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Abstract

The extracellular matrix is an insoluble aggregate of large proteins and glycosoaminoglycans that comprises the microenvironment of
cells in tissue. The matrix displays a host of ligands that interact with cell-surface receptors to mediate the attachment and spreading of
cells and regulate signaling processes. Studies of cell-matrix interactions and downstream signaling processes commonly employ sub-
strates having an adsorbed layer of protein and are challenged by the difficulty in controlling the structure and activity of the immobilized
protein. Significant effort has been directed towards the development of model substrates that present adhesion ligands in defined den-
sities, orientations and environments. Among these approaches, self-assembled monolayers of alkanethiolates on gold offer a high level
of control over the molecular structure of the surface and are well-suited to studies of cell adhesion. This review describes the design and
use of monolayers for applications in cell biology, including the use of monolayers to evaluate the roles of peptide and protein ligands in
cell-matrix interactions, the development of methods to pattern ligands on monolayers and applications to cell biology, the development
of dynamic monolayers that can switch the activities of ligands presented to an adherent cell, and the rewiring of interactions between a
cell and its substrate. These examples illustrate the flexibility inherent to monolayers for applications in cell biology.
© 2009 Acta Materialia Inc Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Most cells are adherent and must attach to and spread
on a surface in order to survive, proliferate and function.
In tissue, this surface is the extracellular matrix (ECM),
an insoluble scaffold formed by the assembly of several
large proteins—including fibronectin, the laminins and col-
lagens and others—that provide a wide range of biochem-
ical and mechanical cues to cells [1,2]. Studies of cellular
processes in the laboratory routinely use protein-coated
dishes to mimic the in vivo environment and to elucidate
the functions of the matrix in regulating cellular processes.
The adsorption of protein, however, is complicated and
often proceeds with a lack of control over the orientation
and conformation of proteins at the surface. As a result,
it remains difficult to control the biological activities of
proteins that are adsorbed to man-made materials, and in
turn compromises the use of these substrates as models
of the ECM.

This realization has motivated a significant effort over
the past two decades to develop materials that present
well-defined biological motifs for use as mimics of the
ECM. Many of the approaches have used substrates mod-
ified with polymeric materials or monolayer chemistries
that can be tailored with cell adhesion motifs. These impor-
tant approaches have been reviewed elsewhere [3-5]. The
present review specifically focuses on the use of self-assem-
bled monolayers of alkanethiolates on gold for this appli-
cation. These surfaces are a recent addition to the
strategies that are now used and offer a set of characteris-
tics that make them well-suited to certain classes of prob-
lems in studies of celllECM interactions. These
characteristics and early applications of the monolayers
are described in the following pages.

2. Self-assembled monolayers

Self-assembled monolayers (SAMs) of alkanethiolates
on gold are currently the best available class of model
organic surfaces that permit control over interfacial struc-
ture and properties [6]. SAMs form spontaneously upon
immersion of a gold-coated substrate into a solution of
alkanethiols or corresponding disulfide reagents (Fig. 1
The monolayers are structurally well-ordered, though the
details of the arrangement of thiolates on the gold surface
have been debated [7]. In any event, the sulfur atoms coor-
dinate to the gold(111) surface to give a densely packed
and ordered hexagonal array of long chain molecules that
are in an extended conformation. The key feature of this
system is that the properties of the surface are determined
by the terminal functional group of the precursor alkane-
thiol. Even complex and reactive groups can be intro-
duced—either before or after the monolayer is formed—
through straightforward synthetic procedures.

It is also straightforward to introduce two or more dif-
ferent groups onto the substrate, simply by preparing the
monolayer from a solution of a mixture of terminally

~

substituted alkanethiols. Hence, monolayers can be used
to prepare complex substrates that present a variety of
ligands, with good control over the densities and patterns
of each ligand. There is the possibility, however, that the
alkanethiolates can form phase-separated domains in the
monolayer, giving rise to structural heterogeneities. In
practice, these domains are usually not present when the
density of the ligand-terminated alkanethiolate is kept
below 1% relative to the total alkanethiolate. SAMs have
several properties that make them useful in cell biology:
they are stable in air for periods of months; they are stable
in cell culture for periods of several days; when supported
on gold 100 A in thickness they are optically transparent
and compatible with immunofluorescence staining [8].
Even these thin films of gold are electrically conductive
and therefore compatible with methods that use electro-
chemistry to control the biological properties of the
substrates.

3. Protein adsorption to materials

Most man-made materials, when placed in solutions
containing proteins, are rapidly coated with an adsorbed
layer of protein [9]. This property is exploited in the routine
preparation of substrates for cell culture. For example,
polystyrene substrates are often treated with a solution of
fibronectin prior to seeding with cells. The resulting protein
film is heterogeneous in structure—in that the proteins are
presented in a range of orientations and denaturated
states—but still presents the cell-binding motifs at sufficient
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Fig. 1. Representation of a self-assembled monolayer (SAM) of alkan-
ethiolates on the surface of gold. The sulfur atoms of the alkanethiolates
coordinate to the gold surface and arrange the alkyl chains in a close-
packed layer. The properties of the SAM are determined by the terminal
functional group of the precursor alkanethiol. The figure shows alkan-
ethiolates that are terminated in the methyl group and in the tri(ethylene
glycol) group. The latter have proven important because they are effective
at preventing the non-specific adsorption of protein.
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density and in a functional conformation to promote
attachment, spreading and migration. In practice, the con-
ditions for adsorbing protein are identified empirically and
depend on the structures of the substrates in ways that
remain poorly understood. One study, for example, used
atomic force microscopy and surface plasmon resonance
spectroscopy to characterize fibrinogen and fibronectin
that had adsorbed to monolayers terminated either in
methyl or carboxyl groups and found that the densities
and conformations of the adsorbed proteins strongly
depended on surface chemistry [10].

The tendency for proteins to adsorb non-specifically to
materials has also interfered with efforts to use model sur-
faces that present defined cell-binding motifs. When the
slide is placed in a suspension of cells, for example, proteins
in the medium can rapidly adsorb to the surface, thereby
physically preventing access to the immobilized ligands or
introduce additional ligands that mediate cell attachment.
The common approach to this problem has relied on treat-
ing the substrate with a solution of a “blocking” protein—
often bovine serum albumin—prior to cell attachment with
the expectation that ““sticky” sites on the surface are passiv-
ated, now allowing the ligands to mediate cell adhesion.
But the large fraction of the surface that is occupied by
the blocking protein and the substantially larger size of
the protein relative to the ligand make this approach inef-
fective in studies that require molecular control over the
surface.

4. Bio-specific recognition at monolayers

A turning point in the use of model substrates came
with the development of so-called inert surfaces—i.e. sur-
faces that prevent the non-specific adsorption of protein.
The majority of approaches rely on the use of poly(ethyl-
ene glycol), which excludes protein adsorption through
mechanisms that are thought to depend on the conforma-
tional properties of highly solvated polymer layers [11]. A
report by Prime and Whitesides 15 years ago demon-
strated that monolayers tailored with short oligomers of
the ethylene glycol group were very effective at preventing
the non-specific adsorption of protein and later work
used surface plasmon resonance spectroscopy—which
provides a real-time, or in situ, measure of adsorp-
tion—to show that these surfaces even prevented weak,
or reversible, adsorption [12,13]. This result was in part
surprising because it was believed that the ethylene glycol
chains should be present at low density to prevent protein
binding [14]. Nonetheless, this finding quickly motivated
the development of monolayers to studies of biological
problems. Early work demonstrated that monolayers pre-
pared from oligo(ethylene glycol)-terminated alkanethiols,
but where approximately 1% of the chains presented a
covalently attached ligand, displayed selective interactions
with proteins. For example, surface plasmon resonance
spectroscopy was used to characterize the selective inter-
action of carbonic anhydrase with a monolayer present-

ing the benzenesulfonamide ligand [15]. Subsequent
work applied this approach to a range of other pro-
tein-ligand pairs including the binding of vancomycin
to the p—Ala-pD-Ala dipeptide and proteins to carbohy-
drates [16-18].

5. Monolayers for cell adhesion

This same approach has been validated for studying the
roles of peptide ligands in cell adhesion and migration. In
an early example, we had prepared monolayers that pre-
sented the peptide Gly—Arg-Gly—Asp-Ser against a back-
ground of tri(ethylene glycol) groups [19]. This peptide is
found in fibronectin and other ECM proteins and is a
ligand for approximately one-half of the integrin family
cell-surface receptors, which are an important class of
receptors found on all cellular surfaces and that mediate
the attachment of cells to ECM [20]. We found that Swiss
3T3 fibroblasts attached and spread efficiently to the mono-
layer and immunostaining showed that the adherent cells
assembled normal focal adhesion complexes—a cluster of
integrin receptors that forms strong attachments to the
substrate and initiates adhesion signals—and actin stress
filaments (Fig. 2). Control experiments established that
the adhesion of cells could be blocked with a soluble
RGD peptide and that cells failed to attach to a monolayer
presenting a scrambled form of this peptide. Hence, this
work validated the use of monolayers to control the
ligand-receptor interactions that mediate the adhesion of
cells and it also showed that the ligand RGD alone could
support cell attachment, spreading and a proper organiza-
tion of the cytoskeleton.

The monolayers have also enabled mechanistic studies
that evaluated the dependence of cell adhesion on the
density of adhesion ligand. We prepared monolayers pre-
senting the peptide at densities ranging from 0.01% to
1.0% (relative to total alkanethiolate) and characterized
the adhesion of cells. As expected, the attachment of cells
was less efficient on monolayers presenting ligand at lower
densities, as was the degree of spreading of adherent cells.
We went on to demonstrate that not only the density of
the RGD peptide, but also its microenvironment at the
surface, had an important role in determining the extent
of cell attachment and spreading. Cells attached and
spread efficiently on monolayers that presented the pep-
tide at a density of 0.5% mixed with tri(ethylene glycol)
groups; when the peptide was presented at the same den-
sity but mixed with the more sterically demanding
hexa(ethylene glycol) group, fewer cells attached and
those that did remained in a rounded morphology. Con-
trol experiments were used to show that the affinity of
the RGD peptide for the integrin receptor decreased as
the ligand was more crowded by the surface. A key point
from these studies is that the monolayer substrates are
sufficiently structurally ordered that they can be used to
study the influence of both ligand density and affinity
on cell attachment.



M. Mrksichl Acta Biomaterialia 5 (2009) 832-841 835

u}

IOl
J 3

OJ/ 0j { ? Q

30um

Fig. 2. (a) Structure of a monolayer that presents the peptide Arg-Gly—Asp mixed with tri(ethylene glycol) groups. (b) An optical micrograph that shows
3T3 fibroblasts attached to a monolayer wherein 0.5% of the alkanethiolates present the peptide ligand. (c) A fluorescent micrograph of a cell that was
adherent on these monolayers for 12 h, fixed and stained with phalloidin—rhodamine (green) to reveal the actin cytoskeleton and with anti-vinculin (red) to
reveal focal adhesion complexes. The cells assembled stress fibers that were indistinguishable from those found in cells adherent on fibronectin.

6. Studies of cel-FECM interactions

The application of monolayer substrates to under-
standing the roles of ligands in fibronectin illustrates the
benefits of employing structurally well-defined substrates.
Fibronectin is a primary ECM protein that is found in
many tissues. This protein comprises more than 30 glob-
ular domains that include the type III domains important
for cell adhesion. The RGD peptide is found within the
10th type III repeat and was among the earliest ligands
discovered to mediate cell adhesion by interacting with
integrin receptors [21]. Recent work has implicated a pep-
tide, having sequence PHSRN, residing in the 9th type III
domain in the adhesion of cells. A series of studies by
Yamada and Grant and coworkers led to the proposal
that PHSRN is a synergy peptide that cooperates with
RGD to enhance the attachment and spreading of cells
but that fails to support cell attachment when present
alone [22,23]. Mardon suggested a mechanism wherein
the RGD and PHSRN peptides in adjacent domains of
fibronectin simultaneously interact with separate binding
sites on opposite sides of the integrin receptor [24]. This
model was based on studies of cell adhesion to recombi-
nant proteins having scrambled RGD and PHSRN
sequences and on a crystal structure of a fragment of
fibronectin, which shows that the two peptides are direc-
ted towards the same region of space and are separated

by a distance that matches the width of the receptor.
Yet studies that use protein-coated substrates to study cell
adhesion are complicated by the inability to establish that
peptide sequences in the proteins are available to interact
with cellular receptors once the proteins are adsorbed to
tissue culture plastic.

Monolayers erase this ambiguity and were used to
revise the mechanistic understanding of the synergy pep-
tide [25]. First, Baby Hampster Kidney (BHK) cells
attached with similar efficiency to monolayers presenting
either the RGD or the PHSRN peptide, although cells
failed to spread on the latter substrate. Second, the adhe-
sion of cells could be inhibited by either peptide, i.e. either
RGD or PHSRN could block the attachment of cells to a
monolayer presenting RGD (and in the same sense, to a
monolayer presenting PHSRN). These results require that
the two peptides either share a binding site on the integrin
receptor or bind to separate sites that are allosterically
connected. In either case, these observations are inconsis-
tent with the standing model invoking a cooperative two-
point binding of peptides. Indeed, the ability to present
defined ligands at controlled densities and in a regular
environment (to ensure that all of the peptides are active)
against an otherwise non-interacting background repre-
sents a powerful tool for establishing the function of
ECM ligands and addressing the relationship between dis-
tinct ligands.
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7. Model substrates for stem cell culture

Kiessling and coworkers have applied monolayers to
identify defined culture systems for applications in stem cell
biology. By constructing an array that presented several
peptide fragments from the ECM protein laminin, this
group could apply embryonic stem cells to the substrate
and identify those regions that supported the growth and
self-renewal of the stem cell cultures [26]. This work identi-
fied a peptide that could specifically mediate cell adhe-
sion—though the cell-surface receptor for this ligand has
not yet been identified—and went on to create a three-
dimensional matrix that presented this peptide for the
defined culture of the stem cells. Importantly, this work
illustrates that monolayers presenting arrays of peptide
motifs can be used to efficiently identify motifs that are bio-
logically active [27].

8. Model substrates that present protein motifs

While model substrates that present short peptide
ligands are often effective mimics of the ECM—with cell
adhesion to RGD serving as the prototypical example—
they are not useful for studying the properties of peptide
ligands that require a structure enforced by the protein
fold, or that are based on a discontinuous epitope in the
protein. In these cases, it is necessary to prepare model sub-
strates that present whole protein domains. But many of
the common methods for immobilizing proteins offer less
control over the orientation and density than is routine
with the methods for attaching low molecular weight
ligands to materials. The best methods for site-specific
immobilization of protein—e.g. the use of His-tagged pro-
teins—do not give linkages that are stable over long peri-

10" domain

cutinase

ods of time, while methods that employ covalent bonds
in the immobilization can be difficult to implement
[28,29]. We developed a route that is based on a protein
domain that selectively interacts with an irreversible inhib-
itor to give a covalent adduct [30]. In one example, we
expressed a recombinant protein that had the 10th type
III repeat from fibronectin fused to cutinase, a serine ester-
ase that is covalently inhibited by phosphonate ligands
(Fig. 3). Application of a solution of the protein to a mono-
layer presenting the ligand resulted in selective immobiliza-
tion of the cutinase domain to the monolayer, to give an
oriented display of the cell adhesion domain [31]. These
surfaces were active for cell adhesion and have been
applied to the study of multiple ligands within fibronectin.
The method has the advantage that it does not require the
protein to be purified—since the interaction of cutinase
with the irreversible ligand is selective—and the density
and pattern of protein can be controlled. This, and related,
methods should enable the preparation of model substrates
that present complex ligands and therefore that more clo-
sely mimic the properties of the ECM [32].

9. Patterning the attachment of cells

Monolayers that are patterned with cell-adhesive ligands
allow control over the shapes, sizes and positions of adherent
cells, and have proved important in several areas of basic and
applied biology. Indeed, the development of patterning
methods has been an active field and has provided numerous
strategies for patterning the adhesion of cells [33]. The sim-
plest and still most important patterning method is micro-
contact printing (LCP), developed by the Whitesides group
and which uses a rubber stamp to print a monolayer in a
defined pattern on a gold substrate [34]. The procedure

Fig. 3. Strategy for immobilization of proteins containing cell-adhesive ligands. The fibronectin 10th type III domain is fused to cutinase, which
specifically binds a suicide ligand of the substrate to give covalent immobilization of proteins while maintaining activity and orientation. An optical
micrograph of swiss 3T3 cells adherent to the model substrate (upper right). The cells displayed normal cytoskeleton and focal adhesion structures (lower

right).
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begins with photolithography, where a silicon wafer coated
with a layer of photoresist is exposed to ultraviolet light
through a mask to degrade the photoresist in the illuminated
regions. The resulting ““master” is used to cast an elastomeric
“stamp” that is inked with an alkanethiol and brought into
conformal contact with a gold-coated substrate for 30 s.
Monolayers assemble at the regions where the stamp con-
tacts the surface and after removal of the stamp the substrate
is immersed in a solution of an oligo(ethylene glycol)-termi-
nated alkanethiol to render the non-stamped regions of the
surface biologically inert. In many applications, the pat-
terned monolayer is treated with a solution of ECM protein
to adsorb matrix proteins onto the stamped regions. The
UCP method is simple, can pattern feature sizes of 1 pm
and can pattern areas several square cm in size with edge res-
olution of the features better than 100 nm.

In an early application, the patterned monolayers were
used to identify a correlation between cell spreading and
apoptosis. Human capillary endothelial cells were allowed
to attach to a monolayer patterned with square features
ranging in size from 75 to 3000 pm? [35]. Cells that were
restricted to small patterns underwent apoptosis, with pro-
gressively less cell death as the spreading was allowed to
increase. Further experiments that allowed cells to spread
on an array of circular features revealed that it was the
extent of cell spreading, and not the total matrix protein
presented to the cell, that influenced apoptosis of the cells.
A series of papers by several groups have used patterned
substrates to control the cytoskeleton structure in adherent
cells [36-39]. This work has revealed that shapes having
concave features promote the assembly of contractile stress
filaments, features having convex shapes promote the
assembly of lamellipodia and punctuate features promote
the assembly of strong focal adhesions. This work makes
it possible to promote a defined cytoskeletal structure in
adherent cells. A recent example has also applied the pat-
terned substrates to the differentiation of stem cells [40].
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Chen and coworkers found that mesenchymal stem cells
adherent to square patterns favored differentiation to bone
cells for large squares and to fat cells for smaller squares.
The patterned substrates have also been important to the
development of cell-based assays in drug discovery [41],
where the use of a cell population that shares a common
shape reduces the heterogeneity in cellular response.
Finally, patterning methods based on photochemical mod-
ification of pre-formed monolayers are now providing
access to substrates that are patterned with peptides, in gra-
dients and with multiple ligands (Fig. 4) [42].

Microfluidic devices have provided another tool for pat-
terning surfaces and spatially controlling the environment
of adherent cells [43]. Whitesides and coworkers have pre-
pared networks by applying an elastomeric mold to a
monolayer substrate. The relief pattern of the mold creates
a set of microfluidic channels that flow over the monolayer.
The channels have been used to pattern the adsorption of
ECM proteins and the covalent immobilization of ligands
[44]. Of greater significance, the microfluidic networks
can be designed so that gradients of ligands are flowed over
the surface, resulting in an immobilized gradient [45]. In
one example, we created an array of square features, with
a gradient of the RGD peptide in each feature. Swiss 3T3
fibroblasts attached and spread to completely fill the
square, but had a polarized cytoskeleton in response to
the gradient. Whitesides and coworkers showed that the
medium surrounding a cell could be patterned such that
one side of the cell would be exposed to a drug or protein
[46]. These examples reveal the unique capabilities that
microfluidic devices offer to cell biology and point to future
applications of these microtechnologies.

10. Dynamic substrates

The self-assembled monolayers have enabled models of
the ECM that are dynamic, and that allow the activities
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Fig. 4. A photochemical strategy to pattern the immobilization of peptide ligands begins with a monolayer presenting NVOC-protected hydroquinone
groups and glycol groups (left). Illumination of the monolayer with light at 370 nm through a mask that had a square pattern revealed the hydroquinone
groups, which were converted to the quinones by rinsing with a solution of tetramethylbenzoquinone. The substrate was treated with a conjugate of RGD
and cyclopentadiene (RGD-Cp) to immobilize the peptide in illuminated regions. (Right) An optical micrograph shows 3T3 fibroblasts patterned on the

substrate.
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of immobilized ligands to be switched on and off during the
course of cell culture [47]. The approach exploits the con-
ductivity of the gold film that supports the monolayer
and follows from extensive work that has shown that elec-
troactive molecules that are tethered to the monolayer can
be reduced or oxidized by applying electrical potentials to
the gold film [48]. By designing monolayers that incorpo-
rate molecular groups that undergo oxidation or reduction
and subsequent reactions, it is possible to engineer surfaces
that dynamically inactivate or activate ligands that interact
with cell-surface receptors. In one example, the RGD pep-
tide was immobilized to a monolayer by way of a tether
that incorporated a propanate-benzoquinone fragment
[49]. The peptide ligand mediated the attachment and
spreading of cells and was stable for several days. Applica-
tion of a negative potential, however, resulted in reduction
of the benzoquinone group and subsequent lactonization
to release the peptide from the monolayer. As a result,
the adherent cells assumed a rounded morphology and
detached from the substrate. This example illustrates the
molecular-level design of a monolayer that could selectively
release ligands that were tethered by way of the redox-
active moiety and in this case non-invasively release an
adherent cell culture. We have also developed a tether that
released immobilized ligand in response to a positive elec-
trical potential [50]. By combining these two strategies with
microelectrode arrays, it is possible to prepare adherent cell
cultures and selectively release sub-populations of cells at
different times [51]. Another notable approach to the devel-
opment of dynamic substrates has used polymeric gels that
undergo a thermally induced phase transition to release
cells [52]. The approach of using physical organic chemistry
to design molecules or polymers that undergo redox-active
reactions to manipulate the activities of ligands on a mono-
layer is general and can be applied to the preparation of
dynamic substrates having a range of activities.

In another example, we developed a monolayer that
could be electrically switched to permit the immobilization
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of cell-adhesive ligands [53]. A monolayer presenting the
hydroquinone group against a background of tri(ethylene
glycol) groups is inert and does not support the attachment
of cells. Application of a positive electrical potential pro-
motes the oxidation of the hydroquinone group to the cor-
responding benzoquinone. The latter is a reactive
dienophile and selectively adds to a cyclopentadiene group
to form the Diels—Alder adduct. By conjugating the diene
to the RGD peptide ligand, we could selectively switch
on the immobilization of peptide by applying an electrical
potential to the surface. This dynamic substrate was used
to create an assay for cell migration (Fig. 5). Fibroblast
cells were first patterned to an array of circular features
that were surrounded by the electroactive monolayer. Cells
remained confined to the pattern but the application of an
electrical potential resulted in immobilization of the pep-
tide and a rapid migration of cells from the pattern. This
approach has the benefits over the traditional wound
migration assay that the composition of the matrix on
which cells migrate can be controlled. These surfaces have
also been applied to the preparation of cocultures of two
different cell types by allowing a first population of cells
to attach to a patterned monolayer and then activating a
second pattern for attachment of a second population
[54]. The dynamic substrates offer an unprecedented oppor-
tunity to control the cellular microenvironment with spatial
and temporal control and to assemble complex cell cultures
from multiple cell types.

11. Complementary engineering of the cell-material interface

The properties of monolayers described in this review
make this class of model surfaces among the best available
for controlling, at the molecular-level, the interactions of
cells with surfaces. By combining the monolayers with bio-
logical strategies to engineer the cellular surface, it is possi-
ble to rewire the molecular interactions between a cell and
substrate and thereby enable the preparation of cell-based

Fig. 5. Design of substrates that can turn on cell migration and growth. (a) Monolayers that present hydroquinone groups mixed with penta(ethylene
glycol) groups are inert to cell attachment. Electrochemical oxidation converts the hydroquinone groups to quinone groups, which then undergo Diels—
Alder reaction with a diene-Arg-Gly—-Asp conjugate (RGD-Cp) to introduce the peptide onto the surface. The resulting monolayers support the
attachment and spreading of cells. Cells attached only to the protein-coated regions (b), but after oxidation of the substrate in the presence of RGD-Cp,

cells were able to migrate and then grow to fill the entire monolayer (c).



M. Mrksich! Acta Biomaterialia 5 (2009) 832-841 839

a5p1
integrin

O = Arg-Gly-Asp
0
— % }SfNH
o= 5

C NT T

CAIV-stalk-f1
chimera

~66 kD -

52902.004

= ;

Fig. 6. Strategy for rewiring receptor-mediated cell adhesion. (a) The B, integrin was engineered to present carbonic anhydrase as the ligand binding
domain. (b) FACS analysis was used to sort the expressing CHO cells. (c) Western analysis confirms expression of full-length receptor in CHO cells. (d)
Optical micrograph of transfected cells adherent to a monolayer presenting a benzenesulfonamide ligand.

devices for applications in drug discovery, sensors, and mic-
rotechnologies. One example engineered CHO cells with a
chimeric integrin that had the RGD-binding domain
replaced with a carbonic anhydrase domain, which binds
benzenesulfonamide ligands with micromolar affinity [55].
The chimeric receptor retained the cytoplasmic tail of the
By integrin and therefore maintained the ability to cluster
and signal through focal contacts (Fig. 6). We found that
cells transfected with the chimeric receptor efficiently
attached and spread on monolayers presenting the synthetic
ligand and that these cells were able to migrate on the mon-
olayers with rates that were comparable to that of wild-type
cells migrating on RGD-presenting monolayers.

A second example demonstrated an interface that could
transduce biological activities in the cell to an electrical sig-
nal in the substrate [56]. The approach is based on the
expression on the surface of the cell an enzyme that can
convert an immobilized substrate from a redox-inactive
to active form. We used the serine esterase cutinase which
hydrolyzes acylated hydroquinones. A monolayer present-
ing the substrate is not redox-active, whereas addition of
the cutinase enzyme converts the substrate to the redox-
active hydroquinone that can then be detected electrically
[57]. We engineered CHO cells with chimeric integrin
receptors that replaced the RGD-binding domain with a
cutinase domain. Cells were then allowed to attach to a sur-
face that presented both the RGD adhesion peptide and
the acylhydroquinone substrate. Cells that were transfected

with the cutinase chimera, but not wild-type cells, resulted
in an electrical activity in the monolayer. This example har-
nessed a complementary engineering of both the cellular
surface and the substrate to install a novel interaction
between the cell and ECM mimic.

12. Summary and outlook

This review provides a perspective of work over the past
decade that has developed self-assembled monolayers as
model substrates for studies of cell adhesion. Several charac-
teristics inherent to the monolayers make them well-suited
for preparing mimics of the ECM. These points include:

o Well-defined structure. The regular structure of the mon-
olayers enables wide flexibility in tailoring the surface with
ligands and other functional groups. Ligands can be pre-
sented with excellent control over their densities and in a
uniform environment. This flexibility also enables the prep-
aration of dynamic substrates that can manipulate the pre-
sentation of ligands.

e [nert surfaces. Self-assembled monolayers that present
oligo(ethylene glycol) groups are highly effective at pre-
venting the non-specific adsorption of protein. These sur-
faces maintain this property in complex solutions,
including serum-containing cell culture media and void
the need for blocking.
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e Immobilization schemes. A full portfolio of immobiliza-
tion chemistries that can be used to tether ligands to mon-
olayers, and that provide for a defined orientation of the
ligands and a rigorous control over the density, is available.

o Analytical methods. Monolayers are compatible with
multiple analytical methods used in characterizing bio-
chips, including surface plasmon resonance spectroscopy,
fluorescence imaging, radioisotope detection, and mass
spectrometry [58].

e Patterning methods. The availability of several pattern-
ing methods—and specifically the microcontact printing
method—provides routine access to substrates that can
control the shapes, sizes and positions of cells. These sub-
strates enable studies of cytoskeleton function in cells and
cell-based technologies.

e Proven performance. There are hundreds of publications
that describe the use of monolayers in biological and bio-
analytical applications. These systems are well-suited to
experiments involving attached cell cultures and are used
commercially in bioanalytical devices.

The ECM is complex and consequently experimental
studies benefit from a range of methods and tools that
bring insights to the structures and functions of the matrix.
The self-assembled monolayers represent one important
component of this toolbox and are significant because they
offer a straightforward approach to prepare structurally
well-defined mimics of the matrix. The tailored substrates
are admittedly simple mimics of the matrix but they allow
unambiguous studies of the roles that discrete motifs play
in mediating cell adhesion and regulating downstream sig-
naling processes. Early work with the monolayers has been
important for addressing the roles of matrix ligands, under-
standing the relationships between cell shape and function,
and enabling a class of dynamic substrates that can modu-
late, in real-time, the activities of immobilized ligands.
Future work will see an increased use of the monolayers
for current problems in cell adhesion and matrix biology.
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