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Recent research has enhanced the development of substrates
that serve as models of extracellular matrix and their use in
studies of cell adhesion and migration. Advances include the
development of methods to prepare substrates having ligands
immobilized in controlled densities and patterns, and recent
work that is developing dynamic substrates which can
modulate, in real-time, the activities of ligands. These
technologies are providing new opportunities for studies of
cell–extracellular-matrix interactions.
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Abbreviations
ECM extracellular matrix
SAM Self-assembled monolayer

Introduction
Most cells are adherent and remain connected to a protein
scaffold during growth, division, differentiation and even
death. This scaffold comprises an insoluble aggregate of
several large proteins and glycosoaminoglycans — collec-
tively known as the extracellular matrix (ECM) — that
provides a three-dimensional environment which organizes
cells into tissue [1,2]. The adhesion of cells to the ECM
and a host of subsequent signaling events are mediated by
specific interactions between cell-surface receptors and
ligands of the matrix. The study of these interactions 
represents an important and active theme in molecular 
cell biology [3••,4].

The interactions of cells with ECM play important roles in
many areas of biology, and several sub-fields have emerged
according to the receptor type or cell type that is involved.
In all cases, experimental studies usually begin with 
the aim of identifying matrix-derived ligands and their 
counterpart cell-surface receptors, and then extend to the
characterization of the signal transduction processes that
follow these interactions. An emerging theme in matrix
biology is addressing roles for dynamic interactions
between cells and ECM. The mechanisms and biological
roles for cellular remodeling of ECM, however, are still at
an early stage of understanding [5].

Experimental studies of ligand–receptor interactions that
are involved in cell–ECM interactions are substantially
more difficult than are studies of recognition in solution.
The traditional approach prepares substrates by treating

plastic substrates with a solution of matrix protein, to give
a rapid and essentially irreversible adsorption of a single
layer of protein. Although this method is experimentally
simple and provides good control over the composition of
protein on the substrate, it offers poor control over the 
presentation of active ligands to a cell. The difficulty arises
because proteins adsorb to surfaces with a range of orien-
tations and often undergo denaturation at the interface [6].
Both of these factors render a fraction of immobilized 
ligands inactive for subsequent interactions with cells. A
further limitation arises because immobilized proteins can
exchange with proteins in a contacting fluid, and therefore
introduce additional ligands on the substrate [7].

These limitations have motivated a surface chemistry
approach to develop substrates having a defined set of
immobilized ligands and which therefore provide complete
control over the ligand–receptor interactions [8,9]. Model
substrates would avoid many of the ambiguities that are
attached to current methods and prove enormously useful
for mechanistic studies of ECM in biology. In this short
review, I outline recent developments in three key areas of
model substrates. The first addresses strategies to immo-
bilize ligands to substrates with control over their activities
and densities. The second theme addresses methods to
pattern the immobilization of ligands and to use patterned
substrates in experimental biology. The third and most
recent theme addresses the development of dynamic 
substrates that can alter, in real-time, the presentation of
ligands to a cell and therefore mimic the changes in
cell–ECM interactions that govern a wide range of activities.

Immobilizing ligands for biospecific interactions
The development of strategies to tailor substrates with 
ligands for controlling cell-surface interactions must
address two challenges. The first arises from the tendency
of proteins to rapidly and non-specifically adsorb to most
man-made materials. The unwanted adsorption of protein
not only blocks interactions with immobilized ligands, but
can also introduce additional ligands that mediate cell
interactions (particularly as cells remodel their matrices). It
is therefore necessary to identify or develop surfaces that
are intrinsically inert — in that they prevent non-specific
protein adsorption and therefore cell attachment — and
serve as platforms for the immobilization of ligands.
Polymeric hydrogels derived from poly(ethylene glycol)
are the most common approach, and have been used in a
variety of settings to minimize unwanted adsorption [10].
Self-assembled monolayers (SAMs) that are terminated 
in short oligomers of the ethylene glycol unit have been 
especially effective at controlling protein adsorption and
are now the most important tool for bioanalytical applications
[11,12]. Surprisingly, there has been relatively little work
to develop new materials that are inert. In one example,
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Whitesides and co-workers [13••] surveyed a broad range
of functional groups and identified several that are inert
under certain conditions. In another example, we found
that monolayers presenting the mannitol group are highly
effective at preventing protein adsorption, and were stable
under conditions of cell culture for one month [14].
Although a mechanistic understanding of the factors that
are important to inert surfaces is still lacking, these early
reports do suggest that there are still many opportunities
for designing and enhancing inert surfaces.

The second challenge in applying model substrates to cell
biology stems from the non-uniform activities often displayed
by immobilized ligands [15••]. In some cases, the variability
results from the use of non-regioselective methods to
immobilize ligands. In many other cases, however, it is due
to the range of microenvironments in which ligands are
found. When using polymer gels as the substrate, for
example, a fraction of the ligands will be displayed at the
surface, and hence may have a higher affinity for a receptor
than do ligands which are internal to the gel. The use of
substrates that present ligands having non-uniform activity
makes it difficult to quantitatively interpret results from
experiments. SAMs of alkanethiolates currently offer the
best option for controlling the presentation of ligands.
These substrates are structurally well-defined and offer
wide synthetic flexibility in tailoring the environments
about the ligands. In one example, we prepared a series of
substrates that presented the peptide Arg–Gly–Asp — a
ligand for the integrin receptors that mediate cell adhe-
sion — at a uniform density but on linkers having varying
length from the substrate [16]. We found that the binding
affinity of peptide for receptor did decrease as the peptide
was made less accessible, and that even modest changes in
affinity resulted in substantial effects on cell adhesion and
spreading. In biochip applications, we have demonstrated
that the uniform activity of ligands attached to SAMs 
permits quantitative assays of enzymatic and protein binding
activities [17••,18]. The issue of quantitative control over
ligand activity will increase in importance for mechanistic
studies of cell adhesion.

Controlling density
Strategies that permit rigorous control over the density of
immobilized ligands have a special relevance in cell biology,
where many signaling events stem from clustering of
receptors at the cell surface. Unlike soluble signaling 
molecules — which mediate their effects through monomeric
or dimeric membrane-bound receptors — immobilized 
ligands often signal by clustering multiple receptors (and,
often, multiple receptor types). Several activities have
been found to display a strong dependence on ligand 
density. In one example, Kahne and co-workers studied
the binding of lectins to monolayers presenting carbohydrate
ligands and found that the binding specificity of Bauhinia
purpurea lectin switched from one carbohydrate ligand to
another as the density was increased over a 10-fold range.
The authors suggested that a secondary interaction

between carbohydrates and the lectin promoted the switch
in specificity [19]. An example that illustrates the complexities
that can underlie cell-surface signaling was provided by
Gestwicki and Kiessling [20] in a study of bacterial chemo-
taxis. This group used polyvalent ligands — which have
analogy to clustered ligands presented on a surface — to
illustrate that multiple receptors are involved in regulating
the response of cells to gradients of signaling molecules.

A related goal is the development of methods that can 
prepare substrates wherein ligands are immobilized in a
gradient. Many cellular activities in developmental and
regenerative biology are directed by gradients of signaling
molecules in the proximal matrix. Mechanistic studies of
these problems have not been practical, but significant
recent work is providing new tools for generating stable
gradients over the length scale of individual cells.
Whitesides and co-workers, for example, demonstrated the
use of laminar flow in microfluidic devices to systematically
vary the concentration of a protein in a fluid to give gradients.
In one example, this group characterized the migration of
neutrophils in gradients of interleukin-8 [21]. In a different
approach, Distefano and co-workers used a photochemical
method to immobilize cell-adhesive peptides in a gradient.
Although this example did not use inert surfaces, analogous
methods will provide well-controlled routes to a variety of
immobilized gradients [22].

Patterning cells
Several methods have been described over the past
10 years for patterning the immobilization of ligands or
proteins, and consequently the attachment of cells [23].
Each of these methods combines a means of imposing a
pattern on the substrate with a means of modifying surface
properties so that one region of the substrate promotes cell
attachment and the other region prevents adhesion. The
past two years have seen a substantial increase in programs
that use patterned substrates in cell biology. Healy and 
co-workers [24] used patterned substrates to investigate
gene expression in the differentiation of bone cells. Nelson
and Chen [25] used patterned substrates to confine pairs of
contacting cells and demonstrated a novel proliferative 
signal that stems from a direct cell–cell contact. These
approaches are certain to grow in importance and will 
ultimately find common use in the biological sciences.

A recent theme in patterning has been the development of
methods that can control the positions of ligands at a sub-
micron resolution. Substrates having ligands patterned at
the nanoscale would enable studies of a whole class of
mechanistic issues related to receptor clustering. Focal
adhesions, for example, assemble when ligated integrin
receptors cluster into large aggregates within the membrane
[26]. The clustered receptors recruit the assembly of a
large complex that regulates signaling pathways and provides
the anchoring points for the cellular cytoskeleton. Because
the sizes of focal adhesions range from 50 nm to 500 nm,
existing patterning methods could not be used to explore
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the relationships of focal adhesion size and distribution 
on cell adhesion. Griffith and Mayes recently prepared 
substrates by self-assembly of diblock copolymers wherein
one block was derivatized with the RGD peptide. The
resulting substrates presented RGD in an ordered array
and were used to show that cell adhesion and signaling did
indeed depend on sizes of the nanopatterns and the density
of peptide within those patterns [27]. This method takes
advantage of pattern formation to prepare nanometre-scale
features on the substrate, but it does not permit flexibility
in defining non-periodic patterns. To address this need, we
applied dip-pen nanolithography to directly pattern the
formation of monolayers into nanometre-scale islands that
adsorb protein and surrounding areas that are strictly inert
[28]. This method effectively extends patterning to a scale
of 30 nm. There is still a need, however, for patterning
methods that offer better control in defining the ligands
and controlling their densities.

Dynamic substrates
The interface between a cell and the protein matrix envi-
ronment is highly dynamic. Cells release metalloproteases
that degrade the matrix and continuously excrete newly
synthesized proteins to remodel the matrix. Signaling 
proteins can selectively bind to matrix proteins, thereby
presenting new ligands that interact with cells [2]. The
mechanical stretching of matrix can unfold proteins and
present hidden ligands to a cell [29]. In total, these activities
make the ECM an important site of cell regulation and not
just a static scaffold for organizing cells into tissue. Yet,
efforts to study the roles for dynamic cell–ECM interactions
are still in need of new experimental tools. Very recent
work is addressing the development of dynamic substrates
that allow the character of the matrix to be switched 
in real-time.

Modulating protein adsorption
One strategy takes advantage of thermally induced phase
transitions in certain polymers. Okano and co-workers, for
example, prepared substrates that were patterned with
poly(N-isopropyl acrylamide). At 37°C, this polymer is in a
collapsed, solvent-excluded structure that is conducive to
cell culture, but on cooling below 32°C, the polymer
undergoes a phase transition to yield a swollen structure
that is inert to cell adhesion. Hence, removal of a cell 
culture from an incubator results in release of cells only
from the patterned regions, which can then be seeded with
a second cell type to generate patterned cocultures [30••].
The development of methods that can pattern co-cultures
will prove very significant to studies of heterotypic
cell–cell interactions. Chilkoti [31] is developing a class 
of elastin-like polypeptides that undergo similar phase
transitions and may offer new opportunities for creating
dynamic substrates.

Modulating ligand activity
My group has developed strategies for preparing substrates
wherein the activities of discrete ligands can be modulated.

This work uses SAMs presenting electroactive moieties
that are designed to activate or inactivate immobilized 
ligands when electrical potentials are applied. One example
used a Diels–Alder reaction between an immobilized 
benzoquinone group and a cyclopentadiene-ligand conjugate
in solution to turn on the migration of patterned cells
[32••]. This active substrate has also been applied to a
method for patterning the attachment of multiple cell
types (by sequentially turning on regions of the substrate
for attachment of each cell type) [33]. A second example
employed substrates that presented ligands by way of an
electroactive linker that is selectively cleaved on application
of electrical potentials. This strategy was used to selectively
release fibroblast cells from a patterned substrate [34].

Biochemically responsive substrates
Hubbell has pioneered a class of polymeric materials that
respond to cellular processes for remodeling the ECM
[35••]. One example uses fibrin-based matrices that are
modified with peptide ligands which mediate cell adhesion
and with peptide substrates for cellular proteases. In this
way, the release of proteases by resident cells results in
remodeling of the substrate. These strategies have been
extended to introduce binding sites for growth factors and
other signaling molecules within the synthetic matrix.
These strategies are significant because they increase the
complexity of model substrates and allow a sophisticated
interplay of cellular and matrix processes.

Conclusions
The intrinsic complexity of ECM makes studies of cell
adhesion, migration and other processes difficult. A portfolio
of methods from surface chemistry are well-suited to
designing model substrates wherein the ligand–receptor
interactions between cell and substrate are well-defined.
Several recent examples illustrate the importance of model
substrates in biology and the development and application
of surface chemistries is certain to accelerate. In particular,
I believe that model substrates — and especially the
dynamic substrates — will be central to addressing the
roles for focal adhesions and the dynamic processes by
which focal adhesions assemble and evolve [36,37].

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

1. Danen EHJ, Yamada KM: Fibronectin, integrins, and growth control.
J Cell Physiol 2001, 189:1-13.

2. Hohenester E, Engel J: Domain structure and organization in
extracellular matrix proteins. Matrix Biol 2002, 21:115-128.

3. Miranti CK, Brugge JS: Sensing the environment: a historical
•• perspective on integrin signal transduction. Nat Cell Biol 2002,

4:E83-E90.
This review provides an excellent entry into the complicated literature of 
integrin signaling.

4. Wu CY, Dedhar S: Integrin-linked kinase (ILK) and its interactors:
a new paradigm for the coupling of extracellular matrix to actin
cytoskeleton and signaling complexes. J Cell Biol 2001,
155:505-510.



What can surface chemistry do for cell biology? Mrksich    797

5. Chang C, Werb Z: The many faces of metalloproteases: cell
growth, invasion, angiogenesis and metastasis. Trends Cell Biol
2001, 11:S37-S43.

6. Talbot J, Tarjus G, Van Tassel PR, Viot P: From car parking to protein
adsorption: an overview of sequential adsorption processes.
Colloids Surf A-Physicochem Eng Aspects 2000, 165:287-324.

7. Ramsden JJ: Puzzles and paradoxes in protein adsorption. Chem
Soc Rev 1995, 10:73-78.

8. Mrksich M: Model organic surfaces for mechanistic studies of cell
adhesion. Chem Soc Rev 2000, 29:267-273.

9. Hubbell JA: Bioactive biomaterials. Curr Opin Biotechnol 1999,
10:123-129.

10. Kingshott P, Grieser HJ: Surfaces that resist bioadhesion. Curr
Opin Solid State Mat Sci 1999, 4:403-412.

11. Mrksich M, Whitesides GM: Using self-assembled monolayers that
present oligo(ethylene glycol) groups to control the interactions
of proteins with surfaces. Am Chem Soc Symp Ser Chem Biol Appl
Polyethylene Glycol 1997, 680:361-373.

12. Otsuni E, Yan L, Whitesides GM: The interaction of proteins and
cells with self-assembled monolayers of alkanethiolates on gold
and silver. Colloids Surf B Biointerfaces 1999, 15:3-30.

13. Chapman RG, Ostuni E, Takayama S, Holmlin RE, Yan L, 
•• Whitesides GM: Surveying for surfaces that resist the adsorption

of proteins. J Am Chem Soc 2000, 122:8303-8304.
This paper presents a first broad attempt to discover functional groups that
are suited to preparing inert surfaces.

14. Luk YY, Kato M, Mrksich M: Self-assembled monolayers of
alkanethiolates presenting mannitol groups are inert to protein
adsorption and cell attachment. Langmuir 2000, 16:9604-9608.

15. Vijayendran RA, Leckband DE: A quantitative assessment of
•• heterogeneity for surface-immobilized proteins. Anal Chem 2001,

73:471-480.
The very important issue of non-uniform activity of immobilized ligands is
addressed in this paper. The authors provide a model that should find wide-
spread use in assessing the uniformity of ligands on model substrates.

16. Houseman BT, Mrksich M: Environment of Arg-Gly-Asp peptide
ligands immobilized on self-assembled monolayers of
alkanethiolates on gold influences the adhesion of 3T3
fibroblasts. Biomaterials 2001, 22:943-955.

17. Houseman BT, Huh JH, Kron SJ, Mrksich M: Peptide chips for the
•• quantitative evaluation of protein kinase activity. Nat Biotechnol

2002, 20:270-274.
This paper establishes that the combination of inert surfaces and well-
defined surface chemistries gives excellent control over ligand activity and
can be used in quantitative assays.

18. Houseman BT, Mrksich M: Carbohydrate arrays for the evaluation
of protein binding and enzyme activity. Chem Biol 2002,
9:443-454.

19. Horan N, Yan L, Isobe H, Whitesides GM, Kahne D: Nonstatistical
binding of a protein to clustered carbohydrates. Proc Natl Acad
Sci USA 1999, 96:11782-11786.

20. Gestwicki JE, Kiessling LL: Inter-receptor communication through
arrays of bacterial chemoreceptors. Nature 2002, 415:81-84.

21. Jeon NL, Baskaran H, Dertinger S, Whitesides GM, Van De Water L,
Toner M: Neutrophil chemotaxis in linear and complex gradients
of interleukin-8 formed in a microfabricated device. Nat Biotechnol
2002, 20:826-830.

22. Herbert CB, McLernon TL, Hypolite CL, Adams DN, Pikus L,
Huang CC, Fields GB, Letourneau PC, Distefano MD, Hu WS:

Micropatterning gradients and controlling surface densities of
photoactivatable biomolecules on self-assembled monolayers of
oligo(ethylene glycol) alkanethiolates. Chem Biol 1997, 4:731-737.

23. Jung DR, Kapur R, Adams T, Giuliano KA, Mrksich M, Craighead HG,
Taylor DL: Topographical and physicochemical modification of
material surface to enable patterning of living cells. Crit Rev
Biotechnol 2001, 21:111-154.

24. Carson H, Thomas JH, Collier CS, Healy KE: Engineering gene
expression and protein synthesis by modulation of nuclear shape.
Proc Natl Acad Sci USA 99:1972-1977.

25. Nelson CM, Chen CS: Cell–cell signaling by direct contact
increases cell proliferation via a PI3K-dependent signal. FEBS Lett
2002, 514:238-242.

26. Petit V, Thiery JP: Focal adhesions: structure and dynamics. Biol
Cell 2000, 92:477-494.

27. Koo LY, Irvine DJ, Mayes AM, Lauffenburger DA, Griffith LG:
Co-regulation of cell adhesion by nanoscale RGD 
organization and mechanical stimulus. J Cell Sci 2002,
115:1423-1433.

28. Lee KB, Park SJ, Mirkin CA, Smith JC, Mrksich M: Protein nanoarrays
generated by dip-pen nanolithography. Science 2002,
295:1702-1705.

29. Zhong C, Chrzanowska WM, Brown J, Shaub A, Belkin AM,
Burridge K: Rho-mediated contractility exposes a cryptic site in
fibronectin and induces fibronectin matrix assembly. J Cell Biol
1998, 141:539-551.

30. Nandkumar MA, Yamato M, Kushida A, Konno C, Hirose M, Kikuchi A,
•• Okano T: Two-dimensional cell sheet manipulation of

heterotypically co-cultured lung cells utilizing temperature-
responsive culture dishes results in long-term maintenance of
differentiated epithelial cell functions. Biomaterials 2002,
23:1121-1130.

A first example of the use of dynamic substrates for patterning a cellular
coculture.

31. Nath N, Chilkoti A: Interfacial phase transition of an
environmentally responsive elastin biopolymer adsorbed on
functionalized gold nanoparticles studied by colloidal surface
plasmon resonance. J Am Chem Soc 2001, 123:8197-8202.

32. Yousaf MN, Houseman BT, Mrksich M: Turning on cell migration
•• with electroactive substrates. Angew Chem Int Ed Engl 2001,

40:1093-1096.
The first example of a substrate that uses electrical stimulation to modulate the
activity of ligands. This example rationally designed a substrate that manipulated
the pattern of immobilized ligand, prompting the migration of cells.

33. Yousaf MN, Houseman BT, Mrksich M: Using electroactive
substrates to pattern the attachment of two different cell types.
Proc Natl Acad Sci USA 2001, 98:5992-5996.

34. Yeo WS, Hodneland CD, Mrksich M: Electroactive monolayer
substrates that selectively release adherent cells. ChemBioChem
2001, 7:590-593.

35. Sakiyama-Elbert SE, Hubbell JA: Functional biomaterials: design of
•• novel biomaterials. Annu Rev Materials Res 2001, 31:183-201.
An authoritative review that presents the opportunity for designing and
applying Biochemically responsive substrates.

36. Zamir E, Katz M, Posen Y, Erez N, Yamada KM, Katz BZ, Lin S,
Lin DC, Bershadsky A, Kam Z, Geiger B: Dynamics and segregation
of cell-matrix adhesions in cultured fibroblasts. Nat Cell Biol
2000, 2:191-196.

37. Imhof BA: The inner lives of focal adhesions. Trends Cell Biol
2002, 12:382-389.


