomaterials engineering, peptide presentation variables are altered without a direct
measurement of the number of bound adhesion ligands; this information would be useful
toward understanding how the ECM modulates integrin-ligand interactions. To address this
issue, FRET has been used to estimate the number of bonds, Nb between RGD and integrin
receptors of pre-osteoblasts encapsulated in three-dimensional alginate sECM (Figure 3)
(Kong 2006). These measurements have indicated that the efficiency with which cells bind to
adhesion ligand varies not only with regard to ligand density (as one might expect) but also
with regard to matrix mechanical properties and cellular contractility, as controlled by drug
treatment (Kong 2006, unpublished data). Whereas it is typical to assume that Nb is a simple
function of adhesion ligand density, these data suggest that other variables in the cellular
microenvironment, including nanoscale peptide presentation and ECM mechanics, modulate
availability or binding of ligand to cell receptors.
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Structural biologists have used FRET to map biomacromolecules and determine how the
structure of proteins (including FN) is affected by various solvents (Lai 1993). Recently, this
approach has been adapted to quantify structural changes of ECM components used as cell
adhesion substrates, as semi-quantitative energy transfer measurements can estimate
conformational changes in FN upon its interaction with various surfaces (Baneyx 2001, Baugh
2004). This technique can also quantify structural changes in FN stemming from acto-myosin
mediated contractility of ECM by adherent cells (Baneyx 2002). These experiments indicated
that treatment of cells with Cytochalasin D, an inhibitor of actin filament polymerization,
decreased traction-mediated stretching of FN. The nanoscale clustering of RGD by pre-
osteoblasts grown on the surface of sECM has also been quantified with FRET. In these studies,
the efficiency of energy transfer was used to simultaneously estimate the nanoscale
rearrangement of adhesion peptides and the relative force, F, cells exerted to cluster RGD-
integrin complexes during FA formation (Figure 3). These force estimates, but not the degree
of RGD clustering, were correlated to both cell viability and differentiation (Kong 2005a).
Cellular traction forces are correlated to intracellular stresses; these stresses could be
quantitatively estimated from F using various models of cellular mechanics (Bao 2003).

Ligand binding is also sensitive to soluble chemical stimuli in the cellular microenvironment,
as these signals mediate changes in integrin activation (Takagi 2002). Various cations strongly
affect the affinity of α4-integrin for adhesion peptides, as determined using FACs. Recently,
this approach was combined with measurements of FRET between fluorescent peptides and
cell membrane labeled with a FRET acceptor to estimate integrin activation state in real-time
(Chigaev 2003).

FRET is also used to monitor dynamics of protein interactions in live cells via GFP-fusion
chimeras with different spectral properties (e.g. YFP or CFP, Giepmans 2006). It has been
recently used to monitor tyrosine phosphorylation of FA proteins including focal adhesion
kinase (FAK) and paxillin during FA formation (Ballestrom 2006). FRET has also been used
as a sensor for mechanotransduction via phosphorylation of Src in endothelial cells subjected
to force from optical tweezers (Wang 2005). In this study, a synthetic protein substrate for
activated Src containing CFP/YFP domains was developed that underwent homoFRET (FRET
within the same molecule) in the native state, but not when the substrate was unfolded following
phosphorylation by activated Src. This allowed real-time analysis of a signaling cascade
involved in response to the cell-material interaction. FRET is also used extensively to monitor
the dynamics and structure of the cell membrane and its protein constituents (Krishnan
2001).

FRET measurements can also be used to measure dissociation of intermolecular complexes,
such as those formed by DNA and polycations like poly(ethylene immine) (PEI), which are
commonly used as vehicles for non-viral gene delivery (Kong 2005b, Itaka 2002). Although
the efficiency of gene transfection can be measured via expression markers (luciferase, GFP),
the efficiency of gene expression is affected by factors other than the efficiency with which
the vector is taken up by cells; thus, FRET provides direct and distinct measurements of both
uptake and complex stability that can be used to calculate the efficiency of gene delivery,
irrespective of the capability of the cell to express protein encoded by delivered DNA (Kong
2005b). FRET has also been used to monitor the stability of growth factor in an ex vivo model
of arterial tissue to determine whether or not degradation of this molecule is of concern in
design of drug eluting stents (Wu 2004). Advancements in biophysical spectroscopy have
recently enabled the combination of FRET with fluorescence correlation spectroscopy (FCS),
a technique that uses statistical information on particle movements to identify molecular
interactions and transport mechanisms (Eggeling 2005, Remaut 2005). Combining FRET with
FCS may be advantageous in situations where the concentration of the molecule of interest
(e.g. anti-sense DNA) is extremely low (Remaut 2005). Similar approaches to those mentioned
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here could be used to monitor stability of a propeptide or pro-drug in cells by labeling
alternative ends of a single molecule with donor and acceptor; as in the above studies,
dissociation of the pro-molecule would decrease the measured energy transfer. In combination
with intravital imaging systems, that have recently been used for in vivo FRET and fluorescence
liftetime emission (FLIM) imaging (Stockholm 2005, Garcia-Alloza 2004) this approach may
be useful for analyzing delivery of complex, macromolecular drugs.

Fluorescence can also be used to track cell migration and cell-mediated degradation of sECM.
Dye quenched fluorogenic substrates have been linked to PEG-based hydrogels crosslinked
with an MMP-degradable peptide to monitor changes in crosslink density during cell migration
(Lee 2005). Monitoring the trajectory of migrating cells in this fashion may provide insight
into variables of adhesion ligand presentation and matrix mechanics that affect cellular taxis
within three-dimensional matrices; this may be particularly useful if fluorescence dequenching
is combined with micropatterning techniques used to create gradient hydrogels (Burdick
2004). Excimer formation, a phenomenon that, like FRET, depends on energy transfer between
molecules, has been used to track changes in the proximity of pyrene molecules attached to
polymer in hydrogels; these measurements were correlated to the crosslink density of the
hydrogel non-invasively. This approach may be useful in evaluating the structure of
biomaterials based on self-assembled peptides or polymers and in monitoring cell-mediated
hydrogel degradation in situ (Kong 2003,Silva 2004).

In the studies of bond number and adhesion epitope clustering, FRET has proven useful in
quantifying cell-material interaction parameters on the scale of single cells and large
populations in both 2D and 3D cellular microenvironments. Furthermore, this technique is
adaptable to a wide variety of instrumentation, including fluorescence spectroscopes,
conventional, total internal reflection (TIRF) and confocal fluorescence microscopes, and
FACs. In terms of downstream biological responses such as differentiation or viability,
measurements of Nb and F provide direct estimates of the degree of activation of intracellular
signaling cascades based respectively on integrin-ligand bond number (Asthagiri 1999,
Stupack 2002) and cell-matrix mechanical interactions (Ingber 1994, Discher 2005).

Using Quantitative Measurements of Cell-Material Interactions as Criteria for
Biomaterials Engineering

The ultimate goal of directly characterizing receptor-mediated cell-material interactions is to
develop criteria for the rational design of biomaterials for tissue engineering and drug delivery
on both the micrometer and nanometer scales. Measuring relevant parameters of the cell-
material interface (e.g. number cell-sECM bonds, along with cellular rearrangement of the
matrix) as functions of biomaterial fabrication parameters (e.g. peptide structure, crosslink
density) may lead to a quantitative understanding of how Nb and F, and changes in these
quantities with time, may be varied through materials chemistry and physical properties. In
turn, optimal cell responses can be determined as mechanistic consequences of parameters such
as Nb and F, rather than as empirical correlates to biomaterial fabrication parameters.

Engineering analysis and modeling is becoming increasingly important in understanding
complex biological systems and in design of biomaterials for regenerative applications
(Lauffenburger 1993). In that vein, several groups have incorporated modeling of peptide
presentation by synthetic matrices such as RGD-modified polymer hydrogels to analyze cell
adhesion, migration, proliferation and differentiation in terms of the nano-scale distance
between adhesion ligands (Comisar 2005, Irvine 2002, Brinkerhoff 2005). Others have used
modeling to predict the effects of matrix compliance on cellular organization in the context of
tissue formation (Bischofs 2006). In both cases, predictions of bond affinity, structure and
intracellular stress sensing are linked to experimentally observed downstream response, rather
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than initial adhesion. The ability to measure quantities such as Nb and F may lead to unified
models of the cell-material interface that incorporate both biochemical (peptide presentation)
and biophysical (matrix mechanical properties) information across multiple spatial and
temporal scales. Such models would uncover basic knowledge of how cells receive information
from their extracellular microenvironment and may facilitate the fabrication of multi-
functional biomaterials based on a rational set of design criteria, rather than empirical
correlations. In turn, this type of engineering approach may improve the ease of manufacturing
and the clinical utility of multi-functional biomaterials for applications in basic science and
clinical technology.

Box 1: Principles of FRET Relevant to Cell-Biomaterials Interactions

In FRET, the energy associated with photon excitation in one molecule (the “donor”) is
shared with a nearby molecule (the “acceptor”) through dipole-dipole coupling. The energy
shared by dipole coupling is proportional to the cube of the distance, r, between dipoles,
and the probability that this energy is transferred from donor to acceptor is proportional to
the square of the energy (Förster 1948, 1959). Thus, the rate of FRET (kT) between donor
and acceptor is proportional to r6. The prefactor for determining kT(r6) is related to several
quantum mechanical and optical properties of the two molecules, including the relative
orientation of the dipole moments in each molecule and the refractive index of the medium:
(Förster 1948, 1959).

kT (r) = Qκ 2

τDr 6 ( 9000 ln (10)

128π5Nn4 )J (λ) (Equation 1.1)

Where κ describes the relative orientation of dipoles, n the refractive index of the medium,
Q the quantum yield of the donor in the absence of acceptor, τD the lifetime of the excited
state of the donor in absence of the acceptor), and J(λ) describes the degree of spectral
overlap between donor emission and acceptor excitation

J (λ) = ∫
0

∞

FD(λ)εA(λ)λ 4dλ (Equation 1.2)

Where λ is the wavelength (nm), FD(λ) the donor emission as a function of λ, εA(λ) the
extinction coefficient of the acceptor, and N Avagadro’s number. The physical parameters
of the fluorophores can be represented by the Förster radius R0, defined experimentally as
the separation distance at which energy transfer is 50% efficient; this simplifies equation
1.1 (Equation 1.3).

kT = 1
τD

( R0
r )6 (Equation 1.3)

The efficiency of energy transfer is described by Equation 1.4:

ψ =
kT

τD
−1 + kT

=
R0

6

r 6 + R0
6

(Equation 1.4)

Qualitatively, during FRET, one should observe a decrease in emission intensity of the
donor and an increase in the intensity of the acceptor (Figure 1.1). Quantitatively, the
simplest way to estimate Ψ is by the reduction in the lifetime of the excited state of the
donor (D, often measured via reduction in steady-state donor emission intensity) when
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acceptor is present as compared to donor emission in a control sample that does not contain
acceptor (D0) (Equation 1.5).

ψ = 1 − D
D0

(Equation 1.5)

This calculation assumes that decay of donor emission through means other than FRET is
equally probable in the donor control sample and the experimental sample. FRET can also
be estimated by comparing the ratio of emission from the acceptor to emission from the
donor (Baneyx 2002), or through the increase in acceptor emission in the presence of the
donor (Lakowicz 1999/2006). When analyzing FRET data obtained from cells interacting
with materials, it is especially important that each experimental condition be matched with
a control involving the exact same conditions (except for the presence of acceptors), as
variables used to alter the parameters of interest (e.g. crosslink density) may also affect the
R0 by changing the refractive index of the medium; further, various drug treatments may
affect the solvent environment of the donor and thereby change the lifetime of its excited
state. However, if the appropriate control experiments are performed, changes in energy
transfer are insensitive to solvent affects (Lakowicz 2006).

Because of the requirement that the spectral overlap between donor and acceptor, J(λ), be
significant (Equations 1.1 and 1.2), FRET imaging is made more difficult by significant
spectral bleedthrough (excitation of the acceptor by the wavelength of light used to excite
donor, and emission of the donor at wavelengths associated with acceptor emission). To
quantify the molecular interactions in the face of this complication, one can employ data
processing techniques such as linear unmixing (Box 2). Another option is to directly
measure the lifetime of the excited state of the donor by fluorescence lifetime imaging
(FLIM). Lifetime measurements are independent of both fluorophore concentration and
excitation intensity (Periasamy 2001, Lakowicz 2006). Instead, excited state lifetimes are
sensitive to fluorescence lifetime, which depends on the solvent environment of the
fluorophore and intermolecular interactions (e.g. FRET; Bacskai 2003).

Box 2: Interpretation and Analysis of FRET Experiments

Although all the metrics described in Box 1 reflect what should theoretically be observed
when FRET occurs, it is often difficult in practice to isolate the FRET component of acceptor
emission. The requirement for spectral overlap between donor and acceptor fluorophores
(Equations 1.1 and 1.2) necessitates significant spectral bleedthrough (excitation of the
acceptor by the wavelength of light used to excite donor, and emission of the donor at
wavelengths associated with acceptor emission). There are two sets of strategies available
for separating the components of donor and acceptor emission due to FRET from those
occurring due to spectral overlap or quenching. One set of strategies, developed by Gordon
et al., involves subtracting out the bleed-through components and estimating Ψ based on
the emission of control samples (containing only donors or only acceptors); since it involves
an empirical calibration specific to the particular instrument used for data acquisition, the
Gordon method has the advantage of being useful in conventional (as well as confocal)
fluorescence microscopes (Gordon 1998).

A more sophisticated means of estimating Ψ, which may be more useful in situations where
the expected SNR is lower, is spectral unmixing. The emission and excitation spectrum of
any sample is assumed to be a function of the spectra of its constituents; under ideal
conditions of low concentration, it is typical to assume that the output is a linear combination
of each constituent, thus allowing the use of relatively simple algorithms to estimate the
relative concentration of each fluorescent constituent in a sample (i.e. linear unmixing,
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Zimmermann 2005, Neher 2004, Ecker 2004); for FRET measurements, Ψ could be inferred
by a relative decrease in relative concentration of donor in the presence of acceptor. Since
it is based on the spectral content of fluorophores, linear unmixing requires an instrument
capable of isolating spectral signatures from fluorophores (e.g. a spectroscope or a
microscope equipped with spectral imaging hardware and software). Whereas the Gordon
method discards much of the information on donor and acceptor emission, linear unmixing
uses more energy of the signal to calculate Ψ and therefore is more sensitive.

Traditionally, the single distance model (first proposed by Förster, Equation 1.4) is used to
estimate the separation between donor and acceptor based on estimated degree of energy
transfer. Strictly speaking, this equation is valid only under the following conditions: 1)
distance between donor and acceptor is constant for the duration of the measurement; 2)
fixed distance between donor and acceptor within all molecules from a measured
population; 3) no energy transfer between donors; 4) the number of excited acceptors is
much smaller than the number of acceptors in the ground state. When these conditions are
met, the net rate of energy transfer is the linear sum of the energy transfer for all donor-
acceptor pairs. In practice, it is difficult to satisfy all these criteria, particularly when the
desired application involves live-cell imaging. Conditions 1 and 2 are strictly satisfied only
in situations where donor and acceptor are attached to specific points of a rigid molecule.
Condition 3 is violated by many common fluorophores, including fluorescein and
rhodamine (Lakowicz 2003). Since energy transfer between donors, or autoRET, exhibits
the same distance dependency as FRET, it may be controlled by optimizing the
concentration of donor fluorophore within a particular experimental system (e.g. a lower
concentration of donors leads to a diminished probability of autoRET).

Depending on how large the difference between experimental and these ideal conditions,
more sophisticated calculations than the single distance model may be appropriate. For
example, if FRET occurs between two labels on the same molecule for which the total
concentration is relatively high (but not high enough to elicit autoRET), the distance
between donor and acceptor in a flexible molecule is assumed to follow a normal
distribution. When there is a chance of interaction of multiple donors with multiple
acceptors, as is the case for FRET measurements made when both donor and acceptor are
embedded into membranes (Lakowicz 2006, Periasamy 2001), it may be necessary to apply
some of the more sophisticated analytical and numerical solutions to estimate the degree of
energy transfer in two-dimensional systems (Zimet 1995, Fung 1978, Wolber 1979). The
Förster radius is typically calculated assuming randomization of the orientation of donor
and acceptor dipole moments (κ = 2/3); forces used to create aligned micro-environments
(e.g. collagen hydrogels where fibers are poled by magnetic fields; Guido 1993) may exert
forces on donor and acceptor fluorophores that yield non-random dipole moment
orientations, in addition to exhibiting directionally anisotropic R0 due to changes in
refractive index. The Förster radius for fluorophores in an aligned system could be estimated
by comparing measurements of energy transfer that were expected to be identical between
the aligned gel and a non-aligned gel.
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Figure 1. Biophysical and Biochemical Variables Affecting Cell Phenotype
Cell responses (e.g. proliferation, gene expression) are modulated by the interface between cell
and ECM, which is affected by the presentation of adhesion ligands and the physical properties
of the matrix (e.g. compliance). However, cell responses are also affected by soluble chemical
factors (e.g. cytokines, growth factors), physical forces (e.g. cyclic strain) and signals from
other cells, which may be mechanical or chemical (e.g. paracrine growth factors) in nature.
Signals from one source (e.g. soluble chemicals) influence the manner in which signals from
other sources (e.g. ECM) are integrated by cells, further complicating correlations between a
single material chemical or physical parameter and complex cellular responses in vitro or in
vivo.
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Figure 2. Controlling Peptide Presentation Variables with Materials Chemistry
2.a: Adhesion epitope can be varied by changing the amino acid sequence of the biomimetic
peptide (e.g. RGD vs. YGSIR). 2.b: Peptide structure can also be varied during synthesis, for
example to present the same peptide sequence as either a linear or cyclic peptide. The cyclic
peptide more closely resembles the conformation of the RGD sequence found in FN. 2.c: The
nanoscale organization of the peptide can be isotropic, as shown on the left, or anisotropic,
such that the adhesion epitopes (e.g. RGD) is presented in concentrated clusters rather than
evenly distributed on the nanoscale. Anisotropic ligand presentation can accomplished by
mixing a multivalent polymer attached to multiple epitopes with unmodified polymer.
Presenting peptides in an anisotropic fashion allows one to decouple the nanoscale spacing
between individual peptides and their microscale density.
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Figure 3. Fluorescent Resonance Energy Transfer as a probe for cell-material interactions
3.a: Mammalian cells adhere to alginate sECM exclusively through biomimetic RGD peptides
(DIC image). 3.b–c: RGD peptides are separately coupled to donor (e.g. carboxyfluorescein)
or acceptor (e.g. tetramethylrhodamine) succinimidyl esters via a lysine residue on the peptide.
The solutions of alginate are mixed at an equal ratio and crosslinked. Cellular clustering of
fluorophore-coupled RGD peptides presented by alginate sECM can then be monitored by
FRET, through reduction in the emission of the green donor (3.b) and corresponding increase
in emission of the acceptor (3.c) given excitation of the donor. The donor emission was
estimated by sub-dividing the image into a grid and quantifying the number of pixels (per grid
subunit) in the green emission channel exceeding an intensity threshold using ImageJ; the
degree of energy transfer was calculated by comparing the estimate of donor emission to the
donor emission from a control that lacked tetramethylrhodamine tagged RGD according to
Equation 1.5. Regions of cells with the greatest degree of contractility (e.g. edges) were found
to have the highest degree of energy transfer. The relative force used to cluster peptides can
be estimated from the FRET measurement assuming that the mean initial distance between
RGD peptides on separate alginate chains is equal to the radius of gyration of alginate in
solution (Kong 2005a). 3.d–e: Integrin-RGD bond formation for cells encapsulated into three-
dimensional RGD-modified alginate sECM can be monitored via energy transfer from a
membrane-embedded fluorescein-tagged lipid analog (donor) and fluorophore
(tetramethylrhodamine) attached to RGD (acceptor). When the acceptor is absent, there is
minimal emission of the acceptor (3.d). Energy transfer is also inhibited if integrin receptors
are saturated with unlabelled, soluble RGD prior to encapsulation, confirming that energy
transfer is specific to RGD-integrin bonds (Kong 2006). In contrast, when the acceptor is
present, there is marked reduction in green emission and corresponding increase in red emission
at the cell-material interface (3.e) (unpublished data).
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Figure 1.1. Indications for and Observations During FRET
1.1a: Conditions required for FRET: overlap of the emission spectrum of the donor (“D”) and
excitation spectrum of the acceptor (“A”) described by overlap interval J(λ). The overlap
integral shown is for the fluorescein-rhodamine pair. 1.1b: Qualitative results of FRET are
shown: as the distance r separating the donor and acceptor is decreased, the relative emission
of the donor decreases while the emission of the acceptor increases.
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