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Introduction
An important goal of materials science is

the development of interfaces that inte-
grate the functions of living cells and ma-
terials. The development of materials that
serve as substrates for adherent cells is im-
portant in a range of basic and applied pro-
grams.1 In basic research, substrates are
used to study the adhesion of cells to the
extracellular matrix (the protein scaffold
that serves to organizes cells in tissue) and
the processes by which this matrix directs
cell function. In applied programs, mate-
rials are used to direct tissue compatibility
in biomaterials and are now undergoing
development to direct the differentiation of
stem cells.

A significant effort during the past 
20 years has produced a variety of methods
for modifying the surfaces of materials to
promote cell adhesion.2 These methods are
mostly based on modifying materials with
polymers or self-assembled monolayers that
in turn provide ligands that promote the
adhesion of cells. Ligands are either di-
rectly immobilized on the modifying layers
or are introduced indirectly when proteins
in the contacting biological fluid adsorb to
the surface. In both cases, cell adhesion is
mediated by the interaction between re-
ceptors on the cell surface and peptide lig-
ands on the material (Figure 1). Further,
many researchers have contributed meth-
ods that can pattern the immobilization of
ligands and therefore exert control over the
shapes, sizes, and positions of cells on a
substrate.3 Hence, it is now reasonably
straightforward to modify the properties of

a broad range of materials to provide cell
adhesion.

But these tailored interfaces fail to capture
many of the important properties of the in-
terface that joins a cell to its environment.
In particular, the interactions between
cells and the protein matrix are highly dy-
namic and undergo biochemical modifica-
tions to alter the ligands displayed to a cell
and the mechanical properties of the ma-
trix, both of which are important in influ-
encing the activities of the cells. The
development of dynamic, synthetic sub-
strates that can similarly alter the ligands
presented to a cell would provide unprece-
dented opportunities in fundamental cell
biology. Further, the development of ma-
terials that can modulate cell adhesion (by
directing cell growth, organizing multiple
cell types into complex patterns, and re-
leasing cultured cells) would have imme-
diate application in tissue engineering and
other cell-based technologies. This article
describes recent work in developing dy-
namic substrates with these properties,
the applications for which these materials
are important, and current challenges in
this field.

The early reports of dynamic substrates
that influence cell adhesion can be catego-
rized according to the physical stimuli used
to manipulate the properties of the sub-
strate and the surface chemistries used to
introduce these functions. This article in-
cludes examples of dynamic substrates that
are prepared by many methods, but places
an emphasis on the use of self-assembled

monolayers. The discussion is organized
according to the transduction schemes used
to influence cells and begins with a descrip-
tion of electrical and electrochemical proc-
esses that have been used in this context.
The review also addresses transduction
schemes that have not been directly applied
to dynamic substrates for cell biology and
notes the opportunities for developing those
schemes.

Electrical Transduction
Cells possess an intrinsic electrical activity

and can be influenced by electrical poten-
tials that are applied to the underlying
substrate.4 Several empirical studies have
demonstrated the effects of electric fields on
cell behavior, including a report that ap-
plied fields could direct the migration of
human keratinocytes, a cell derived from
skin tissue.5 The mechanisms by which
electric fields influence cell migration (and
other aspects of cell behavior) are not yet
understood. These effects may be caused,
in part, by electrostatic forces between the
substrate and the charged species in the so-
lution (i.e., ions, molecules, and proteins)
that in turn alter the composition of the
medium surrounding the cell, leading to
changes in the local pH, ionic strength, and
metabolite concentration both outside and
inside the cell. One report, for example,
showed that the axis of cell division could
be controlled by the imposition of fields
150 V mm�1 in magnitude and suggested
the underlying mechanism might derive
from the redistribution of membrane-bound
proteins and polarization of the protein
cytoskeleton of the cell.6 Alternatively, the
fields (and associated field gradients) might
exert a more direct effect by altering the
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Figure 1. Most cells are adherent and
must attach and spread on a matrix.
The interaction of a cell with the
substrate relies on the binding of cell–
surface receptors with ligand proteins
that are adsorbed to the material.
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structures and activities of transmembrane
and intracellular proteins. Many ion chan-
nels, for example, are voltage-gated and can
be activated by a change in transmem-
brane potential.7

These same transduction strategies have
proven useful in the reverse direction, by
using electrodes to measure electrical prop-
erties of the cell membrane. One strategy,
for example, uses microelectrode arrays to
measure changes in the activities of cellular
ion channels, resulting in biosensors that
use living cells as the sensing component
(Figure 2).8 These sensors are the first ex-
amples of microsystems that combine living
and non-living components, using cells 
as living sensors in place of non-living,
materials-based sensors that are difficult
to engineer. For example, a cell will exhibit
a characteristic response to a chemical or
biological warfare agent even if the agent
has been modified to escape detection by
conventional methods.

Electrochemical Transduction
A second class of electrical transduction

strategies is based on using the applied
potentials to cause redox reactions at the
interface, thereby directly altering the struc-
tures of electroactive groups confined to
the interface. Langer and Ingber used a
conducting polymer substrate to control the
shape and growth of mammalian cells.9

They found that aortic endothelial cells
cultured on polypyrrolium films coated
with fibronectin spread normally and syn-
thesized DNA. Electrochemical reduction
of the organic film (to the neutral state) re-
sulted in the arrest of cell extension and
DNA synthesis without adversely affecting
cell viability. These same substrates were
later used to stimulate the outgrowth of
nerve cells.10 For both examples, the mecha-
nisms by which oxidation and reduction
of the polymer substrate influence cell be-
havior remain uncharacterized.

Our research group has pursued a related
strategy to prepare dynamic substrates that
provide even more control over the ligand–
receptor interactions between cells and
substrates.11 Our approach is based on mono-
layers of alkanethiolates on gold, which
present appropriately designed electro-
active groups that can be selectively modi-
fied in response to applied potentials.

An early example demonstrated an elec-
troactive monolayer that could be switched
to turn on the immobilization of ligands
and subsequently promote the migration
and growth of cells.12 This dynamic prop-
erty is based on the Diels–Alder cyclo-
addition reaction of benzoquinone groups 
on the monolayer with a cyclopentadiene
group conjugated to the Arg-Gly-Asp 
peptide (Figure 3). The reactivity of the
monolayer can be modulated by the electro-

chemical reduction of the benzoquinone to
the corresponding hydroquinone, which is
not reactive toward the diene. A monolayer
was patterned using microcontact print-
ing13 into circles of hexadecanethiolate,
with the intervening regions presenting 
the hydroquinone group mixed with
penta(ethylene glycol) groups. Cell addi-
tion to the substrate resulted in the attach-
ment and growth of cells only on the circular
regions. On application of an electrical 
potential to the gold (typically, 220 mV for
10 s), the hydroquinone groups were con-
verted to benzoquinone groups, which then
reacted with the peptide-diene conjugate
and resulted in cell migration from the pat-
terned regions. This example demonstrates
that the electroactive monolayers can in-
deed be designed to influence the behav-
ior of attached cells in situ and in real time.

A similar strategy was used to design
substrates that can selectively release teth-
ered ligands.14,15 One example was based
on the use of an O-silylhydroquinone group
to tether a peptide ligand to the monolayer.
Cells attached efficiently to monolayers
presenting an Arg-Gly-Asp ligand. Electro-
chemical oxidation of this group gave the
corresponding benzoquinone, with con-
comitant hydrolysis of the silyl ether and
release of the tethered ligand.

This example also illustrates a strategy for
creating surfaces that combine multiple elec-
trochemical activities. The benzoquinone
group that is generated in the electrochemi-
cal oxidation can subsequently be used to
immobilize a second ligand by way of the
Diels–Alder reaction. This example also es-
tablishes that the electrochemical treatment
does not produce unwanted effects on the
monolayer—it does not, for example, com-
promise the inertness of the film—and hence
provides a means to selectively release a
particular ligand even when multiple lig-
ands are presented on the substrate. One
drawback with these methods is that they
require a substantial effort in synthetic
chemistry to prepare the monolayer sub-
strates. A recent report offers a simple 
version of electroactive self-assembled
monolayers, wherein an inert monolayer
can be electrochemically desorbed and in
turn switches a surface from a state that
prevents cell attachment to a state that
promotes cell adhesion and migration.16

These examples are general in that they
can be adapted to manipulate the presen-
tation of a range of ligands that interact 
with cell–surface receptors. These examples
are also significant because they illustrate a
molecular-level route that gives unprece-
dented control in engineering surface prop-
erties. In a similar approach, Willner has
demonstrated a strategy to electrically modu-
late the conversion of glucose to gluconic

Figure 2. Optical micrograph of neuronal cells cultured on a microelectrode array.The
electrodes detect changes in cellular activities associated with exposure to neurotoxins.
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acid by the enzyme glucose oxidase.17 The
molecule flavin adenine dinucleotide (FAD)
was attached to a self-assembled mono-
layer and could bind to apo-glucose oxidase
to give an active enzyme. The turnover of
the enzyme, however, required electro-
chemical regeneration of the cofactor. This
example demonstrates a sophisticated in-
tegration of enzyme activity and electrical
processes.

One additional recent report is worthy of
mention. Nishizawa et al. demonstrated a
strategy wherein a conductive probe is used
to locally generate the oxidizing agent HBrO
(from KBr), which acts on an albumin-
coated substrate to render these regions
cell-adhesive. While the mechanism of sur-
face modification has not been character-
ized, this example is significant because it
enables wide generality in controlling, in
real time, the substrate regions that support
cell attachment.18

Photochemical Transduction
Molecular approaches that are similar to

those already discussed can be used to en-
gineer dynamic substrates that respond to
light. Instead of developing molecular
groups that undergo specific redox reac-
tions, molecules are designed to undergo
photochemical reactions that lead to a
change in the activity of an immobilized
ligand. Such photoactive substrates have
not yet been used to dynamically influence
cell behavior, but several related examples
of photo-modulated ligands establish the
feasibility of these approaches.

Willner has engineered a monolayer that
presents a semisynthetic nitrospiropyran-
FAD cofactor that can be reversibly modu-
lated to control the binding of apo-glucose

oxidase (as described in the previous sec-
tion).19 The FAD cofactor was designed
with the photoactive group such that it
could be optically switched between a
structure that binds apo-glucose oxidase
to give active enzyme and a structure that
cannot bind apo-glucose oxidase. Isomer-
ization of the spiropyran upon illumination
with light at 370 nm results in an active en-
zyme that oxidizes glucose. Illumination
of this substrate with light at 475 nm,
however, reverses the photochemical iso-
merization and again results in an inactive
enzyme. This example establishes the com-
patibility of monolayer substrates with
photochemical influences to dynamically
alter the biological activity of the substrates.
Two additional examples of photochemical
control over monolayer substrates include
the development of a surface that releases
nitric oxide20 and a surface that can be ac-
tivated for Diels–Alder-mediated immo-
bilization of ligands.21

Thermal Transduction
A significant body of work during the

past five years has established a class of
polymer-modified substrates that modulate
their interactions with cells in response to
changes in temperature. These methods are
illustrated in a report by Okano et al. that
uses the thermally responsive polymer
poly(N-isopropylacrylamide).22,23 At room
temperature, this polymer is in an ex-
tended, solvent-swelled conformation, but
when heated to 32�C, the polymer under-
goes a phase transition to yield a collapsed
morphology that excludes solvent. This
collapsed morphology is a good substrate
for attached cell culture, whereas the un-
heated polymer is inert to cell attachment,

and therefore, the cell attachment and cell
release from the substrate can be controlled
with a change in temperature around the
phase transition of the acrylamide. This 
substrate is significant because it enables a
simple, nondestructive method for releasing
cells from culture substrates. It also avoids
the use of the protease trypsin to release ad-
herent cells, since this protease can cause un-
wanted degradation of cell–surface proteins.

Chilkoti et al. have pursued an analogous
strategy that uses polypeptides as the poly-
meric material. Much of this work uses 
a peptide that is derived from elastin and
undergoes a thermally induced phase tran-
sition between states that promote or 
prevent protein adsorption.24 These biopoly-
mers could also be patterned at submicron
scales to provide surfaces that manipulate
the presentation of proteins.25

Mechanical Transduction
Adherent cells exert forces on their under-

lying substrates and rely on mechanical
coupling to maintain normal cellular func-
tions.26,27 Several biological studies have
demonstrated that the resulting mechanical
tension in the cellular cytoskeleton can have
important influences on cell behavior. 
Ingber, for example, has shown that me-
chanical forces between the cell and the
substrate can affect many cellular functions,
including cell growth and death.28 A com-
bination of experimental and simulation
studies are beginning to provide an under-
standing of the effects of substrate defor-
mation on the actin cytoskeleton of adherent
cells.29 Endothelial cells and human skin
fibroblasts were predicted and shown to
orient their actin filaments uniformly at an
angle of 60� with respect to the stretching
direction.

Studies of the mechanotransduction
schemes have not yet provided an under-
standing at the molecular level of the cou-
pling of mechanical forces and biological
activity. Nonetheless, there is an opportu-
nity to apply microfabrication techniques
(and more broadly, the set of tools used in
fabricating MEMS, or microelectro-
mechanical systems) to investigate the use of
mechanical perturbations on a cell. Galbraith
and Sheetz prepared a micromachined sub-
strate that had 5904 cantilevers, each with an
area of approximately 10 �m2, to map out
the pattern of forces between a migrating
cell and the substrate.30 Chen prepared a
polymeric substrate with an array of posts
that could spatially resolve the lateral forces
exerted on the substrate by the cell.31 This
work revealed that the migrating cell ap-
plies forces on the substrate at its leading
edge. The work is significant because it
demonstrates the use of MEMS for in situ
monitoring (and influencing) of cells.

Figure 3. Design of a substrate that electrically turns on the immobilization of a ligand. An
electrical potential converts a hydroquinone group to benzoquinone, which serves to
immobilize a peptide ligand.The dynamic surfaces can initiate the migration of cells that 
are originally confined to 200 �m circular regions on the substrate.
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Comparison of Transduction
Strategies

The strategies reviewed in this article dif-
fer in the complexity of methods required
to engineer the substrate and the sophisti-
cation with which cell behavior can be dy-
namically controlled. Because of these
differences, each strategy may be best suited
to particular applications. Strategies that
use electrochemical or photochemical
stimuli provide the most thorough control
of the substrate properties because the dy-
namic properties derive from specific chemi-
cal reactions at the interface. These methods
are also well suited for integrating the
substrate with molecular pathways within
the cells, because they can be used to modu-
late the activities of ligands with which
cellular receptors interact. The choice of
electrochemical or photochemical strategies
will, of course, be determined by the con-
text of the application. For substrates that
include integrated circuits or other con-
ductive components, the electrochemical
methods are desirable because they avoid
the need to introduce optical elements.32 For
applications that use optical or fluores-
cence microscopies to image cells, the photo-
chemical strategies are most appropriate
and avoid the need to install the electrical
elements on a substrate. Both strategies,
however, have the disadvantage of requir-
ing a substantial investment in chemistry to
design and synthesize the active substrates.

Strategies that use electrical and thermal
means to influence cells are intrinsically
more straightforward to apply than those
that use electrochemical and photochemical
means, but they provide less generality in
controlling cell behavior. This limitation
stems from the multitude of effects that
electric field or temperature changes can
have on a cell. The responses of a cell to
these dynamic substrates are shaped by
many processes in the cell, and the molecu-
lar pathways by which cells respond are
only partly understood. Clearly, much fun-
damental biology remains to be learned
before these strategies can be rationally
adapted to control cell behavior. The same
is true of strategies that use mechanical
forces to influence cell behavior. But these
latter strategies are exciting because of the
sophistication in MEMS technology that
can now be applied to cell-based devices.

Applications for Dynamic
Substrates

The dynamic substrates described in this
article are still at an early stage of develop-
ment and have not yet been implemented
in routine applications. As is common with
many new biotechnologies, the first “ap-
plications” will be directed to fundamental
studies in cell biology. Dynamic substrates

that can alter the presentation of ligands to
an attached cell, for example, will gener-
ate immediate opportunities for studies of
cell adhesion, migration, and differentiation.
These fundamental studies will likely give
way to applications in tissue engineering
and stem cell maturation. Indeed, the ther-
mally active polymeric substrates have al-
ready been demonstrated by the growing
and harvesting of multicellular tissues
(Figure 4).33 On the longer horizon, the de-
velopment and demonstration of several
classes of dynamic substrates will, in turn,
motivate the design of a range of cell-based
microsystems that are currently beyond
prediction.

The development of dynamic substrates
(and, more broadly, of engineered interfaces
between cells and functional materials) is
at a very early stage. An important aim of
further work developing dynamic sub-
strates is to increase the biological rele-
vance of the model systems. Much of our
work has used substrates that present pep-
tide ligands taken from the extracellular
matrix. Whereas the peptides do capture
some of the functions of the natural matrix,
it is clear that they do not mimic other func-
tions of the full proteins. This need may be
addressed through the development of
immobilization chemistries for protein 
domains and the elaboration of these meth-
ods to bring them under electrochemical 
control.22,23

A second opportunity is the develop-
ment of three-dimensional culture systems
which more closely capture the properties
of the matrix by presenting ligands to the
entire surface of a cell. Hubbell has been a
leader in developing bioactive gel matri-
ces.24 The most direct route to incorporate
dynamic functions into these gels will rely
on photochemical routes to trigger the gel.
Photochemical methods also offer the
prospect for spatio-temporal control of the
gel properties by activating ligands in dis-
creet regions of a material. This spatially
directed activation can be accomplished
either by patterning the ligand precursor
in the gel or by using a confocal source to
illuminate designated volume elements of
the gel.

Summary
This review provides a perspective on

the design of materials that can modulate
their interactions with adherent cells. Early
research in this field has demonstrated
several strategies that hold promise for en-
gineering active interfaces between cells and
materials and now provides unprece-
dented opportunities for addressing fun-
damental and applied problems in biology.
These examples will serve as a foundation
for a new thrust that bridges materials sci-

ence, chemistry, and biology and advances
the engineering of interfaces that join living
and non-living structures.

Acknowledgments
Our work in developing dynamic sub-

strates has been supported by the U.S.
Army, the National Science Foundation,
and the National Institutes of Health.

Figure 4.Thermally responsive polymer
substrates were used to culture
epithelial cells harvested from a patient.
After the cells grow into sheets, the
cultures are removed to a lower
temperature, whereupon the polymer
layer releases the cells.The resulting
tissue can then be surgically implanted.
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