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Cells respond to a variety of stimuli, including biochemical, topographical and mechanical signals
originating from their micro-environment. Cell responses to the mechanical properties of their
substrates have been increasingly studied for about 14 years. To this end, several types of materials
based on synthetic and natural polymers have been developed. Presentation of biochemical ligands to
the cells is also important to provide additional functionalities or more selectivity in the details of cell/
material interaction. In this review article, we will emphasize the development of synthetic and natural
polymeric materials with well-characterized and tunable mechanical properties. We will also highlight
how biochemical signals can be presented to the cells by combining them with these biomaterials. Such
developments in materials science are not only important for fundamental biophysical studies on cell/
material interactions but also for the design of a new generation of advanced and highly functional
biomaterials.

1. Introduction
Our body contains several types of tissues (skin, bone, cartilage.) whose mechanical and biochemical properties depend on
their composition. Tissues are composed of cells embedded
within an extracellular matrix (ECM) made of proteins, polysaccharides, and other bioactive molecules such as growth
factors. The field of tissue engineering, which consists in recreating new tissues by means of a combination of engineering, cell
biology and materials, was pioneered about 18 years ago by
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Langer and colleagues from MIT.1 A goal of biomaterials
scientists is to design biocompatible scaffolds in which cells can
adhere, proliferate, differentiate and synthesize their own matrix
to regenerate tissue. Molecules promoting cell adhesion have
already been included in the design of biomaterials, as it is known
that many cells need to adhere for their survival.2
More recently, other parameters like mechanical properties of
biomaterials3,4 and delivery of growth factors5 have also been
taken into account. On the other hand, biophysicists have long
been studying the process of cell adhesion6,7 and the cell’s
mechanical properties. Cell aggregates and tissues have begun to
be studied.8 To this end, several characterization techniques have
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been adapted to soft biological materials, including micromanipulation, microrheology9 and nano-indentations.
How the cells exert forces on to a substrate and how these
forces are transmitted at the molecular level inside the cells are
key questions, which have been and are still being investigated.
Such questions are tackled by a wide range of investigators, from
a cell biology point of view to a mechanical point of view.7,10
This has also led to the development of new materials that
would, ideally, make possible independent variation in
mechanical and biochemical properties. If surface properties of
the materials are taken into consideration, they are viewed as 2D
materials and cells will interact with them from their basal side.
In the case of hydrogel materials, their bulk (volumic) properties
are important, as the cells embedded in the hydrogel are fully
surrounded by it.
We are now entering a new era where the 3rd dimension is more
and more taken into account. In this context, forces in 3D are
starting to be measured. However, it is important to underline that
both 2D and 3D studies of cell/material interactions are required,
as these studies will provide complementary information.
Although the two scientific communities of biomaterials
scientists and biophysicists have different goals and different
experimental approaches, they nevertheless share a common
interest in designing materials with well-defined mechanical and
biochemical properties. For biomaterials scientists, these may
serve as new scaffolds to control cell fate and tissue regeneration.
For biophysicists, they may be used as a toolbox to decorticate
and understand the specific effects of different environmental
signals on the cell. Until recently, cell biologists commonly used
glass substrates or tissue culture polystyrene substrates to
investigate cell behavior. Commercial products of model basement membrane-like ECM such as Matrigel are also used and
have become popular in cancer cell biology. Matrigel is
composed of mainly laminin-111, collagen IV, heparan sulfate
proteoglycan, entactin/nidogen, and various growth factors
(fibroblast growth factor, transforming growth factor beta,
epidermal growth factor, etc.) but is poorly defined. Even though
it contains natural biomolecules, it cannot be used to identify the

role of specific parameters on cell behavior and to modulate them
in a controlled manner.
In this review, we will be writing from a materials point of
view. First, we will give an overview of the different types of
materials, including synthetic and natural ones, which have been
developed for their tunable physical/mechanical and biochemical
properties (Table 1).
We will focus on the advances made in the design of 2D and 3D
polymeric materials with well-defined mechanical and biochemical properties (Fig. 1). We will discuss the range of mechanical
properties, depending on type and composition of the material.
We will also present different ways of providing them
a biochemical functionality. Two main strategies of functionalization are usually employed: covalent coupling or physical
adsorption of the bioactive molecules (entire proteins, fragments
or peptides). The coupling strategy is often required for synthetic
materials, which do not have any natural interaction with
biomolecules. Conversely, natural materials that exhibit low and
high affinity interactions with ECM proteins and growth factors,
can be favorably exploited to present these stimuli.
The third important aspect concerns spatio-temporal properties of the materials, especially spatial control of stiffness or of
ligand presentation. For more information on these aspects, the
reader is referred to very interesting recent reviews, which adopt
either a ‘‘cell point of view’’11 or a ‘‘biomaterials point of view’’.12
Finally, the paper will end with some concluding remarks and
a short outlook.

2. 2D and 3D materials used for mechano-sensitivity
studies
Polymeric materials have been developed both by biophysicists
and biomaterial scientists. Controlling and modulating their
Table 1 Summary of the main properties of synthetic and natural
materials, from 2D to 3D materials, which are used in mechano-sensitivity studies. This includes their physical/mechanical and biochemical
properties. Their main disadvantages and advantages are also given. (PA:
polyacrylamide; PDMS:polydimethylsiloxane, PEG:polyethylene glycol,
PEM:polyelectrolyte multilayer film)
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Pa to hundred MPa, depending on the material (Fig. 2A).
Indeed, this is in the physiological range of cell and tissue stiffnesses (Fig. 2B). It has to be noted that, very often, the strategies
employed for modulating mechanical properties also involve
changes in the nature or density of the chemical bonds within the
materials. Unfortunately, it is simply impossible to fully
decouple both. The main strategies for creating ionic or/and
covalent crosslinks in polymeric materials are summarized in
Fig. 3. Incorporation of nano-objects has also been shown to
stiffen a polymeric material. However, this method has never
been applied in the context of the 2D or 3D materials used for cell
mechano-sensitivity studies. Here, we will distinguish between
synthetic materials and natural materials, which are made of
naturally occurring biomolecules. The main physical/mechanical
and biochemical properties, advantages and drawbacks of these
two types of materials are summarized in Table 1.
Fig. 1 Scheme presenting the possibilities of control of the cell microenvironment using engineered materials: mechanical properties with
typical variation in elastic moduli from a few Pa to tens of MPa;
biochemical properties obtained by adsorbing or grafting entire proteins,
protein fragments as well as peptides; spatio-temporal properties, e.g.
hydrolytically degradable materials or controlled presentation of ligands
by nano and micropatterning.

biochemical and mechanical properties is one of the current
challenges, ideally aimed to achieve simultaneous and independent control of each of these properties. First, we should mention
that polymeric materials have mechanical properties that are
somewhat difficult to compare, due to the various methods used
to measure them. Each of these methods, including dynamic
shear rheology, dynamic compression for hydrogels and nanoindentations for films, is well-suited to a given type of material.
The Young’s modulus (E0) is most often measured by traction
tests or nano-indentations. The elastic and viscous moduli
(G0 ,G00 ) of soft materials are instead measured by oscillatory
shear rheology. However, a close look at all values measured for
various materials indicates that E0 or G0 lie in the range of a few

Fig. 2 (A) Range of stiffnesses of the different synthetic and natural
materials that are currently employed for mechanosensitivity studies,
which are presented in this review. These include both synthetic and
natural 2D and 3D materials. (B) Range of stiffnesses found in selected
human tissues (from ref. 12).
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2.1 Synthetic polymeric materials
Synthetic polymers can be tuned in terms of composition, rate of
degradation, mechanical and chemical properties. There are four
major types of polymers that are used in mechano-sensitivity studies
(Fig. 2 and Table 1). Three of them are mostly employed as 2D
culture substrates, e.g. polyacrylamide (PA), polydimethylsiloxane
(PDMS) and polyelectrolyte multilayer films made of synthetic
polyelectrolytes, whereas the fourth, poly(ethylene glycol) (PEG), is
used as a 3D hydrogel with cells embedded in it. We will present
below the design strategies for each of these.
2.1.1 Polyacrylamide hydrogels. PA gels, initially used by
biologists for protein electrophoresis, have been used for about
14 years for mechano-sensitivity studies.3 Their stiffness can be
adjusted by varying the molar fraction of the bis-acrylamide
cross-linker. Cross-linking can be induced by chemicals such as
ammonium persulfate to trigger a free radical-dependent polymerization of double bonds (vinyl groups) in the otherwise stable
acrylamide and bis-acrylamide monomers. Alternately, crosslinking can be photo-induced (Irgacure is commonly used),
leading to E0 in the range of 10 to 100 kPa. PA hydrogels are
relatively simple in their mechanics, and have been extensively
characterized by other traditional techniques, including bulk
tensile loading, microindentation, and rheology.3,13 Classic
theory of rubber elasticity would predict that the elastic modulus
of a polymer gel scales linearly with cross-linker concentration,
which is fairly well validated by experimental measurements.14
For this reason, PA gels are very popular and have been extensively used to investigate the mechanical effects on cell
morphology, adhesion, migration and differentiation in 2D cell
cultures.4,15,16
The chemical inertness of polyacrylamide is one of its greatest
advantages and disadvantages. PA doesn’t promote any specific
cell adhesion when used as a culture substrate, and ligands have
to be grafted to control adhesive interactions, which is a clear
advantage when demonstrating the mechanical contribution of
a given receptor or adhesive protein. Unfortunately, the degree
of inertness is also a limitation, as the chemical nature of the PA
does not allow easy covalent attachment.
There are additional possibilities offered by PA gels. First, in
case of photo-polymerized gels, gradients in mechanical
This journal is ª The Royal Society of Chemistry 2011

Fig. 3 Overview of the main strategies used to modulate mechanical
properties of synthetic and natural materials. The methods are essentially
based on chemical cross-linking, as physical cross-linking is so far barely
employed for biomaterials. We have classified cross-linking by divalent
cations at the border between chemical and physical cross-linking, as
addition of cations changes the film chemistry but, at the same time,
induces a physical gelation (no need for covalent crosslinks).

properties can be created by illuminating the gel using photomasks.17 Second, as cells cannot be entrapped in 3D in PA gels due
to the toxicity of acrylamide, a simple approach that involves
sandwiching cells between two polyacrylamide hydrogels has been
proposed.18,19 This method does not fully embed the cells in the
environment but it does engage at least part of the dorsal cell
receptors, thus mimicking the native 3D environment. Furthermore, it makes it possible to manipulate compliance and measure
traction forces. Indeed, microparticles of well-defined sizes can be
inserted into PA gels, allowing cell traction forces to be measured,
provided that the Young’s modulus and the deformation regime
of the gels are known.20 For this reason, PA gels are by far the most
commonly used substrate for quantification of traction forces.21
2.1.2 PDMS. PDMS has arisen from the development of soft
lithography. As PDMS is elastically deformable, non toxic and
exhibits excellent optical properties, it has become a material of
choice to stretch cells in controlled conditions. PDMS is always
used as a 2D culture substrate (i.e with cells grown at its surface):
this material it too dense for the cells to migrate through in 3D.
In addition, it is a non-degradable material and cannot be
remodeled by cells. To prepare PDMS, a ‘‘base’’ and a ‘‘curing
agent’’, which contains monomers and is also named ‘‘crosslinker’’, are typically mixed in a 10 : 1 w : w ratio. Thus, to
prepare substrates with different elastic moduli, the silicone
elastomer base and the cross-linker can be mixed at various
ratios, forming gels from 50 kPa to 1.7 MPa.22–24 However,
PDMS exhibits uncontrolled protein adsorption and can sometimes cause non-specific cell adhesion, depending on its surface
properties and cell type. Thus, PDMS surface needs to be
chemically modified by various cell adhesion molecules to induce
more reproducible adhesion.22,23 Various strategies have been
developed for this purpose (see paragraph 3.1).
2.1.3 Polyelectrolyte multilayer films made of synthetic polymers. Polyelectrolyte multilayer films are a new kind of
This journal is ª The Royal Society of Chemistry 2011

self-assembled material that emerged almost 20 years ago25 and
has versatile properties depending on the assembly conditions
and post-assembly treatments. The thickness of these films can be
adjusted in the range of few nm to several mm by varying the
deposition conditions (pH, ionic strength and concentration of
the polyelectrolytes) and the polyelectrolyte pairs. Using pHdependent assembly of poly(acrylic acid)/poly(allylamine) (PAA/
PAH), Van Vliet et al. evidenced that such films can exhibit
elastic moduli E from 200 kPa to 142 MPa (measured by nanoindentation), which is as much as one thousand-fold more
compliant than tissue-culture polystyrene.26 Extremely stiff films
with a high degree of ionic cross-links are obtained at neutral pH
whereas soft films are obtained when films are built in acidic
pH.27,28
A different strategy was proposed by Senger et al.,29 who
prepared a composite film made of a first (PLL/HA)24 stratum
capped by a second (PSS/PAH)n stratum (n varying between
0 and 12). As the (PSS/PAH) films were much stiffer, the
progressive deposition of these layers rendered the composite
film stiffer, from roughly 50 to 500 kPa. An apparent elastic
modulus was estimated from elasticity measurements by
modeling the different strata. These films were recently used to
investigate whether substrate elasticity has an effect on nuclear
processes such as replication and transcription.30
2.1.4 PEG-based. To date, there are very few synthetic
materials with controlled mechanical properties that can be used
for 3D cell studies, because of their high density, low porosity
and lack of biodegradability. PEG-based hydrogels with wellcontrolled molecular properties have been developed for this
purpose. These synthetic hydrogels are biologically inert and, as
such, they often require the insertion of adhesion peptides during
polymerization.31 Typically, the hydrogels are formed by
Michael-type addition of PEG-diacrylate (PEG-DA) and of
thiol-containing peptides on to multiarm PEG-Vinyl sulfone
(VS). These gels are very sensitive to their preparation conditions
including pH, stoichiometry, precursor concentration, chain
length and number of arms of the macromers.31 PEG gels are
known to swell greatly when introduced in solution, with the
equilibrium swelling ratio ranging from 10 to 70 and elastic
moduli from 0 to 6 kPa as determined by small strain oscillatory
shear measurements.31 These parameters were found to be connected by a power law, with more swelling for softer gels. Of
note, these gels have a very low viscous component G00 and very
low porosity (of around 25 nm) as compared to physical
hydrogels such as fibrin or collagen.32 This low porosity renders
them resistant to cell migration, as incorporated cells essentially
have an isotropic continuum without sensible physical architecture. Subsequent developments of these gels have included the
grafting of protease-sensitive peptides (sensitivity to matrix
metallo-proteases) with bifunctional groups to be grafted at both
of their extremities.33 Thus, these materials are locally degraded
in response to cell–surface proteases, allowing cells to create
paths for 3D migration (Fig. 4).
2.2.

Natural materials

Natural biopolymers have the advantage of being components of
native ECM, i.e. they provide compositional uniqueness such as
J. Mater. Chem., 2011, 21, 14354–14366 | 14357

stimulating a specific cellular response and serve both as
mechanical as well as biochemical signals. Natural materials are
also particularly interesting due to their unique structural
properties (Table 1). Their nano and microstructure are similar
to that of native tissues in terms of functional groups, backbone
(presence of neutral and charged groups, chirality) and structural
organization (coils, fibers.). Conversely, natural materials have
also some drawbacks. They are more fragile, polydisperse, and
not always pure. Moreover, their mechanical properties are often
difficult to measure mechanically or rheologically as they can
exhibit non linear behaviors. In addition, their natural bioactivity makes it fastidious to fully decouple the effect of mechanics
from chemistry. The main biopolymers used to study the effect of
substrate stiffness on cell behavior are collagen, alginate, fibrin,
and agarose (Fig. 2 and Table 1). 2D PEM coatings made by selfassembly of polypeptides and polysaccharides are emerging as
a new class of materials with well-defined properties. The
methods employed to cross-link natural materials are similar to
those employed for synthetic materials. They are summarized in
Fig. 3.
2.2.1 Collagen. Type I collagen is a major protein component
of fibrous connective tissues, which provides mechanical support
and frameworks for the other tissues in the body. Collagen is
a natural ligand for several integrin receptors. Collagen gels
exhibiting different mechanical properties can be prepared by
varying the pH during hydrogel formation34 or by varying its
concentration.35 Thus, porosity as well as density of ligands,
which are changed simultaneously, are coupled to the material’s
mechanical properties. Elastic modulus G0 of such gels can vary
between 5 and 1000 Pa as measured by oscillation rheometry.
Collagen gels can be prepared as 2D culture surfaces or 3D

matrices.35 They exhibit a rather organized physical architecture
characterized by the presence of fibers.
Grinnel et al. recently investigated the effect of 2D and 3D
collagen matrices on cell adhesion and migration. They quantified the effects of matrix stiffness and porosity on collagen
translocation, fibroblast cell spreading and cell migration for
collagen gels with average pore diameter varying from 1.1 to 2.2
mm. Drying collagen fibrils appears to have an impact on cell
spreading and proliferation. Plant et al.36 showed that thin films
of collagen fibrils can be dehydrated, and when seeded on these
dehydrated fibrils, smooth muscle cells spread and proliferate
extensively. Indeed, the dehydrated collagen gels were found to
be mechanically stiffer than their hydrated counterparts.
Tanishita et al. found that in vitro formation of microvessel
networks by endothelial cells was also affected by the mechanical
properties of collagen gels.34
Microbial transglutaminase, an enzyme that catalyzes the
formation of a covalent bond between a free amine group (e.g.,
protein- or peptide-bound lysine) and the gammacarboxamide
group of protein- or peptide-bound glutamine, can also be
employed to covalently crosslink collagen I.37 This resulted in
a 6-fold increase in G00 (1.3 kPa versus 210 Pa). In terms of cell
behavior, these authors showed a significant reduction in the
level of cell-mediated contraction of scaffolds with increased
concentrations of enzymes.
2.2.2 Alginate. Alginate is a linear polysaccharide of (1–4)linked b-mannuronic acid and a-guluronic acid monomers,
which forms a gel in the presence of certain divalent cations
(calcium, strontium, or barium) (Fig. 3).38 The block structure
of alginate dictates the structure of ionic cross-links, and
covalent cross-links can also be formed.39–41 Due to their

Fig. 4 Representative images of human neonatal foreskin fibroblasts (HFFs) cultured within the four materials: two biopolymers, namely collagen I
(COL, at 2 mg mL1) and fibrin (FIB, at 2 mg mL1) and PEG hydrogels that possess matrix metalloprotease sequence (MMP-sensitive PEG hydrogels,
M-PEG) or plasmin-sensitive PEG hydrogels (P-PEG). Upper row: brightfield images; Lower row: confocal images obtained after staining for F-actin
(rhodamine-phalloidin, green) and nuclei (DAPI, red). Scale bars, 100 mm (upper row) and 30 mm (lower row). Of note, the MMP sensitive cross-linker
allows HFFs to spread and attain cell shapes in synthetic M-PEG gels (M-PEG) very similarly to HFFs in biopolymers (FIB, COL) (images of the
bottom row). In contrast, HFFs are not able to form a spindle-shaped morphology in plasmin-sensitive PEG hydrogels (P-PEG) as seen by the increased
compactness and a decrease in projected cell area (from ref. 32, copyright Cell Press).
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biocompatibility, alginate gels have long been used for
biomedical purposes, particularly in the manufacture of surgical
dressings for exuding wounds. More recently, they were
employed as scaffolds for the immunoprotection of transplanted
cells. Elastic modulus and toughness can be modulated from 2
to 70 kPa by controlling the parameters for gel cross-linking.
However, alginate needs to be chemically modified to interact
specifically with mammalian cells, which is usually achieved by
grafting RGD (arginine–glycine–aspartic acid)-containing cell
adhesion ligands.42 In this context, alginate gels were used to
investigate the substrate mechanics effect on chondrocyte
adhesion.43 Very recently, the same group demonstrated that the
commitment of mesenchymal stem cell populations changes in
response to the rigidity of 3D alginate gels, with osteogenesis
occurring predominantly at 11–30 kPa.44 Matrix stiffness was
found to regulate integrin binding as well as reorganization of
adhesion ligands at the nanoscale. Both were traction-dependent and correlated with osteogenic commitment of mesenchymal stem cell populations.
2.2.3 Hyaluronan and other biopolymers. Hyaluronan (HA) is
a non-sulfated glycosaminoglycan (GAG) that is present in different
types of tissues and fluids, including synovial fluid, cartilage, tendon
and skin. It plays a role in tissue viscoelasticity and hydration, due to
its ability to interact with water molecules and to establish multiple
hydrogen bonds.45 Hyaluronan is also present in the pericellular coat
(also called glycocalyx) of different cell types, chondrocytes being
a prominent example with a thick coat of 5 mm.46 Despite their
biocompatibility, native HA gels have poor mechanical properties.
Although HA can be cross-linked using carbodiimide 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC)47 before serving as a soft
substrate for cell biology experiments, such hydrogel preparations
lack long-term stability and have very low elasticity (3 to 250 Pa). To
increase its mechanical properties, the Prestwich group has proposed
a method that consists in grafting thiol groups to HA (HA–SH)48 to
form disulfide (S–S) bonds in the presence of an oxidizing agent.
Adding PEG-DA to the mixture can provide additional cross-links.
AFM nano-indentations have been performed on S–S crosslinked
HA gels, and moduli were found in the range of 1 to 100 kPa.14 One of
the drawbacks of such gels is the dissociation of the S–S bond over
several days. Another is that PEG-DA addition leads to the formation of hydrolytically degradable esters, which may balance the
stiffening effect of the cross-links. Engler et al. recently compared the
growth of pre-cardiac cells on HA and PA gels of similar stiffness.49
They showed that pre-cardiac cells grown on collagen-coated HA
hydrogels exhibit a 3-fold increase in mature cardiac specific markers
and form up to 60% more maturing muscle fibers than they do when
grown on compliant PA hydrogels over 2 weeks.
Other biomolecules are being developed to investigate the
effects of substrate mechanics. Bellamkonda et al. used agarose
gels at different concentrations (ranging from 0.75 to 2% wt/vol)
to investigate the rate of neurite extension,50 which was found to
be inversely correlated to the mechanical stiffness of the gels.
Soichet et al. have developed cross-linkable forms of chitosan by
grafting methacrylate groups.51 These hydrogels have been used
for the regeneration of neuronal tissue.
2.2.4 Polyelectrolyte multilayer films made of biopolymers as
2D coatings. As mentioned above, polyelectrolyte multilayer
This journal is ª The Royal Society of Chemistry 2011

films are a new type of self-assembled coating that has found
applications for cell studies in the past 10 years.52 PEM films
made of polysaccharides and polypeptides have been engineered
and studied.53,54 Their mechanical properties can be modulated
by several methods. A now popular method is to covalently
cross-link carboxylic with amine groups in the films to form
covalent amide bonds. This was first applied to poly(L-lysine)/
hyaluronan (PLL/HA) films55 for a fixed cross-linker concentration and subsequently to the same films on a large range of
cross-linker concentration.56 The apparent Young’s modulus of
the films, as probed by AFM-nano-indentations, could thus be
modulated over a range of a few kPa to 500 kPa. More recently,
this strategy has been applied to several other types of multilayer
films to obtain mechanical properties that depend on the type of
polyelectrolyte pairs, deposition conditions and cross-linker
concentrations.57 Recent developments include the investigation
of the effect of film cross-linking on hepatocyte adhesion,58 on
the differentiation of myoblast cells into myotubes59 and of
selective cross-linking on the outer region of the films. This
results in a rigid outer ‘‘skin’’ to promote cell attachment, while
leaving the film’s interior unaffected.60
Another strategy relies on the use of a natural cross-linking
agent such as genipin.61 The viscoelastic properties of chitosan/
hyaluronan (CHI/HA) and chitosan/alginate (CHI/ALG)
multilayer films without cross-linking or after cross-linking with
genipin have been investigated using quartz crystal microbalance
with dissipation monitoring (QCM-D). (CHI/HA) cross-linked
films proved to be highly non-adhesive for pre-osteoblasts and
fibroblastic skin cells. Conversely, cross-linking (CHI/ALG)
films dramatically improved pre-osteoblast and rat fibroblastic
skin cell adhesion, especially for high bi-layer numbers and using
high concentrations of cross-linker. Finally, photo-crosslinking
can be employed to modulate the Young’s modulus of (PLL/HA)
films that contain a photosensitive derivative of HA (HA-vinyl
benzyl) grafted at various percentages.62
2.3.

Mixtures of synthetic/natural

As both synthetic and natural biomaterials have advantages and
drawbacks, efforts have also been made to develop composite
biomaterials made of mixtures of synthetic and natural materials.
In this respect, Putnam et al. developed PEG-conjugated
fibrinogen gels,63 by coupling PEG-DA to full-length fibrinogen.
These gels can be additionally cross-linked by exogenous crosslinkable PEG-DA (typical range from 0 to 2 wt%) and make
possible the simultaneous manipulation of mechanical properties
and adhesion ligand density presented to cells. Their bulk
compressive moduli ranged from 450 to 5.2 kPa.63 However,
their mechanical properties decreased over a seven-day immersion period in phosphate buffered saline, and it was probably due
to the combined effects of hydrolysis and proteolysis. Adding
soluble factors such as ascorbic acid to the gels was found to
stimulate matrix remodeling by modulating smooth muscle cells
phenotype (induction of contractility), which led to an increase in
elastic modulus.64
Semi-interpenetrating hydrogels (IPNs) are an emerging class
of hydrogels, which make it possible to combine the advantages
of each component. For instance, photo-cross-linkable hyaluronic acid (HA) and semi-interpenetrating collagen components
J. Mater. Chem., 2011, 21, 14354–14366 | 14359

were found to exhibit superior mechanical properties.65 The
inclusion of the semi-interpenetrating collagen chains provided
a synergistic mechanical improvement over unmodified HA
hydrogels. These semi-IPNs supported fibroblast adhesion and
proliferation and were shown to be suitable for cell encapsulation
at high levels of cell viability. They were also employed to
fabricate cell-laden microstructures and microchannels. Another
example is that of fibroin/collagen hybrid hydrogels,66 which
were prepared by cross-linking a fibroin/collagen solution using
the water soluble EDC. G0 of these gels varied between 3 and
10 kPa. Some mobility of fibroin molecules inside the gels was
noticed. These composite gels allowed vascular smooth muscle
cells to grow.

3. Biochemical functionalization
A common approach in the field of biomaterials is to start from
a ‘‘blank slate’’,67 i.e. a substrate or material preventing protein
adsorption and cell adhesion, and to add a biochemical functionality to the material in a controlled fashion. As mentioned
above, cell attachment on many synthetic polymers is very poor,
due to their inertness and lack of specific adhesive motifs. Such
a low background attachment has been observed for PA, PDMS
and PEG hydrogels. In the case of natural materials, although
cells may possess specific receptors recognizing the material, their
naturally high hydration, softness and the possible lack of
accessibility for functional groups often render them poorly
adhesive. Such low cell attachment has been observed for
hydrated polysaccharides such as HA and ALG.
Researchers have thus designed strategies for giving additional
biochemical functionality to different types of synthetic and
natural materials. We will distinguish here between three types of
biochemical functionality (Fig. 1): i) full length ECM proteins, ii)
fragments and peptides derived from these proteins and iii)
growth factors (GF). Among the important biomolecules are
ECM proteins like fibronectin, collagen and laminin as well as
GAGs. These GAGs are negatively charged polysaccharides that
can interact with proteins by non covalent and covalent interactions.68 In this latter case, they form what is called a proteoglycan. In addition, growth factors are an important class of
signaling molecules playing a key role in cellular processes
including growth, proliferation, differentiation, adhesion and
migration.69
Biochemical functionality can be provided either by grafting
or by physically adsorbing the bioactive molecule. Notably,
presentation of a biochemical signal from a biomaterial or
a substrate in a ‘‘matrix-bound’’ manner is important for
mimicking physiological conditions, as many bioactive molecules
are bound to the ECM matrix in vivo.70 Indeed, in the ECM,
glycosaminoglycans are found immobilized by ionic or covalent
cross-links. We will present below the different strategies
(grafting versus physical adsorption), how they are achieved and
what types of biomolecules have been grafted or adsorbed to
date.
3.1.

Biochemical functionalization by grafting

The advantage of grafting is that it provides good control of
surface composition, a stable link and limits release of the
14360 | J. Mater. Chem., 2011, 21, 14354–14366

functional group into the culture medium. Covalent grafting of
short bioactive peptides or protein fragments is more frequently
performed than that of full length ECM proteins, which is more
difficult to handle. A key issue is to preserve the bioactivity of the
grafted molecules, especially entire proteins, because their
activity depends on their 3D conformation. Moreover, using
harsh solvents and/or high temperatures often leads to the
denaturation of biologically active molecules. Thus, selecting the
appropriate conjugation strategy and using spacer arms are
essential to retain the bioactivity of grafted molecules and
provide them with sufficient flexibility and accessibility by the cell
receptors.
3.1.1 Major grafting strategies. Grafting of proteins/peptides
can be performed in solution on hydrogel components prior to
formation of the 2D or 3D biomaterial or directly at the surface
of a biomaterial. This latter strategy can only be performed on
2D biomaterials. As mentioned earlier, a key requirement is to
preserve the bioactivity of the biomolecules.
3.1.1.1 Targeting amino and carboxylic groups. Proteins can
be coupled to polymers via their amino-groups. To this
end, sulfo-SANPAH (sulfosuccinimidyl-6-[40-azido-20-nitrophenylamino]hexanoate) can be employed. It is a heterobifunctional cross-linker containing a photosensitive phenyl
azide group on one end and an amine-reactive N-hydroxysuccinimide on the other end. Proteins can thus react via their
amine group with sulfo-SANPAH, which can itself react with the
gel71 upon exposure to UV light. However, the limited solubility,
stability and shelf-life of sulfo-SANPAH have urged researchers
to look for alternative grafting strategies. Alternatively, the
water soluble carbodiimide coupling chemistry can be employed
to create a covalent amide bond, which is formed between activated carboxylic groups and ammonium groups.72 This is, in
principle, straightforward coupling chemistry, but several side
reactions are known to complicate the subject. These are especially present when the polymer contains a large amount of
water, as in the case of HA.73 Therefore, sulfo-N-hydroxysulfosuccinimide ester is often employed to catalyze the reaction. This strategy has been applied to alginate gels, which
contain carboxylic groups42 to covalently attach a G4RGDSP
oligopeptide so as to promote cell-matrix interactions.74 It has
also been used to graft different proteins or fragments (extracted
human fibronectin, collagen I or collagen IV; recombinant
fragments of fibronectin and vitronectin) on to polyelectrolylte
multilayer films containing hyaluronan.75
3.1.1.2 Targeting cysteine residues. Thiol groups of proteins
or peptides are another target for coupling reactions. Maleimides
linked to PEG are often used as flexible linker molecules to
attach whole proteins, protein fragments or peptides to surfaces.
The double bond of maleimide readily reacts with the thiol group
found on cysteine to form a stable carbon-sulfur bond. Attaching
the other end of the polyethylene chain to a bead or solid
support, or to a polyelectrolyte76 allows one to separate the
protein from other molecules in solution, provided that molecules do not also possess thiol groups.
Acrylate groups are often used in Michael addition, which is
a conjugate reaction based on the nucleophilic addition of
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a carbanion or another nucleophile to an alpha, beta unsaturated
carbonyl compound. This is one of the most useful methods for
the mild formation of C–C bonds and thus for covalently crosslinking acrylated polymers, usually by light activation. Acrylates
are also known to react with thiols of cysteines (on peptides or
proteins) under defined experimental conditions. This reaction,
which belongs to the thiol-ene family of reactions, involves the
addition of an S–H bond across a double or triple bond by either
a free radical or ionic mechanism. Thus, acrylates are often
employed to graft either peptides or full-length proteins. For
example, RGD sequences have been incorporated into PEG
hydrogel networks through the acrylation of the peptide
sequence at the N-terminus, followed by copolymerization of the
acrylated peptides with PEG-DA via photocross-linking in
aqueous solution.77–79 On similar PEG hydrogels, bis-cysteine
peptides that contain an additional acrylate group and that are
MMP-sensitive (e.g., Ac-GCRD-GPQGYIWGQ-DRCG) or
plasmin sensitive (e.g., Ac-GC-YKYNRD-CG) have been
prepared.32 Burdick et al.80 used an acrylate derivative of HA to
graft two peptide components: one to support cell adhesion and
the other for proteolytic degradability. Full-length fibrinogen
was also coupled to PEG-DA at room temperature but in the
presence of a strong denaturating agent (urea).81
The potentiality of acrylate to serve for cross-linking polymeric chains but also for peptide coupling has recently been
shown for acrylated HA hydrogels. These were subjected to two
step experimental protocol: the first step was designed to couple
peptides to the acrylate groups and the second to initiate free
radical polymerization of the remaining acrylate groups by
exposure to UV light.80 The resulting UV-HA hydrogels were
expected to prevent remodeling due to the incorporation of nondegradable covalent cross-links from kinetic chain formation
and thus to confine encapsulated cells to a rounded morphology.
3.1.2 Grafting of different types of molecules. As mentioned
above, we will distinguish here the three types of molecules – full
length ECM proteins, protein fragments or shorter peptides
(typically from 4 to 20 amino acids) and GF – that can be grafted.
Grafting sequences has great advantages over grafting full length
molecules. In entire proteins (ECM proteins or GF), many
different active sequences there can be recognized by cell surface
receptors. Using a bioactive fragment makes it possible to
enhance the specificity of the interaction and to target one
particular partner to better control cellular processes. The
problem is that such short sequences are usually less bioactive
than entire molecules because of the loss of active site spatial
architecture owing the protein’s specific conformation.82
3.1.2.1 Peptides. The most common grafted peptides are
derived from ECM proteins, mainly fibronectin,83 collagen,84
laminin85,86 and vitronectin87 (Table 2). More recently, peptides
that exhibit protease sensitive sequences have been grafted to the
biomaterials to add biodegradability in response to cellular
activity.88
The tripeptide sequence RGD is very popular, as it is present
in many ECM proteins, including fibronectin, vitronectin,
fibrinogen, von Willebrand factor, thrombospondin, laminin,
osteopontin, bone sialo protein, and some collagen isoforms.82 It
binds to a wide range of integrin receptors in a non selective
This journal is ª The Royal Society of Chemistry 2011

manner, i.e. not specific to a given integrin receptor. The literature about the various forms of RGD peptides is rich and the
reader is referred to more specialized reviews.89 To achieve better
selectivity and/or target only one type of integrin receptor,
several strategies have been investigated: i) synthesis of cyclic
peptides,90 or peptide multimerization to enhance avidity with
particular cell adhesion receptors,91 ii) using a more selective
peptide sequence that is not based on RGD but contains other
key sequences or iii) associating two different bioactive peptides
derived from the same ECM protein92 or from different ones93
(Table 2). Thus, collagen-mimetic peptides,94,95 laminin-derived
peptides85,86,96 and fibronectin-derived peptides or fragments83,92
are increasingly used for their higher selectivity.
Garcia et al.97 engineered polymer brushes of oligo(ethylene
glycol) methacrylate on PDMS, which resisted biofouling and
prevented cell adhesion. These polymer brushes were functionalized to display bioadhesive peptides, which were either tethered
uniformly or constrained to micropatterned domains using
standard peptide chemistry approaches. Benoit and Anseth92
showed that associating an RDG-containing peptide to another
fibronectin-derived epitope like PHSRN not only made it
possible to enhance the bioactivity of the functionalized surface
compared to RGD only, but also to specifically target a particular integrin receptor a5b1. Each domain independently
contributed little to binding, but when combined, they synergistically bound to a5b1 to provide stable adhesions.92,98
We are now progressively entering a new era, where peptides
with higher specificity, high biological activity as well as targeting
other receptors than integrins are being designed (Table 2).
Indeed, it is now acknowledged that besides integrin receptors,
other families of receptors including syndecans99 and growth
factor receptors play key roles in early cellular events. Recent
developments also include grafting the peptide sequence of
growth factors, mostly bone morphogenetic protein 2 (BMP-2)
derived peptides.100,101
3.1.2.2 Grafting ECM proteins to synthetic surfaces.
Synthetic polymers such as PA and PDMS are often biofunctionalized by grafting proteins. For PA gels, three major
methods, which are reviewed in,71 are commonly used. The first
relies on carbodiimide coupling of proteins to poly(acrylic acid),
which has to be inserted into the PA gel during gel formation.
Another method uses molecules that have bi-functionality, one
end of the molecules mediating the incorporation into polyacrylamide whereas the other end is reactive toward primary
amines. Here again, we find acrylate and N-hydroxysuccinimide
in the form of acrylic acid N-hydroxysuccinimide ester (NHSacrylate), which is incorporated into a one-step polymerization
reaction102 during the acrylamide polymerization reaction.
Recent developments include the fabrication of a synthetic
interfacial hydrogel culture system, termed variable moduli
Interpenetrating Polymer Networks (vmIPNs).103 The principle
is to build at the first step a polyacrylamide gel by varying the
concentration of acrylamide and bisacrylamide monomers to
synthesize PA gels from 10 Pa to 10 kPa and of low swelling ratio
(2). Then, the IPN is created by polymerizing a second layer of
amino-PEG (4 nm thick) within the top few nanometres of the
first acrylamide layer for subsequent grafting of adhesion
peptides. Such materials were then used to investigate the
J. Mater. Chem., 2011, 21, 14354–14366 | 14361

Table 2 Peptide sequences used for targeting adhesion receptors of four main ECM proteins (collagen, fibronectin, laminin and vitronectin) as well as
for providing degradability (matrix-metalloprotease sequence). The targeted receptor (or receptor family) as well as cell type used in the study are
indicated
Ecm protein

Peptide sequence

Targeted receptor

Cell type

Reference

COLLAGEN (Type I)

GFOGER

Integrin a2b1

CGPKGDRGDAGPKGA

Integrins a1b1,a2b1

Primary bone m arrow
stromal cells
Primary human osteoblasts

DGEA

Integrin a2b1

MIN6 b-cells

rhFN fragment FNIII7-10
(with RGD and PHSRN)

Integrin a5b1

Osteoblasts

Reyes et al., Biomaterials,
200794
Picart et al., Adv. Funct.
Mater., 200576
Weber et al., Biomaterials,
200795
Petrie et al., Biomaterials,
200683
Doran et al., Biomaterials,
201075
Benoit and Anseth,
Biomaterials, 200592
Hozumi et al., Biomaterials,
200985

FIBRONECTIN (FN)

rESC, rMSC

LAMININ (LAM)

RGD-PHSRN

Integrin a5b1

Osteoblasts

RKRLQVQLSIRT (a1 chain
LAM-1, LG 4 module)
ATLQLQEGRLHFX
FDLGKGR, X: Nle (a1
chain, LG4 module)
PPFLMLLKGSTRFC (LG3
of the lam-5 a3 chain)
IKLLI (LAM a1 chain)
IKVAV (LAM a1 chain)

Syndecans

Human dermal fibroblasts,
neural PC12

YIGSR (LAM b1 chain)
VITRONECTIN

rhVN, N-terminal
Somatomedin B and RGD
domain
Multiple ECM proteins RGDSPC

Integrin a2b1
Integrins a6b4,a3b1
Integrins a3b1
110 kDa laminin receptor
protein
67 kDa lamminin receptor
protein
Plasminogen activator
inhibitor-1 (PAI-1), integrin
receptors
Integrins

G4RGDSP
Cyclic RGD: G4CRGDSPC

Integrins
Integrin receptors, higher
speciality for aVb3

MMP-sensitive peptide: AoGCRD-GPQGIWGQDRCG-NH2

Matrix metaloproteinases
(MMP)

adhesion, proliferation and differentiation of adult neural stemcells. Under mixed differentiation conditions with serum, softer
gels were found to favor neurons, whereas harder gels promoted
glial cultures.
PDMS, if untreated, exhibits high hydrophobicity and
extremely low cell attachment.23 Different methods have thus
been developed to biochemically modify the surface of PDMS
for cell adhesion. Recently, Hinz et al. systematically compared
the immobilization of cell-adhesive molecules to PDMS using
electrostatic (simple protein adsorption and layer-by-layer
deposition) and covalent surface coating procedures.104 They
developed a functionalization protocol that is based on: (1)
PDMS oxidation by oxygen plasma treatment, (2) binding of 3aminopropyltriethoxysilane (APTES) to the oxidized surface and
(3) covalent cross-linking of ECM proteins to the silane using
glutaraldehyde. They found that the covalent linkage of adhesive
molecules was superior to non-covalent methods in providing
a coating that resisted to major deformations and that fully
transmitted this stretch to cultured cells.
3.1.2.3 Grafting growth factors. There are only a few examples of covalent immobilization of entire growth factors on
14362 | J. Mater. Chem., 2011, 21, 14354–14366

Oral keratinocycle cell line
TERT-2OKF-8
MIN6 b-cells

Werner et al., Biomaterials,
200996
Weber et al., Biomaterials,
200795

hESC

Doran et al., Biomaterials,
201075

MC3T3-E1 preostoblasts

Zouani et al., Biomaterials,
2010101
Human foreskin fibroblasts
Lutolf et al., Nat. Biotechnol.,
200384
Primary human bone marrow Hsiong et al., Tissue Eng.,
stromal cells, MC3T3-E1
200990
preosteoblasts, mouse bone
marrow stromal D1 cell line
Human foreskin fibroblasts
Lutolf et al., Nat. Biotechnol.,
200384

materials whose mechanical properties can also be modulated.
One of the most studied ‘‘tethered’’ growth factor is epidermal
growth factor (EGF).105 EGF plays an important physiological
role in the maintenance of oro-esophageal and gastric tissue
integrity. It was initially tethered to poly(methyl methacrylate)graft-poly-(ethylene oxide) (PMMA-g-PEO) amphiphilic comb
copolymers by activation with 4-nitrophenyl chloroformate
(NPC) to target the N-terminal amine of murine EGF.105,106 In
the latest work by this group,106 a biotinylated recombinant
protein containing the 53 amino acid human EGF domain was
linked to a biotonylated peptide hydrogel by neutravidin. This
EGF-containing recombinant protein also contained a proteaseresistant 20 amino acid hydrophilic spacer arm to provide
optimal bioactivity. Another strategy consists in synthesizing
photoreactive EGF via the reaction of primary amine groups in
the growth factor with the N-hydroxysuccinimide functionality
of Sulfo-SANPAH.107 In a subsequent step, EGF is covalently
tethered to polystyrene by means of UV irradiation.
Nerve growth factor (NGF) has been grafted to 2-hydroxyethy
methacrylate (HEMA) gels using ethylene dimethacrylate as
crosslinker, ammonium persulfate as initiatior and tetramethylethylenediamine (TEMED) as accelerator.108 By modifying
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these p(HEMA)-NGF gels with pAA, neuronal PC12 cells
adhered and responded to the immobilized NGF by extending
neuritis in a manner similar to that which is observed with
soluble NGF. PC12 cell neurites were even observed to be thicker
when cultured on immobilized NGF than when cultured in the
presence of soluble NGF.
Very recently, vascular endothelial growth factor (VEGF) has
been coupled to a PEG-hydrogel through photo-polymerization
via laser scanning lithography.109 Endothelial cell cultures in
these gels underwent accelerated tubulogenesis forming endothelium tubes that possess lumens only in the presence of tethered
VEGF.

3.2.

Biochemical functionalization by physical adsorption

The complex environment surrounding the cells in vivo is
composed of ECM components (fibrillar proteins, proteoglycans, adhesion molecules) and soluble biomacromolecules such
as cytokines, growth factors and other signaling molecules.
Many of these biomolecules interact by non convalent interactions, including electrostatic, Van der Waals, hydrogen bonds
and hydrophobic interactions, but also by ligand/receptor
interactions. In vivo, these biomolecules are often presented by
the ECM proteins or glycosaminoglycans in a ‘‘matrix-bound’’
manner. Thus, biomaterial scientists are also trying to associate
different components of the in vivo cellular microenvironment to
reproduce it in a simple way and to create biologically active
materials. Three principal types of molecules or their fragments
can be physisorbed on 2D biomaterials or entrapped in 3D
biomaterials: ECM polysaccharides (glycosaminoglycans), ECM
proteins (fibronectin, collagen, laminins) and growth factors
(including EGF, VEGF, BMP-2 and fibroblast growth factor
FGF2). In this part, we focus on non covalent interactions
between proteins and polymers.
3.2.1 Adsorption of ECM proteins and of glycosaminoglycans.
Due to the natural interactions between ECM proteins and
natural polyelectrolytes, ECM proteins are often simply adsorbed on PEM films. Several parameters, including the amount of
adsorbed protein (often in the range of several ng cm2), the
strength of the interaction (affinity) as well as protein conformation will depend on the physical and chemical parameters of
the multilayer film: type of functional groups (sulfate, carboxylic,
ammonium.), pH and ionic strength used during film builduip,
and type of ending layer.
Fibronectin (FN) is often used as an adhesive protein, due to
its interaction with different types of integrin receptors. Wittmer
et al.,110 investigated the LbL formation of films composed of
PLL and dextran sulfate (DS), the adsorption of FN on to these
films, and the subsequent spreading behavior of human umbilical
vein endothelial cells. Overall, the FN-coated PLL monolayer
and the FN-coated PLL-terminated multilayer were the best
performing films in promoting cell spreading. They concluded
that the presence of FN is an important factor (more than film
charge or layer number) in controlling the interaction between
cells and multilayer films. Semenov et al.111 also adsorbed or
chemically coupled FN on to (PLL/HA) cross-linked films and
demonstrated that film cross-linking strongly influenced FN
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surface distribution, leading to denser presentation of adhesion
sites for cells.
Chen et al.28 modified synthetic (PAH/PAA) PEM films with
type I collagen and the proteoglycan decorin. They showed that
this did not alter substrate stiffness, but enhanced the retention
of spheroids on surfaces and stabilized hepatic functions (such as
albumin and urea secretion). Very interestingly, decorin was
found to exhibit unique compliance-mediated effects on hepatic
functions, down-regulating the hepatocyte phenotype when
presented on highly compliant substrata, while up-regulating
hepatocyte functions when presented on increasingly stiffer
substrata. Collagen adsorption was also found to be important
for the attachment and function of adult rat hepatocytes on
cross-linked (PLL/ALG) and (PLL/PGA) multilayer films.58
Collagen112 and fibronectin can even be used as building blocks
for layer-by-layer film buildup.
Besides ECM proteins, GAGs are more and more often used
as main component of new biomimetic coatings and nanoparticles, which were reviewed recently.54,113 They are often
simply adsorbed and interact by non specific and/or specific
interactions with other positively charged biomolecules.68
3.2.2 Adsorption of growth factors on thin films or matrices.
Due to their utmost importance in signaling processes, GF are
now often inserted into 2D and 3D biomaterials to achieve
a specific function: to regulate cell proliferation for FGF2,114 or
promote the formation of new vessels for VEGF,109 induce bone
regeneration for BMP-2 or chondrogenesis for TGF-b1. There
are several high affinity partners of growth factors among biological materials. Fibrin, a non globular fibrous protein, is
involved in a large number of biological processes (blood clotting
by polymerization of fibrin, signal transduction, platelet activation) and is a very interesting candidate for growth factor
immobilization. Thus, natural interactions of fibrin with FGF,
BMP-2 and EGF have been used to present these growth factors
in their immobilized form115–117 (Fig. 5). Desorption experiments
using radiolabeled proteins demonstrated that the patterns were
retained in vitro with less than a 30% loss of growth factor over 9
days,116 which confirms the high affinity of growth factors for
fibrin.
The 12th–14th type three repeats of fibronectin (FN III12-14)
also appear to be a natural affinity fragment for several GFs.118
In a recent study, Hubbell et al.118 showed by surface plasmon
resonance that this FN fragment binds to GFs from different
families, including most of the GFs from the platelet-derived
growth factor (PDGF, VEGF and FGF families and some GFs
from the TGF-b and neurotrophin families). Affinities were high
in the nanomolar range, without inhibiting GF activity. These
authors subsequently employed a fibrin-bound variant of FN
III12-14 as 3D biomaterials and showed that it was highly
effective as a GF delivery system. For instance, in matrices
functionalized with FN III12-14, PDGF-BB-induced sprouting
of human smooth muscle cell spheroids was greatly enhanced.
Other natural high affinity binding domains are those derived
from heparin. Recently, Chow et al.119 created a self-assembled
bioactive hierarchical membrane functionalized with a heparinbinding peptide amphiphile (HBPA). HBPA contains
a consensus sequence to bind and display heparin loops on the
surface of nanofibers in order to localize and activate potent
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Fig. 5 Bioprinting of BMP-2 growth factor, which is here fluorescently labeled, on a fibrin film. Left image: BMP-2 was printed at various surface
concentrations by varying the number of overprints, leading to increased fluorescence on the surface. The four images correspond to, respectively: 2, 8,
14 and 20 overprints. Right images: corresponding expression of the bone marker alkaline phosphatase (in blue), which is expressed during differentiation of muscle derived stem cells in bone (from ref. 117, copyright AlphaMed Press).

angiogenic growth factors through their respective heparinbinding domains. Both VEGF and FGF2 are known to have
heparin-binding domains along with potent angiogenic activity.
Release of these factors was effectively lower in the presence of
heparin in the membrane.
Polyelectrolyte multilayer films can also be employed to
sequester growth factors and present them to cells in a ‘‘matrixbound’’ manner. VEGF could be adsorbed on to (PAH/PSS)4
films and was shown to exhibit a specific bioactivity toward
endothelial cells.120 (PLL/HA) crosslinked films or (PLL/HAheparin) films can be used as a reservoir for BMP-2 delivery and
controlled differentiation of myoblasts to osteoblasts.121,122 Very
interestingly, these films are made of natural components, are
biodegradable, and their mechanical properties can also be
modulated.

4. Concluding remarks and outlook
Different types of synthetic and natural materials in various
forms (thin films or gels) have been and are currently being
developed to reproduce in vitro the in vivo cell microenvironment.
Here, we have particularly focused on materials mechanical and
biochemical properties. Biochemical functionalization has up to
now mostly focused on improving cell adhesion by presenting
cell adhesive ligands. However, many ligands are not highly
specific and do not target a particular receptor type. Recent
developments have begun to focus: i) on targeting a given type of
integrin or non-integrin receptors (such as syndecans) and ii) to
present not only adhesive signals but also signals triggered by
growth factors (FGF, BMP, VEGF.), which affect cell proliferation and cell differentiation. There is no doubt that this
direction will be further developed and studied in order to
understand how different signals can act in synergy. The control
over mechanical and biochemical properties will enable and
foster further studies aimed at understanding possible synergies
between these signals. Cross-talks between the different signaling
pathways may be unveiled in a near future.
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Natural materials that have some adhesive sites intrinsically
and that can bind growth factors with a high affinity will be
particularly interesting candidates as compared to their synthetic
counterparts. Indeed, if multiple functionalities have to be added
to synthetic materials, the strategy of coupling may become even
more tedious and time-consuming. Ease of implementation is an
important criterion for biomaterials scientists, as well as for
biophysicists and cell biologists. Such experimental constraints
should be kept in mind when designing materials, as only simple,
easy-to-handle and easy-to-characterize materials would be used
by cell biologists.
Creating anisotropic properties to mimic the natural environment is also a current challenge.123 Gradients in both
mechanical properties and growth factors will thus be developed
and used to understand how cells respond to these cues, from
adhesion and proliferation to differentiation. We have seen that
UV light is already widely used for the synthesis of biomaterials.
Light-initiated cross-linking steps and gradients will probably be
a valuable tool for basic cell-material interaction studies or
advanced tissue engineering applications. It is also predicted that
new methodological developments emerging from soft lithography and microfluidics will be combined to further develop
these 2D and 3D biomaterials.124 Importantly, these technologies
can be applied to a wide range of polymeric biomaterials
currently in use. This will make it possible to incorporate spatial
control which is crucial for developing complex microenvironments.125 Ultimately, control over biochemical and mechanical
properties in a spatially-controlled manner will be achieved to
investigate the respective role of each parameter as well as to
produce innovative biomaterials.126
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